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ABSTRACT: To investigate potential structures of d(CGG/CCG), that might relate to their biological function 
and association with triplet repeat expansion diseases (TREDs), electrophoretic mobility, chemical 
modification, and P1 nuclease studies were performed with a single-stranded (ss) oligonucleotide containing 
(CGG)IS [ss(CGG)ls]. The results suggest that ss(CGG)ls forms a hairpin with the following features: 
(i) a stem containing GSyn*Ganri base pairs; (ii) at 2200 mM K+, CGG repeats on the 5' portion of the stem 
base-paired to GCG repeats on the 3' side (referred to as the (b) alignment): and (iii) heat stability (T,  = 
75 "C in low ionic strength). At I100  mM Kf,  dimethyl sulfate reactions indicated that the hairpin in 
the (b) alignment was in equilibrium with another structure, presumably a hairpin in the alternative ( a )  
alignment (CGG repeats on the 5' portion of the stem base-paired to CGG repeats on the 3' portion of the 
stem). Molecular dynamics simulations suggested that the loop region of the (a)  alignment contained 
two guanines stacked on top of one another. The same guanines in the (b) alignment were base-paired 
in a syn-anti  arrangement. We propose that the stability of the loop partially determines the stem 
alignment. 

To aid in the correlation of potential structures of triplet 
repeat nucleic acids with their function and their propensity 
to undergo expansion events, we described a sequence-based 
classification system for them (Mitas et al., 1995). Class I 
repeats, which were defined by the presence of a GC or CG 
palindrome, had the lowest base-stacking energies, exhibited 
the lowest rates of slippage synthesis (Schlotterer & Tautz, 
1992), and were uniquely associated with triplet repeat 
expansion diseases (TREDs).' All six complementary single 
strands of Class I triplet repeats potentially formed stable 
hairpin structures. In support of this possibility, evidence 
was presented that single-stranded (ss) oligonucleotides 
containing 15 or more CTG (Mitas et al., 1995: Gacy et al., 
1995) or GTC (Yu et al., 1995) repeats formed hairpins 
containing base-paired andor base-stacked thymines in the 
stem. 

Here, we report the results of studies conducted on the 
third member of ss Class I triplet repeats, ss(CGG)15. The 
results provide evidence that ss(CGG)15 forms an extremely 
heat-stable "slipped" hairpin containing GsynGanri base pairs. 
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MATERIALS AND METHODS 
Oligonucleotides. All oligonucleotides were synthesized 

on an Applied Biosystems 38 1A oligonucleotide synthesizer 
(Foster City, CA) with the trityl group on and purified with 
oligonucleotide purification cartridges (Cruachem, Glasgow, 
U.K.). Sequences of oligonucleotides were (CCG)15, GATCC- 

and (CTG) 15, GATCC(CTG)15GGTACCA. 
Plasmid DNA Preparation. Plasmid pCTG15 was de- 

scribed elsewhere.' The plasmid bearing (CGG)15 (named 
pCCG15) was prepared in a manner similar to that described 
for pCTG15. 

DNA Sequencing. To confirm that (CGG)15 was correctly 
inserted into pCCGl5 without nucleotide sequence alteration, 
the triplet repeat region was sequenced as previously 
described for pGTC15 (Yu et al., 1995). No deletions or 
mutations were detected in the triplet repeat region of 
pCCG 15. 

Dimethyl Sulfate Reactions. pCCG15 (15 pg) was first 
digested with HindIII and dephosphorylated with calf 
intestinal phosphatase. DNA was labeled at the 5' end by 
incubation in buffer containing 1 mM DTT, 1 pL of 7000 
Ci/mmol ATP [ Y - ~ ~ P ]  (ICN, Irvine, CA), 50 mM Tris-HC1 
(pH 7.6), 10 mM MgCL, 0.1 mM spermidine, 0.1 mM 
EDTA, and 20 units of T4 polynucleotide kinase (New 
England Biolabs, Beverly, MA) for 1 h at 37 "C. Labeled 
DNA was extracted with 25:24: 1 pheno1:chloroform:isoamyl 
alcohol (PCI) and precipitated with ethanol. Resuspended 
DNA was digested with 50 units of BamHI in a volume of 
70 pL and applied directly to a Nuctrap column (Stratagene, 
La Jolla, CA) for removal of unincorporated 32P-dNTPs. To 
separate labeled vector DNA from labeled oligonucleotide, 
DNAs were subjected to electrophoresis in a 2% agarose 
gel. Oligonucleotide-containing CGGl5 was excised from 

(CCG)15GGTACCA; (CGG)15, AGCTTGGTACC(CGG)15G; 
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FIGL'RE I : Structure of ss(CGG)ls is concentration-independent. 
A ds oligonucleotide containing (CGG)ls was excised from plasmid 
pCCGIS as described in Materials and Methods. Strands end- 
labeled with the use of Klenow enzyme were (A) SS(CGG)IS and 
(B) S ~ ( C C G ) ~ ~ .  Prior to gel electrophoresis. unlabeled synthetic 
olisonucleotide containins (CGG)ls at the above concentration (in 
picomolar) was added to the indicated labeled strand. and the 
mixture was placed in a boiling H2O bath for I O  min and cooled at 
room tcmperature for IS min. Electrophoretic conditions of the gels 
were equivalcnt. Electrophoresis was performed at 16 "C. 

the agarose gel and purified with glass beads (Mermaid Kit, 
Biol 01, La Jolla, CA). Unlabeled synthetic oligonucleotide 
(1.4 pmol) of the same sequence as the labeled strand was 
added to 4 x I O 3  dpm (-0.7 fmol) of labeled DNA and the 
mixture placed in a boiling HzO bath for 3 min and placed 
on ice for 5 min. This procedure resulted in complete 
conversion of all labeled DNA to the ss form (see Figure 
I ) .  Dimethyl sulfate (DMS) reactions were performed at 
37 "C for 3 min essentially according to the method of 
Maxam and Gilbert (1980) as previously described (Mitas 
et al., 1995). Reaction products were analyzed on a 
sequencing gel containing 20% polyacrylamide and 8 M urea. 

