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Association of Poly(CA)*Poly(TG) DNA Fragments 
into Four-Stranded Complexes Bound 

by HMG1 and 2 

Claire Gaillard and Francois Strauss* 
The tandemly repeated DNA sequence poly(CA).poly(TG) is found in tracts up to 60 base 
pairs long, dispersed at thousands of sites throughout the genomes of eukaryotes. Double- 
stranded DNA fragments containing such sequences associated spontaneously with each 
other in vitro, in the absence of protein, forming stable four-stranded structures that were 
detected by gel electrophoresis and electron microscopy. These structures were recog- 
nized specifically by the nuclear nonhistone high mobility group (HMG) proteins 1 and 2 
as evidenced by gel retardation. Such sequence-specific complexes might be involved in 
vivo in recombination or other processes requiring specific association of two double- 
stranded DNA molecules. 

Tandemly repeated sequences of one to six 
nucleotides, known as microsatellites, are 
very common in eukaryotic genomes. 
Among the most frequently found is 
poly (CA) spoly (TG) , which is present in 
mammals in approximately lo5 tracts, each 
up to 60 base pairs (bp) long ( I ) .  Although 
the function of these sequences is still 
unknown, they are of interest for several 
reasons. First, their length at any given site 
in the genome varies, and this length poly- 
morphism has been a useful source of genet- 
ic markers for genome mapping (2). Sec- 
ond, they enhance recombination between 
DNA molecules, as observed in eukaryotes 
(3) and bacteria (4). Third, their physical 
conformation changes readily from the or- 
thodox right-handed B-DNA to left-hand- 
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ed 2-DNA with ionic conditions (5 )  or 
negative supercoiling (6), providing a use- 
ful model to study the function of 2-DNA. 

We observed that DNA fragments con- 
taining poly (CA) .poly (TG) formed stable 
multimeric complexes in vitro (Fig. 1). By gel 
electrophoresis, a 120-bp double-stranded 
DNA fragment containing a 60-bp tract of 
poly(CA).poly(TG) showed, in addition to 
the intense band corresponding to the starting 
DNA fragment, a ladder of slowly migrating 
weak bands (Fig. lA, lane 1). No protein and 
no reagent known to bind DNA had been 
added to the sample, however. When DNA 
from the predominant band was electroeluted 
and immediately loaded on a new gel, no 
band ladder was observed (lane 3).  But the 
ladder reappeared when the same sample was 
analyzed again on a gel a few days later (7). In 
the group of lower bands, two were readily 
identified as the single strands of the DNA 
fragment (lane 2, bands labeled CA and TG); 
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Fig. 1. Spontaneous formation of a band ladder 
by a DNA fragment containing a tract of 
poly(CA)-poly(TG). (A) A 120-bp fragment contain- 
ing the sequence (CA),-(TG),, isolated from a 
plasmid grown in E. coli (19). was end-labeled, 
pur i f i i  by electroelution from a polyacrylamde gel, 
stored for several days at 4°C in 10 mM tris-HCI (pH 
7.54, 1 mM EDTA, and analyzed by polyacrylamide 
gel electrophocesis (20) (lane 1). A series of bands (a 
to f) were produced that were not present in the 
starting material. Several lower bands (x,, G, CA, TG) 
were also produced. Lane 2, starting DNA fragment, 
heat denatured; bands labeled CA and TG corre- 
spond to the single strands containing (CA), and 
(TG),, respectively; lane 3, double strand DNA frag- 
ment immediately after gel purification; lane 4, linear 
oligomers of the fragment, obtained by incubation 
with T4 DNA ligase. (8) Influence of the DNA frag- 
ment concentration on the formation of a ladder. The 
labeled fragment was incubated in the presence of 
increasing concentrations of the same fragment, un- 
labeled. Total DNA fragment concentration: 0.02, 
0.05. 0.1, 0.2. 0.5. and 2 ndpl in lanes 1 to 6, 
respectively. (C) Map of the 120-bp DNA fragment 
containing a tract of (CA),.(TG), used in these 
experiments. 

two others, labeled x, and x2, varied markedly 
in intensity from one experiment to another 
(compare Figs. 1,2, and 4). The upper bands 
formed a regular ladder (bands a to f), with 
the first rung of the ladder migrating at the 
position of linear fragments of 500 to 600 bp. 
This observation led us to study the possibility 
that DNA fragments had associated, in the 
absence of any protein, to form complexes of 
large steric volume as judged by their low 

