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The role of S-S bridges of residual protein in the structural organization of DNA is 
investigated. The effects of various S-S splitting agents on the naturally occurring DNA- 
RP protein complexes isolated from various eukaryotic and prokaryotic cells are stud- 
ied. It is demonstrated that, depending on the incubation conditions, thiols induce 
dissociation of the DNA-RP complexes to double-strand fragment-DNA subunits of 
varied size. It is found that the DNA-RP complexes contain specific S-S bonds that 
may determine different levels of DNA organization in the chromosome. 
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Investigation of the residual protein (RP) that re- 
mains firmly bound to DNA irrespective of isola- 
tion technique and produces DNA-polypeptide 
complexes is important for a better understanding 
of the structural-functional organization of DNA in 
the eukaryotic chromosome [18,21,22]. These 
DNA-polypeptide complexes display site-specific 
localization in the eukaryotic genome [22]. Of 
particular importance in this context is the evidence 
that S-S bridges of RP covalently bound to DNA 
are involved in the tandem organization of the 
DNA subunits in the chromosome [14,15,17] and 
ha the attachment of the replicon loops to the 
nuclear matrix [3,16], i.e., in a higher level of 
DNA organization. 

This paper summarizes the results of our pre- 
vious studies [5,6,9,19] on pH-dependent thiol-in- 
duced fragmentation of naturally occurring eukary- 
otic and prokaryotic DNA-RP complexes, on the 
determination of the size of thiol-induced DNA 
subunits and their secondary structure, and on the 
effects of thiols on the RP composition in these 
complexes. 
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MATERIALS AND METHODS 

Two DNA fractions - a water-soluble supramolecu- 
lar DNA complex (SM DNA) and water-insoluble 
DNA of the phenol nuclear matrix (PNM DNA) - 
were isolated by the phenol method from eukary- 
otic cells (rat liver and thymus, loach sperm cells 
and erythrocytes; hen erythrocytes, P 388 leukemia 
cell line) and T4 phage. The isolation procedures for 
SM DNA and PNM DNA, the conditions for in- 
cubation with mercaptoethanol (ME), dithiothreitol 
(DTT), glutathione reductase, and sodium borohy- 
dride, as well as electrophoresis of proteins, elasto- 
viscosimetry, sedimentation, and melting of DNA 
were described in detail elsewhere [5-7]. 

RESULTS 
SM DNA contains 1-3% immunogenic RP con- 
sisting 30-50% of acid amino acids (predominance 
of glutamic acid) and actively incorporating 35S- 
methionine [8]. ELectrophoresis [7] showed that 
eukaryotic SM DNA is characterized by the pres- 
ence of a protein quartet in the 50-70 kD region 
and by the presence of several polypeptides with a 
molecular weight of 20-40 kD. The protein quar- 
tet is resistant to RNAase A, phospholipase C, 
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Fig. I. Putative quasisubunit organization of eukaryotic 
chromosomal DNA. a) tandem joining of DNA suburtits with 
the aid of peptide S-S bonds localized in antiparallel DNA 
strands at a distance of 196 bp; b) thiol -- induced skewed 
double- strand rupture with the torrnation el sticky ends; c) 
quasisubunit organization of DNA with peptide S-S bonds 
and complementary sticky ends; d} loop organization of DNA 
(domains) by means of blocked polypoptides: A-E) small 
loops, a - e )  large loops~ NM: nuclear  matrix;  NNIb: ~uctear  
membrane; b lack circles: topoisomerase II; whi te  circles: lipids; 
D: chromomeric  organizat ion of DNA. 

pancreatic lipase, proteinase K, and 0.2% ME at 
pH 7.2. This protein group is similar in molecu- 
lar weight and resistance to proteinase K to the 
proteins described in other studies [14,18,21,22], 
which are believed to conf~rn the superhelical or- 
ganization of DNA [14]. 

Eukaryotic PNM DNA proteins (5-10% pro- 
tein of DNA) are represented by any more frac- 
tions: 15-30 bands in the 14-120 kD region, in- 
eluding the 50-70 kD protein quartet [9], implying 
that these proteins are involved in the DNA con- 
tact with the nuclear skeletal structures. Incubation 
of PNM DNA preparations with 0.2% ME induces 
dissociation primarily of proteins with a molecular 
weight higher than 50 kD, the effect being more 
pronounced at pH 5.0 than at pH 7.0 [9]. 