PI Nrrc*lease Digicstion. pCCG 15 ( I5 pg) was digested 
with 50 units of RaniHI for 1 h at 37 "C in a volume of 70 
,uL. Recessed ends were labeled at the 3' termini by addition 
of 5 ,uL of a-ZzP-dCTP. 5 ,uL of a-Z2P-dATP (each 3000 
Ci/mmol. ICN, Irvine, CA). 2.5 pL of 5 mM dTTP and 
dGTP. and 25 units of Klenow enzyme (New England 
Biolabs). Reaction mixtures were incubated for I h at room 
temperature. Plasmid DNAs were extracted with PCI and 
precipitated with ethanol. Resuspended DNA was digested 

with 50 units of HiiiCnII in a volume of 70 ,uL and applied 
directly to a Nuctrap column. Purification of the oligonucle- 
otide-containing CGG I5 was as described above for the 5' 
end-labeled fragment. Unlabeled synthetic oligonucleotide 
(1.4 pmol) of the same sequence as the labeled strand was 
added to 4 x IO3 dpm (-0.7 fmol) of 3' end-labeled DNA 
and the mixture placed in a boiling H20 bath for 3 min and 
placed on ice for 5 min. PI nuclease digestions were 
performed in 50 mM Tris-HCI (pH 7.5). 10 mM MgCIz. and 
SO mM NaCI at 37 "C essentially according to the method 
of Wohlrab (1992) as previously described (Mitas et al., 
1995). Reaction products were analyzed on a sequencing 
gel containing 20% polyacrylamide and 8 M urea. 

Elcctroplior-etic Mohilit! Meltin,q Pi*qfilcs. Oligonucle- 
otide-containing (CGG)Is was labeled at the 3' end with the 
use of Klenow enzyme as described above, except that the 
oligonucleotide was not purified from vector DNA. Oligo- 
nucleotide-containing (CTG)Is was prepared in a manner 
similar to that described for (CGG)ls except that the starting 
plasmid was pCTG 15. Also. the order of restriction enzymes 
was reversed. The electrophoretic mobility melting profile 
(EMMP) technique was described previously (Yu et al., 
1995). Briefly, to obtain a homogeneous population of 
labeled double-stranded (ds) DNAs. oligonucleotides liber- 
ated from plasmid at 0.7 nM were incubated with 0.5 nM 
Esc/?erichia coli single-stranded DNA binding protein (Lo- 
hman & Ferrari. 1994) (EcoSSB; a generous gift of Dr. 
Timothy Lohman, Washington University School of Medi- 
cine) in 8% glycerol, 0.2 M NaCI, I8 mM HEPES (pH 7.40). 
1 mM EDTA, and 1 mM DTT at 37 "C for 20 min. To 
obtain a homogeneous population of labeled ss(CTG)Is, 1 
,uM unlabeled synthetic oligonucleotide of the same sequence 
as the labeled strand was added and the mixture placed in a 
90 "C HzO bath for 5 min and kept at 25 "C for 5 min. To 
obtain a homogeneous population of labeled ss(CGG) 15, 

unlabeled synthetic oligonucleotide of the same sequence as 
the labeled strand was added to yield a final concentration 
of 1 ,uM. The DNAs were placed in a 100 "C HzO bath for 
5 min and kept at 25 "C for 5 min. For electrophoretic 
analysis, DNAs (4 x 104 dpm) were diluted to IO ,uL in 
buffer containing 8% glycerol, 10 mM HEPES (pH 8.5), and 
I mM EDTA. Loading dye ( I  ,uL) (SO% glycerol, 0.4% 
bromophenol blue) was added to the DNA samples prior to 
gel electrophoresis. Electrophoresis was performed in a 
Hoeffer (San Francisco, CA) SE600 series unit at various 
temperatures at 25 mA/gel in 45 mM Tris-borate (pH 8.5) 
and 1 mM EDTA (TBE). Gel plates were 14 cm (length) 
x 16 cm (width) x 1.5 mm (thickness). Electrophoresis 
was stopped when the bromophenol blue marker migrated 
I O  cm. Dried gels were placed between two intensifying 
screens (Dupont) and exposed to Fuji RX film 3 h to 
overnight at -80 "C. 

