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ABSTRACT: The distribution of proteins in the neighbor- 
hood of the globin genes of duck reticulocyte chromatin has 
been studied. This chromatin is first shown to be an active 
template for transcription in vitro of globin messenger-like 
RNA. The chromatin is then treated with staphylococcal 
nuclease and the DNA fragments protected from nuclease 
attack (“covered DNA”) are isolated. Alternatively, the 
chromatin is titrated with poly-D-lysine, and by successive 
treatment with Pronase and nuclease, the DNA regions ac- 
cessible to polylysine are isolated (“open DNA”). In order 
to determine the distribution of globin gene sequences in 
open and covered DNA, these two fractions are annealed to 
globin cDNA (globin probe). It is found that while all glo- 
bin gene sequences are represented in covered DNA, a spe- 
cific portion of the globin gene is missing from open DNA, 

c h r o m a t i n  isolated from eucaryotic nuclei retains the in- 
formation required to direct the transcription of R N A  spe- 
cific to the tissue from which the chromatin was extracted 
(Axel et  al., 1973a,b; Gilmour and Paul, 1973). We can 
only speculate at  this time as to the nature of the controlling 
elements, but studies on the reconstitution of chromatin 
proteins with DNA suggest that the non-histone proteins in- 
clude specific transcriptional control factors (Paul et al., 
1973). 

In previous studies (Clark and Felsenfeld, 1971), we have 
measured the accessibility of the DNA in chromatin to vari- 
ous chemical probes. About half the DNA is accessible to 
titration with divalent cations, histones, or polylysine and to 
digestion by staphylococcal nuclease. The DNA resistant to 
digestion consists principally of a series of double-stranded 
fractions of discrete lengths, ranging between about 150 
and 45 base pairs (Axel et al., 1974; Sollner-Webb and Fel- 
senfeld, 1975; Axel, 1975). Although the structural features 
giving rise to this behavior are not yet understood, it seems 
clear that a substantial fraction of the DNA is either free of 
protein or covered by protein segments that are readily dis- 
placed by the probes. The relationship between the chemi- 
cally accessible DNA and the actively transcribed genes of 
the chromatin is obviously not straightforward; the amount 
of DNA reactive to nuclease and other probes is far too 
great to account for the striking restriction of transcription 
observed with chromatin templates. 

In this paper, we investigate further the relationship be- 
tween the distribution of proteins on DNA and the biologi- 
cal role of chromatin in the transcription process. We find 
that the mere presence of protein on a particular DNA se- 
quence is not sufficient to restrict its transcription. We 
focus our attention on the globin gene of avian blood cells 
and show that actively transcribed genes are partially cov- 
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corresponding to about 20% of the gene length. It is con- 
cluded that specific regions of the globin genes of reticulo- 
cyte chromatin are partly covered by proteins in such a way 
as to render them inaccessible to polylysine. In contrast, no 
difference is observed in the annealing properties of open 
and covered regions to globin probe using DNA isolated 
from erythrocyte chromatin, which is a poor template in 
vitro for production of globin message. The annealing of 
open and covered DNA to each other has also been studied. 
It is found that open and covered DNA have identical se- 
quence populations. Thus, in contrast to the special ar- 
rangement of proteins in the neighborhood of the globin 
gene, there does not appear to be any sequence-specific ar- 
rangement of the bulk of the chromatin proteins on chroma- 
tin DNA. 

ered by protein in a site-specific manner. However, the ma- 
jority of chromatin proteins appear to be randomly ar- 
ranged along the DNA and do not have unique binding 
sites. 

Materials and Methods 
(a) Preparation of Chromatin and DNA. Duck reticulo- 

cytes were obtained by injection of phenylhydrazine hydro- 
chloride (5 mg/kg) for 5 days and harvested by cardiac 
puncture on day 8 (Attardi et al., 1966). Reticulocyte chro- 
matin was prepared from Triton-washed nuclei by a step- 
wise reduction in ionic strength as previously described 
(Axel et al., 1973). The final preparation was sheared to an 
average DNA molecular weight of 6-8 X lo6 in a Virtis ho- 
mogenizer ( 1  min at  80 V); but was not sonicated. Chroma- 
tin prepared in this way had a protein/DNA ratio of 1.3 
g/g and was stable for up to 6 weeks at  4’. DNA was pre- 
pared from isolated nuclei as described (Axel et al., 1973). 

