
regulation of gene transcription involves 
a release of chromatin template restric- 
tion by the phosphorylation of some 
chromosomal protein; the phosphoryla- 
tion appears to be mediated by a protein 
kinase which has been translocated to 
the medullary nucleus. 

Only 20 percent of the 32p incorporat- 
ed into chromatin in our in vitro system 
could be extracted with 0.4N H2SO4, 
which indicates that most of the phos- 
phorylation probably was in the non- 
histone protein fraction. Purified acidic 
nuclear phosphoproteins isolated from a 
number of tissues bind to homologous 
DNA and enhance RNA synthesis in vi- 
tro (17). Thus, the augmented template ac- 

tivity observed in our system may have 
resulted from the phosphorylation of 
acidic chromatin proteins. The lack of 

quantitative correlation between the ex- 
tent of RNA transcription and the degree 
of protein phosphorylation (Fig. 1) may 
suggest that phosphorylation of a specif- 
ic substrate is involved in gene activa- 
tion. Indeed, our recent data demon- 
strate a differential phosphorylation of 
acidic chromosomal proteins under the 
various conditions described in Fig. 1. It 
will be of interest to identify chromosom- 
al proteins functioning as a physiological 
substrate for the catalytic subunits of 

protein kinase which are translocated 

during the transsynaptic induction of 

tyrosine 3-monooxygenase in rat adrenal 
medulla. 
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to 200 base pairs. 

A chemical probe for chromatin struc- 
ture ideally should possess two proper- 
ties. (i) It should be capable of per- 
meating cells and acting in vivo to avoid 
isolation artifacts; and (ii) it should in- 
volve a covalent interaction with the 
chromatin components so that the prod- 
uct provides a stable record of the speci- 
ficities of this interaction. Photochemical 
cross-linking of DNA in chromatin by de- 
rivatives of psoralen meets these cri- 
teria. 

Psoralens are a class of medically im- 

portant furocoumarins known for their 

ability to photosensitize mammalian skin 
(1) (Fig. 1). Psoralen and its derivatives 
in conjunction with ultraviolet light of 

long wavelength (320 to 380 nm) can co- 

valently cross-link pyrimidines in oppo- 
site strands of the DNA double helix (1, 
2). Because cellular and nuclear mem- 
branes are permeable to psoralens, this 
reaction can take place in DNA in situ in 
chromatin, isolated nuclei, or intact liv- 
ing cells (1, 3). 

We have developed a method for deter- 

mining the sites of cross-links in DNA by 
electron microscopy. The DNA is pre- 
pared for microscopy as follows: it is ex- 
haustively denatured by heat for 2 hours 
at 70?C in a mixture of 10 percent formal- 
dehyde, 0.02M sodium carbonate, pH 
7.0, 0.005M EDTA. Denatured regions 
are prevented from renaturing by their re- 
action with formaldehyde (4). A portion 
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Fig. 1. (a) The general structure of psoralens. 
After intercalation into the DNA double helix, 
psoralens photoreact covalently with pyrimi- 
dines via the bonds in the shaded areas (2). (b) 
The structure of 4,5',8-trimethylpsoralen 
(trioxsalen), which is the psoralen derivative 
used in this study. 
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of the sample is then spread on a cy- 
tochrome protein film by the Klein- 
schmidt technique (5) with the form- 
amide conditions of Davis et al. (6) for vi- 

sualizing both (denatured) single strands 
and double strands of nucleic acid. 
Cross-linked regions thus have the ap- 
pearance of double-stranded DNA while 
regions protected from cross-linking ap- 
pear as open loops with single-stranded 
arms (Fig. 2b). 

By this technique we have observed 
the sites of cross-linking in DNA that un- 

dergoes photoreaction in situ and is sub- 

sequently purified. The overall design of 
the experiment is shown in Fig. 3. 

Spaced regions of each DNA molecule 
are often found to be so heavily cross- 
linked that the distance between cross- 
links is not detected by our technique 
(7). These regions alternate with 
stretches of 50 or more base pairs, which 
are protected from cross-linking. The 

protection of regions of DNA from 

cross-linking in situ appears not to be the 
result of base sequence heterogeneity 
since equivalent cross-linking of depro- 
teinized DNA is uniform and nearly com- 

plete (Fig. 2a). The cross-linking pattern 
therefore must result from DNA con- 
formation or interaction with proteins in 
chromatin. 

The percentage of DNA in protected 
regions, the lengths of such regions, and 
their loci along the molecule may be de- 
termined. The fraction of DNA in pro- 
tected regions is dependent on the extent 
of photochemical cross-linking; but even 
when the cross-linking is taken to a satu- 

rating level, a minimum of 60 percent of 
the DNA remains protected. This is com- 

parable to the 50 to 87 percent of DNA 
that was protected from degradation in 
several studies of (limit) digestion of 
DNA in chromatin by exogenous nucle- 
ase (8-10). 

The lengths of regions protected from 

cross-linking form a distribution as 
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Cross-Linking of DNA in situ as a Probe for Chromatin Structure 

Abstract. The photochemical cross-linking of DNA in situ in chromatin is blocked 
over short intervals. Electron microscopy of DNA cross-linked in chromatin reveals 
the lengths of protected regions and provides a map of their sites along the DNA. 
Protected regions occur most frequently in tandem and have a basic length of 160 
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shown in the weight-average histograms 
(Fig. 2c). The principal peaks in these 
distributions correspond to 160 to 200 
base pairs. The resolution of our tech- 
nique is also sufficient to reveal a "di- 
mer" peak at approximately twice this ba- 
sic length. This result is consistent with 
the existence of a tandom distribution of 
protected regions of regular length. 