Aiiriaaliri,q Strrdiics. Single-stranded (CGG),s was labeled 
as described in the EMMP studies. Labeled ss(CGG)15 (0.07 
nM) in 10 mM Tris-HCI (pH 7.9) and 1 mM EDTA was 
heated to 100 "C for 5 min and immediately placed on ice. 
Aliquots (8 yL) were added to 400 pL Eppendorf tubes and 
placed on ice. Unlabeled synthetic ss oligonucleotide 
containing ss(CCG)ls was added to each tube (f?nal concen- 
tration = 7 pM). A 2 L beaker containing H20 was heated 
to 95 "C and cooled to -50 "C over a period of 2 h. At 
various temperatures, the 400 ,uL Eppendorf tubes were 
placed in the 2 L beaker. The DNA within each tube was 
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FIGURE 2: Potential hairpin and tetraplex structures of SS(CGG)~~.  Four potential hairpin and two potential tetraplex structures of ss- 
(CGG)lS are shown. Nontriplet repeat sequences of SS(CGG)~~ anticipated to form base pairs are in lowercase letters. Triplet repeat numbers 
are indicated by roman numerals. Watson-Crick C G  base pairs are indicated by filled ovals. Non-Watson-Crick GG base pairs are 
indicated by open ovals. To distinguish the 5'G in a triplet repeat from the 3'G, the 5'G is underlined. In hairpin alignment (a), the 5'gs 
are opposite one another. In hairpin alignment (b), the 3'Gs are opposite one another. Non-Watson-Crick C G  base pairs (described below) 
in the tetraplex structures are indicated by half-filled ovals. In the tetraplex structures, the non-Watson-Crick base pairs that form between 
the left-most strand (triplets 1-111) and the right-most strand (triplets V-VII) are not shown. Tetraplex structure 5 was constructed by the 
folding in half of the hairpin in alignment (a). Tetraplex structure 6 was constructed in a similar manner from the hairpin in the (b) 
alignment. Molecular-modeling studies revealed that structures 5 and 6 contained favorable Gd quartets and CGCG quartets. The CGCG 
quartet, obtained from computer modeling studies of structures 5 and 6, is shown in the upper right comer. Dotted lines in the CGCG 
quartet indicate H bonds. Vertically oriented H bonds are from Watson-Crick base pairs derived from the hairpin. Horizontally oriented 
H bonds arise from hairpin-hairpin interactions. Energy minimization indicated favorable G G  base pairs in the tetraplex loops. The CGCG 
quartet shown above differs from the CGCG quartet arrangement crystallized by Leonard et al. (1995). First, we found that the CGCG 
quartets more appropriately fit into the tetraplex structure with interactions between the functionality (06 of guanine and the 4-amino group 
of cytosine) from the major groove side of the two G C  base pairs. This is in contrast with the Leonard et al. structure, in which the minor 
groove functions (the 2-amino group of guanine and the 0 2  of cytosine) interact in the center of the quartet. Second, we were able to model 
a structure having an essentially coplanar arrangement of the two Watson-Crick base pairs within a CGCG quartet, in contrast to the 30° 
rotation angle between the pairs in the Leonard structure. This planarity is important in increasing the stacking interaction with the planar 
guanine quartet. Hairpin alignments other than those shown contained fewer Watson-Crick base pairs and were not considered 
thermodynamically favorable. Expected features of structures 1-6 are listed below each structure and are discussed in the subsequent text. 
The variable y refers to an arbitrary measurement of dimethyl sulfate (DMS) reactivity of a given G residue within a triplet repeat. For 
simplicity, it was assumed that a G residue within a G G  base pair in a hairpin would alternate between the syn and anti conformations. 
Therefore, the DMS reactivity of a G residue that alternated between the two conformations should be 0.5, relative to the DMS reactivity 
of a G residue within a C G  base pair. 

subsequently analyzed in an 8% polyacrylamide gel as base pairs, including the C*G "pairs" in triplet VI11 that are 
described for the EMMP studies. The temperature of the in the loop regions of the two alignments. The single 
gel was 20 "C. Autoradiographs of each gel were scanned guanine in the loop region of alignment (a) was initially 
three times with a PDI densitometer (Huntington Station, included as an overhanging end. Hence, the loops of each 
NY) to determine percent conversion of SS(CGG)~~  to ds- hairpin were initially in an "unclosed" state and were 
(CGG)I5. Background subtracted from the scanned images minimized into a favorable conformation as described below. 
was 0.15 optical density unit. The overhanging 5' end of the sequence was included in a 

GGTACC(CGG)15G can potentially fold into two different A series of energy minimizations was performed on a 
hairpin alignments which maximize base pairing in the Silicon Graphics Indigo workstation using the AMBER4.0 
hairpin stem. These are designated (a) and (b) and illustrated force field (Pearlman et al., 1994). First, 2000 cycles of 
in Figure 2.  Using QUANTA4.0 (Molecular Simulations, minimization were performed on the loop structure only, 
Burlington, MA), each hairpin was constructed with an initial followed by 1000 cycles on the GG base pairs only and 
assumption of Watson-Crick pairing for all GC and COG finally a 4000-cycle relaxation of the whole hairpin. All- 

Computer Modeling. The ssDNA sequence 5'-AGCTT- random conformation. 
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atom force field parameters and AMBER4.0 charges were 
assigned to the DNA. A distance-dependent dielectric of 
the form E = 4rij was used with a 12 8, residue-based 
nonbonded cutoff. 

In each alignment, the G G  mismatch pairs were included 
as either an anti-anti or an anti-syn base pair, with the 
latter arrangement being constructed from the former by a 
180" rotation about the glycosidic torsion angle of one of 
the guanines, followed by a constrained minimization of the 
G G  pairs only to form the appropriate hydrogen bonds. 
Distance constraints [of 2.0 A with a force constant of 1000 
kcal (mol-' A-l)] were used to pair the guanine bases (N7- 
(syn)-NHz(anti) and 06(syn)-Hl(anti)). These constraints 
were then removed in the minimization of the whole hairpin. 

Molecular dynamics simulations of the two alignments 
solvated in a periodic waterbox were also performed. The 
length of the hairpin stem was reduced in these calculations. 
Hence, triplets 111-VI and X-XI11 were removed from the 
structures, as was the 5'-AGCTTGGTA end. This leaves a 
single, overhanging 5' cytosine end in the (a) alignment and 
a fully base-paired stem in the (b) alignment (although the 
total number of pairs is still formally equivalent, assuming 
the CG loop of the (b) alignment is not base-paired). These 
structures were subjected to a minimization process similar 
to that described above and then solvated in a periodic box 
of TIP3P water molecules (Jorgensen et al., 1983). Only 
alignments containing syn-anti G G  pairs were considered. 
Twenty-three sodium counterions were added at the points 
of most negative potential (van Gunsteren et al., 1986). The 
boxes contained a total of 2289 water molecules for 
alignment (a) and 2175 water molecules for alignment (b), 
with a minimum distance of about 8 A between the DNA 
and the edge of the box. Molecular dynamics simulations 
using the nPT ensemble were performed for 100 ps at 298 
K (including linear heating from 0 to 298 K in the first 10 
ps) for each hairpin, using a dielectric constant of 1, a step 
length of 0.002 ps, and SHAKE bond length constraint. 

