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ABSTRACT: Eight human genetic diseases have been associated with the expansion of CTG or CGG triplet 
repeats. The molecular etiology behind expansion is unknown but may involve participation of an unusual 
DNA structure in replication, repair, or recombination. We show that DNA fragments containing CTG 
triplet repeats derived from the human myotonic dystrophy gene migrate up to 20% faster than expected 
in nondenaturing polyacrylamide gels, suggesting the presence of an unusual DNA helix structure within 
the CTG triplet repeats. The anomalous migration is dependent upon the number of triplet repeats, the 
length of the flanking DNA, and the percentage and temperature of the polyacrylamide. The effect could 
be reduced by the addition of actinomycin D. Applying a reptation model for electrophoresis, the results 
are consistent with a 20% increase in persistence length of the DNA. PCR products containing CTG or 
CGG repeats from the spinocerebellar ataxia type I gene (SCA1) or the fragile X FMRl gene, respectively, 
also showed higher electrophoretic mobility. These are the first sequences of defined length for which a 
dramatic increase in mobility can be attributed to sequence-dependent structural elements in DNA. 

Defined ordered sequence DNA (dosDNA) can form a 
variety of alternative structures in living cells, including 
bends, cruciforms, intramolecular triplexes, Z-DNA, and 
quadruplexes (Sinden, 1994; Zheng et al., 1991; Ussery & 
Sinden, 1993; Rahmouni & Wells, 1989; McClellan et al., 
1990). The high correlation between dosDNA elements and 
human disease mutations (Krawczak & Cooper, 1991; 
Cooper & Krawczak, 1990) suggests that some alternative 
helical conformations may be inherently mutagenic (Sinden 
& Wells, 1992; Wells & Sinden, 1993). The unusual 
expansion of CTG and CGG triplet repeats is associated with 
eight human genetic diseases, including fragile X syndrome, 
myotonic dystrophy, and spinocerebellar ataxia type 1, as 
well as two fragile chromosomal sites which are not 
pathogenic (Nelson, 1993; Willems, 1994). Triplet repeat 
instability may be due to an anomalous helical structure 
giving rise to aberrant DNA replication, repair, or recom- 
bination. 

The analysis of DNA mobility in polyacrylamide gels has 
been an extremely powerful tool for characterizing three- 
and four-way junctions, quadruplex DNA, flexible DNA, and 
especially bent DNA (Hagerman, 1990; Kahn et al., 1994; 
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Mills et al., 1994). In agarose, both bent and inherently 
straight DNA molecules migrate similarly, whereas, in 
polyacrylamide, bent DNA migrates more slowly than 
expected. The degree of retardation is a function of the angle 
and position of the bend within the DNA molecule as well 
as the physical properties of the gel (Kerppola & Kane, 1990; 
Levene & Zimm, 1989; Zimm & Levene, 1992; Calladine 
et al., 1991). Recent experiments show that the polyacryl- 
amide-gel mobilities of DNA fragments containing hyper- 
flexible regions, such as mispaired regions (Kahn et al., 1994) 
or single-stranded gaps (Mills et al., 1994), are reduced 
relative to their fully double-stranded counterparts. These 
results indicate that the bending rigidity of DNA is an 
important determinant of its electrophoretic behavior. 

Most theories for the gel electrophoresis of DNA involve 
the concept of reptation, a model in which the DNA chain 
is assumed to be tightly confined by the gel so that motion 
of the chain can occur only along its axis [reviewed by Zimm 
and Levene (1992)l. The constraints prohibit sideways 
motion of the chain and therefore restrict motion to occur 
along a "tube" in the gel, much like the motion of a snake 
in a burrow. Using principally the assumption of snake- 
like motion, Lumpkin and Zimm (1982) and Lerman and 
Frisch (1982) showed that this model leads to a strong DNA- 
size dependence for the electrophoretic mobility. In the 
reptation model, mobility is proportional to the ratio (h2)/  
L2, where h is the DNA chain's end-to-end length, L is the 
chain contour length, and the angle brackets denote an 
average overall conformation. For DNA free in solution, 
this ratio can be calculated exactly and depends only on the 
ratio of L to the DNA persistence length, P,  a parameter 
that characterizes the bending rigidity of DNA (Hagerman, 
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1988). For mixed sequence DNA, P has been measured to 
be 45-50 nm at moderate ionic strength. Making use of 
the proportionality of mobility and average end-to-end 
dimensions of DNA fragments in the reptation model, we 
estimated the apparent persistence length of (CTG),-contain- 
ing fragments to be 20% larger than that for electrophoreti- 
cally normal control fragments. 