Subunit structures for chromatin have 
been deduced from the electron micros- 
copy of chromatin extended in media of 
low ionic strength (11), from the size of 

DNA fragments resistant to in situ nucle- 
ase digestion (10, 12), and from cross- 
linking and association studies of 
chromatin proteins (13). The periodicity 
predicted in these structures (10-14) 
ranges from 175 to 200 base pairs and 
thus is the same as found for the basic 
length of regions protected from cross- 
linking. 

The broadness of the peaks in Fig. 2c 
perhaps reflects the native variation in 
the lengths of protected regions, but may 
also be influenced by (i) incomplete satu- 

ration of unprotected (interloop) regions 
by cross-links; (ii) migration of proteins 
along the chromatin axis (8, 15) during 
cross-linking; and (iii) variations due to 
calibration techniques in the co-mapping 
of regions from many separate molecules 
(legend to Fig. 2c). Widely varying extents 
of photoreaction (16) result in multi- 
modal distributions with principal peaks 
centered at the same positions. With low- 
er photoreaction times an expected shift 
of material out of the "monomer" peak 
may be seen. 
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Fig. 3. Experimental design. Before or after photoreaction with trioxsalen, DNA is isolated 
from chromatin (or intact nuclei or cells) by incubation at 50?C for 5 to 12 hours with 1 percent 
sarkosyl, 0.1M EDTA, 0.01M tris, pH 8.6, and nuclease-free Pronase (1 mg/ml). The DNA is 

then banded by equilibrium sedimentation in a gradient of Cs2SO4 and dialyzed exhaustively 
against 0.01M tris, pH 7.6, 0.001M EDTA prior to preparation for electron microscopy as 

described in the text. 
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spacing of loops are more complex. 
These data are also more difficult to inter- 

pret because of the problem of calibrat- 

ing the length of interloop regions of 

DNA. These denatured regions have the 

appearance of native DNA only because 
of frequent cross-links. 

We have observed an essentially simi- 

lar pattern of alternating cross-linked 

and protected regions in many systems, 
including interphase and metaphase 
HeLa cells, cultured Drosophila cells, 
nuclei isolated from Drosophila em- 

bryos, isolated HeLa metaphase chromo- 

somes, replicating chromosomes of SV40 

virus in vivo, and isolated SV40 chromo- 

somes in vitro. 
The possible perturbation of chroma- 

tin structure by the psoralen cross-link- 

ing probe itself is unknown. However, 

photoreaction with trioxsalen does not al- 

ter the pattern of DNA fragment lengths 
obtained by subsequent micrococcal nu- 

clease digestion of nuclei (17). 
An example of subchromosomal varia- 

tions in cross-linking pattern is found in 

Drosophila nuclei. Fractionation of 

Drosophila satellite DNA by density gra- 
dient techniques (18) is still possible after 

cross-linking in situ. The several satel- 

lites show loop patterns different from 

that of main-band DNA and different 

from those of each other. We believe 

that these differences result from 

chromatin structure in centric hetero- 

chromatin where these satellite DNA's 

are localized (19). 
In conclusion, the ability of the psora- 
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len probe to preserve a linear record of 
its interaction sites appears to present 
unique potentials in the study of chroma- 
tin structure. 
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Abstract. The two Pacific anguilloid fishes Anguilla japonica and Astroconger 

myriaster, belonging to the different families, appear to have identical chromosome 

numbers (2n = 38) and karyotypes, including one pair of conspicuous heteromorphic 
chromosomes in females. Cytophotometric measurements, however, indicate a con- 

siderable difference in DNA content between the two species. 

Karyotype Conservation and Difference in DNA 

Amount in Anguilloid Fishes 

Abstract. The two Pacific anguilloid fishes Anguilla japonica and Astroconger 

myriaster, belonging to the different families, appear to have identical chromosome 

numbers (2n = 38) and karyotypes, including one pair of conspicuous heteromorphic 
chromosomes in females. Cytophotometric measurements, however, indicate a con- 

siderable difference in DNA content between the two species. 

Considerably different genome sizes 
(DNA content) have been reported in the 

divergent fish orders (1, 2). In this con- 
nection, Ohno (1) suggested that quan- 
tum evolution from fish to mammal was 
not accomplished simply by point muta- 

Considerably different genome sizes 
(DNA content) have been reported in the 

divergent fish orders (1, 2). In this con- 
nection, Ohno (1) suggested that quan- 
tum evolution from fish to mammal was 
not accomplished simply by point muta- 

tions of already existing gene loci, but 
rather through duplicated genes which 
made possible the emergence of new 
genes with previously nonexistent func- 
tions. It is also believed that the primi- 
tive teleostean ancestor had approxi- 

SCIENCE, VOL. 193 

tions of already existing gene loci, but 
rather through duplicated genes which 
made possible the emergence of new 
genes with previously nonexistent func- 
tions. It is also believed that the primi- 
tive teleostean ancestor had approxi- 

SCIENCE, VOL. 193 

E.M.: E.M.: 

S S 


	Cit r249_c409: 
	Cit r248_c407: 
	Cit r247_c404: 
	Cit r250_c413: 
	Cit r256_c425: 