Mitas et al. 

was subjected to electrophoresis before and after being heated 
to 100 "C. Heating resulted in conversion to a species of 
DNA that migrated with relatively fast electrophoretic 
mobility (Figure 1 A), indicating that the electrophoretic 
mobility of ss(CGG)l5 was faster than that of ~ S ( C G G ) ~ ~ .  
Addition of a 105-fold molar excess (final DNA concentration 
= 7 pM) of unlabeled ss synthetic ss(CGG)l5 did not result 
in the formation of the slow-migrating complex, indicating 
that SS(CGG)~~ formed a stable unimolecular structure. 

To demonstrate that the unlabeled ss synthetic oligonucle- 
otide-containing (CGG)15 was not degraded and contained 
CGG repetitive sequences, a control experiment was per- 
formed with a ds oligonucleotide-containing labeled (CCG)15 
and unlabeled (CGG)15 (Figure 1B). Addition of increasing 
amounts of unlabeled ss synthetic oligonucleotide to labeled 
ss(CCG)15 resulted in complete conversion of the fast- 
migrating ss form to the slow-migrating ds form, indicating 
that the unlabeled ss synthetic oligonucleotide-containing 
(CGG)15 was not degraded and contained CGG repetitive 
sequences. 

Dimethyl Sulfate Reactions with ss(CGG)ls. Six potential 
intramolecular structures of SS(CGG)I~ are shown in Figure 
2. Analysis of the DMS reactivities of the two Gs within a 
given triplet (the 5'G of a given triplet is herein designated 
- G, while the 3'G is designated G) should provide clues 
regarding which of the six intramolecular structures was 
adopted by ss(CGG)l5 (Figure 2). For example, if SS(CGG)'~ 
formed a tetraplex in alignment (a)  (structure 5 in Figure 
2), the DMS reactivity of the 5'9 within a given triplet should 
approximate 0 since the N7 of a G in a G quartet will not 
react with DMS. In contrast, the DMS reactivity of the 3'G 
within the same triplet should be some measurable quantity 
(y). Therefore, the 5'CJ3'G DMS reactivity ratio within a 
given triplet for structure 5 is O/y = 0. Structures 2 and 
4-6 are characterized by unique 5'G/3'G DMS reactivity 
ratios. The 5'G/3'G DMS reactivity ratios of structures 1 
and 3 are identical to one another, but different from the 
rest (Figure 2). 

DMS reactions were performed with ss(CGG)15 at 10 "C 
in 50 mM Na+ and various concentrations of KC1 (Figure 
3). With no added KCl, the G residues in the middle of the 
triplet region (G3 1 -G37) were hypersensitive to DMS, 
indicating that this region formed a loop. DMS hypersen- 
sitivity was not observed at triplets IV or XII. These results 
are consistent with a hairpin structure of ss(CGG)15. As the 
concentration of KCl was increased, the relative reactivities 
of the Gs in the loop region decreased, indicating that the 
loop region was significantly stabilized by salt. 

The autoradiograph was scanned with a densitometer to 
determine the relative intensities of the adjacent G residues 
within a triplet repeat. At 0.75 M KCl, the reactivity of the 
5'G, relative to that of the 3'G within a CGG triplet, was 
1.99 f 0.16. DMS reactivities similar to those in 0.75 M 
KCl were observed at 0.4 or 0.2 M KCl (Table 1). These 
results are inconsistent with a tetraplex structure of ss(CGG)15 
and suggest that, within the stem region, the 3'Gs of the CGG 
triplets formed G"".Gnnfi base pairs characteristic of a hairpin 
in the (b) alignment (structure 4 in Figure 2). 

In the absence of added KCl, the 5'G/3'G ratio of DMS 
reactivities was 1.40 f 0.13. These results suggest that only 
-40% of the G-G mismatches were base-paired or, 
alternatively, that SS(CGG)]~ was in alignment (b)  70% of 
the time and alignment (a) 30% of the time. 

RESULTS 

To analyze DNA containing CGG repeats, a double- 
stranded (ds) oligonucleotide containing 15 CGG triplet 
repeats was cloned into plasmid as described in Materials 
and Methods. Oligonucleotides liberated from plasmid were 
utilized for studies since they were unequivocally full length. 
For clarity, the triplet repeats within the ss oligonucleotide 
containing (CGG)15 [ss(CGG)15] are indicated in the subse- 
quent text by roman numerals. 

To determine whether ss(CGG)ls exhibited properties of 
an intramolecular hairpin or some type of intermolecular 
structure, various studies were performed. First, the molec- 
ular composition of the structure(s) formed with ss(CGG)ls 
was investigated by the performing of electrophoretic studies 
with labeled ss(CGG)ls mixed with various amounts of 
unlabeled ss synthetic oligonucleotide of the same sequence 
(Figure 1A). If SS(CGG)'~ formed a stable intramolecular 
hairpin structure, increasing the concentration of unlabeled 
synthetic oligonucleotide should not result in the appearance 
of a form of DNA that migrated with slow electrophoretic 
mobility. 

To determine the electrophoretic properties of ds(CGG)l5 
and ss(CGG)15, the ds oligonucleotide-containing labeled 
(CGG)15 [and an equimolar amount of unlabeled (CCG)15] 
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FIGURE 3: Dimethyl sulfhte reactions with ss(CGG)ls. at various K" conccntrations. DMS methylation was performed at IO "C with ss- 
(CGG)[s  as described in Materials and Methods. Reaction mixtures contained 50 mM Na' and various conccntrations of K (as indicated). 
For ii given concentration of K ' ,  the concentration of DMS reacted with ss(CGG)ls was (from left to right) 0 mM, 5.3 mM. 21 mM. 84 
mM. and 0.42 M (with the exception of 0.2 M K " .  where the concentrations of DMS were 21 mM. 84 mM. and 0.42 M). Reaction mixtures 
were applied to a sequencing gel containing 20% polyacrylamidc and 8 M urea. The deduced structure of ss(CGG)lc in 0.75 M K' is 
shown to the right of the gel. Open ovals denote G G  base pairs. Filled ov:ils denote C G  base pairs. 

