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FACTORS INFLUENCING DNA EXPANSION IN THE COURSE
OF POLYMERASE CHAIN REACTION

Jitka Vondruskova, Nad'a Parizkova, and Jaroslav Kypr o Institute of
Biophysics, Academy of Sciences of the Czech Republic, Brno, Czech Republic

o We performed more than 3,500 polymerase chain reactions (PCRs) under various conditions
with more than 400 DNA fragments of 4—150 nucleotides in length. Some of the PCRs provided
expanded DNA molecules of kilobase lengths whereas others led to no expansion. Repetitiveness of the
primary structure was mostly found to be necessary but not sufficient for the expansion. (A+T)-rich
fragments expand better than (G+C)-rich ones and pyrimidine-rich fragments expand better than
purine-rich fragments. Terminal nucleotides and the fragment length also are important for the
expansion. Examples are presented when relatively small alterations of the DNA primary structure
caused a dramatic change in the expansion. For example, AsTs expanded a lot whereas TsAg did
not expand at all. The present work has implications for pathological expansions of microsatellites
in the human genome as well as regarding the genome evolution in general.

Keywords DNA expansion; PCR; Microsatellites

INTRODUCTION

DNA is not an invariant molecule in several respects. For example
it undergoes changes in length. These changes are interesting in three
respects. Firstly, we can imagine how short DNA pieces could arise in the
prebiotic conditions!!) but we are aware of no justified idea of how these
short pieces were used to generate even the shortest biological meaningful
molecules of DNA that are more than two orders of magnitude larger.
Perhaps the only idea in this direction are the Trifonov's circles.[?! Secondly,
the genomic molecules of DNA undergo insertions and deletions which
change the genomic DNA lengths. However, so called dynamic mutations
when microsatellites lose or acquire one or more of its repeats are much
more frequent.!®) These changes, for example, may influence expression
of neighboring genes!*] and they are advantageously used in population
genetics to discriminate among individuals of the same organism.!®! Third,

This project was supported by grant NM/7634-3 from the Ministry of Health of the Czech Republic.
Address correspondence to Jaroslav Kypr, Institute of Biophysics, Academy of Sciences of the Czech
Republic, Kralovopolska 135, CZ-612 65, Brno, Czech Republic. E-mail: kypr@ibp.cz

65



09: 26 26 January 2011

Downl oaded At:

66 J. Vondruskova et al.

expansions leading to DNA lengthening by even kilobases, accompany many
neurological diseases'®! as well as some kinds of cancer.[”! Thus, there are
sufficient reasons to study mechanisms of DNA expansions in great detail.

Short DNA fragments were found to undergo expansions to kilobase
lengths even in the course of replication or polymeras chain reaction
(PCR).[3-22] However, these studies were performed with small numbers of
fragments and under limited conditions of PCR or the replication. There-
fore, these studies did not permit arriving at conclusions that generally
would allow the prediction of which fragments will expand and which will
not. A possibility of predictions in this direction would be of a great value
because it would help to understand factors standing behind the appear-
ance of the first long DNA molecules on the Earth, microsatellite length
polymorphism in genomes as well as pathological length alterations of
microsatellites accompanying many neurological diseases as well as cancer.
Here, we performed more than 3500 polymerase chain reactions under
various conditions with more than 400 DNA fragments of 4-150 nucleotides
in length with various primary structures. Results of this study are analyzed
in terms of factors which influence DNA expansion during PCR.

MATERIAL AND METHODS

The oligonucleotide samples used in this work were synthetized and
purified in various laboratories and companies. (GCC)g, (CGC)g, (CCG)s,
(CGG)g, and (GGC)g were produced at the Faculty of Science of the
Masaryk University in Brno. Aj, AgTs, TgAsg, and T4(TA)4A4 were provided
by Dr. Arnold of the Institute of Organic Chemistry and Biochemistry of the
Academy of Science of the Czech Republic in Prague. All other fragments
were bought from VBC-Genomics Bioscience Research (Wien, Austria). All
of the samples were obtained as lyophylized material and were originally
dissolved in 1 mM sodium phosphate, 0.1 mM EDTA, pH 7.