(b) Transcription of Chromatin in Vitro. R N A  was syn- 
thesized in 10-ml reaction mixtures containing: 10 m M  
Tris-HC1 (pH 7.9), 1 m M  MnC12, 0.08 m M  each of ATP, 
GTP, UTP, and [ c x - ~ ~ P I C T P  (specific activity 3 cpm/ 
pmol), 300 units of Escherichia coli RNA polymerase 
(fraction V of Berg et al., 1971), and 0.75 mg (DNA con- 
tent) of chromatin. Where necessary highly radioactive 
R N A  was synthesized by the addition of 0.01 m M  UTP at 
a specific activity of 20,000 cpm/pmol. The reaction was 
incubated a t  37’ for 45 min and the newly synthesized 
R N A  was then purified free of protein, DNA, and triphos- 
phates (Axel et al., 1973). It is important to note that under 
these reaction conditions the chromatin is soluble and less 
than 3% of the histones undergo exchange (Cedar and Fel- 
senfeld, 1973). A typical 10-ml reaction mixture with chro- 
matin as template yields from 50 to 100 wg of newly synthe- 
sized RNA. 

(c) Synthesis of Globin cDNA. Globin 9 s  mRNA was 
purified from duck reticulocyte polyribosomes by cellulose 
chromatography and sucrose gradient centrifugation as de- 
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scribed (Axel et al., 1973). R N A  prepared in this way re- 
sults in the predominant synthesis of duck globin compo- 
nents when added to a Krebs-ascites cell-free translating 
system. [3H]DNA complementary to this globin mRNA 
(globin cDNA) was synthesized in a 1-ml reaction contain- 
ing: 50 m M  Tris-HCI (pH 8.0), 6 m M  MgCl2, 0.2 m M  
dTTP, dATP, dGTP, and 0.05 m M  [3H]dCTP (26.8 Ci/  
mmol), 0.05 M KCI, 25 pg of actinomycin D, 1 pg of 
(dT)lo, 10 pg of mRNA, and 50 units of RNA-dependent 
D N A  polymerase (a gift of Dr. T .  Papas) purified from 
avian myeloblastosis virus (Kacian et al., 1971). The reac- 
tion was incubated a t  37’ for 2 hr and the newly synthe- 
sized [3H]DNA was freed of protein and template R N A  as 
described (Kacian et al., 1972). The size of this DNA was 
estimated from alkaline sucrose gradient sedimentation to 
be about 70% of the length of globin mRNA.  

(d) Preparation of “Open” and “Covered” DNA from 
Chromatin. About half of the DNA in chromatin resists di- 
gestion by the enzyme staphylococcal nuclease. This frac- 
tion of DNA (covered DNA) is prepared in large quantities 
as follows: 100 ml of a solution of 0.1 m M  CaCl2-2 m M  
Tris-HCI (pH 8.0) are added dropwise with stirring to 100 
ml of chromatin a t  a concentration of 0.5 mg/ml (DNA 
content). Staphylococcal nuclease (Worthington Biochemi- 
cals) is then added a t  a concentration of 8 pg/ml and the 
reaction is incubated a t  37’ for 1 hr with gentle stirring. 
Toward the end of the reaction the protected DNA precipi- 
tates and is collected by centrifugation a t  10,000 rpm in a 
Sorvall SS-34 rotor. This precipitate contains half of the 
original complement of DNA and virtually all of the chro- 
matin proteins. The precipitate is suspended in 0.01 M Tris- 
HC1 (pH 8), 0.4 M NaCI, 0.005 M EDTA, and 0.5% sodi- 
um dodecyl sulfate and freed of protein by extraction with 
phenol-chloroform. The covered DNA is then precipitated 
from the aqueous phase by the addition of two volumes of 
ethanol. 

The regions of DNA in chromatin susceptible to nuclease 
attack and titratable by poly-D-lysine (open DNA) are pre- 
pared as follows: 100 ml of a solution containing 70 hmol of 
poly-D-lysine in 2 m M  Tris-HCI (pH 8.0) are added drop- 
wise with stirring to 100 ml of chromatin, DNA content 0.5 
mg/ml (150 hmol of DNA) to yield a lysine/DNA phos- 
phate ratio of 0.46. Pronase is then added to a concentra- 
tion of 8 U/ml and the reaction is incubated at 37’ for 3 hr 
and then at 4’ for 16 hr to permit autodigestion of the Pro- 
nase. This reaction results in complete digestion of the chro- 
matin proteins leaving in solution a complex of poly-D-lys- 
ine bound to DNA regions previously accessible in intact 
chromatin. The DNA complexed to poly-D-lysine is now 
isolated by nuclease digestion in a manner identical with 
that described for the preparation of native covered DNA, 
except that the limit digest was first adsorbed on hydroxyla- 
patite in 0.5 M NaCl and the DNA eluted with 0.5 M phos- 
phate buffer (pH 6.5). 

Formaldehyde cross-linked chromatin, prepared accord- 
ing to the method of Brutlag et al. (1969), was digested 
with staphylococcal nuclease in the manner described above 
for untreated chromatin. The covered DNA was freed of 
protein by dissolving the digest in 0.4 M NaCI, 0.01 M Tris 
(pH 8),  5 m M  NaEDTA, and 0.2% sodium dodecyl sulfate. 
The solution was treated first with 0.5 mg/ml of Pronase 
(Calbiochem), 3 hr, 37’, then with 0.1 mg/ml of Proteinase 
K (E. Merck) for 3 hr a t  37’. The solution was extracted 
with phenol and the DNA was precipitated with ethanol. 

