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ABSTRACT: Studies of sequence repeat expansions from duplexes consisting of DNA repeat sequences
greater than three bases are currently lacking. These studies are needed in order to gain a better
understanding of DNA expansions in general and as a first step in understanding expansions of longer
sequence repeats that have been implicated in human diseases. We have undertaken an in vitro study of
tetranucleotide, hexanucleotide, and octanucleotide repeat expansions from short DNA duplexes using
Taq DNA polymerase. Expansions of hexanucleotide repeats were also studied with the Klenow fragment
of DNA polymerase | and with T4 DNA polymerase. Studies with Taq DNA polymerase show that
expansions occur more readily as the length of the repeat sequence decreases but are generally more
efficient at reaction temperatures closer to the melting point of the starting duplex. A mechanism for the
observed expansions with Taq DNA polymerase is proposed that does not invoke strand slippage or DNA
structure. Studies at 3T with Klenow pol | and T4 DNA polymerase indicate that the template-switching
and/or strand-displacement activities of the polymerases used can play a major role in the apparent in
vitro expansions of short repetitive DNA duplexes.

Repetitive DNA sequences are ubiquitous in nature. The One of the most widely accepted mechanisms for triplet
best-known examples of eukaryotic repetitive DNA se- repeat expansions in vivo invokes strand slippage, whereby
quences are the trinucleotide repeats CCG, GAA, and CTG,the 3-end of one strand dissociates and then reassociates
whose expansion is believed to be the cause of various humanupstream and is subsequently extended by DNA polymerase.
disorders {). Examples of other well-known repetitive DNA A number of in vitro studies that address the possibility of
sequences consisting of longer sequence repeats include ththis mechanism as the source for expansion of triplet repeats
pentanucleotide repeat (GGAATMound in human centro-  have been carried out with short duplexes and various
meric DNA 2, 3), the repeat sequences found at the polymerases](1—15). Although these studies have yielded
chromosome ends (the telomeres) in various organidjns ( some clues regarding triplet repeat expansion mechanisms,
the 14 base pair repeat [ACAGGGGT(G/C)(T/C)GGGG] in most cases they failed to take into account the thermal
located in the insulin-linked polymorphic regioB)(and the stability of the starting duplex as well as the strand-
12 base pair repeat (GTACGGGACCGAYuNd in centro- displacement and/or template-switching activities of the
meric DNA of Drosophila melanogaste(6, 7). polymerases used. As will be shown below, these are

Repetitive DNA sequences are known to elongate in vivo important parameters that should be taken into account in
through expansion of the repeat number. Trinucleotide studies of this kind.
repeats and the mechanism(s) by which they expand or Qpviously, more in vitro (or in vivo) studies will be
elongate have been the subject of intense investigationpecessary to unambiguously determine the mechanisms
following the discovery that expansion of the CCG tripletis responsible for trinucleotide repeat expansions. However,
the source of fragile X syndrom8)( Since then, mechanistic  stydies on expansions of longer sequence repeats may yield
and structural in vitro studies have yielded some clues g petter understanding of repetitive DNA expansions in
regarding the possible cause(s) of trinucleotide repeat expangeneral, particularly triplet repeat expansions, and might also
sions in vivo Q). However, despite extensive research, the provide some clues regarding the in vivo expansions of
mechanism(s) of repetitive DNA expansions in vivo remain |onger sequence repeats, particularly those that have been
largely unknown and the only well-understood mechanism jmplicated in human diseaseks. Here we show that repeats
for expansion/elongation of repetitive DNA sequences in Vivo of up to eight bases can be efficiently expanded regardless
is that for telomeric DNA, which is elongated by telomerase, of the repeat sequence. However, expansions are more
a ribonucleoprotein enzyme complex with reverse tran- efficient at temperatures closer to the melting point of the
scriptase activity 10). starting duplex. Expansion experiments with Klenow frag-
ment and duplexes having longer starting lengths00 base
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Table 1: DNA Duplexes Used in This Study

