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SUMMARY 

The oLigomeric structure of histones in nucLei and chromatin 
has been studied by crossLinking nuclei and chromatin with 
l-ethyL-3-(3-dimethyLaminopropyLI carbodiimide. CrossLinked 
histones were detected as new high moLecuLar weight components on 
SDS gels, and the protoaers of the crossLinked histones were 
identified by their characteristic 1251-fingerprints. The 
resuLts show that a considerabLe portion of histones F3 and F2al 
exist in nucLei and chromatin as an F3-F2al dimer. Evi de rice is 
presented that histone Fl probabLy exists in chromatin as Large 
oligomers. 

lnt roduc t ion 

The moLecuLar structure of chromatin has been partiaLLy 

iLLuminated by recent studies of its ultrastructure (11, 

SusceptibiLity to nucLeases (2-4), and se'lective extractibility 

of histones (51. These studies have been interpreted to indicate 

that chromatin consists of a more or Less repetitive sequence of 

simpLer histone containing units. ether investigators have found 

that the histones. when free of DNA, form stoichiometric 

compLexes (6-11) and it has been suggested that these compLexes 

are important determinants of chromatin structure (8,101. 

However, direct evidence for specific interactions among histones 

in chromatin is Lacking. 

Brie approach to this problem is to crosslink neighboring 

proteins in a complex, then isolate and identify the crosslinked 

products. This approach has been successfuLLy applied to 

ribosomes and some oLigomeric proteins (12,131. We appLied this 

technique to chroaatin and nucLei uslne a carhodiimide to 

crossLink neighboring histones. In this paper we report that a 

considerabLe portion of histones F3 and F2al exist in chromatin 
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as F3-F2al dimers. Evidence is aLso presented that most of Fl in 

chromatin is present as homooligomers. 

NucLei were prepared from fresh rat Liver by the method of 

CLark and FeLsenfeLd (141, or by the method of Hewish and 

Burgoyne (2 1. Both methods of preparation gave simiLar results 

in these experiments. NucLei from the above preparations were 

washed into 0.2 mM EDTA pH 7-O and chromatin was prepared by the 

method of Clark and FeLsenfeLd (141. 

Reaction mixtures for crossLinking routineLy contained nuclei 

(0.3-1-O mg DNA/ml) or chromatin (0.1-1.0 mg DNA/mLl, sodium 

phosphate (5 mM, pH 71 or triethanolamlne (5 m&f, pH 81 buffer, 

0.2 mM EDTA and 3 mH 1-ethyl-3-(3-dimethyLamino 

propyLl-carbodiiaide hydrochloride (Pierce ChemicaL Co.). 

Mixtures were incubated for one hour at 20°C. Reactions were 

stopped by the addition of SDS geL buffer or by diaLysis vs. 1 mM 

sodium phosphate pH 7. 

SampLes were anaLyzed on SDS yeLs according to LaemmLi (1'51 

except that 18% acryLamide and 0.09% bis-acrylamide were used for 

the resolving geL. 

GeLs were stained with 0.1% Coomassie hriLLiant bLue R250 in 

40% ethanoL, 10% acetic acid and destained in the same solution 

Lacking dye. Dye and protein was extracted from the gels by the 

method of Bray and Brownlee (161 into 0.1% SDS. The amount of 

dye eluted was determined by its absorbance at 550 nm. ControL 

experiments showed that the amount of dye extracted is 

proportionaL to the amount of protein Loaded onto the geLs. 

Assuming that the crossLinked histones bind dye as efficientLy as 

free histones, one can then rouyhLy quantitate the fraction of 

histone present in the crosslinked bands. 

MateriaL eLuted fro6 peL bands was then iodinated with 1251 

(Amersham-SearLe Na 1251 carrier free) and mixed with total calf 

thymus histone LabeLed with non-radioactive iodine. The mixture 

was digested with TPCK-trypsin LWorthin&ton Riochemical) 

according to Bray and BrownLee (161 and fingerprinted according 

to Weintrauh and Van Lente (41. 1251-containing spots were 

Located by autoradioeraphy with Kodak RP BoyaL X-Bmat fiLm. 

Non-radioactive iodine containing spots were Located with the 

stain of CmeLin and Virtanen (171. The staining pattern served 
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as an internal standard for the fingerprinting procedure. 

ControL experiments shored that the spots of the radioactive 

fingerprint of rat Liver histone fractions coincided with spots 

of the non-radioactive fingerprint of total calf thymus histone. 

RESULTS 

A typical pattern for rat Liver chromatin on SDS gels is 

shown in Figure la. After crossLinking with 3 mM carbodiimide 

for one hour at pH 7, the pattern seen in Figure lb is obtained. 

Under these conditions the histones are not compLetety 

crossLinked but a major new band (calLed a) appears at an Rf of 

0.65 (relative to FZal). Material aLso appears at the top of the 

resolving gel, (called top). (There is aLso a crossLinked band 

between Fla and Flb which ail.1 not be discussed here.) 

a b 
- tap 

ffa 
flb 

*, 4” _ 
a‘. . 

alpha 

f3 
f2b 

f 2a2 

f2al 

Figure 1. SDS gel electrophoresis of rat liver chromatin before 
(a> and after <b) reaction with carbodiimide. 

284 



Vol. 64, No. 1,1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Four pieces of evidence indicate that (1 is formed from 

neighboring moLecuLes on the same chromatin particle rather than 

different partictes. Firstly, (r is formed in rat Liver nuclei as 

weLL as rat Liver chromatin. SecondLy, (I is formed in chromatln 

from chick erythrocytes as weLL as rat Liver. TbirdLy, the rate 

of formation of u is independent of chromatin concentrations from 

0.1-1.0 mg DNA/mL). FinaLLy, in 0.14 M NaCL, conditions which 

Lead to precipitation of chromatin, the formation of a is not 

increased and the overaLL geL pattern is identical to that 

obtained in Low saLt. 