(e) In  Vitro Labeling of Open and Covered DNA with 

DNA Polymerase III. Either open or covered region DNA 
was 30% digested with exonuclease I11 of Escherichia coli 
(a gift of Dr. Motohiro Fuke) under conditions described by 
Richardson (1965). This exonuclease treated DNA was 
now used as template for DNA synthesis by E. coli DNA 
polymerase I11 (Kornberg and Gefter, 1972). [3H]DNA 
was synthesized in a 0.1-ml reaction containing: 30 m M  
Tris-HCI (pH 7.4), 13 m M  MgC12, 50 mM P-mercap- 
toethanol, 0.1 m M  dATP, dGTP, dTTP, and 0.1 m M  
[3H]dCTP (13 Ci/mmol), 4 pg of either exonuclease 111 
treated open or covered DNA, and 5 units of E .  coli DNA 
polymerase I11 (kindly supplied by Dr. Sue Wickner). The 
reaction was incubated for 45 min a t  25’ and the DNA was 
isolated by phenol extraction and Sephadex (3-50 chroma- 
tography. DNA with a specific activity of IO6 cpm /hg and 
with annealing properties identical with unreacted template 
DNA can readily be obtained by this procedure. 

(fl In Vitro Labeling of DNA with Polynucleotide Ki- 
nase. Open and covered regions of DNA from chromatin 
prepared with staphylococcal nuclease can serve as sub- 
strate for the enzyme polynucleotide kinase (Richardson, 
1965). The 5’-hydroxyl end of open or covered DNA was 
labeled in a 0.1-ml reaction containing: 70 m M  Tris-HC1 
(pH 7.4), 10 m M  MgC12, 5 mM dithiothreitol. 0.066 m M  
[LP~*P]ATP ( I  5 Ci/mmol), and 5 units of polynucleotide 
kinase (a gift of Dr. Motohiro Fuke). The reaction was in- 
cubated for 2 hr at 37’ and the DNA was then purified by 
phenol extraction and Sephadex (3-50 chromatography. 
This procedure resulted in DNA with a specific activity of 2 
X lo5 cpm/hg. From the specific activity of the ATP and 
the weight average molecular weight of the DNA we calcu- 
late that about 70% of the 5’ termini are labeled. This is a 
slightly high estimate, since the weight average molecular 
weight is likely to be somewhat higher than the number av- 
erage molecular weight. 

(8) Annealing reactions were carried out in 0.001 M Tris- 
HCI (pH 8.0), 0.1 m M  EDTA, and 0.4 M NaCl a t  65’. 
The concentration of the reactants and reaction volumes are 
specified in the figure legends. Duplex molecules formed in 
reactions between excess DNA and radioactive DNA 
probes were measured with staphylococcal nuclease under 
conditions in which only single-stranded DNA is digested 
(Kacian and Spiegelman, 1974). In experiments involving 
annealing to globin cDNA designed to assure the presence 
of large sequence excess, globin cDNA (0.2 ng) was an- 
nealed to 5 mg of open region reticulocyte DKA in a vol- 
ume of 0.2 ml. At saturation (Cot = 15,000) the reaction 
was divided into two 0.1-ml aliquots; 3 mg of either open or 
covered region denatured DNA was added. The salt con- 
centrations were readjusted to 0.4 M NaCI. and the reac- 
tions were incubated a t  69’ for 48 hr. Duplex formation 
was assayed by single-strand specific nuclease digestion. 

Annealings in which retention on hydroxylapatite was 
used as an assay were carried out by diluting IO-pl aliquots 
of the reaction mixture into 3 ml of 0.01 A4 sodium phos- 
phate buffer (pH 6.5) at 60°, and applying to a 1 X 1 cm 
column of hydroxylapatite maintained a t  60’. The column 
was washed with 0.15 M phosphate buffer (pH 6 . 5 )  to re- 
move single-stranded material, and then with 0.5 M phos- 
phate to elute double stranded molecules. 

(h) Materials. Nucleoside triphosphates were purchased 
from P-L Biochemicals. [3H]UTP (29.8 Ci/mmol), 
[3H]dCTP (26.8 Ci/mmol), [ C V - ~ ~ P I A T P  (30 Ci/mmol), 
and [ cx -~~]CTP (0.8 Ci/mmol) were purchased from New 
England Nuclear Corp. (dT)lo-lz was obtained from Miles 
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Laboratories and actinomycin D from Schwarz/Mann 
Corp. Poly-D-lysine hydrobromide, degree of polymeriza- 
tion 50 or 600, was purchased from Pilot Laboratories. 