melting
name sequence point (°C)
TAG; 5'-(TAGG)1¢-3'-5'-(CCTA)1-3' 76.1
T.AG; 5-GG(TTAGGG)TT-3+5-AA(CCCTAA)sCC-3 76.0
ToAGs 5-(TTAAGGGG)-3+5'-(CCCCTTAAX-3 76.0
(T2AG3)s 5'-(TTAGGG)-3'-5'-(CCCTAA)s-3' 73.0
(T2G.AG)s 5-(TTGGAG)-3'-5'-(CTCCAA)s-3 74.0
(TGTGAG) 5'-(TGTGAG)-3-5'-(CTCACA)s-3 75.0
(ACGTCA)s 5'-(ACGTCA)s-3-5'-(TGACGT)-3 78.0
TG4 5'-(TTGGGG)-3'-5'-(CCCCAA)%-3 nc?
CG54 B-(TTAGGG)-3'-5'-(CCCTAA)s-3 nd
F-0 5-(TTAGGG)GCAGGATATCTGGATCCA(TTAGGG)-3'- nd
5'-(CCCTAA)TGGATCCAGATATCCTGC(CCCTAAY-3
F-1 5-(TTAGGG),GCAGGATATCTGGATCCA(TTAGGG)-3'- nd
5'-(CCCTAA)TGGATCCAGATATCCTGC(CCCTAA)-3
F-2 5-(TTAGGG)GCAGGATATCTGGATCCA(TTAGGGY-3' nd
5'-(CCCTAA)TGGATCCAGATATCCTGC(CCCTAA)-3
F-3 5-(TTAGGG)GCAGGATATCTGGATCCA(TTAGGG)3' - nd

5'-(CCCTAA), TGGATCCAGATATCCTGC(CCCTAA)-3

aNot determined.

the apparent expansions of longer duplexes at@¢ould DNA duplex, 200uM dNTPs, and 2 units of Klenow pol |
arise from the strand-displacement and template-switching (New England Biolabs) in a reaction buffer consisting of 10
activities of the enzyme used. We included in this study mM Tris-HCI (pH 7.5), 50 mM KCI, 5 mM MgCJ, and 7.5
duplexes consisting of the human aretrahymenaelomeric mM DTT. In the reactions carried out at 3 with T4 DNA
repeat sequences;AG; and T,G,, respectively, and show  polymerase, the 5@L reaction mixtures contained DNA
that they can be expanded in vitro. We propose a mechanismduplex, 10quM dNTPs, and 2 units of T4 DNA polymerase
for expansion of these and other duplexes studied here tha{New England Biolabs) in a reaction buffer consisting of 10

does not invoke strand slippage. mM Tris-HCI (pH 7.9), 50 mM KCI, 10 mM MgGJ, and 1
mM DTT. For the experiments with unlabeled DNA, the
MATERIALS AND METHODS duplex concentration was %M. The reaction products were

Preparation of Oligonucleotidell oligonucleotides were ~ Séparated by 1.5% agarose gel electrophoresis and visualized
synthesized on a PerSeptive Biosystems Expedite 8909 DNADY ethidium bromide staining. For the experiments ViR
synthesizer and purified by denaturing polyacrylamide gel !abeled DNA, 40 kcpm of the indicated purified duplex was
electrophoresis. DNA concentrations were determined by Uv Mixed with 10uM of unlabeled duplex of the same sequence.
absorption at 260 nm. The oligonucleotides were diluted into The reaction was stopped by addingll of 0.5 M EDTA.

50 uM stock solutions in 1/10 TEbuffer, pH 8.0, prior to The products were then purified with phenol/chloroform,
use in the polymerase reactions. Labeled duplexes werePrecipitated with ethanol, and analyzed either by 4% non-
prepared by first labeling one strand withZP]JATP by use  denaturing PAGE or by 6% denaturing PAGE. The images
of T4 polynucleotide kinase. After enzyme deactivation, the were captured and visualized by Phosphorimager (Molecular
labeled strand was purified by elution through a Bio-Rad Dynamics model 445 S1).