Flg. 2. Purification and stability of complexes. 
(A) Preparative gel of complexes formed by the 
120-bp fragment. Gel slices in regions labeled 
1 to 7 were cut, and DNA was electroeluted, 
precipitated with ethanol, and redissolved in 10 
mM tris-HCI (pH 7 4 ,  1 mM EDTA. (8) DNA 
eluted from slices 1 to 7 was analyzed by gel 
electrophoresis in lanes 1 to 7, respectively. (C) 
Heat dissociation of the complexes. DNA 
eluted from slices 2 (lanes 1 to 4) and 5 (lanes 
5 to 8) was incubated at the temperatures 
indicated and analyzed by gel electrophoresis. 
Lane 9, starting 120-bp fragment. 

electrophoretic mobility. This suggestion 
was strengthened by the effect of varying 
the DNA fragment concentration. Figure 
1B shows an increase in low-mobility spe- 
cies with increasing DNA fragment con- 
centration, a result which would not be 
expected for the binding of a protein or 
another molecule to DNA. but which is in 
agreement with an association of the DNA 
fragments with each other. 

The complexes were sufficiently stable to 
be purified by preparative electrophoresis. 
More than 70% of the eluted material 
migrated at the same position as on the 
preparative gel (Fig. 2B). The rest of the 
material migrated as regular double-strand- 
ed DNA fragments and may correspond to 

complexes dissociated during the elution 
process. The stability of the purified struc- 
tures as a function of temperature was also 
studied (Fig. 2C). When heated in a buffer 
of low ionic strength, they dissociated at 
about 50°C to yield the starting double 
strand fragment, and only at higher temper- 
ature did the double strand DNA dissociate 
to two single strands. The dissociation tem- 
perature increased with the ionic strength 
(8),  in agreement with the fact that com- 
plex formation occurred readily at 50°C and 
high ionic strength (7). 

Similar structures could also be fonned 
with a large DNA fragment. Instead of the 
120-bp fragment, a linear 2390-bp plasmid 
containing the same (CA)30.(TG)30 insert 
was used (Fig. 3A). When incubated at 37°C 
and high ionic strength and analyzed on an 
agarose gel, retarded bands were observed 
with an intensity that increased with the total 
concentration in DNA fragment (Fig. 3B, 
arrowheads). Like those of the 120-bp fmg- 
ment, these complexes were stable and could 
be eluted from the gel. Observed in the 
electron microscope (Fig. 3C), they appeared 
as X-shaped structures with two large arms 
and two short arms, in which the lengths of 
the two large arms and of the two small arms 
were constant from one complex to another 
and in which the position of the junction 
relative to the ends was compatible with 
an association of two linear DNA mole- 
cules specifically at the level of their 
poly (CA) spoly (TG) tracts. 

Therefore, like gel electrophoresis, elec- 
tron microscopy experiments suggest an asso- 
ciation of DNA fragments at the 
poly(CA).poly(TG) inserts to form four- 
stranded structures in the absence of protein. 
The upper bands of the ladders are most 
probably due to the possibility of multiple 

Flg. 3. Complexes formed by a plasmid containing a 60-bp tract of poly(CA).poly(TG). (A) Map of 
the linearized 2390-bp plasmid. (8) Analysis of the complexes on an agarose gel. The end-labeled 
plasmid was incubated for 16 hours at 37% in 2.5 M NaCI, 25 mM tris-HCI (pH 7 3 ,  1 mM EDTA in 
the presence of increasing amounts of the same unlabeled plasmid and analyzed on a 1% agarose 
gel. Total plasmid concentration: 0.1, 5, and 25 ng/pl in lanes 1 to 3, respectively. (C) X-shaped 
structures observed in the electron microscope (21). Bar, 1 pm. 
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Flg. 4. Specific interac- A B -- - --- ---r*rrrr--rrre*(l 
C 

tion of proteins HMGl TH d 
and HMG2 with the - e 

- d complexes formed by a - C 94 - 
DNA fragment contain- 
ing a tract of poly- - b 
(CA)-poly(TG). (A) In- 67 - 
teraction of the labeled - - ' . - - , . w ~ . . , ~ ~ ~ * * ~ = ' ~ - ~  43 - 
120-bp fragment with a 
nuclear extract of cul- - '3 
tured monkey cells 30-.1 