Results 
In Vitro Transcription of the Globin Genes. Attempts to 

relate the structure of chromatin to its proposed biological 
role require that we possess a measurable in vitro activity 
related to its activity in vivo. It has been demonstrated in 
our own and other laboratories (Axel et al., 1973; Gilmour 
and Paul, 1973; Steggles et al., 1974), that chromatin iso- 
lated from reticulocytes or other tissue actively synthesizing 
globin mRNA retains the capacity to synthesize globin spe- 
cific RNA in vitro at  levels similar to that observed in the 
highest molecular weight nuclear R N A  isolated from avian 
erythroblasts (Imaizumi et al., 1973). Since it is known that 
as the reticulocyte matures to the erythrocyte, globin RNA 
synthesis ceases, it was of obvious interest to determine 
whether this pattern of RNA synthesis could be reproduced 
in vitro using chromatin from these sources in transcription 
reactions. 

We have employed the DNA complement (cDNA) of 
duck globin mRNA in annealing reactions to detect the 
presence of globin specific RNA in such transcripts. The 
highly radioactive cDNA was annealed to R N A  transcribed 
in vitro utilizing E .  coli RNA polymerase and duck reticu- 
locyte and erythrocyte chromatin as template (Figure 1). 
Kinetic analysis of these data using the equations for RNA- 
DNA hybridization (Axel and Felsenfeld, manuscript in 
preparation) reveals that about 0.01% of the reticulocyte 
transcript is homologous to globin RNA, but only one-sev- 
enth as much globin RNA is present in the transcript from 
erythrocyte chromatin. 

To rule out the possibility that the globin RNA was an 
endogenous contaminant, reticulocyte chromatin was incu- 
bated in the absence of RNA polymerase; when RNA <so- 
lated from this reaction mixture reacted with globin cDNA, 
virtually no evidence of annealing was observed (Figure 1) 
at  any Crot values tested. These data demonstrate that the 
globin sequences detected in the transcript population are 
synthesized de novo and are not the result of globin R N A  
contaminating the chromatin isolates. 

Accessibility of DNA in Chromatin. We have established 
that reticulocyte chromatin is an active template in vitro for 
the transcription of the globin genes. We now wish to exam- 
ine the distribution of proteins along the DNA of the chro- 
matin, and to ask whether specific nucleotide sequences are 
covered by protein either in the neighborhood of the globin 
gene, or in the bulk of the chromatin. In previous papers we 
have described the use of the enzyme staphylococcal nu- 
clease and the polycation polylysine as probes for chemical- 
ly accessible DNA in chromatin (Clark and Felsenfeld, 
1971, 1974). When chromatin isolated from various duck 
tissues is exposed to staphylococcal nuclease, about 50% of 
the DNA is accessible to digestion, while the rest is appar- 
ently covered by protein in such a way as to render it inac- 
cessible to the enzyme. The values obtained for chromatin 
from reticulocytes, erythrocytes, and liver vary from 5 1 to 
54%. Protein exchange is an unlikely explanation for these 
results. If an equivalent amount of radioactively labeled 
DNA is added to the chromatin, and the digestion carried 
out at low ionic strength, less than 5% of the DNA in the 
limit digest is labeled. Furthermore, identical digestion re- 
sults (54% acid soluble) are obtained with chromatin in 
which the protein and DNA have been covalently cross- 
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FIGURE 1 :  Kinetics of annealing of globin cDNA to in vitro RNA. 
Globin specific [3H]DNA (0.2 ng) was annealed to 10 pg of reticulo- 
cyte chromatin templated RNA (e), IO pg of erythrocyte chromatin 
templated RNA (0) synthesized in vitro, and 10 pg of E. coli DNA 
templated RNA added to control preparations of reticulocyte chroma- 
tin incubated in the absence of RNA polymerase (A) .  Hybridization 
reactions were performed in a volume of SO pl and 5-pl aliquots were 
removed and assayed by single strand specific nuclease digestion. Grot 
= moles of ribonucleotides X seconds/liter. 

linked by formaldehyde (Brutlag et al., 1969). 
The DNA of chromatin which is tightly bound to protein 

and resists nuclease digestion is readily obtained since, 
toward the end of the digestion reaction, the protected 
DNA fragments precipitate. After centrifugation this pre- 
cipitate contains half of the original DNA complement and 
all of the original chromatin proteins. We call the DNA pu- 
rified from this fraction “covered DNA”. 