Bio-Spin column and mixed with 2 molar equiv of nonla- Thermal Denaturation Studie€ligonucleotide duplexes
beled complementary strand in 1/10 TE buffer, pH 8.0. The were prepared from purified oligonucleotide single strands
mixture was heated to 9& and then slowly cooled to room  in a buffer containing 50 mM Tris-HCI (pH 8.0) and 100
temperature before purification by 15% nondenaturing mm NaCl. Each sample was heated to°@5for 5 min and
PAGE. The DNA duplexes used in this study are listed in then slowly cooled to room temperature. The UV thermal
Table 1. denaturation studies were conducted on a Cary 300 spec-

Polymerase Reactiondll the reactions were performed  trophotometer equipped with a Peltier 12-cell holder. The
in an Eppendorf Mastercycler personal thermocycler. In the melting profiles were obtained by monitoring the absorbance
reactions carried out at high temperature<86 °C), the  at 260 nm while the sample temperature was increased from
50 uL reaction mixtures contained DNA duplex, 200/ 55 to 85°C at a rate of 1°C/min. Melting points were
dNTPs, and 2.5 units of Tag DNA polymerase (Promega) determined from the first derivative of the absorbance vs
in a reaction buffer consisting of 10 mM Tris-HCI (pH 9.0),  temperature curve and are accurate to withitC1

0 I -
ggmm'}gsKvalérle.ShgnallﬂegA tgocgél r11<C)ir05.1rfinT ;gogeﬁaltg?é g:]e Preparation of DNAs of Various Lengths for the Length-
P . € any Dependent Expansion Experimertae DNA duplexes were
preformed structure and then incubated at the indicated_; . :
) s : first expanded with Tag DNA polymerase at the optimal

temperature and time. In the reactions carried out atG7 o

i . . ; temperature (78C for T,AGg3, 80°C for T,Gy) for 2 h. The
with Klenow pol |, the 50uL reaction mixtures contained

products were then separated by 1.5% agarose gel electro-

phoresis and visualized by ethidium bromide staining. Gel

! Abbreviations: TE, tris(hydroxymethyl)aminomethane (Tis) i ; ;
ethylenediaminetetraacetic acid (EDTA) buffer; PAGE, polyacrylamide fragments containing DNAs of various lengths were cut in

gel electrophoresis; dNTPs, deoxynucleoside triphosphates; DTT, Increments of approximately 100 base pairs, with the 100
dithiothreitol; kcpm, kilocounts per minute. base pair DNA ladder as a guide. The DNAs were then
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FiGURE 1: Temperature-dependent expansion with Taq DNA 4 _
polymerase of 40 base pair duplexes consisting of (A) tetranucleo- : - o 2
tide (TAG,), (B) hexanucleotide (JAG3), and (C) octanucleotide 100 9 = i
(T2A,G,) repeats. The reactions were incubated at the indicated - 4 "
temperatures for 2 h, and the products were analyzed by 1.5% - | Ly
agarose gel electrophoresis and ethidium bromide staining. Lane o4 LT b
M represents a 100 base pair DNA ladder. ® & - L T
- ‘ - - E
& --
L ]

in purified water, dried, and redissolved in DNA polymerase
| reaction mixture as above. Each DNA sample was then
separated into two tubes (with and without DNA polymerase  pempeecy: 3768—»80 M3765—»80 37 68— 80
| Klenow fragment) and incubated at 3T for 2 h. The
reaction products were then analyzed by 1.5% agarose gel TAG, TAG, T,A,G,
electrophoresis and ethidium bromide staining.

electroeluted from the gel fragments, dialyzed extensively S 1 T
i J

E
£..

Ficure 2: Temperature-dependent expansions of duplexes with a
starting length of 40 base pairs and consisting of (A) tetranucleotide
RESULTS (TAG), (B) hexanucleotide (JAGs), and (C) octanucleotide

. . T.A,G,) repeats. The products were analyzed by 6% denaturin
Figure 1 S_hOWS the agarose gel _electrophore3|s re_:sults forI(D,éGZE 4a)nd gnly the resﬂlts for the G-rich D)l/\lA strgnds are shownfq
the expansion of the tetranucleotide, hexanucleotide, andThe reactions at 68, 71, 74, 77, and 8D (68— 80 °C in the

octanucleotide repeats from duplexes with a starting length figure) were carried out with Taq DNA polymerase. The reactions
of 40 base pairs. The melting points of these three startingat 37 °C were carried out with Klenow pol I. The reaction time