The PCR reaction mixtures were prepared at about 4°C in thin-wall
Eppendorf tubes. 2 nug of DNA were mixed with 2 ul 10 x Taq buffer.
The 10 x Taq buffer contains 100 mM TrisHCI, 500 mM KCl, 1% Triton
X-100, and 15 mM MgCly, pH 8.8. The 10 x Taq buffer was bought from
Top-Bio, Prague. Further, 0.5 ml of the 10 mM triphosphate solution (MBI
Fermentas, Ontario, Canada) and 2ul of Taq Purple DNA polymerase
(concentration 1U/ ul, Top-Bio, Prague, Czech Republic) were added. The
polymerase contained an inert stain (Top-Bio). The reaction mixture was
complemented by deionized sterilized water (PCR HyO, Top-Bio) to get a
25 ul total volume of the sample.

The PCR experiments were performed using a Progene (Techne, Cam-
bridge, Great Britain) thermocycler in the following temperature regimes.
The first cycle-denaturation 94°C (2 minutes), the annealing temperature
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(45 seconds), the extension temperature (45 seconds). The second to
the last but one cycles: 94°C (30 seconds), the annealing temperature
(45 seconds), 72°C (45 seconds). The last cycle: 94°C (30 seconds), the
annealing temperature (45 seconds), 72°C (5 minutes). Then the samples
were cooled in the PCR cycler to 4°C at a maximum speed and kept in the
refrigerator until electrophoretic analysis. The annealing temperature was
variable within 37-72°C in various experiments. The number of PCR cycles
was mostly 35 or 20.

Besides the DNA primary structure, the expansion also depended on a
number of other factors. One of the most important factors is the number
of PCR cycles. Some of the fragments provided kilobase fragments even
after few PCR cycles,[??] others required many more cycles to provide
detectable amounts of the expanded material. In order to detect even less
easily expanding fragments, we mostly used 35 or 20 cycles in the present
experiments. PCR is further characterized by two temperatures. The first is
the temperature at which the PCR is extended. We tested its influence and
found negligible effects. That is why the extension temperature was fixed
at 72°C in all present experiments. In contrast, the other temperature, i.e.
annealing temperature Ta, was found to influence the results significantly.
That is why we performed most of the present experiments at various
annealing temperatures within 37-72°C.

The PCR results were furthermore influenced by the reagents contained
in the PCR samples. We performed numerous control experiments when
either the polymerase or the oligonucleotide was missing in the PCR
solution and we had never detected any amplified material as expected.
We also tested the effect of the oligonucleotide concentration but detected
no qualitative effect within wide limits (0.125-2.0 ng). The concentration
of KClI influenced the results. The maximum amplification was observed
at 50 mM KCI, which is the concentration recommended by the Taq
polymerase producer. Similarly, the optimum effect was observed at 1.5
mM and 2.0 mM MgCly, which also is the value recommended by the Taq
polymerase producer. The value of pH of the PCR buffer had a strong effect
on the amplification, being optimum at slightly alkaline values (~8.8) as
recommended by the producer again. Hence, we performed all following
experiments in the PCR buffer, pH 8,8, containing 50 mM KCI, 1.5 mM
MgCly, and 2.0 ug of the oligonucleotide.