The synthetic polycation, polylysine, may be used to ti- 
irate accessible phosphodiester groups on the DNA of chro- 
matin. Titration of chromatin with polylysine reveals that 
about half the phosphodiester groups of DNA are free to 
react. Beyond this point further added polylysine fails to 
react (Figure 2). The regions accessible to polylysine can be 
isolated by titrating the chromatin with poly-D-lysine. If 
this complex is then treated with Pronase, the chromatin 
proteins are hydrolyzed, but the poly-D-lysine is resistant, 
leaving only poly-D-lysine bound to regions of DNA with 
which it was able to react. This polylysine-DNA complex is 
now subjected to nuclease digestion.and the DNA which re- 
sists digestion (50%) is purified free of polylysine. We refer 
to the product as “open DNA”. 

Detection of Globin Genes in Open and Covered DNA. 
Since reticulocyte chromatin is an active template in vitro 
for the production of globin RNA, it seems reasonable to 
ask whether this activity is correlated with some special ar- 
rangement of proteins in the neighborhood of the globin 
genes. In particular, we can ask whether the globin genes 
are localized within either the open or covered regions of 
chromatin, by annealing the globin probe (globin cDNA) to 
a vast excess of either open or covered region DNA (Figure 
3) .  We find that globin cDNA anneals to covered DNA 
with a Cot112 of 220, reaching a plateau at  81% duplex for- 
mation. When similar annealing is performed with open 
DNA a Cot112 of 300 is obtained but only 56% of the globin 
probe reassociates even at  genomic DNA to cDNA ratios 
exceeding 1 07, corresponding to a tenfold sequence excess. 
This experiment has been performed with several samples 
of open and covered DNA, isolated from different prepara- 
tions of reticylocyte chromatin, and with different prepara- 
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FIGURE 2: Binding of poly-D-lysine t c  duck reticulocyte chromatin. 
Varying amounts of polylysine (0.40 fimol/ml) are added dropwise to 
2-ml aliquots of duck reticulocyte chromatin (0.57 fimol of DNA/ml).  
Both polylysine and chromatin are dissolved in 1 m M  Tris buffer (pH 
8) and the polylysine is lightly labeled by reaction with [3H]fluorodini- 
trobenzene (Clark and Felsenfeld, 197 1) .  Data are collected beginning 
at a polylysine/DNA ratio where chromatin is completely precipitated. 
The insoluble polylysine-chromatin complex is centrifuged from solu- 
tion, and the concentration of polylysine in the supernate measured. 
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tions of globin cDNA. The results did not vary significantly 
from those shown in Figure 3. Depending upon the ratio of 
unlabeled DNA to globin cDNA probe, the plateau values 
of probe annealing to covered DNA were found to vary be- 
tween 60% and a limiting value of 80 f 3%. The latter 
values were obtained with a sufficiently large excess of cov- 
ered DNA. In every case, the plateau values for annealing 
of an equivalent amount of open DNA to globin probe were 
lower by 15-25% of the globin probe present. It appears, 
therefore, that the distribution of globin specific sequences 
differs in the two DNA fractions derived from chromatin. 

There are four possible explanations of this result. (1) 
The difference in annealing behavior reflects an inherent 
specificity of poly-D-lysine for certain sites on DNA. It is 
known, for example, that at high salt concentration polylys- 
ine binds selectively to A-T rich regions of DNA (Shapiro 
et al., 1969). In order to rule out this possibility, purified re- 
ticulocyte DNA was half-titrated with poly-D-lysine and di- 
gested with nuclease. The DNA protected by polylysine was 
purified and annealed to globin DNA. Using this DNA 
fraction, more than 80% of the probe reassociates, suggest- 
ing that in the absence of chromatin proteins polylysine is 
able to bind to the entire globin sequence. The specific glo- 
bin sequences absent from open region DNA of chromatin 
must therefore be generated by the distribution of the pro- 
teins. 

(2) The results shown in Figure 3 might arise from a sim- 
ple quantitative difference in the abundance of complete 
globin genes in  the two DNA fractions. To eliminate this 
possibility, open DNA was again annealed to globin cDNA. 
When the reaction reached its plateau (56%) the mixture 
was split and a further excess of either covered or open re- 
gion DNA was added. If the difference in plateau values 
observed with the two DNA fractions simply represents a 
difference in the relative abundance of globin genes in open 
and covered DNA, then the addition of excess denatured 
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FIGURE 3: Kinetics of annealing of globin cDNA to open and covered 
region DNA from duck reticulocyte chromatin; 0.1 ng of [3H]globin 
DNA was reacted with 5 mg of either covered DNA (0)  or open re- 
gion (0) DNA from reticulocyte chromatin. Reactions were performed 
in  0.2 ml and duplex formation was assayed as described (see Materi- 
als and Methods). 

open region DNA should now permit the reassociation of 
the remainder of the unannealed cDNA. We find that the 
addition of open DNA to a cDNA-open DNA annealing 
that has reached its plateau (see Materials and Methods) 
only results in a 6% increase (to 62%) in reassociation of the 
globin cDNA. Addition of covered region DNA, however, 
permits virtually complete reassociation (83%) of the globin 
probe. 

