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Preferential Nucleosome Assembly at DNA Triplet 
Repeats f m  the Myotonic Dystrophy Gene 
Yuh-Hwa Wang, Sorour Amirhaeri, Seongman Kang, 

Robert D. Wells, Jack D. Griffith* 
The expansion of CTG repeats in DNA occurs in or near genes involved in several human 
diseases, including myotonic dystrophy and Huntington's disease. Nucleosomes, the basic 
structural element of chromosomes, consist of 146 base pairs of DNA coiled about an 
octamer of histone proteins and mediate general transcriptional repression. Electron mi- 
croscopy was used to examine in vitro the nucleosome assembly of DNA containing 
repeating CTG triplets. The efficiency of nucleosome formation increased with expanded 
triplet blocks, suggesting that such blocks may repress transcription through the creation 
of stable nucleosomes. 

Several human genetic diseases have been 
traced to the expansion of blocks of repeat- 
ing nucleotide triplets. The expansion of a 
CGG repeat was first observed in the 5'- 
untranslated region of the FMR-1 gene, 
responsible for fragile X syndrome (I). Sub- 
sequently, five more disorders were linked to 
expanded triplet blocks: a CTG (or CAG) 
repeat was found in the 3'-untranslated re- 
gion of the myotonic dystrophy gene (2) and 
in the protein-coding regions of the genes for 
Kennedy's disease (3), Huntington's disease 
(4), spinocerebellar ataxia type 1 (5) ,  and 
dentatombralpallidoluysian atrophy (6). Al- 
though the repeat blocks occur at daerent 
locations relative to the coding sequences, a 
correlation between the length of the triplet 
block, the severity of the diseases, and the 
age of onset exists in all six disorders. Fur- 
thermore, a phenomenon called genetic an- 
ticipation has been observed in which the 
severity of the disease increases with suc- 
ceeding generations (4-7). When the ex- 
pression of a h u m  myotonic dystrophy 
protein kinase gene containing an expanded 
CTG triplet block was examined in the 
absence of the normal allele, no mRNA 
from the kinase gene was detected (8). 
Furthermore, the threshold for the onset of 
the phenotype of the triplet diseases fre- 
quently approximates the amount of DNA 
(146 base pairs) in a nucleosome. These 
observations suggest that DNA that contains 
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long triplet repeats might form stable nucle- 
osomes that repress transcription. 

To examine this hypothesis, we carried 
out in vitro nucleosome reconstitution ex- 
periments, starting from high salt buffer. 
This method has been used by researchers 
to examine DNA sequence-directed nucle- 
osome positioning in vitro (9-1 1). We used 
electron microscopy (EM) in our analysis to 
create a map showing the relative afhnity 
for nucleosome formation along plasmid 
DNA5 containing CTG triplet blocks. 

Numerous DNA structural transitions 
are facilitated by negative supercoiling or 
influenced by heating in the presence of 
Mg. A Bluescript-based plasmid, pSH2, 
isolated from Escherichia cob, with a nega- 
tive superhelical density of -0.06 and con- 
taining 130 CTG repeats derived from an 
individual with myotonic dystrophy (12) 
was first treated with Mg and heat and then 
reconstituted with a limiting amount of 
histones. We then prepared the DNA for 
EM by cutting it with restriction enzymes 
and labeling one end with streptavidin (Fig. 
1). This placed the CTG triplets in pSH2 
between 32 and 43 map units along the 
DNA (12). 

Analysis of the location of 100 single 
nucleosomes (Fig. 2A) revealed that 48% 
of all the nucleosomes were present in the 
region between 30 and 45 map units. In 
contrast, the data for the vector alone (Fig. 
2B) showed a uniform distribution of nucle- 
osomes over the length of the DNA with 
only 10% of the nucleosomes present in the 
region between 30 and 45 map units. When 
linear (Fig. 2C) or supercoiled (Fig. 2D) 
pSH2 DNA that had not first been treated 
with heat or Mg was reconstituted, in both 

cases 29% of all the nucleosomes were 
localized to the triplet repeat. The data 
suggest that primary DNA structure is the 
major factor favoring nucleosome position- 
ing over the triplets and that supercoiling or 
exposure to heat and Mg is less effective. 

In all triplet repeat-related diseases, the 
severity of the disease increases with the 
length of the triplet block. To explore the 
relation between the length of the triplet 
block and the efficiency of nucleosome as- 
sembly, we used six pUC19-based plasmids 
(treated with heat and Mg) containing 26 
to 250 contiguous CTG triplet repeats 
[(CTG),, to (CTG),,,] (12) as templates. 
Nucleosome assembly was found to be two- 
to fivefold more likely over the triplet 
blocks than over the adjacent flanking re- 
gions (Fig. 3). 