C A (CV1 line), as analyzed ;I+ -LII1 WR-- 
by gel retardation (9). '-I mm-'- 

20.1 - 
Labeled DNA fragment TG 
was incubated with - 120 bp 
protein in the presence 14.4- 
of increasing amounts 1 2 3 4 5 6 8 Q 10 11 P H F 3 6 P 12 18 24 30 36 42 48 P H F W l  2 3 4 5  6 7 8  9101112131416 
of unlabeled competitor 
DNA from E. coli. Competitor DNA concentration: 0,0.6,1.3,2.5,5,10,20, CM-cellulose column, analyzed every third fraction. (C) Silver-stained 
40, 80, 160, and 320 ngl~l in lanes 1 to 11, respectively. (B) Gel 18% polyacrylamide-SDS gel of fractions from the CM-cellulose column. 
retardation assay of fractions from a carboxymethyl-cellulose (CM-cellu- Lanes P, H, and F are the same as in (B); lane W, CM-cellulose wash; 
lose) column, the fourth step of purification of the specific DNA-binding lanes 1 to 16, corresponding CM-cellulose fractions. HMGl, which does 
activity detected in (A). Lane P, pool of phosphocellulose fractions not bind to CM-cellulose, is found in fractions F and W, whereas HMG2 
containing the DNA-binding activity; lane H, pool of hydroxyapatite eluted in fractions 5 to 9. Molecular size markers (Pharmacia) are 
fractions containing the binding activity; lane F, flow-through of the indicated on the left (in kilodaltons). 
CM-cellulose column; lanes 3 to 48, corresponding fractions of the 

associations along the 60 bp of ply- 
(CA).poly(TG). The detailed structure of 
such complexes will have to be defined pre- 
cisely, but the following results may already 
shed some llght on this question. 

The 120-bp fragment was used to search 
for proteins binding specifically to the 
p l y  (CA) p l y  (TG) sequence. In a gel retar- 
dation experiment in which a nuclear extract 
from cultured monkey cells (9) was added to 
the labeled fragment in the presence of in- 
creasing amounts of nonradioactive competi- 
tor DNA from Eschench cd, three bands 
were visible (Fig. 4A), two of which, labeled 
r, and r,, remained present at the hghest 
concentration of competitor DNA. h d  r,, 
which disappeared when the amount of com- 
petitor was increased, was identified as the 
complex of DNA with Ku protein, an abun- 
dant DNA-binding protein with no sequence 
specificity (10). Unlike r,, bands r, and r, did 
not appear with a labeled control fragment 
containing no poly(CA).poly(TG) (8). 
When the DNA from bands r, and r, was 
eluted, it was found to consist in the forms x, 
and x, already seen in Figs. 1 and 2. The 
proteins responsible for the binding activity 
were purified (9). Figure 4B shows a gel 
retardation assay of the fractions from the final 
carboxymethylcellulose column. Two differ- 
ent bin* activities separated on this col- 
umn and shifted all the bands of the ladders as 
well as bands x, and x,, while showing no 
binding to the double strand DNA fragment 

ent molecular weight of about 29,000 in 
SDS, and their solubility in 5% trichlora- 
cetic acid (8), which is a characteristic 
property of "high mobility group" proteins 
(1 1). 

This result must be linked to the observa- 
tion that proteins HMGl and HMGZ, and 
more precisely their HMG box, bind spifi-  
cally to four-way helical junctions of DNA 
(12). The hypothesis may thus be made of an 
association of poly (CA). p l y  (TG) sequences 
in a structure resembling a four-way junction 
(13), but with no strand exchange between 
the two double helices. Such crossed struc- 
tures with no strand exchange have been 
observed in certain crystals of oligonucleo- 
tides, where two EDNA helices are associat- 
ed by reciprocal groove-backbone interactions 
(14). An alternative hypothesis rests on the 
ease with which poly (CA).poly (TG) changes 
confixmation in solution from EDNA to 
Z-DNA (5). Such a conformational change, 
combined with the propensity of Z-DNA to 
aggregate (IS), might lead to the association 
of two double-stranded molecules (1 6), which 
would in turn stabilize the Z-DNA segments. 
In addition, theoretical models have shown 
the possibility that two double helices with 
homologous sequences may associate in four- 
stranded structures, with specific lateral inter- 
actions between base pairs in the major 
grooves of the two double helices (1 7). 