A pH-dependen t  (at acid and neutral  pH) 
thiol-mduced fragmentation of these DNA com- 
plexes to different-size subunits was established 
when the effects of various S-S splitting agents 
(ME, DTT, sodium borohydride, and glutathione 
reductase) were studied, this indicates the presence 

of several specific protein disulfide bonds in chro- 
mosomal DNA and their general biological signifi- 
cance [5,6,19] We think that thiol-induced frag- 
mentation of SM DNA and PNM DNA results 
from the reducing influence of thiols on the RP 
S-S groups covalently bound to DNA and partici- 
pating in the quasisubunit organization of DNA. As 
already reported {6], degradation of DNA com- 
plexes in the presence of thiols due to the pres- 
ence of nucleases is unlikely. A possible contribu- 
tion of apurinization to this phenomenon cannot 
be excluded; however, it is difficult to explain ME- 
induced fragmentation of DNA by apurinization 
based on the available data on the rate of this 
reaction at 37oC [1]. On the whole, our results are 
consistent with those of others [14-17] demonstrat- 
ing art important role of S-S bridges of RP in the 
organization of chromosomal DNA. However, in 
contrast to the above studies, we tested several 
types of disulfides in the DNA complexes. This 
can be explained by the fact that the reactive abil- 
ity of an S-S bond in a protein depends on a 
number of factors: the accessibility of this bond, 
the nature of the neighbouring groups, and the 
intensity of noncovalent  interactions near  S-S 
groups [12]. 

Type I disulfides were found in SM DNA of 
eukaryotes and T4 phage. Tb.Js type is resistant to 
proteolytic enzymes and was reduced by ME only 
at an acid pH (4.4-5.9); prolonged (5-10 days) 
incubation with thiols resulted in complete degra- 
dation to subunit fragments with a molecular  
weight of 5x105 D [5,6,10,19] comparable in size 
to genes. Disulfides sensitive to ME at acid pH 
values were also tested in eukaryotic PNM DNA 
[5]. Subunits of a similar size (5-7x105 D) were 
obtained after a 2-week incubation with 0.05 M 
EDTA (pH 7.0, 0~ of DNA isolated from thy- 
n'tic nuclei using pronase-sarcosyl-3 M NaC1 [20]. 
These researchers believe that the DNA degrada- 
tion is due to the fact that metalloproteins (0.9- 
1.4 kD) that provide for the subunit organization 
of DNA in eukaryotic chromatin are embedded in 
the sugar-phosphate backbone of DNA~ The pres- 
ence of various metals in chromatin, DNA, and 
nonhistone proteins has been demonstrated [16,20]. 
Single-strand D N A  subunits (8.5x106 D) were 
found in DNA preparations treated with pronase 
and alkali, as well as double-strand DNA suburtits 
(16.1• D)af te r  treatment with pronase and SI- 
nuelease [21,221. These findings indicate that 1% 
of pronase-resistant serum-containing protein is 
covalently bound to the 3' and 5' ends of DNA 
in antiparatlel strands by phosphodiester bonds via 
O4-phosphotyIosine. 
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Type II disulfide bridges were found in only 
eukaryotic DNA (this type was absent from the 
DNA of phage T4)with the use of glutathione reduc- 
tase, indicating the presence of mixed disullides in 
the protein. The subunit size was 71+13106 D [5]. 

Type III disulfides were found in eukaryotic 
PNM DNA with the use of ME at a neutral pH 
[5]. They probably control  the domain-cluster  
DNA level (109 D). A similar type of fragmenta- 
tion was demonstrated upon incubation of neutral 
lysates of  animal cells with ME and pronase 
[14,17]. The important role of disulfides in the 
nuclear matrix organization has been extensively 
discussed in the literature [3]. 

Type IV disulfides (probably metal-disulfides) 
were found in eukaryotic SM DNA upon incubation 
with DTT in the presence of EDTA at pH 8.0; after 
prolonged incubation (5-10 days) the complex dis- 
sociated to 18.6+1.0• D subunits [5,6] which are 
comparable in size to a transcripton. 

Type V disulfides (probably metal-disulfides) 
were found in eukaryotic SM DNA upon prolonged 
incubation with ME in the presence of EDTA at 
pH 8.0. There was no DNA fragmentation under 
these conditions; however, the elastoviscosity of the 
complexes is completely destroyed, indicating the 
implication of these S-S bridges in the organiza- 
tion of the replicon loops (of 192+5x106 D) [5,6]. 
Thus, several types of specific S-S bonds are 
present in eukaryotic DNA complexes with differ- 
ent degrees of complexity and in DNA of phage 
T4; reduction of these bonds with thiols (ME and 
DTT) leads to the formation of different double- 
strand DNA subunlts comparable in size to a gene, 
transcripton, replicon, and domain, the formation 
being dependent on the pH, the presence of EDTA, 
and the incubation period. This suggests that a 
multicomponent subunit structure of DNA is a com- 
mon phenomenon for eukaryotic and prokaryotic 
cells; the size of DNA subunlts may vary from 
5• s D [5,6,10,19,20] to 109 D [14,17]. 