Electrophoresis was run in 1% agarose gels (Serva, Electrophoresis, Hei-
delberg, Germany) stained with ethidium (Top-Bio). The electrophoresis
lasted 1 hour at 80 V and 50 mA. 15 ul of the PCR sample were loaded
on the gels. ADNA/HindIII (MBI Fermentas, Ontario, Canada) was used
as a marker. The digest contains fragments whose length is 564-23130 bp.
Then the DNA was visualized under UV light, the gel was photographed,
and the negative was scanned using the Personal Densitometer SI, Model
375 A (Molecular Dynamics, Sunnyvale, CA).
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The amplified material was digested by the DNase I, P1, and S1
nucleases. The digestions were performed at small steps of the nuclease
concentrations within 0.0025-80 U/ml. The reaction mixture contained 4
ul of the PCR product, the required amount of the nuclease and the samples
were complemented by the reaction buffer to the volume of 15 ul. The
reaction buffer was specific for each nuclease. The digestion was carried
10 minutes at 37°C. The reaction was stopped by addition of 3.2 ul of 0.1 M
EDTA in an ice-bath. The digestion was followed by electrophoresis in a 1%
agarose gel and ethidium staining.

RESULTS
Expanding and Nonexpanding Fragments

We performed over 3500 PCR reactions under various conditions with
more than 400 DNA fragments of 4-150 nucleotide residues in length.
Some of the fragments were found to expand into kilobasepair lengths
during PCR whereas others did not expand at all. The expanding fragments
included e.g. (TA)g, (TG)s, (CA)s, and (AAG)s and the nonexpanding
fragments included, for example, (CTGTTATGCCTACTT), (ATAGCAGT-
GCAGCTT), (TCAGTTCCATAGGTT), (AACTACCTACAGAGA), and
(GCTTTAGAATGTGGT) (Figure 1). The fragments that did not expand
under any conditions tested in this work (see below) are summarized in
Table 1. They constitute 14.8% of the tested fragments (61 of 411) and their
primary structure at first sight differs from the expanding fragments by its
non-repetitive nature. However, not all repetitive DNA expands.

(G+C) Fragments

Figure 1 shows that many repetitive DNA fragments expand in the
course of PCR whereas most non-repetitive fragments do not expand.
However, not every repetitive fragment expands. (G+C) fragments (GC)s,
(GC)3, and (CG)s (not shown) serve as examples. Many other (G+C)
fragments also do not expand. These include (CGg), C4(GC) oGy, Co(GC)4
Go, G4(CG)9Cy, C4Gy, and C7Gy. Gy also does not expand. It presumably
generates highly stable guanine tetraplexes in the course of PCR. The
tetraplexes hinder replication[%] and, hence, the expansion as well. On
the other hand, (CoGo)s, (C3Gs)2, (C3Gs)4, and especially (CoGo)p expand
in the course of PCR!??! so that the primary structure and not the very
high (G+C) content prohibits the expansion. We also examined (CCG),
and related oligonucleotides (Figure 2) relevant to the expansion causing
fragility of the chromosome X[24]. (CCG)g provided high amounts of about
a b kbp fragment even after 20 PCR cycles (T, = 60°C). (CGC)g expanded
to only 0.5 kbp under these conditions whereas (GCC)g was intermediate (2



09: 26 26 January 2011

Downl oaded At:

Factors Influencing DNA Expansion in the Course of PCR

TABLE 1 Primary structures of DNA fragments that did not expand even at 35 cycles. The annealing

temperatures are given in parentheses

A (87-72°C)

TsAs (87, 50, 60, 72°C)
(CG4)4 (87-72°C)

(GAA)3 (37, 50, 60, 72°C)
(GAA) 95 (87, 50, 60, 72°C)
(GAA)3G (37, 50, 60, 72°C)
(GAA)4GA (87, 50, 60, 72°C)
(AAG)sA (87, 50, 60, 72°C)
(AAG)4AA (37, 50, 60, 72°C)
(AGA)4A (87, 50, 60, 72°C)
(TTC) 10 (37, 50, 60, 72°C)
(TTC)6TT (37, 50, 60, 72°C)
(TCT)sT (37, 50, 60, 72°C)
(CAG)3 (87, 50, 60, 72°C)
(GCA)s3 (87, 50, 60, 72°C)
CGA(GCC)3 (87-72°C)
(CTG)sC (87, 50, 60, 72°C)
(CGAA)9CG (87-72°C)
TCGATCGA (37-72°C)

Agg (87-72°C)