~ ~~~ 

Table I : Dimethyl Sulfate Reactivities of Acl.iaccnt G Residues in 
the Stem of SS(CGG)I~(' 

KCI. M DMS renctivitics S'G/3'G 
0 
0.05 
0. IO 
0.20 
0.40 
0.7s 

I .40 f 0. I3 
136 f 0. IS 
I .x2 f 0.22 
2.03 f 0 .2  I 
I .06 f 0. I4 
I ." f 0. I6 

" The ;tutoriidiogritph shown i n  Figure 3 w a s  scanned with a PDI 
densitometer ( x 3). For reaction products generated iit the specilicd 
KCI concentration, the optical density of' ;I band derived from clcava~c 
of the S'G within a given triplet repeat Wiis dctcnnincd and divided by 
the optical density of' the 3'G within the s;tnie triplct rcpciit. Opticill 
density \falucs obtained from triplet repitts 1-111 wcrc used for data 
i\n;tlvsis. Values in the table rcprcscnt the mean f stantlard deviiitiotl. 

Tlie Huirpiri Strrrc*tirrr of .w(CGG)I? I s  Ol~scr-uecl cit 
Tcntl>er-utrrr-cs hctwcwt I a r i d  37 "C. The DMS experiments 
described above were performed at I O  "C. To determine 
the effect of temperature on the deduced hairpin structure 
of ss(CGG)ls, DMS experiments were performed with ss- 
(CGG)ls at 1. 5 ,  I O .  23. and 37 "C in SO mM NaA and IO 
mM K'. We were particularly interested in results at lower 
temperatures. since these conditions might favor tetraplex 
formation. Reactions performed at lower or higher temper- 
atures yielded results similar to those reactions conducted 
at IO "C (Figure 4). suggesting that the hairpin structure of 
ss(CGG)ls was stable over a range of temperatures. 

Single-Strurtcl Specific P I  Nirclease Cleaites /lie Middle 
of tlic Triplet Repeat Region irt S.Y(CCG)~C. To further 
characterize the secondary structure of ss(CGG)ls, digestions 
were performed with single-strand specific PI nuclease in 
SO mM Na" at pH 7.5 (Figure 5 ) .  The results show 
significant cleavage of the G32-C33 and G34-G3S phos- 
phodiester bonds. Cleavage of phosphodiester bonds in 
triplets IV or XI1 was not observed. These results are 
consistent with a hairpin structure of ss(CGG)ls and are not 
consistent with a tetraplex structure (Figure 2). 

In the nontriplet repeat region of the DNA, only minor 
cleavages of the GS8-AS9 and AS9-T60 phosphodiester 
bonds were observed. These results indicate extensive base- 
pairing and/or base-stacking interactions within the nontriplet 
repeat region. Due to the specific alignment of the hairpin 
structure. AS9 and C61 can form base pairs with T8 and 
G6, respectively (as shown in Figure 5 ) .  

Meltirtg Prwf71e qfss(CGG),.~ The results from Figure 1 
showed that ss(CGG)ls migrated with rapid mobility at 16 
"C. The rapid electrophoretic mobility of' SS(CGG)~~ might 
have been due to a hairpin structure. We hypothesized that. 
if the rapid mobility were due to a hairpin conformation, 
application of heat to the polyacrylamide would simulta- 
neously denature the hairpin and reduce its electrophoretic 
mobility (relative to its ds form). To investigate this 
possibility, an electrophoretic mobility melting profile (EMMP) 
of ss(CGG)ls was generated. EMMPs. like temperature 
gradient gel electroplioresis (Ke & Wartell, 1993; Wartell 
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FIGURE 4: Dimethyl sulfate reactions with SS(CGG)IS at various temperatures. DMS methylation of ss(CGG)ls was performed in SO mM 
Na' and 100 mM KCI at the indicated temperature as described in Materials and Methods. For a given temperature. the concentration of' 
DMS reacted with ss(CGG),s was (from left to right) 0 mM, 5.3 mM, 21 mM, 84 mM. and 0.42 M. Reaction mixtures were applied to a 
sequencing gel containing 20% polyacrylamide and 8 M urea. 

et al., 1990), can be used to estimate the melting temperature 
( T m )  of a DNA by determination of the midpoint of its 
electrophoretic phase transition (Yu et al., 1995). For control 
in the EMMP analysis, ss(CTG)ls, a hairpin that contains 
base-paired and/or base-stacked thymines in the stem, was 
analyzed. Previous EMMP studies have shown that the T m  
of ss(CTG)ls is approximated by the temperature at which 
the electrophoretic mobilities of ss(CTG)ls and ds(CTG)ls 
are equal (referred to as the isomobility temperature, or Ti). 
At low ionic strength, the T m  of ss(CTG),s is 48 "C, whereas 
the Ti is SO "C (Yu et al., 1995). For reference in the EMMP 
studies described below, the ds forms of the DNAs are used. 
The dsDNAs contain more than twice as many Watson- 
Crick C G  base pairs compared to their respective ss hairpin 
forms and hence are far more stable. 

The EMMPs of ss(CTG)ls and ss(CGG)ls are shown in 
Figure 6A and plotted in Figure 6C. In agreement with 
previous data (Yu et al., 1995), the T m  of ss(CTG),s was 48 
"C. At the highest temperature (66 "C), the electrophoretic 
mobility of ss(CGG)ls was not reduced to the same extent 
as that of ss(CTG)ls. This result suggests that the structure 
of ss(CGG)ls was more heat-stable than the hairpin structure 
of ss(CTG)ls. Since ss(CGG)Is migrated faster than its ds 
form at 66 "C, the results also suggest that the T m  of ss- 
(CGG)ls was above 66 "C. 