EXPERIMENTAL PROCEDURES 

Preparation of Triplet Repeat Containing DNAs. Plasmids 
pRW3211, pRW3213, pRW3214, pRW3216, pRW3218, and 
pRW3222 (derivatives of pUC19) containing 17, 50, 83, 98 
& 1, 17.5 & 3, and 255 i 5 CTG triplet repeats, respectively, 
with 62 bp’ of human DNA flanking the DM gene were 
purified from Escherichia coli HB 101 as described previ- 
ously (Sinden et al., 1980). The 17,50,83, and 98 bp repeats 
are pure (CTG),. The sequences of the triplet repeat region 
in pRW3218 and pRW3222 are (CTG)27ACT(CTG)4~ACT- 
(CTG)1~6 3 and (CTG)~~ACT(CTG)~OACT(CTG)~~ACT- 
(CTG)~OACT(CTG)IO~ i 5 ,  respectively. The length of the 
triplet repeat was determined by dideoxy sequencing. The 
length of the (CTG)127 repeat (a deletion product in the 
pRW3222 plasmid preparation) was estimated from its 
relative mobility in agarose. After restriction, the (CTG),- 
containing fragments were extracted twice with phenol and 
twice with chlorofodisoamyl alcohol (24: l), the solution 
was adjusted to 0.3 M potassium acetate, and the DNA was 
precipitated by the addition of 2.5 volumes of 100% ethanol 
and incubation at -20 “C for at least 2 h. The DNA 
precipitate was collected by centrifugation, washed twice 
with 70% ethanol, dried, and resuspended in TE (10 mM 
Tris-HC1, pH 7.5, 1 mM EDTA). (Identical results were 
obtained without purification following restriction.) 

NotI fragments from plasmids pRDW3246 and pRDW3248 
containing (CTG)98 and (CTG)17j, respectively (Kang et al., 
1995), were cloned into the SalI site of the pBend2 vector 
(Kim et al., 1989) to generate pPDC88L and pPDC165R, 
and pPDC169L (both NotI and SalI ends were blunt ended 
by a fill-in reaction prior to ligation). (The NotI sites are 
located outside the EcoRI and Hind111 sites shown in Figure 
1A.) The number of CTG repeats is denoted in the plasmid 
designation, and R and L refer to the orientation of the CTG 
repeat, with 5’ CTG 3’ in the top strand in the R orientation. 
Plasmids containing spontaneous deletions in the CTG 
region, derived from pPDC165R, were purified from E. coli 
and transformed into HBlOl to produce pPDC25R, pPDC31R, 
pPDC46R, and pPDC69R. The lengths of the (CTG), 
repeats were estimated from mobilities in agarose gels 
(bpagarose) and are accurate within 5-1096. 

The conditions for preparation of the FMRl gene and 
SCAl gene PCR products were described by Chong et al. 
(1994) and Orr et al. (1993), respectively. The FMRl 
gene products have 196 and 144 bp of flanking sequence, 
while the SCAl gene products have 43 and 81 bp of 
flanking sequence on the 5’ and 3’ sides of the repeats, 
respectively. 

Polyacrylamide and Agarose Gel Electrophoresis. Non- 
denaturing polyacrylamide gel electrophoresis was performed 
in 24 x 14 x 0.8 cm gels using an acrylamidehs- 
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’ Abbreviations: bp, base pairs; SCA1, spinocerebellar ataxia type 
I; FMRI, fragile X mental retardation gene 1; PCR, polymerase chain 
reaction. 