When the values were normalized (Fig. 
4), we observed that as the number of the 
CTG repeats increased, the efficiency of 
nucleosome formation at the repeats also 
increased (Fig. 4), up to a repeat size of 
180. For the DNAs with a (CTG),,, re- 
peat, two side-by-side nucleosomes were 
occasionally observed (Fig. 1C). Plasmids 
pSH2 and pRW1981 (12) contain the same 
(CTG) 130 repeat cloned into different vec- 
tors. Nonetheless, they showed similar effi- 
ciencies of nucleosome formation (Figs. 2 
and 3), which suggests that the efficiency of 
nucleosome assembly is independent of the 
nature of the flanking sequences. 

Fig. 1. Visualization of nucleosomes assembled 
on streptavadin-labeled pSH2 DNA containing 
a (CTG),, repeat (A and B) and pRW3222 
containing a (CTG),, repeat (C), derived from 
individuals with myotonic dystrophy. The DNAs 
(curved filaments) contain streptavadin protein 
bound to one end [small particles at bottom in 
(A) and (B), and at left in (C)] and one or two 
nucleosomes assembled near the center of 
each DNA. In the absence of added histone, no 
nucleosome-like objects were observed. Re- 
constitution of the DNA with histones was as 
described (16) and preparation for EM, includ- 
ing rotary shadowcast with tungsten, was also 
as described (1 7). Bar, 100 nm. 
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Fig. 2. Distribution of nucleo- 30 
somes reconstituted on (A) 
closed, circular pSH2 DNA, 
which contains the (CTG),,, re- 20 

peat; (0) closed, circular Blue- 
script (Stratagene) vector with- 10 10 
out an insert; (C) linear pSH2 - 
without Mg and heat treatment; 
and (D) closed, supercoiled 0 0 
pSH2 without Mg and heat 20 40 60 80 100 20 40 60 80 100 

treatment. Reconstitution and 
preparation for EM were per- 
formed as described (16, 17). 20 

At least 100 DNA molecules 
with single nucleosomes were lo 10 
photographed, and the position 
of each nucleosome from the 
streptavidin-labeled end was 0 0 

20 40 60 80 100 0 measured. We generated a his- Map units 
togram (with DNA length bro- 
ken into 20 segments and each percentage of length equivalent to 1 map unit) showing the location 
of the nucleosomes along the DNA. The black bars indicate the positions of the CTG repeat 
sequences along the DNA. An additional peak observed between 85 and 90 map units in (D) maps 
to the 2012 to 21 84 base pair region of the Bluescript vector, which contains a sequence-directed 
bend (18). Regions with no bars Indicate that no nucleosomes mapped to that segment in this 
experiment. 

We have shown that repeating CTG 
triplet blocks can create strong nucleosome 
positioning signals. Quantitative competi- 
tive reconstitution experiments (13) have 
shown that the (CTG)130 triplet block is 
several times stronger than the Xenopus 
borealis 5s RNA gene, formerly the strong- 
est known natural element. Studies of the 
5S gene and other elements (10) have 
concluded that whereas bent DNA and 
DNA containing anisotr~picall~ flexible 
wedges preferentially assemble into nucleo- 
somes, left handed Z-DNA and DNA con- 

Fig. 3. Distribution of nucleo- 
somes assembled onto six super- 
coiled plasmids containing CTG 
repeats of decreasing size (12). 
Closed circular plasmids were re- 
constituted with histones and an- 
alyzed by EM as in Fig. 2. The 
black bars indicate the positions 
of the CTG repeat sequences 
along the DNA. Values above the 
black bars represent the percent 
of total nucleosomes in the CTG 
block and the relative efficiency of 
nucleosome assembly for the re- 
peat block (19). 

taining polyadenine tracts are relatively 
resistant to nucleosome assembly. Al- 
though there can be a 100-fold difference in 
binding free energy between the strongest 
and weakest elements, the total energy 
difference measured in high salt buffers is 
relatively low (3 kcallmol) and once assem- 
bled, all the various DNAs appear to adopt 
the same structure (10, 11). In the cell, at 
physiological ionic strength, however, 
these binding differences may be large 
enough to have biological effects. 

The CTG inserts do not show electro- 

20 do do do loo io 40 do a'o loo 

Map units 

Number of CTG repeats 

Fig. 4. Strength of sequence-directed nucleo- 
some positioning correlates with the size of the 
repeated CTG block. Data from Fig. 3 were 
normalized as described (20). 

phoretic retardations (14) or contain aniso- 
tropically flexible wedges. Thus, the reason 
whv an extended CTG repeat would attract 
nucleosomes is unclear but may be related 
to long-range DNA structural effects (1 5). 
In vivo, primary DNA structure, histone 
HI, nucleosome assembly factors, and non- 
histone proteins all participate in the posi- 
tioning of nucleosomes. Thus, nucleosome - 
positioning over repeating triplet blocks 
needs to be studied in vivo. 