The specific b m d q  of proteins HMGl 
and HMGZ to such four-stranded structures 

or to the single strands. The silver-s&ed reinforces the suggestion previously made that 
SDS-polyacrylamide gel of Fig. 4C shows the the role of HMG-box proteins is linked to 
purity of the corresponding proteins, their bhdmg to structures formed in the 
which were identified as proteins HMGl course of wrapping or looping DNA (12, 18), 
and HMGZ according to several criteria, which could be implicated in the structure of 
including their abundance, their chro- chromo5ornal domains, in recombination and 
matographic characteristics, their appar- repair, or in looping mechanisms involved 

in gene activation. Independently of the 
function of HMG proteins, however, the 
known recombinogenic properties of 
poly (CA) .poly (TG) sequences, and the 
sequence-specific association of double 
helices shown here suggest that the struc- 
tures we observe might be implicated in a 
"pairing first" mechanism of recombina- 
tion or repair. 
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spread at a 1000-fold higher concentration without 
prelncubation at high ionic strength to form com- 
plexes, failed to show X-shaped structures, confirm- 
ing that these are not due to random crossing of 
DNA moiecules on the electron microscope grid. 
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of thls work, C Antony for help with the electron 
microscopy facility, and S. Elsevier for critical read- 
Ing of the manuscript. Supported by grants from the 
Association Franqaise des Myopathes, the Assocl- 
ation pour la Recherche contre le Cancer, and the 
Ligue Nationale Franqaise Contre le Cancer. 
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A Cell Cycle Regulator Potentially Involved development of all or even the majority of 

in Genesis of Many Tumor Types human cancers. The most common onco- 
genic mutations are in HMS. found in 10 to - 
15% of solid tumors (2). The most frequent- 
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A putative tumor suppressor locus on the short arm of human chromosome 9 has been 
localized to a region of less than 40 kilobases by means of homozygous deletions in 
melanoma cell lines. This region contained a gene, Multiple Tumor Suppressor 1 (MTSl), 
that encodes a previously identified inhibitor (pl6) of cyclin-dependent kinase 4. MTSl was 
homozygously deleted at high frequency in cell lines derived from tumors of lung, breast, 
brain, bone, skin, bladder, kidney, ovary, and lymphocyte. Melanoma cell lines that carried 
at least one copy of MTS1 frequently carried nonsense, missense, or frameshift mutations 
in the gene. These findings suggest that MTSl mutations are involved in tumor formation 
in a wide range of tissues. 

T h e  genetics of cancer involves positive underscores the complexity of the growth 
regulators of the transformed state (onco- control mechanisms that maintain the in- 
genes) as well as negative regulators (tumor tegrity of normal tissue. This complexity is 
suppressor genes). More than 100 onco- manifested in another way. So far no single 
genes have been characterized, and al- gene has been shown to participate in the 
though less than a dozen tumor suDpressor 
genes have been identified to date, the 
number is expected to increase beyond 50 Table 1. Deletions in tumor cells and primary tumors 

ly mutated tumor suppressor gene is in the 
p53 gene, mutated in roughly 50% of all 
tumors (3). Without a target that is common 
to all transformed cells, the dream of a 
"magic bullet" that can destroy or revert 
cancer cells while leaving normal tissue un- 
harmed is improbable. The hope for a new 
generation of specifically targeted antitumor 
drugs may rest on the ability to identify 
tumor suppressor genes or oncogenes that 
play general roles in control of cell division. 

One of the mechanisms for controlling 
tumor growth might involve direct regula- 
tion of the cell cycle. Genes that control 
the decision to initiate DNA replication are 
attractive candidates for oncogenes or tu- 
mor suppressor genes depending on whether 
they have a stimulatory or inhibitory role in 
the process. Indeed, several oncogenes and 
tumor suppressor genes have been found to 
participate directly in the cell cycle. For 
instance, one of the cyclins, a class of 
proteins that promotes DNA replication 

(1). The involvement of so many genes 

A Kamb, N. A. Gruis, J. Weaver-Feldhaus, Q. Liu, K. 
Harshman, S. V. Tavtigian, Myriad Genetics, Inc., Salt 
Lake City, UT 84108, USA. 
E. Stockert. Ludwia Institute for Cancer Research. 
Memorial S loan-~ei ier in~ Cancer Center, New ~ o r k ;  
NY 10021, USA. 
R. S. Day Ill, Department of Medicine, Cross Cancer 
Institute. Edmonton. Alberta, Canada. 
B. E. Johnson, Lung Cancer Biology Sect~on, National 
Cancer Institute, Bethesda, MD 20889, USA. 
M. H. Skolnick, Myrlad Genetics, Inc., Salt Lake City, 
UT 84108, and Department of Medical Informatics, 
University of Utah Medical Center. Salt Lake City, UT 
841 08. USA. 

'To whom correspondence should be addressed 

Tumor type Lines (n) Deletions (n) Deletions (%) 

Astrocytoma 
Bladder 
Breast 
Colon 
Glioma 
Leukemia 
Lung 
Melanoma 
Neuroblastoma 
Osteosarcoma 
Ovary 
Renal 

Total 
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