AgT4 (87, 50, 60, 72°C)
G4T4Gy (87-72°C)

(GAA)4 (37, 50, 60, 72°C)
(GAA) 49 (87, 50, 60, 72°C)
(GAA) 4G (87, 50, 60, 72°C)
(AAG)s (37, 50, 60, 72°C)
(AAG)4A (87, 50, 60, 72°C)
(AGA)s (37, 50, 60, 72°C)
(AGA)4AG (87, 50, 60, 72°C)
(TTC)sT (37, 50, 60, 72°C)
(TTC)1oTT (37, 50, 60, 72°C)
(CTT)s (37, 50, 60, 72°C)
(AGQ)sA (37, 50, 60, 72°C)
(GCA) 3G (37, 50, 60, 72°C)
CGA(CGQC)3 (37-72°C)
(CTG)sCT (37, 50, 60, 72°C)
TATAGTAC (87-72°C)
(TTAGGG)q9 (62, 72°C)

TTGCGAAGCAAAACACACACACAGCGAAGC (60°C)
TTAAGGGGAATGTTAGGGTCAGT (4-99°C)
CCAGTGGTAAAGCAGACGCT (4-99°C)
TTCCCCCTAGGAGTGGAATTA (4-99°C)

Goo (37-72°C)

T4(TA)4A4 (37, 50, 60, 72°C)
G4A4Gy (37-72°C)

(GAA) 9 (37, 50, 60, 72°C)
(GAA)50 (37, 50, 60, 72°C)
(GAA)3GA (37, 50, 60,72°C)
(AAG)4 (37, 50, 60, 72°C)
(AAG)3AA (37, 50, 60, 72°C)
(AGA)4 (37, 50, 60, 72°C)
(TTC)3 (87, 50, 60,72°C)
(TTC)sTT (87, 50, 60, 72°C)
(TCT)3 (87, 50, 60, 72°C)
(CTT)sCT (37, 50, 60, 72°C)
(AGC)3AA (37, 50, 60, 72°C)
(GCA)3GC (87, 50, 60, 72°C)
(CTG)s (87, 50, 60, 72°C)

TGC(AGC)9AG (37, 50, 60, 72°C)

CGAGACG (37-72°C)
(ACC)3CGCip (60, 72°C)

1 2

FIGURE 1 Products of PCR reactions of DNA fragments containing repetitive and non-repetitive
primary structures. (lane 1) ADNA/Hind III marker, (lane 2) CTGTTATGCCTACTT, (lane 3) (TA)s,
(lane 4) ATAGCAGTGCAGCTT, (lane 5) (TG)s, (lane 6) TCAGTTCCATAGGTT, (lane 7) (CA)s, (lane
8) AACTACCTACAGAGA, (lane 9) (AAG)s, (lane 10) GCTTTAGAATGTGGT. All of the PCRs were run

3 4 5 6 7

at 35 cycles, annealing temperature 60°C.

9 10
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1 2 3 4 5 6 7 8 9 10 11 12

FIGURE 2 Products of PCR reactions of (G+C) fragments of DNA. (lane 1) ADNA/Hind III marker,
(lane 2) (CCG)4, (lane 3) (CGC)4, (lane 4) (GCC)4, (lane 5) (CCG)s, (lane 6) (CGC)s, (lane 7)
(GCC)g, (lane 8) (GGQO)sg, (lane 9) (GCG)g, (lane 10) (CGG)g, (lane 11) (CCCG)s5, (lane 12) (CGGG)s.
20 PCR cycles, annealing temperature 60°C.

kbp). (CCG)4, (CGC)y4, and (GCC)4 provided 0.7, 5, and 4 kbp fragments
under the same conditions respectively. (CGG)g, (GCG)g, and (GGC)g
did not expand to indicate that pyrimidine-rich strands expand better
than purine-rich strands (see below). The same conclusion was reached
with another complementary (G+C) repeat couple, that is, (CCCG)5 and
(CGGG)s5, where the former 20-mer expanded whereas the latter did not.