(acrylamide) ratio of 29:l in TAE buffer (40 mM Tris, pH 
8.3, 25 mM acetate, 1 mM EDTA) containing 10% glycerol 
(which produces sharper bands). (The results were the same 
without addition of glycerol.) For most gels, the current was 
kept below 12 mA to avoid heating. For the data shown in 
Figure 2, a field strength of 10 V/cm was maintained. Two 
percent agarose gels (BRL) were run in TAE buffer at room 
temperature at 2 V/cm. 

RESULTS 

Anomalous Gel Mobility of CTG Triplet Repeats Associ- 
ated with Myotonic Dystrophy. The gel mobilities of two 
series of DNA fragments encompassing a region of the 
human myotonic dystrophy (DM) gene containing (CTG),, 
where n ranged from 17 to 255, were analyzed in polyacryl- 
amide and agarose gels. One series of SacI-Hind111 
fragments contained 44 and 64 bp of non-triplet-repeat 
sequences flanking (CTG),, whereas a second series of PuuII 
fragments contained 140 and 245 bp on the 5’ and 3’ sides 
of the repeats, respectively (Figure 1A). Both series of 
restriction fragments containing (CTG), migrated faster (had 
a higher mobility value) than expected in polyacrylamide 
gels. The ratios of the apparent size to actual size (bp,,d 
bp,,,) decreased with increasing lengths of the (CTG), repeat 
to a 20% lower value than expected for (CTG)2jj (Figure 
1B,C). For a defined length of (CTG), repeat, the bp,,d 
bp,,, values were slightly lower for the PuuII fragments, 
which had longer lengths of flanking DNA, compared with 
the SacI-Hind111 fragments (Figure 1C). The migration 
was more rapid at higher polyacrylamide gel concentra- 
tions (Figure 1D) and at lower temperatures (Figure 1E). 
The migration of (CTG),-containing fragments in agarose 
was slightly faster than expected but independent of re- 
peat length (on average, bp,,@p,,, = 0.95 & 0.02) (Figure 
1B). 

Analysis of Mobility According to a Reptation Model for 
Electrophoresis. We have analyzed mobility in terms of a 
reptation model for electrophoresis (Levene & Zimm, 1989) 
to determine an apparent value for persistence length of the 
(CTG),-containing DNA fragments. The complete expres- 
sion for the electrophoretic mobility, p,  derived by Lumpkin 
and Zimm (1982) is 

where Q is the total charge on the DNA chain, < is the 
friction coefficient for translation along the tube, h, is the 
component of the chain end-to-end vector in the direction 
of the electric field (taken to lie along the z axis), and L is 
the contour length of the DNA. h, depends on the confor- 
mation and flexibility of DNA as well as the orienting effects 
of the electric field. To a good approximation, both Q and 
t; are proportional to chain length, and thus the ratio of these 
quantities will be independent of chain length. Moreover, 
in tight gels such as polyacrylamide, the orienting effects of 
the applied field are negligible and therefore, (h:) = (h2)/3. 
We therefore expect that p = (h2)/Lz. 