; was 1 h at théndicated temperature in all cases. Lane M is &30
duplexes are all around 7& (Table 1), as determined by 330 AFLP DNA ladder. The material in some of the wells is DNA

uv spectroscqpy under DNA and Salt concentratio_ns similar that has been expanded well beyond the resolution limit of the gel.
to those used in the polymerase reactions. Clearly, in all cases

the expansions are more efficient and the products are longempossibility that G-quadruplex structures might be involved
at temperatures that are closer to the melting point of the in the observed expansions of G-rich sequences, we exam-
starting duplex. Only the duplex consisting of tetranucleotide ined the effect of the repeat sequence under the same reaction
repeats (TAG showed significant expansion (longer than conditions as those in Figures 1 and 2. Figure 3 shows the
that expected from extension of complementary strandsexpansion with Taq DNA polymerase of duplexes consisting
annealed through one terminal repeat) over a wider rangeof the six-base repeats,AG;, T.G,AG, TGTGAG, and
of temperatures and an optimum expansion temperature (caACGTCA, respectively. All of these duplexes are 30 base
70 °C) somewhat lower than that for theAG; and the pairs in starting length and have the corresponding melting
T.A.G4 duplexes. Denaturing polyacrylamide gel electro- points shown in Table 1 under similar DNA concentrations
phoresis of the temperature-dependent polymerase reactiorand reaction buffer conditions. Clearly, the ,fG3)s,
products for these duplexes usiff§-labeled DNA (Figure (T.GAG)s, and (TGTGAG) duplexes are all expanded
2) showed that in all cases the G-rich DNA strand is readily at around 75C. This is not surprising since these
incrementally increased in length by discrete units corre- three starting duplexes have melting temperatures of 73, 74,
sponding to the length of the repeat. At temperatures closerand 75 °C, respectively (Table 1). The starting duplex
to the melting point of the starting oligonucleotide, the consisting of the relatively random hexanucleotide repeat
reaction products increase in length beyond the resolution ACGTCA, also expands readily but at the higher temperature
limit of the gel. Similar results were obtained for the C-rich of 80 °C, which is in agreement with the higher melting point
strands (see Supporting Information). Only the TAfBplex of 78 °C for this duplex (see Table 1). Denaturing poly-
gave rise to longer products when incubated with Klenow acrylamide gel electrophoresis of the expansion products for
pol I at 37°C. However, as will be seen below, this apparent these duplexes under similar conditions but wiP-labeled
expansion is likely a result of the combined strand-displace- DNA showed that the DNA is also incrementally increased
ment and template-switching activities of Klenow pol I. in length by discrete units corresponding to the length of
Studies with triplet repeat sequences indicate that strandthe repeat (see Supporting Information). Thus, it seems
slippage may be mediated by DNA structures, since many unlikely that DNA structures are involved in the observed
of these triplet repeat sequences are known to form hairpins,expansions. Rather, the observed expansions appear to be
G-quadruplexes, and triplexes in vitr)( To rule out the largely dependent on the temperature of the reaction, with
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(T,AG,), (T,G,AG), (TIGTGAG); (ACGTCA),

Temp(°C) 606570758085 606570758085 606570758085 606570758085
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M

Ficure 3: Temperature-dependent expansions with Taq DNA polymerase of duplexes with starting lengths of 30 base pairs and consisting
of different hexanucleotide repeat sequences. The reactions conditions are the same as in Figure 1. Lane M represents a 100 base pair DNA
ladder.

the expansions being more prominent near the melting point TAG,
of the starting oligonucleotide. A L<I0)  100<LA0) 200<L<0 H00ck<dod
A theoretical thermodynamic study of triplet repeat expan- Lane M_1_2

sions was recently carried out by Harvéy), who concluded

that at 37°C entropic considerations should favor expansion
of repeats in duplexes longer than 300 base pairs, regardless 1000
of the sequence. This is in agreement with the observations 500 §
in vivo that expansions of triplet repeats are length-
dependent. Thus, below a threshold of £020 base pairs, & .
triplet expansions are less likely to take place, but the Klenow _ , - 4+ - 4+ - 4
propensity for expansion increases beyond this lengjh (