Since the difference in annealing characteristics of open 
and covered region DNA is preserved, it cannot arise from 
a relatively small difference in the abundance of complete 
globin genes in the two fractions. 

(3) The above discussion makes it clear that a distinct set 
of sequences present in the globin probe is present in cov- 
ered region DNA, and completely absent from open region 
DNA. It is possible that these missing sequences are not 
globin sequences, but represent contamination of our globin 
cDNA by a subclass of separate molecules that are restrict- 
ed to the covered DNA regions of chromatin. To exclude 
this possibility, we show that the sequences of the globin 
probe missing from the open DNA regions are covalently 
linked to the sequences of the globin probe which do anneal 
to open DNA. This is done by using hydroxylapatite chro- 
matography to measure the amount of duplex formed be- 
tween globin probe and excess open or covered region 
DNA. Under the conditions of the assay (see Materials and 
Methods) any probe molecule which is even partly involved 
in duplex formation will be counted as a double-stranded 
molecule. This is in contrast to the single-strand nuclease 
assay used in the earlier experiment (Figure 3), which de- 
tects only those segments of the globin probe which are ac- 
tually double stranded. 

We find that at Cot values of 15,000, about 80% of the 
cDNA probe reassociates with covered DNA as measured 
either by nuclease digestion or hydroxylapatite chromatog- 
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FIGURE 4: Kinetics of renaturation of unlabeled open and covered re- 
gion DNA; 3 mg of either open (0) or covered (0)  region reticulocyte 
DNA were denatured in a volume of 0.2 ml. Renaturation was moni- 
tored by hydroxylapatite chromatography. Saturation values of 67% 
for both open and covered DNA fractions were normalized to 100% in 
this figure only. 

raphy. The saturation values observed upon annealing of 
H b  DNA to open region DNA are 79% when scored by hy- 
droxylapatite and only 56% when determined by nuclease. 
The fact that most of the globin probe is retained on hy- 
droxylapatite using either open or covered region DNA 
means that the sequences missing from open region DNA 
do not correspond to a class of contaminant molecules in the 
globin probe, but must be covalently linked to the globin 
gene sequences which anneal to open DNA. 

(4) The last, and we believe the correct, explanation of 
our results is that while the entire complement of globin 
genes is present in covered region DNA, a distinct region of 
the globin genes is absent from open DNA fractions. There 
appears to be a specific portion of the globin gene which is 
always covered by proteins in chromatin even in a tissue 
where these genes are actively transcribed. 

It was now of interest to determine whether this charac- 
teristic distribution of proteins covering the globin genes in 
reticulocyte chromatin is also observed in erythrocyte chro- 
matin. Open and covered region DNA were therefore pre- 
pared from erythrocyte chromatin and annealed to globin 
cDNA. Globin cDNA anneals to either open or covered re- 
gions of erythrocyte chromatin with virtually identical ki- 
netics, and with 80% of the probe reassociated at  comple- 
tion with both DNA fractions. The pattern of protein distri- 
bution along the globin genes is therefore different in eryth- 
rocytes and reticulocytes. 

Comparison of Sequences in Open and Covered DNA. 
These experiments using globin cDNA and cRNA to study 
the association of proteins with the transcribed sequences 
limit us to a study of only a small percentage of the total 
genomic DNA. To study the patterns of proteins associated 
with the entire genome without regard for transcriptional 
capacity, we examined the properties of total open and cov- 
ered DNA. 

Covered region DNA isolated from reticulocyte chroma- 
tin had a weight average degree of polymerization of 150, 
as compared with 210 base pairs for open region DNA. In 
separate experiments, unlabeled open or covered region 
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FIGURE 5: Kinetics of annealing of open and covered DNA labeled in 
vitro with DNA polymerase 111. Open and covered region DNA from 
reticulocyte chromatin were treated with exonuclease 111 and repaired 
with DNA polymerase 111 to yield DNA with a specific activity of 4 X 
lo5 cpm!pg. (A) 3H-covered region DNA (0.02 pg) was reacted with 3 
mg of either covered (0 )  or open (0) region reticulocyte DNA; (B) 
3H-open region DNA (0.02 pg)  was reacted with 3 mg of either cov- 
ered (0 )  or open (0) region DNA. Annealing reactions were per- 
formed in a volume of 0.15 ml and duplex formation was monitored by 
single strand specific nuclease digestion. 

DNA was denatured and allowed to self-anneal. Duplex 
formation was monitored by hydroxylapatite chromatogra- 
phy. As seen in Figure 4, the two fractions have identical ki- 
netics of reassociation with a Cot1/2 of 920. No significant 
difference in the relative abundance of reiterated sequences 
can be noted in the two DNA fractions. It should be noted 
that in Figure 4 the values have been normalized to 100% 
reassociation. The actual saturation values observed were 
67%. The most likely explanation for the inability of these 
fractions to reassociate completely is that a substantial por- 
tion of these low molecular weight DNA fractions form du- 
plexes shorter than the minimum length required to be re- 
tained on'hydroxylapatite. 