We assume that the bending rigidity of DNA in a gel can 
be characterized in terms of an effective value for the 
persistence length. A simple mathematical expression relates 
the ratio of the DNA chain’s mean-squared end-to-end length 
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FIGURE 1 : Electrophoretic behavior of triplet repeat-containing fragments in agarose and polyacrylamide. (A) The box represents the fragment 
from the human DM gene and the shaded region shows the location of the CTG triple; repeats. Positions of relevant restriction sites and 
lengths are indicated. (B) Mobility of Scrc.I-HindII1 fragments in 12% polyacrylamide and 2% agarose at room temperature. Marker lanes 
are indicated as follows: 123. a 123 bp ladder (BRL): Alu. AIirI digest of pBR322; Hae, Hue111 digest of pBR322; Sau, Suu3AI digest of 
pBR322. The sizes of the Nu1 fragments are 910. 659. 656. 521. 403, 281. 257. and 226 bp. The sizes of the Has111 fragments are 587, 
540, 504, 458, 434. 267, 234. 213, 192. 184. 124. and 104 bp. The sizes of the Suir3AI fragments are 1374, 665, 359, 341, 272, 258, and 
207 bp. Lane S/H refers to the Snc*I-HindIII digests of (CTG),,-containing plasmids. where 11 and the lengths of the SacI-Hind111 fragments 
are indicated. Suc*I-HindIII digests of individual plasmid DNAs were mixed together to give a sample containing all of the triplet-repeat- 
containing fragments. (C) Effect of length of the CTG repeats on bp,,,,/bp,,, in 12% polyacrylamide gels. bp,,,/bp,,, (the apparent length 
in bp + the actual length in bp) is plotted as a function of the number of CTG triplet repeats in each different fragment. bp,,,, is determined 
from a plot of the log of the length versus the distance migrated for the 123 bp ladder. [Analysis of mobility with respect to the inherently 
straight restriction fragments from pBR322 (excluding known bent fragments. which do not migrate as the same length on acrylamide and 
agarose) confirms the rapid mobility of the (CTG),,-containing molecules. J The linear regression of the calibration curves resulted in a 
correlation coefficient of >0.995. (0) EcoRI-Hi~idIII frazments; (A)  Scrc*I--HindIII fragments: (0) PzurII fragmentq. (D) bp,lpp/bp,cq values 
are shown for the Sucl-Hindlll fragments in 5% (0). 8% (0). and 12% (A) polyacrylamide. (E) bp.lpp/bp,eq values are shown for Suc.1- 
Hind111 fragments in 5% polyacrylamide at 25 (0) and 4 "C (0). 
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FIGURE 2: Analysis of the electrophoretic mobility of (CTG),,- 
containing fragments in terms of a reptation model for wormlike 
DNA chains. Mobilities of DNA fragments in 12% polyacrylamide 
normalized to that for the 123 bp marker fragment (,urc1.123) were 
fitted to 

1 [ L L’ L’ 

2 
Popp Papp2 Papp prel = 2A - - - + - e-L/p~~,l~ 

where A and f:lp,,. were the fitted parameters. The nonlinear least- 
squares curve fitting was done using a standard implementation of 
the Marquardt-Levenberg algorithm in SigmaPlot (Jandel Scien- 
tific). ( 0 , O )  123-bp-ladder fragments from duplicate lanes on the 
same gel, (A) EcoRI//-lindIlI (CTG),,-containing fragments. (0) 
PuuI I (CTG),,-con tai n i ng fragments. Predicted dependencies of 
mobility on DNA length from the reptation analysis are given by 
the smooth curves; (-) “best fit“ to the data for the 123-bp-ladder 
fragments with Pi,,,,, = 43 nm; (- - -) “best fit“ to the data for the 
(CTG),,-containing fragments with PiIpp = 5 1 nm. Estimated 
coefficients of variation for P from the nonlinear least-squares 
fits were 2.2% and 7.9%. respectively. 

to the square of the contour length, (h2)/L2, to the ratio. X = 
L/P, of DNA contour length to persistence length (Ha, oerman, 
1988). 

The ratio (h’)/L2 inferred from the mobility is used to 
estimate the apparent persistence length, P;lpp, using the 
reptation model. The present method of analysis leads to 
absolute values of P that are close to, but not necessarily 
identical with, that measured in solution (S.D.L., unpublished 
results). 

The results of this analysis are shown in Figure 2. In 12% 
polyacrylamide, Papp values for the 123 bp ladder fragments 
and the (CTG),,-containing fragments are both in the range 
measured for mixed-sequence DNA in solution. However, 
the increased mobility of the (CTG),,-containing DNA 
relative to control fragments can be accounted for by a 20% 
increase in the apparent persistence length from Pit,,,, = 43- 
51 nm. 