; . T
The starting duplexes studied above are rather short, and B G

except for the TAG duplex, which shows some expansion <100 00L200 200300 300l do0
at 37°C, they do not expand at this lower temperature. It Lane M 2 §

was thus of interest to determine whether expansion of longer
sequence repeats could be achieved in vitro at@¥vith 5
starting duplexes longer than 100 base pairs, and we chose 1000§=
for these studies duplexes containing the hexanucleotide 500
repeats JAG; and T,G4. Faced with the technical difficulties 1oy o
of synthesizing telomeric repeat duplexes greater than 100
base pairs in length, we opted to synthesize DNA duplexes

of various lengths via the Taq polymerase expansion reaCtlonFlGURE 4: Length-dependent expansions of (A) the hexanucleotide

as in Figures 1 and 3. We next carefully cut out segments in repeat (BAGs) and (B) the octanucleotide repeatGi) by DNA

the agarose gel corresponding to lengths of approximately polymerase | Klenow fragment at 3. The approximate ranges

<100 base pairs, 166200 base pairs, 266800 base pairs, of lengths of the starting duplexes are shown above the lane

and 300-400 base pairs, using the DNA marker as a guide numbers. Lane M is a 100 base pair DNA ladder. The samples in
! . ", the odd-numbered lanes were incubated in the same reaction mixture

The DNAs were then eluted from the agarose gel, dried and  + \without DNA polymerase | Klenow fragment.

redissolved in polymerase buffer, and then incubated with
Klenow fragment and dNTPs at 3C, and the products were  the |onger products in lanes 6 and 8 in Figure 4A and lanes
analyzed by agarose gel electrophoresis. Figure 4 shows thatq, 6, and 8 in Figure 4B may not arise from strand slippage.
in the case of the AGs repeat, there is apparent expansion Because the DNA for the reactions at 32 was isolated
of the DNA for starting duplex lengths greater than 200 base from fragments of different lengths derived from the Taq
pairs, whereas for the ;B4 sequence there is apparent polymerase reaction, it is very likely that the DNA duplexes
expansion of the DNA for starting duplex lengths greater might contain overhangs and bulges. These irregularities,
than 100 base pairs. Although theG, sequence appears to  particularly overhangs, combined with the known strand-
expand at shorter duplex lengths than th&Gs sequence,  displacement and template-switching activities of Klenow
this apparent difference is most I|ke|y due to the difficulties fragment m|ght give rise to expansion through Simp|e
in accurately cutting the corresponding DNA bands from the extension of noncovalently bound DNA fragments. To
agarose gel. examine whether a pool of DNA duplexes with single-
The apparent observed expansions in Figure 4 appear tostranded overhangs could give rise to similar expansion
confirm Harvey’s predictions that the propensity for repeat profiles, we carried out the same reactions using duplexes
expansion increases with increasing duplex length, perhapgTable 1) with one to three repeat overhangs (duplexes F-1
through strand slippage. However, it is entirely possible that to F-3). These duplexes contain a middle random sequence
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to ensure duplex formation and to rule out the possibility of A G-strand
strand slippage. The CG54 duplex, which lacks a random
sequence, and the F-0 duplex, which lacks overhangs, were
both used as controls. To determine the effects of strand
displacement and/or template switching on the observed
expansions, the duplexes were incubated in the presence of
dNTPs and either Klenow fragment, which is known to have
strand-displacement and template-switching activities, or T4
DNA polymerase, which has been reported to have strand-
displacement activity1(8).

Figure 5A shows that when the starting duplex contains

three repeat overhangs (F-3 lanes), nondenaturing agarose H

gel electrophoresis analysis of tF®-labeled G-rich DNA .
strand gives rise to bands that appear to correspond to !
expansion products in the presence of either Klenow (F-3, y NI
K lane) or T4 (F-3, T lane) DNA polymerases. The control