We now asked whether open and covered DNA consist of 
distinct sequences. If this were the case, it would appear 
that all the covered regions are comprised of specific and 
fixed sequences on DNA. If, however, the sequences of cov- 
ered region DNA are present in open DNA as well, it is 
likely that the majority of the chromatin proteins are dis- 
tributed along the genome randomly with respect to nucleo- 
tide sequence. 

Radioactive covered and open DNA were prepared in 
vitro by subjecting the DNA to partial digestion by exonu- 
clease I11 followed by repair synthesis in the presence of 
DNA polymerase I11 and labeled deoxynucleoside triphos- 
phates. The small size of the DNA probe and the fidelity of 
DNA synthesis observed with DNA polymerase I11 make 
this an exceedingly useful procedure for in vitro labeling of 
DNA at high specific activity. These radioactive DNA frac- 
tions can now be used as a probe in annealing reactions with 
open and covered DNA. The kinetics of annealing of la- 
beled covered region DNA with a vast excess of either open 
or covered unlabeled DNA are identical (Figure 5A). Simi- 
lar results are obtained in reassociation experiments with 
labeled open region DNA (Figure 5B). These results indi- 
cate that the majority of the sequences in the duck genome 
are shared by both open and covered regions of chromatin. 

Because it was impossible to determine whether the 
DNA labeled in vitro with DNA polymerase was uniformly 
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FIGURE 6: Kinetics of annealing of open and covered region DNA la- 
beled with polynucleotide kinase. Open and covered DNA fractions 
were labeled in vitro with [X-32P]ATP and polynucleotide kinase to a 
specific activity of 2 X I O 5  cpm/pg. (A) 32P-covered region DNA 
(0.05 pg)  was reacted with 3 mg of either covered (0)  or open (0) re- 
gion DNA. (B) 32P-open DNA (0.05 ug) was reacted with 3 mg of ei- 
ther covered (0)  or open region reticulocyte DNA. Reactions were per- 
formed in 0.15 ml and were assayed by hydroxylapatite chromatogra- 
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FIGURE 7: Kinetics of annealing of open aJld covered region DNA 
prepared from cross-linked chromatin. Duck reticulocyte chromatin 
was treated with formaldehyde to cross-link the proteins and DNA 
(Brutlag et al.. 1969). Covered region DNA (4 mg) was prepared from 
this chromatin and annealed with 0.02 pg of 3H-covered DNA (0 )  or 
)H-open region (0) labeled in vitro with DNA polymerase. 

labeled in all sequences, radioactive open and covered DNA 
fractions were also prepared with y3*P-labeled ATP and 
polynucleotide kinase (see Materials and Methods). These 
radioactive DNA fractions were then annealed with an  ex- 
cess of unlabeled DNA from either covered or open regions 
as described above (Figure 6 ) .  The results confirm that the 
majority of the DNA of open and covered regions consists 
of identical sequences. 

I t  seemed possible that many of the proteins of chromatin 
might be free to exchange or slide along the DNA during 
the digestion processes used in preparation of open and cov- 
ered DNA, and that the random association of protein with 
DNA is not a characteristic of unperturbed chromatin. To 
exclude this possibility, chromatin was treated with formal- 
dehyde prior to the preparation of covered regions. This 

treatment results in the formation of linkages between pro- 
tein and DNA and prevents protein exchange or sliding 
during the digestion process. The formaldehyde-treated 
chromatin can be digested with staphylococcal nuclease, 
and behaves in the digestion process like untreated chroma- 
tin. The proteins are all covalently linked to the DNA of the 
limit digest, and there is no DNA in the digest that is free 
of protein, as judged by isopycnic banding behavior in CsCl 
in the analytical ultracentrifuge. Recent studies (Sollner- 
Webb et al., unpublished) suggest that the size distribution 
of DNA in the limit digest is similar to that obtained from 
untreated chromatin, so that it seems unlikely that formal- 
dehyde treatment itself causes histone rearrangement. Cov- 
ered DNA was prepared from the digest and annealed in 
vast excess to radioactive open and covered DNA. The two 
labeled DNA fractions reassociated with this covered DNA 
with identical kinetics, saturating a t  greater than 70% du- 
plex formation (Figure 7). I t  appears then that protein ex- 
change does not occur during the preparation of covered re- 
gions, leading us to the conclusion that the majority of pro- 
teins of “native” chromatin are not sequence selective in 
their binding sites. 