Effect qf Ac~ii~onlycYr~ D 0 1 1  Mohility qf (CTG)-Contuining 
DNA ill Acr~lamide. If anomalous mobility is a property of 
a helix structure adopted by (CTG),, repeats, we reasoned 
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FIGURE 3: Influence of actinomycin D o n  ;inom;ilous mobility. 
Hue111 restriction digests of pRW32 16 and pRW32 I8 (containing 
98 and 175 CTG repeats, respectively) were incubated at SO yg/ 
mL for 1 h at 37 “C in the presence of actinomycin D before 
electrophoresis. Actinomycin D (Sigma) was dissolved in ethanol. 
The number of base pairs per actinomycin D molecule is listed 
above each lane. The marker lane, M, contains the 123 bp ladder 
with sizes shown to the left. The position of the (CTG)ox- and 
(CTG)17s-containing bands are indicated with arrows. 

that it may be possible to disrupt or perturb this structure 
and reduce the mobility value. To determine if the anoma- 
lous mobility could be altered by the binding of a DNA 
intercalating drug, actinomycin D was added to the (CTG),,- 
containing molecules during electrophoresis. Actinomycin 
D. at bp/drug ratios of 400- 150. decreased the mobility of 
(CTG),,-containing Hue111 fragments in polyacrylamide 
resulting in an increase of bp,,,/bp,,, from 0.8 to I (Figurc 
3). Under these conditions, the structural properties of the 
(CTG),, repeat leading to the unusual rapid migration were 
apparently disrupted. However, at the same concentrations, 
actinomycin D had little effect on the mobility of other [non- 
(CTG),,-containing] Hue111 digestion products (Figure 3). 
This indicates a preferential structural perturbation of the 
CTG-tract helix structure. which may result from introduction 
of a bend or the creation of a flexible region within the CTG 
tract. Moreover. this may reflect a preferential binding of 
actinomycin D to CTG tracts. At higher concentrations, 
actinomycin D. which is known to bend DNA (Reinert, 
I99 1 ). appeared to introduce bends into the (CTG),,-contain- 
ing molecules as indicated by bp;l,,,,/bp,cq values >2.5 (data 
not shown). 

Analysis of the Mobility qf Circwlar-ly Permirted DNA 
Mo/ec.irles Coiituiiiiiig (CTG),,. A family of circularly 
permuted DNA molecules was generated to analyze the 
dependence of the anomalous mobility on the position of 
the (CTG),, triplet repeat within a linear fragment. For this, 
DM-derived fragments containing various lengths of (CTG),, 
were cloned into the pBend2 vector which allows the facile 
generation of a family of circularly permuted DNAs. 
Analysis of a series of three circularly permuted DNAs, in 
which the 5’ flanking region varied from 109 to I8 ! bp and 
the 3’ flanking region varied from 88 to 160 bp, revealed a 
change in bpapp/bp;le;lro,c of only 1 %  for (CTG)lhs- and 
(CTG) 169-containing molecules and 3% for a (CTG)xx- 
containing molecule (data not shown). Because of the 
relatively long lengths of the (CTG),, repeats with respect to 
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FIGURE 4: Effect of location of (CTG), within a restriction fragment 
on mobility. Plasmids pPDC25R, pPDC3 1 R, pPDC46R, and 
pPDC69R were cut with both SspI and SpeI (sites in pBend2 vector) 
or with BamHI (which cuts once in the DNA flanking the DM 
sequence as well as within the pBend2 vector). The SspIISpeI and 
BamHI restriction fragments differ in length by 4 bp. 

the flanking sequences in these experiments, smaller repeat 
tracts were analyzed in two molecules that placed the 
(CTG), repeats in the center or near one end of nearly 
identically sized molecules. (CTG), repeat lengths, where n 
= 25-69, showed 2-4% lower bpapphpagarose values when 
the triplet repeats were positioned near the end of a restriction 
fragment compared with when positioned near the center 
(Figure 4). 

Anomalous Mobility of DNA Containing (CTG), Repeats 
from SCAl and (CGG), Repeats from FMRI. (CTG),- and 
(CGG),-containing PCR products of the human SCA 1 gene, 
associated with spinocerebellar ataxia type 1, and the FMR 1 
gene, associated with fragile X syndrome, respectively, also 
migrated faster than expected in polyacrylamide gels 
(Table 1). The bpapphpq values for the CTG-containing 
SCAl gene products were similar to those shown in Figure 
1 C for CTG-containing DM-derived fragments, despite 
having different sequences flanking the triplet repeat. The 
bpapplbp,, values decreased from 0.89 to 0.85 with increasing 
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repeat length from (CTG)19 to (CTG)74. This result strongly 
suggests that the anomalous mobility is not due to the 
human DNA sequences flanking the (CTG),, repeats. The 
anomalous mobility was also observed for all CGG-contain- 
ing fragments analyzed from the FMRl gene of humans, 
gorillas, and chimpanzees, which have various levels of 
interruptions of a pure CGG repeat. bpapphpq values 
ranged from 0.88 to 0.85 for between 22 and 55 triplet 
repeats. 