lane (F-3, C lane) also shows what appear to be expansion m... -
products, but these are in fact long hybrid DNA duplexes -
that result from annealing through the three repeat overhangs.
This is clearly evident from the regular banding pattern
observed in this lane. In the case of the CG54 duplex
(consisting of nine repeats of TTAGGG; see Table 1) and
F-0, neither the control lane nor the lanes corresponding to G-Strand
added Klenow and T4 DNA polymerases show any slow- B -
migrating bands. However, the F-1 through F-3 groups of
lanes show that slow-migrating bands begin to appear as the
number of repeat overhangs increases, particularly in the
presence of Klenow fragment. The control lanes also show
slow-migrating bands that begin to appear when there are at
least two repeat overhangs in the duplex (F-2 and F-3, C
lanes). Similar results were obtained for the complementary
DNA strand containing C-rich flanking regions (not shown).
Clearly, the patterns of slow-migrating bands for the
Klenow and T4 DNA polymerase lanes for the F-1 through
F-3 duplexes in Figure 5A are very different. This prompted
us to analyze the reaction products through denaturing
polyacrylamide gel electrophoresis. Figure 5B shows the
results for the3?P-labeled DNA strand containing G-rich
flanking regions. Thus, only duplexes with overhangs (F-1
through F-3) show products longer than the starting strand
length of 54 bases. These longer products must be a result 100
of the template-switching and/or strand-displacement activi-
ties of the polymerases, since strand slippage is unlikely to
occur in these duplexes. In the reactions run with T4 DNA
polymerase (T lanes in the F-1 through F-3 groups of lanes),
slow-migrating bands can be observed that we attribute to 50
products arising from annealing of two duplexes through their
repeat overhangs, followed by-&nd extension through MIC X TIC K 1 |C " Tlc T | c kT
strand displacement by T4 DNA polymerase. The overall cGs54' F0 ' E-l F2 ! E3

product length does not exceed 1(.)0 base pairs in length anq:IGURE 5: (A) Nondenaturing polyacrylamide gel electrophoresis
the products gradually decrease in length by one repeat inof the reaction products resulting from the incubation of duplexes
the series of duplexes F-1 through F-3, as would be expectedr-0 through F-3 (Table 1) in the presence of either Klenow fragment
if the products arose from strand displacement. Thus, we (K lanes) or T4 DNA polymerase (T lanes). C indicates control
find that T4 DNA polymerase has significant strand- lanes without polymerase added. F-1 through F-3 are experiments

. o .. . . with duplexes containing one, two, and three repeat overhangs,
displacement activity under the conditions studied, in agree- respectively. F-0 indicates experiments run with a duplex devoid

ment with previous observationd§). In the reactions run  of gverhangs. CG54 indicates experiments run with a 54 base pair
with Klenow fragment (K lanes in the F-1 through F-3 groups duplex consisting of nine TTAGGG repeats. (B) Denaturing
of lanes), the length of the reaction products is longer than polyacrylamide gel electrophoresis of the reaction products run
would be expected as a result of only the stranddisplacement T SEuRE Sc B8 e e e are ahowm
activity of this D'_\IA_ polymerase. However, since the The fast-migrating bands in the T lanes are likely due to shorter
products are not significantly longer than about 150 bases duplexes resulting from the 3- 5' exonuclease activity of T4 DNA
and since the CG54 duplex is not expanded at all, it is polymerase.

CKT
CG54

CKT
F-0

CKT
F-1

CKT
F-2

CKT
F-3

330

200
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~ N A “ repeat length, since the number of base pairs needed to be
A T ey =T “ unwound to allow for transient intermolecular base pairing
o it through one repeat unit is reduced. One example is the,TAG
l ————— duplex, which is expanded somewhat at°87 whereas the
B S ;hﬁ-‘r':%:;:&y n T.A,G,4 duplex is not (Figure 2), despite the fact that both
P N duplexes have similar melting points. Also, neither the CG54
! TEEES— nor the F-0 duplexes in Figure 5 are expanded in any way
N ! at 37°C, since unwinding of six base pairs from either or
Lo %‘g—'-% ,a—.-.—.—.-\'—':’-"‘-’}::/ It:)pth ends of the duplex (needed for gxpansion as shown in
- igure 6A—C) is unlikely to occur at this temperature. Thus,
) ~ ¢ ¥ a reasonable explanation is that intermolecular base pairing
o v -~ P through one repeat unit is more likely to occur for the TAG
e e F duplex, giving rise to some expansion of the duplex via strand
// \_/’;%W - displacement as shown in Figure 6&.
57 = Itis apparent from a comparison of the expansion products

in Figure 2 that expansion becomes more efficient at higher
temperatures, since in this case all of the intermolecular
interactions in Figure 6 that lead to expansion can take place.
unlikely that these longer products arise from strand slippage. | N overall mechanism in Figure 6 may also explain the
Rather, it is highly likely that the observed products are the 12CK Of sequence effects on the expansions with Tag DNA
result of the combined strand-displacement and template-POlymerase shown in Figure 3. To further test the model in