A comparison of the 125 I fingerprints of (I with those of the 

five known histone fractions showed that a contains F3 and F2al 

(Figure Za-d). Four major and at Least three minor cc spots 

coincided with spots from F3 and another four major and two minor 

spots of (I coincided with spots from F2al. Spots from F2a2, FZb, 

or Fl were not found in the fingerprints of a. 

The Rf of CI coincides with that expected for a histone of 

approximateLy 26,000 daLtons (Figure 3). The sum of the 

moLecuLar weights of F3 and F2al is 26,600O daltons. These two 

pieces of evidence show that a is a F3-F2al dimer. 

Ameunt-s%-s. 

The amount of z appearing reLative to the amount of F3 and 

F2al disappearing was caLcuLated by extracting the dye from the 

get bands. Under the conditions of Figure 1 about half the smaLL 

histones had been crosslinked. Assuming a reacts with dye to the 

same extent as F3 and F2a1, the amount of (I appearing couLd 

account for 55-9596 of the F3 and F2al reacted. Therefore, under 

conditions in which about half the histones were crossLinked, 

most and perhaps RLL of the crossLinked F3 and F2al couLd be 

found in (I. 

Under more extensive crossLinkinG conditions, the amount of a 

did not increase as F3 and C2al disappeared. This resuLt may 

indicate that some F3 and F2al in chromatin cannot be crossLinked 

by carbodiimide, i.e. that there is heterogeneity in the 

associations of P3 and F2al. It is aLso possibLe that (r is being 

further crosslinked to Larger materials at the same time as a is 

being formed from free F3 and FZal; however no hiyber moLecuLar 

weight bands appear in the resolving g:eL after more extensive 

CrossLinking. 
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Figure 2. 1251-fingerprint anaLysis of rat Liver histones and 

crossLinked materiaLs. (a) A composite of the major 12SI-spots 
from the four smaLL hiatones. l F2a1, 0 F3, @ F2a2. A F2b. 

(b-f) 1251-fingerprints of F3 (bl, F2al (cl, a cdl, FI (el, and 

"top" (f). flpen circLes in (el and (f) indicate 12' I-spots from 
FL. 

Samples were spotted in the upper Left hand corner and 
chromatographed towards the bottom. ELectrophoresis is in the 
horizontal direction with the cathode at the right. 

125 I fingerprints of the materiaL at the top of the resolving 

geL shows spots from Fl only (Figure 2e.f). No spots from F2a1, 
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Figure 3. Rf's of a and the four small histones vs. moLecuLar 
weight. The moLecuLar weight of a is caLcuLated to be the sum of 
F2al and I3 (26,600 daLtonsI. With increasing Rf, the proteins 
are cr, hfstones F3, FZb, F2a2 and F2al. 

F2a2. F2b or F3 are visibLe. Since DNase and RNase treatment do 

not affect this CesuLt, this mater-i&L is probahLy primariLy Large 

oLigomers of Fl. Data from dye extraction studies indicate that 

this materiaL can account for aLL the Fl removed from the monomer 

bands. 

DISCUSSIBN 

This study shows that carbodiimide crossLinks F3 and F2al to 

each other in chronatin and nucLei. The nature of the crossLink 

has not as yet been determined; however, two properties of the 

crosslink are evident from the data. Iirrst, the reaction 

conditions are such as to favor the formation of amide bonds 

(18). a fact which suggests that the crosslink may be between a 

carhoxyl. group on one histone and a Lysine on the other. Second, 

because the o fingerprint is almost an exact superposition of the 

F3 and F2ai fingerprints, the overaLL modification of the 

histones has been smaLL and probabLy onLy one or very few 

crossLink exists between F3 and F2al. 

Kornberg and Thomas (81, and D‘Anna and Isenberg (9) have 

found that F3 and F2al in soLution, free of DNA, form tetramers. 

The presence of the F3-F2al dimer in chromatin is consistent 

with their suggestions that the interactions among histones in 

soLution is also found in chromatln (S-101. However, our 

studies on the relative reactivity of F3 and F2al oligomers free 

in soLution and of these histones in chromatin indicate that the 

histones in these two states may have quite different conformations 

( Bonne r, unpubLished observations). 
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The crossLinking of Fl in chromatin to form OLigomers and the 

absence of other histones in this material suggest that FL may 

exist in chromatin as Long homopoLymers, not intimateLy 

associated with the complexes formed among the other histones and 

DNA. This resuLt is supported by ttkat of OLins and Wright (19) 

who found material from gLutaraLdehyde-crossLinked chick 

erythrocyte nucLei which upon amino acid anaLysis seemed to be 

primarily oLigomers of histone F2c. 

Using formaLdehyde crossLinking, and fingerprint analysis of 

the crossLinked material, Weintraub (personaL communication) has 

found F2b-F2a2 and F2b-F2al pairs in chromatin. It is striking 

that the histones crossLinked by carbodiimide and formaLdehyde 

are the same three pairs of strong histone interactions reported 

by D'Anna and Isenberg (9). 

These studies present direct evidence that at Least some of 

the associations of histones in chronratin may be the same as the 

associations of the histones in solution. 

Histone Nomenclature. F3=III=AFtE, F2al=IV=GRK, F2b=IIb2=KAS 

F2a2=IIbl=LAK, Fl=I=KAP 
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