To obtain an estimate of T m  for ss(CGG)ls, annealing 
experiments were performed with labeled ss(CGG)ls in the 
hairpin conformation and a 1O6-fold molar excess of unla- 
beled ss(CCG)ls (Figure 6B). The T m  of ss(CGG)ls was 
estimated by determination of the amount of heat required 
to anneal ss(CGG)ls to ss(CCG)ls. Extent of annealing was 

determined by the measuring of the conversion of the hairpin 
form of (CGG)ls to its Watson-Crick ds form. The results 
of three independent annealing experiments are superimposed 
upon the EMMP results (Figure 6C). Incubation of labeled 
ss(CGG)ls with unlabeled ss(CCG)ls at or below 58 "C did 
not result in conversion of labeled ss(CGG)ls to its ds form. 
This result was consistent with the EMMP studies which 
indicated that the electrophoretic mobility of ss(CGG)ls was 
rapid at 5 5 8  "C (Figure 6A). At 75 "C, one-half of the ss 
form of (CGG)ls was converted to its ds form. These results 
indicate that the T m  of ss(CGG)ls was approximately 75 "C, 
27 "C higher than the T m  of ss(CTG)ls. The results indicate 
that GG base pairs contribute a significant amount of stability 
to the hairpin structure of ss(CGG)ls. 

Computer Modeling of the ss(CGG)~~ Hairpin Structure. 
The experimental data above are consistent with ss(CGG)ls 
folding into a hairpin conformation in alignment (h) at or 
above 200 mM K". In an attempt to understand the 
preferential formation of (h)  over (a),  each alignment was 
examined theoretically, using minimization and molecular 
dynamics simulations. Minimized energies of the GrrftriW'fi 
paired hairpins (structures 1 and 3 in Figure 2) were very 
similar. Inclusion of GS.'W~rftfi pairs shown in Figure 7 
(structures 2 and 4 in Figure 2) with the guanines in 
trinucleotides I-VI1 in syn conformations stabilized the 
hairpins substantially, as expected, but provided no indication 
of a significantly greater stability associated with one 
alignment or the other. Minimization of a hairpin in 
alignment (h)  with G\.'Wnfrri pairing such that the guanosines 
of trinucleotide repeats I, 111, V, and VI1 were syn and 11, 
IV, and VI anti had no effect on the minimized energy, 
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FIGURE 5:  PI nuclease digestion of ss(CGG)ls. Thc oligonuclcotidc 
containing (CCG)lr purilied trom pCCGIS Wits liiheletl on thc 
CGG-containing strand only with j'P. Thc unliibclcd synthetic 
oligonuclcotidc ( I ![mol) of'thc Slime scqucncc ;IS the liibclcd strand 
wits iiddcd to the oli~onuclcotide. and thc mixture Wiis placcd in a 
Io0 "C H20 bath for 3 min iind immcdiiitcly chilled on icc. Thc 
amounts of'P1 nucleasc uscd to digcst ss(CGG)15 (from left to right) 
at 37 "C in SO mM Nil' wcrc 1.1s x I O - ?  iind 3.46 x IO-? unit. 
rcspectivcly. Dimethyl sulfatc (2 I mM) rciictions wcrc pcrformcd 
iis tlcscribcd in Miitcri:ils iind Mcthods. Roman numerids rcprcscnt 
triplet repiit numbers. Arrows indiciitc sitcs of PI nuclciisc 
c I ciiviigc . 

suggesting a probable random arrangement of sytt-anti 
pairing. in line with the experimental data. 

During the minimization of structure 2, the nominal C G  
pair in trinucleotide repeat VI11 was retained. However, this 
interaction did not persist in the molecular dynamics simula- 
tion. Instead. GVIII and Gvll adopted a stacked orientation 
(Figure SA). In structure 4. these same two guanine bases 
remain in a .sytt--attti base pair and the whole loop region 
was consequently much tighter (Figure 8B). It  seems rea- 
sonable to assume that the close proximity of the phosphates 
to one another in this loop configuration would be favored 
in high, but not low. salt. Thus, the differential reactivities 
of the loop region to DMS a s  a function of KCI concentration 
(Figure 3) could be explained on the basis of equilibrium 
between two loop conformations, one of which is much more 
stable in high KCI. The stacking of Gvllr onto Gvlll provides 
additional stability to alignment (h)  (Figure 8B). 

There is one further contrast between alignment (a )  and 
alignment (h )  which provides us with a possible mechanism 
for slippage of (a )  to (1)). should (a) be initially formed. In 
alignment ((1). formation of bifurcated hydrogen bonds occurs 
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FIGURE 6: Melting profiles of ss(CGG)15. (A) Electrophoretic 
mobility melting profiles (EMMPs) of (CTG)I~  and (CGG)I5 iit 
viirious tempermrcs. The double-stranded ((1s) iind singlc-stranded 
(ss) forms of thc DNAs were prepared :is described in Miitcriiils 
i d  Methods. Electrophoretic conditions were as dcscribcd in 
Miitcriiils iind Methods. The DNA samples shown within a given 
square wcrc iipplicd to thc samc polyacrylamide gel. The temper- 
atiirc indicated in cach square rcfcrs to thc temperilture of' the 
polyiicrylamidc gel. The figure represents ii totill of nine separate 
clectrophorcsis experiments. ( R )  Annealing of ss(CGG)lz to ss- 
(CCG)I5. Annealing experiments were perf'ormed as dcscribed in 
Materials iind Methods. (C) Melting profilc of ss(CGG)!5; super- 
imposition of EMMP and annealing diitii. The first plot is the 
relative electrophorctic mobility of' ss(CTG)ls (filled circles) and 
SS(CGG)I~ (filled squiires) (from A) versus temperature. The reliitive 
mobility of ssDNA = the distancc ssDNA migrated from the origin/ 
the distance dsDNA migriitcd from the origin. The second plot is 
percent convcrsion of SS(CGG)I~ to ds(CGG)I5 (thrce scpiirate 
experiments: I ,  2, and 3 arc open squares. hiilf-filled squiircs, and 
squares with an x, respectivcly) vcrsus tcmperature. Rcsults from 
experiment 3 are shown in R. Data from experiments 1 iind 2 are 
not shown. Percent conversion = dsDNA/(ssDNA + dsDNA). 
Quiintificiition of the results is dcscribed in Matcriiils iind Mcthwls. 
Thc line through the datii points from thc annealing cxpcrimcnt 
WiIs dcrived from ii linear rcgrcssion analysis using Crickct Graph 
(Computer Assmiiites Interniitioniil. Islandia. N Y  ). The J iixcs in 
the two plots were iiminged such that thc rcliitive mobility of 1.027 
aligned with conversion of SO% of' ss(CGG)ls to ds(CGG)I5. 