DISCUSSION 

We demonstrate that (CTG), and (CGG),, triplet repeats 
from genes associated with DM, FRAXA, and SCA 1 confer 
an anomalous rapid electrophoretic gel mobility on DNA. 
When a reptation model for electrophoresis is applied 
[reviewed in Zimm and Levene (1992)], the anomalous rapid 
electrophoretic mobilities of triplet repeat-containing mol- 
ecules are consistent with a 20% increase in DNA persistence 
length. Although we cannot entirely rule out other explana- 
tions for the increased mobility of DNA fragments containing 
(CTG), and (CGG), triplet repeats, the data are compatible 
with the observation that increased flexibility of DNA 
decreases gel mobility (Kahn et al., 1994; Mills et al., 1994). 
The increase in the apparent persistence length could result 
from decreased bendability relative to mixed-sequence DNA, 
diminished sequence-dependent contributions of local roll 
and tilt components, or a combination of these effects. 
Similar to the observed behavior of intrinsically bent A-tract 
DNA, the anomalous electrophoretic mobility associated with 
CTG and CGG repeats is sensitive to changes in temperature 
and gel concentration. Taken together with the observation 
that the binding of low levels of actinomycin D alters the 
mobility of these triplet-repeat-containing fragments, these 
data suggest that a special helical structure is responsible 
for the anomalous mobility. The anomalous rapid mobility 

Table 1: bpapphpseq and pre1.123 Values of FMRl and SCAl Gene Products 

PCR product total repeats triplet repeat sequence bPapphpce$ ,urcl.lz? 

FMR 1 (CGG),, Products 
gori Ila 22 (CGG)RAGGCGGAGG(CGG)~AGG( CGG)3AGG(CGG)3 0.86 0.62 
SC72 23 (CGG)I~ACG(CGG)~ 0.86 0.62 
SC8 1 24 (CGG)24 0.85 0.62 
sc47 29 (CGG)gAGG(CGG) 19 0.86 0.60 
SC50 29 (CGG)yAGG( CGG)gAGG(CGG)y 0.87 0.60 
chimp 29 (CGG),AGGCGG AGG(CGG)zAGG(CGG)?AGG( CGG) I 2 0.88 0.60 
sc57 31 (CGG)?lAGG(CGG)g 0.87 0.60 
GDI 34 (CGG1.u 0.86 0.59 
53-654 38 (CGG)3U Q.86 0 5 8  
sc43 44 (CGG)qAGG( CGG)qAGG(CGG)24 0.85 0.56 
A17 44 (CGG)&GG(CGG)w 0.88 0.57 
XVII- 1 47 (CGG)9AGG(CGG)v 0.87 0.56 
IV- 1 48 (CGG) loAGG(CGG).u 0.85 0.56 
IX- 1 49 (CGG)gAGG(CGG)9AGG(CGG)29 0.85 0.56 
SC70 54 (CGG)w 0.87 0.54 
1408-08 55 (CGGIss 0.86 0.55 