There is no consensus regarding the mecha- 
nism of thiol-induced fragmentation of chromo- 
somal DNA. According to the model [15], the S- 
S bridges of DNA-bound RP that join DNA frag- 
ments  in t a n d e m  fashion co inc ide  wi th  the 
preexisting single-strand ruptures in antiparallel 
chains of an intact molecule, and, therefore, a 
double-strand rupture of DNA occurs when S-S 
groups are reduced by thiols. However, other re- 
searchers [14] have shown that thiols can induce 
only single-strand ruptures, which causes twisted 
DNA forms to become circular. From an analysis 
of our data on heat denaturation of ME-induced 
DNA fragments at acid pH it can be concluded 

that there are sticky ends, and on the basis of this 
conclusion we can assume that thiol-induced frag- 
mentation of eukaryotic DNA is a result of skewed 
ruptures in single-strand breaks in antiparallel 
strands lying close to one other [6,19]. It was 
calculated that at least 196+12 base pairs are in- 
volved in such a rupture. This value is character- 
istic of SM DNA isolated from different eukary- 
otic cells and has been reliably tested for 0 . 5 -  
2.0• D subunits. 

Thus, not only S-S bridges of the D N A -  
bound RP but also the complementary sticky ends 
of its subunits may be implicated in the tandem 
quasisubunit organization of chromosomal DNA 
(Fig. 1). It is hypothesized that the tandem of two 
DNA subunits is achieved via the S-S bridges of 4 
polypeptides located in pairs in antiparallel strands 
at a distance of 196 bp. Assuming that SM DNA 
contains an average of 1% RP with mean molecu- 
lar weight 60 kD, 2-3 kD polypeptides are involved 
in the tandem arrangement of 0.5-2.0• D DNA 
subunits. However, the molecular weight of DNA- 
bound RP is much greater: 12-70 kD [7,9]. There- 
fore, we suggested that these calculated low-molecu- 
lar-weight polypeptides should be arranged in larger 
peptide blocks via weak peptide bonds, and these 
peptide blocks were identified by us [7,9] and oth- 
ers [14,16-18,21,22] on electrophoregrams. This is a 
reasonable assumption, since DNA-bound polypep- 
tides can degrade to smaller units (18 and 36 kD) 
under the conditions of acid hydrolysis (10% TCA, 
12 h, 37~ as was demonstrated in our studies. 
Moreover, smaller polypeptides (2-3 kD) remain 
bound to DNA after a more stringent hydrolysis 
(6 M HC1, 90~ 1.5 h) [18]. 

We believe that blocked polypeptides can serve 
as a basis for the formation of small and large 
DNA loops (Fig. 1). Small loops, the regions of 
sticky ends of quasisubunits, can be the sites in- 
teracting with DNA topoisomerase II [3,4] and 
specific DNA-bound lipids [1 l] that are localized 
at the base of the DNA loop on the nuclear ma- 
trix and take part in replication and transcription. 
A possible joint site-localization of topoisomerase II 
and lipids in the DNA loop base is supported, on 
the one hand, by the presence of 50 and 63 kD 
proteins in SM DNA isolated from rat thymus 
and liver [7] comparable in size to the topo II 
subunits (51 and 60 kD) [3,4] and, on the other, 
by fragmentation of SM DNA to 60-106 D sub- 
units under the Lrffluence of lipase and phospholi- 
pase C [11]. The large loops are carriers of ge- 
netic information. S-S bridges can serve as flanks 
between genes involved in the exchange of DNA 
fragments. After histonization these loops can serve 
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as a basis for cohelixation of DNA strands in su- 
perstructures: nucleosomes, nucleomeres, and chro- 
momeres. In this case blocked and nonblocked 
DNA-bound polypeptides may represent chromo- 
meric and nonchromomeric regions of a chroma- 
tid, respectively. 

It is known that the energy of an S-S bond 
is only 66 kkal [12]. Consequently, thiol-disulfide 
bonds in chromatin are a labile dynamic system 
at which level the oxidation-reduction processes 
necessary for active cell metabolism readily pro- 
ceed. A typical example is the participation of 
thiol-disulfide exchange in the formation of the 
mitotic apparatus [2] as a whole, and, specifically, 
in the redox regulation of the DNA-binding ac- 
tivity of fos and jun oncoprotems [13]. Numerous 
radiobiological studies confirm the functional sig- 
nificance of disulfide bonds in chromatin. Like 
thiols, ionizing radiation decondenses chromatin 
and stimulates reparative DNA synthesis [2]. At the 
same time, it is known that various serum-contain- 
ing protective agents (for example, arninoethy- 
lisothiouronium of SM DNA in vivo [8]) are highly 
effective protectors against radiation [2]. From the 
above-mentioned findings we concluded that spe- 
cific protein disulfides may play a hierarchic role 
in the structural-functional organization of DNA by 
determining its gene, transcripton, replicon, and 
domain-cluster levels in the genomes of various 
biological systems. 
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