between a hydrogen atom of a given cytosine 4-NHz group 
and guanine 06  atoms in the complementary base (G) and 
the guanine base 3' to the complement (data not shown). 
These bifurcated hydrogen bonds form during energy 
minimization and occur transiently in the molecular dynamics 
simulation of alignment (u). 

This structural feature could provide a route to the adoption 
of alignment (h)  in the stem region, once the appropriate 
loop conformation has been adopted. I t  is apparent from 
Figure 8 that slippage of the 3'side of the hairpin stem such 
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anti SYn 
FIGURE 7: Syn-anti G G  base pair. The G S W n f i  base pair showing 
the N7 atom of the CSrn involved in hydrogen bonding and hence 
DMS unreactive. 

(4 (b) 
FIGURE 8: Conformations generated in molecular dynamics simula- 
tions of 5’-CC(CGG)7G in the (a) and (b)  alignments. Triplet 
numbering refers to the larger, 15-trinucleotide repeat structure (see 
Figure 2) .  The essential difference between these structures lies in 
the orientation of GVIII and GVII (bases shown in bold) which stack 
in the loop of alignment (a) but retain a syn--anti base pair in the 
loop of alignment (b). The phosphodiesters cleaved by P1 nuclease 
(Figure 5) are shown in bold. 

that each base moves “down” one base pair is required for 
movement from the (a) to the (b )  alignment. We note that 
this slippage mechanism is apparently independent of the 
organization (that is all syn on one strand, etc.) of the 
- G q T ’  pairs in alignment (a),  since the (2% inter-base pair 
hydrogen bond forms readily to both syn and anti guanines. 
The slippage mechanism does require further syn-anti 
rotation of the appropriate guanines to complete the conver- 
sion to the (b) alignment. 

DISCUSSION 
To determine potential structures of CGG repeats that 

might relate to their biological function and association with 
TREDs, studies were performed with ss(CGG)15. The results 
presented in this paper suggest that ss(CGG)15 formed a 
stable intramolecular hairpin that contained Gg”Ganfi base 
pairs in the stem. CGG triplets on the 5’ side of the stem 
preferentially base-paired with GCG triplets on the 3’ side 
of the stem, giving rise to an alignment referred to as (b). 
The results of chemical modification with DMS (Figures 3 
and 4) suggested that a given G residue within a GG base 
pair alternated between anti and syn conformations. The 
conclusion that GSYn.Gnnti base pairs are contained within the 
stem region of the ss(CGG)ls hairpin is supported by recent 
‘H NMR studies on stable duplex structures of d(GGC), 
(where n = 4, 5 ,  or 6) (Chen et al., 1995). The conclusion 
that a given G residue with a GG pair alternated between 
syn and anti is consistent with the rapid (-14 000 s-’) 
transition of GSYn.Ganri base pairs in duplex DNA (Lane & 
Peck, 1995). 

At 2200 mM KCl, the DMS reactivities of the 5’@/3’Gs 
were -2.0 (Table l), indicating that ss(CGG)15 exclusively 
formed a hairpin in the (b) alignment. At KCl concentrations 
5100 mh4, the DMS reactivities of the 5’Cs/3’Gs were 
51.82, indicating that the hairpin in alignment (b)  (structure 
4 in Figure 2) was in equilibrium with another structure. 
Presumably, this other structure was 2 (a hairpin in the (a )  
alignment containing GSynQanri base pairs) or 3 (a hairpin in 
the (b)  alignment lacking GSYnQnnri base pairs). Owing to 
the stability of the GOn-Ganti base pair, we think it is more 
likely that, at KCl 5100 mM, structure 4 was in equilibrium 
with structure 2. Molecular dynamics simulations suggested 
that structure 4 contained a syn-anti base pair (35GvIII and 
32Gv11) in the loop region. In contrast, simulations of the 
loop in structure 2 predicted that 35GvrII was stacked on top 
of 32Gv11. We propose that, at higher salt concentrations, 
the 32Gv11-35Gv111 syn-anti pair is favored while, at lower 
salt concentrations, the 35Gv111-32Gv11 stack is favored. 
Hence, at lower salt concentrations, the ~ ~ G v I E - ~ ~ G v I I  stack 
may tend to drive the duplex toward the (a)  alignment. 