Frequently, the triplet-related disease 
symptoms become apparent when the trip- 
let blocks expand from sizes that are a 
fraction of a nucleosome (n 5 30) to sizes 
encompassing one or more nucleosomes (n 
2 50). The reason for this threshold has 
been unclear. The results re~orted here 
suggest that the generation of nucleosome 
positioning signals could have biological 
consequences, inducing an alteration of the 
local chromatin structure, inhibiting the 
passage of transcription complexes, or pre- 
venting the opening of the DNA before 
replication. These signals might also result - - 
in DNA polymerase pausing, slippage, or 
idling, leading to expansion of the triplet 
block. 
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Pf 1 Virus Structure: Helical Coat Protein 
and DNA with Paraxial Phosphates 

David J. Liu and Loren A. Day 
The helical path of the DNA in filamentous bacteriophage Pfl was deduced from different 
kmds of existing structural information, including results from x-ray fiber diffraction. The 
DNA has the same pitch, 16 angstroms, as the surrounding helix of protein subunits; the 
rise and rotation per nucleotide are 6.1 angstroms and 132 degrees, respectively; and the 
phosphates are 2.5 angstroms from the axis. The DNA in Pfl is, therefore, the most 
extended and twisted DNA structure known. On the basis of the DNA structure and 
extensive additional information about the protein, a model of the virion is proposed. In the 
model, the DNA bases reach out, into the protein, and the lysine and arginine side chains 
reach in, between the DNA bases, to stabilize the paraxial phosphate charges; the con- 
formation of the protein subunit is a combination of a and 3,, helices. 

T h e  Pfl virus is 2 p,m long and contains a 
circular single-stranded DNA of 7349 nu- 
cleotides wrapped in a coat of protein sub- 
units (1-3). This virus stands out among all 
filamentous bacteriophage (all species of 
the genus lnouirus) in having the highest 
axial distance. about 6 A. between two . , 

nucleotides (3, 4) and an integer nucleo- 
tidelsubunit ratio (nls) of 1 (5, 6). This is 
the lowest n/s value of all known DNA- 
protein complexes. Structural data for Pfl 
are available from spectroscopic methods 
(511 5), ion  robes of its DNA (1 6), chem- 
ical modification of its protein (1 7, 18), 
x-ray fiber diffraction (1 8, 19), and neutron 
diffraction (20). Structural models for the 
major coat protein of Pfl virus have been 
proposed (20-22), but heretofore, no mod- 
el of the entire virion has been presented 
that contains DNA and systematically ac- 
counts for all relevant data, including the 
x-rav diffraction results for the DNA. The 
~roblem has been that the apparent struc- 
tural ripeat in x-ray fiber diffraction pat- 
terns for Pfl calls for odd numbers of sub- 
units (5, 18, 23), yet the unit stoichiometry 
(n/s = 1) calls for an even number. Specif- 
ically, ,rhe stoichiometry implies that each 
protein subunit directly contacts one nucle- 
otide, either up-strand or down-strand; 
hence, there are two types of protein sub- 
unit and an even total number of protein 
subunits in a true repeat. In this paper, we 
provide a solution that establishes the sym- 
metry of the DNA helix and places the 
phosphates close to the axis (paraxial). 
Working outward from the phosphates and 
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making use of experimental (4-1 9, 24) and 
theoretical (25-27) results, we have devel- 
oped models for the DNA and for the 
protein of Pfl virus. 

The establishment of the symmetry of any 
macromolecular assembly, such as a virus, is 
the critical step in solving its structure. In the 
case of a filamentous virus, it is the establish- 
ment of the helical symmetries of both its 
DNA and its protein coat. The x-ray fiber 
diffraction data for Pfl have established the 
approximate helical symmetry of the coat, 
showing that the protein subunits are uni- 
formly oriented with respect to the structural 
axis (18, 19). Information relating to DNA 
svmrnetrv has been from the 31P solid-state 
nuclear magnetic resonance (NMR) spectrum 
of oriented Pfl, from which it was concluded 
that the phosphates of both strands are "uni- 
formly oriented" with respect to the structural 
axis (10). We have found that information on 
DNA symmetry is also in the x-ray diffraction 
data. On the basis of the protein coat symme- 
try, an electron density map for the entire 
structure was calculated (1 9). In the-map, 
there are three spots of high density at radial 
positions below 10 A. Our integration of the 
electron density above 0.6 e/A3 in these spots 
vielded 25 electrons. and the number of elec- 
trons in the largest spot approximates the sum 
for the two smaller spots. The maximum 
electron density in the spots exckeds 1.4 e/A3, 
which is too high for water but is appropriate 
for phosphate. There are 3 1 electrons in one 
0-P-O group (phosphorus and the two non- 
esterified oxygen atoms). The largest spot has 
the shape of a tilted 0-P-0 group. These 
spots are not from protein or solvent, so they 
must be from DNA. 

Diffraction patterns contain information 
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