Ficure 6: Proposed mechanism for the observed in vitro expansions
of long DNA repeats. See text for explanation.

switching activities of Klenow fragment. Figure 6, we carried out expansions of hexanucleotide repeats
with a variety of duplexes containing nonrepeat sequences
DISCUSSION that would prevent the type of molecular events shown in

Figure 6 from taking place. As expected, none of these

One reasonable mechanism for the observed repeat expanduplexes was expanded when compared to a control duplex
sions is shown in Figure 6. Thus, at lower temperatures, the (see Supporting Information), lending further support for this
duplexes are stable, and little or no expansion can take placein vitro expansion model. Thus, from the expansion model
However, fraying at the ends of the duplexes can occur andin Figure 6, the role of DNA structure in the expansion of
eventually becomes more pronounced as the reaction tem+he short repetitive DNA duplexes studied here need not be
perature is increased (Figure 6A). Due to end fraying, there invoked, and it is unlikely that strand slippage is responsible
may be transient intermolecular base pairing between for the observed expansions.
duplexes in solution (Figure 6B). The strand-displacement | ength-dependent in vitro expansion studies of DNA
activity of the polymerase may then be responsible for sequence repeats are hampered by the technical difficulties
extending the complementary strands of the DNA duplexes in constructing duplexes greater than 100 base pairs in length
in these intermolecular complexes (Figure 6C). On the other without irregularities, including single-strand overhangs and
hand, at reaction temperatures near the melting point of thepulges. Although it might be possible to minimize the
duplex, repeated melting and staggered reannealing, followedpresence of such irregularities in these longer duplexes
by polymerase extension, could lead to more efficient through nuclease pretreatment, it would be difficult to
extension of the two DNA strands (Figure 6D,E). Eventually, completely eliminate them. Thus, their presence makes it
as the DNA increases in length, bulges may form in the difficult to test the theory proposed by Harvey7| [sup-
duplex at elevated temperatures. Single-stranded DNA inported by in vivo observations] that the propensity for
bulged regions may then serve as templates for the extensiorexpansion through strand slippage should increase with
of other duplexes present in solution (Figure 6F). Of course, duplex length. From the expansion experiments at@Th
as expected, at temperatures much higher than the melting=igure 4 (even-numbered lanes and DNA greater than 100
point of the starting duplex, there is only single-stranded base pairs), one cannot completely rule out that the products
DNA and extension of the DNA is abolished. result from true expansions that occur through strand

The relevance of the mechanism in Figure 6 for expansion slippage. However, since the DNA was obtained following
of repetitive DNA sequences in vivo is unclear at this point. expansion with Tag DNA polymerase, it is likely that the
However, the mechanism explains many aspects of thestarting DNA duplexes contained the above-mentioned
observed expansions in vitro. It explains the observed irregularities. Thus, the combined strand-displacement and
increase in DNA length by discrete repeat units (Figure 2 template-switching activities of Klenow pol | may give rise
and Supporting Information), since staggered reannealingto the observed products due to intermolecular interactions
could easily lead to one repeat overhangs that are theninvolving complexes such as those in Figure 6 panels B and
replicated by the DNA polymerase. Furthermore, base pairing F. Indeed, some smearing of the DNA in the odd-numbered
of discrete sequence repeats through end fraying andlanes in Figure 4 indicates that intermolecular base pairing
subsequent expansion through the mechanism indicated inmay be taking place. The experiments in Figure 5 with
Figure 6A—C could also occur. The latter mechanism also duplexes containing overhangs indicate that intermolecular
explains why some expansion of duplexes containing shorterbase pairing, combined with the strand-displacement and
repeats is observed at temperatures much lower than theéemplate-switching activities of the polymerases, may be
melting point of the starting duplex. Expansion through this partly responsible for the observed expansions. Thus, when
mechanism would be favored with decreasing sequencethe DNA duplexes contain at least one repeat overhang (F-1
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through F-3 duplexes), nondenaturing gel electrophoresisof the DNA polymerases used, can play a major role in the
shows bands that appear to result from expansion by theobserved expansions. Therefore, these factors should be taken
DNA polymerases (Figure 5A, lanes K and T). However, into account in in vitro expansion studies of short repetitive
when the same reaction products are examined underDNA duplexes.

denaturing conditions (Figure 5B), the results indicate that
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