Discussion 
Our observations of the specific synthesis of globin R N A  

by avian reticulocyte chromatin (Axel et al., 1973) in vitro 
and those of Gilmour and Paul (1973) and Steggles et al. 
(1974) using mammalian erythroid chromatin suggest that 
the transcriptional controls operating in vivo are retained in 
our chromatin preparations and can be recognized by a bac- 
terial polymerase. It is becoming increasingly clear from re- 
constitution experiments (Felsenfeld et al., 1974; Paul et 
al., 1973) that those factors responsible for the specific en- 
chancement of globin R N A  synthesis reside within the pro- 
tein fraction of chromatin. We do not know, however, 
whether the polymerase is capable of recognizing a natural 
initiator sequence adjacent to the globin genes or whether 
these genes are simply more accessible to polymerase bind- 
ing in reticulocyte chromatin. 

In our initial studies of the accessibility of DNA in chro- 
matin to a variety of chemical and biological probes, we 
found that about half of the DNA in chromatin is suscepti- 
ble either to attack by staphylococcal nuclease or to titra- 
tion by the polycation, poly-D-lysine (Clark and Felsenfeld, 
1971). These studies demonstrate that the DNA of chroma- 
tin can be structurally divided into two distinct classes: one 
which is tightly bound to protein (covered DNA) and an- 
other which is either free or associated with chromatin pro- 
tein in such a way as to be chemically reactive (open 
DNA). Our experimental methods do not presently permit 
us to distinguish between the protective effects of histone 
and non-histone proteins. Most of the covered DNA cer- 
tainly arises from interactions with histones, which consti- 
tute the major protein fraction (80-90%) of our chromatin 
preparations, but we do not know what kinds of proteins 
give rise to the covered regions of the globin gene. 

The isolation of open and covered region DNA permits a 
characterization of the DNA sequences present in the two 
fractions. Annealing experiments (Figures 5 and 6 )  reveal 
that the majority of the sequences of the duck genome are 
common to both the open and covered DNA fractions. We 
conclude from these data that there are no specific polynu- 
cleotide recognition sequences for the majority of the pro- 
tein segments bound to covered DNA; the bulk of these pro- 
teins are therefore distributed randomly along the DNA 
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backbone. I t  is unlikely that this phenomenon arises during 
the digestion process used to isolate the two DNA fractions 
since similar experiments performed with formaldehyde 
cross-linked chromatin yield identical results. The data 
suggest that a given DNA sequence in one cell could be 
bound tightly by protein while the identical sequence in an- 
other cell of the same type may be chemically reactive. This 
lack of specificity is consistent with the observation that the 
amino acid sequence of many of the histone proteins is 
highly conserved from species to species (DeLange and 
Smith, 1971) while the DNA of these species diverges to 
the point where sequence homology is no longer observed. 
Thus any theory of chromatin structure based upon interac- 
tion of all of the chromatin proteins with highly specific rec- 
ognition sequences on DNA is implausible. 

Our results do not preclude the possibility that the pro- 
teins are arranged in a regular array of repeating units 
along a given DNA molecule, nor do they mean that all of 
the genomic DNA is subject to random association with the 
chromatin proteins. Recent studies (Olins and Olins, 1974) 
suggest that histone complexes are in fact regularly spaced 
along the DNA relative to one another. The annealing be- 
havior of open and covered DNA (Figures 5 and 6) shows 
that no long special sequences of nucleotides are involved in 
generating this spacing. However, very short special se- 
quences (less than 10-20 base pairs) would go undetected in 
annealing experiments, and we cannot exclude the possibili- 
ty that they exist. Furthermore, if some of the proteins of 
chromatin do act as transcriptional control factors regulat- 
ing gene expression, then we would expect that specific pro- 
teins must exist which are capable of interacting with spe- 
cific regulatory sequences on the DNA. We would hope 
therefore that a t  least in the neighborhood of the globin 
genes the arrangement of proteins on reticulocyte chroma- 
tin bears some relationship to its transcriptional activity. 
Annealing experiments with globin cDNA and open and 
covered region DNA from reticulocyte chromatin (Figure 
3) show that covered DNA contains most if not all of the 
globin sequences, while a substantial portion (perhaps 20%) 
of the globin information is always absent in open region 
DNA. These findings suggest that while most of the globin 
sequences are shared by open and covered region DNA and 
are therefore randomly covered by protein, there exists a 
specific class of globin sequences which are always covered 
or chemically restricted by protein and on which the protein 
distribution is nonrandom. Since reticulocyte chromatin 
serves as a template for globin transcription we conclude 
that transcription through protein covered regions must 
occur and that the mere presence of protein on a specific ge- 
nome is not sufficient to restrict polymerase action. Experi- 
ments with open and covered DNA from erythrocyte chro- 
matin show that the pattern of protein distribution on the 
globin genes from these cells differs from that observed in 
reticulocytes, and support the idea that this distribution 
may in some way be related to transcriptional activity. 
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