Hairpins Formed from Repeats of CGG Are More Stable 
Than Alternative Tetraplex Structures. The T, of the ss- 
(CGG)15 and ss(CTG)15 hairpins, determined in low ionic 
strength (-1 mM Naf) by annealing or EMMP data, were 
75 and 48 “C, respectively (Figure 6). Similar T, values, 
obtained by conventional UV absorbance measurements, 
were reported by Gacy et al. (1995) for d(CGG)25 and 
d(CTG)25 (76.1 and 52.0 “C, respectively). These results 
indicate that the GSyn.Ganti base pairs in d(CGG), hairpins 
are substantially more stable than the TOT base pairs in ss- 
(CTG), hairpins. The T, of S S ( ~ “ C C G ) ~ ~  is -8 “C higher 
than that of the ss(CGG),s hairpin (M. Mitas and J. Dill, 
unpublished results), indicating that the stacking energy 
afforded by cytosine methylation further stabilizes the 
hairpin. Repeats of CTG (or CAG) lack the CpG dinucle- 
otide that is necessary for methylation by human (cytosine- 
5 )  methyltransferase (Smith, 1994; Bestor & Verdine, 1994; 
Kumar et al., 1993). These and other (Yu et al., 1995; M. 
Mitas, A. Yu, and J. Dill, unpublished data) results demon- 
strate that, among hairpins formed from Class I triplet repeats, 
those formed from CGG repeats are the most stable. We 
suspect that hairpins of similar stability are formed at the 
lagging strand of the replication fork, where expansion events 
are probably initiated. 

The stability of the CGG hairpin may, in part, explain our 
failure to detect an intramolecular tetraplex structure. We 
modeled tetraplex structures containing (a)  and (b)  hairpin 
alignments (Figure 2) and found that structurally and 
energetically reasonable structures were generated from both 
alignments. These structures have their diagonally opposite 
strands parallel to each other, and antiparallel to the other 
diagonal pair, forming an intramolecular “head-to-tail” 
arrangement [for example, see Williamson (1994)l. All 
Watson-Crick GC and GsYnGanri base pairs present in the 
hairpin structures are retained in the intramolecular tetra- 
plexes, including the GG pair that forms the “top” loop of 
the tetraplex. A 2: 1 ratio of CGCG to Gq quartets is present 
in the structures, with the CGCG quartets stabilized by 
hydrogen bonding between the formal G-C base pairs, as well 
as within them. On the basis of a simple minimized energy 
(excluding entropic and solvent effects), these structures seem 
favorable compared to the hairpins. We note that, in 
postulating the “triad DNA” conformation for ss(CGG),, 
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Kuryavyi and Jovin (1995a,b) found that simple minimization 
also predicted that a hairpin was less stable than a triad 
conformation. Our failure to detect either tetraplex or triad 
structures experimentally might reflect the experimental 
conditions. Indeed, we suspect that, under the conditions 
of Fry and Loeb (1994) (incubation at 4 "C for 18 h), an 
intermolecular tetraplex containing CGCG quartets may have 
formed by dimerization of two d("TGG), hairpins. How- 
ever, such higher order conformations would probably be 
in equilibrium with hairpin or duplex structures (in contrast 
with, for example, a four-stranded tetraplex in equilibrium 
with four single strands), and the stability of the (b) alignment 
hairpin may strongly influence this equilibrium position for 
ss(CGG)ls. Hence, while high salt should favor an inter- 
molecular tetraplex, compared to four random coil single 
strands, this may not necessarily be true for a single-stranded 
hairpin-tetraplex equilibrium. 

In a previous study, Hardin et al. (1992) provided circular 
dichroism (CD) and 'H NMR evidence that the sequence 
d(CGCG3GCG) formed a parallel-stranded intermolecular 
tetraplex (different from structures 5 and 6 described in 
Figure 2) that contained six G4 quartets and three C42+ 
quartets. We refer to this tetraplex in the subsequent text 
as a (G4)2-(c42+) tetraplex. The (G4)2-(C42+) tetraplex was 
stabilized best by Kf and least by Lif and required a pH of 
56.8 for protonation of the cytosines. Like d(CGCG3GCG), 
the guanine to cytosine ratio in d(CGG), is 2: 1. Therefore, 
like d(CGCG3GCG), ss oligonucleotides containing d(CGG), 
could form inter- and possibly intramolecular tetraplexes 
containing (G4)2 and (C42f) quartets. In support of this 
possibility, Chen (1995) has obtained CD and electrophoretic 
evidence that d(CGG)4 is capable of forming a potassium- 
and acid-dependent (G4)2-(C42f) intermolecular tetraplex. 
Although we can unambiguously rule out the possibility that 
ss(CGG)ls forms an intramolecular tetraplex of the (G4)2- 
(C42+) type at 7.5 < pH < 8.5 (Figures 3-5), we cannot 
dismiss the possibility that such a tetraplex might form at 
pH values slightly below neutrality. 

CGG Repeats within mRNAs Are  Predicted To Form 
Stable Hairpins. Repeats of CGG are present in many genes 
(Riggins et al., 1992; Mitas et al., 1995; Gacy et al., 1995) 
and are often located in the 5' untranslated regions. These 
repeats may form hairpins and play a role in gene regulation 
by the affecting of protein translation, splice site selection, 
or mRNA stability. We suspect that, of mRNA hairpins 
formed from Class I triplet repeats, those formed from 
r(CGG), are the most stable. 

Linear migration of the 40s ribosome along the 5' 
untranslated region of the FMRl gene is impaired when the 
ribosome encounters more than 200 CGG repeats (Feng et 
al., 1995). The results presented in this paper suggest that 
a hairpin formed from r(CGG)>2w would be extremely stable 
and would provide a formidable barrier to protein translation. 
A question was raised by Feng et al. (1995) whether similar 
impairment might occur during translation of expanded CAG 
repeats in genes associated with neurologic diseases (Suth- 
erland & Richards, 1994). Electrophoretic mobility melting 
profiles (M. Mitas and J. Dill, unpublished results) and UV 
absorbance melting profiles (Gacy et al., 1995) indicate that 
hairpins formed from (CAG), are far less stable than those 
formed from (CGG),. Thus, we predict that similar transla- 
tion impairment through CAG repeats would occur only 
when the repeat number >>200. 
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