SCA 1 (CTG),, Products 
TL # I  19 (CAG)ig 0.89 0.92 
NC # I  21 (CAGki 0.88 0.9 I 
TH6A 25 (CAG)7CATCAGCAT(CAG) I 5 0.88 0.89 
D M  # I  30 (CAG),?CATCAGCAT(CAG)IS 0.87 0.87 
KM3B M 31 (CAG)l >CATCAGCAT( CAG)] fi 0.87 0.86 
D M  #2 36 (CAG)I~CATCAGCAT(CAG) 16 0.87 0.84 
EH7 M 55 (CAGlss 0.85 0.77 
NC #2 56 (CAG)s6 0.87 0.76 
KM3E P 74 (CAG)74 0.86 0.70 

bpaPphpwq values calculated as described in text. "Prel,l23, mobility relative to the 123 bp fragment. 
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is not simply due to G f C  content since EcoRIIHindIII 
(62.2-65.8% GSC) and PvuII (54.1-61.9% G+C) frag- 
ments migrate similarly despite differences in G+C content. 
Neither is the anomalous mobility simply related to the 
proportion of DNA length containing (CTG) repeats. Ex- 
periments involving cyclization kinetics and rotational 
relaxation time measurements are in progress to further 
characterize the structure of these triplet repeats. 

The dependence of mobility on gel concentration has been 
demonstrated for DNA containing hyperflexible regions 
(Kahn et al., 1994; Mills et al., 1994), although the overall 
effect of the degree and position of the flexible bend was 
substantially less than that due to static bends of similar 
magnitude (Kahn et al., 1994). A similar effect may occur 
with sequences of increased bending rigidity, which may 
explain the weak dependence of mobility on the position of 
the repeats within the DNA molecule. Moreover, a modest 
effect of increased flexibility on the overall mobility of DNA 
fragments (Kahn et al., 1994; Mills et al., 1994) raises the 
possibility that the value of Papp obtained here may under- 
estimate the bending rigidity of the CTG region. A detailed 
understanding of the molecular basis for this electrophoretic 
anomaly may further the development of DNA electrophore- 
sis theory. 

Short single stranded CTG, CAG, CGG, and CCG repeats 
can form hairpin structures containing two C-G base pairs 
and T*T, A*A, G.G, or C-C mispairs (Gacy et al., 1995; Yu 
et al., 1995; Gao et al., 1995). These structures, however, 
may have no relevance to the duplex structure described 
here. Heteroduplex duplex DNAs containing CTG and CAG 
tracts of different length and slipped strand structures 
between equal length triplet repeat tracts exhibit a 1.5-2.5- 
fold reduction in the mobility of DNA in polyacrylamide 
(C. E. Pearson and R.R.S., unpublished results). This would 
be expected if the triplet repeat tracts in duplex DNA form 
hairpin structures and create three- and four-way junctions 
that bend DNA (Cooper & Hagerman, 1987; Duckett & 
Lilley, 1990). 

The anomalous rapid mobilities of a “structural control 
element” from the DHFR gene (Pierce et al., 1992), poly- 
(dA).poly(dT) (Koo et al., 1986; Anderson, 1986), and 
several other A+T- and G+C-rich sequences (Anderson, 
1986) as well as (CTG), and (CGG), repeats suggests that 
the helical properties responsible for the unusual mobility, 
while to date rare, may be a biologically important structural 
feature of DNA. Bending rigidity may be a property of tracts 
of DNA high in G+C-rich triplets and/or PuPu dinucleotides. 
The similar mobility of CGG sequences from the FMRl gene 
of gorilla and chimpanzee compared to the human se- 
quences (Table 1) demonstrates that long regions of pure 
repeats are not necessary for the anomalous mobility. The 
(CGG), tracts found in normal and fragile X individuals 
contain AGG interruptions, and the length of the pure (CGG), 
tract correlates with the genetic instability (Eichler et al., 
1994). Although there was no significant difference in 
the anomalous mobility of sequences containing pure re- 
peats or those with interruptions, the unusual helical structure 
may contribute to length-dependent events responsible for 
expansion. 

The molecular basis for this electrophoretic anomaly may 
be an important factor in the instability and expansion of 
CTG and CGG triplet repeats when transmitted in somatic 
cells (Wong et al., 1995) or from one generation to the next 

Chastain et al. 

(Eichler et al., 1994; Nelson, 1993; Willems, 1994). DNA 
with increased bending rigidity may resist organization into 
nucleosomes, and, especially upon expansion, the local or 
global chromosomal architecture may be altered, leading to 
changes in gene regulation, the timing and/or fidelity of 
replication, DNA repair, or the probability of genetic 
recombination. 
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