(A+T)-Rich Fragments

(A+T)-rich fragments expanded much better than the (G+4C)-rich
ones. But fragments containing only A or T or (A+T) also behaved
various ways (Figure 3). Tis expanded dramatically whereas Ajs and Agg
did not expand. AgTg expanded but TgAg did not. The selfcomplementary
T4(TA)4A4 sequence was refractory to the expansion but the fragments
containing Ty tails, that is, (TA)gT4 and T4(TA)g both expanded. Ty4, Tis,
Tog and Teo all expanded. (TA)gTe also expanded. A4Tg expanded like
AgTg but only at some (37, 60°C) but not other (50, 72°C) annealing
temperatures. This nonmonotonic temperature dependence seems to result
from mechanistic complexity of the expansion, such as competition between
sequence annealing and polymerase activity. (TTG)7;TT expanded but much
less than (GTT);GT. These two fragments were chosen for the present
experiments because their occurrence in the human genome differs a lot,
the former occuring 635 times in the human genome whereas the latter
only exhibits 3 occurrences.[?®] Their complement, that is, AA(CAA)~,
expanded less. (TA)g4 provided a lot of the expanded material but the
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1 2 3 4 5 6 7 & 9 10 11 12

FIGURE 3 PCR products of (A+T) fragments of DNA. (lane 2) Ty, (lane 3) Ajq, (lane 4) A4Tg, (lane
5) AgTg, (lane 6) TgAg, (lane 7) (TA)gTo, (lane 8) (TA)gTy4, (lane 9) T4(TA)s, (lane 10) T4 (TA)4A4,
(lane 11) (TA)g, (lane 12) (TA)g4. Marker (lane 1) is the ADNA/Hind III digest. 35 cycles, annealing
temperature 60°C.

expanded material length was much shorter than with, for example, (TA)s.
It follows from the experiments with the (TA), series of fragments that
very short fragments, for example, (TA); or (TA)s, are not amplified
at all, (TA)7 or (TA)g amplify best, whereas (TA);s or (TA)gs amplify
much less or not at all. This behavior may indicate that the amplified
oligonucleotide conformers should neither be too thermolabile nor too
thermostable.

(CTG), and (CAG),, Expansions

(CTG), and (CAG), repeat expansions accompany many neurological
diseases®! which is why we examined their expansions during PCR. (CAG);
C provides a continuous smear of long expanded products whereas (CAG)g
and (CAG)sCA expand less and the products are discrete rather than
continuous (Figure 4). The discrete products are also provided by (AGC)s A
whereas (AGC)g and (AGC)sAG provide much larger amounts of continu-
ous products. (GCA)¢ provides discrete products, (GCA)G provides contin-
uous products but (GCA)gGC does not expand at all (Figure 4). These data
indicate that ends of the fragments are important for the expansion. Stabil-
ity conferred by two strong bases at both ends of the fragments abolishes
the expansion entirely (but see below). We also observed interesting effects
of the expanding oligonucleotide length on the expansion. For example,
(AGC)3AG and (AGC)4AG provided rather a small amount of the expanded
material whereas (AGC)sAG and (AGC)10AG expanded much more



09: 26 26 January 2011

Downl oaded At:

72 J. Vondruskova et al.

1 2 3 4 5 6 7 8 9 10

FIGURE 4 PCR (35 cycles, annealing temperature 50°C) products of (CAG), fragments variants
and permutations differing by the terminal nucleotides. (lane 1) the ADNA/Hind III marker, (lane
2) (CAG)g, (lane 3) (CAG)gC, (lane 4) (CAG)sCA, (lane 5) (AGC)g, (lane 6) (AGC)gA, (lane 7)
(AGC)6AG, (lane 8) (GCA)g, (lane 9) (GCA)gG, (lane 10) (GCA)GC.

(Figure 5). However, molecules of the same length and nucleotide com-
position expanded differently depending on the primary structure. For ex-
ample, (AGC)19AG expanded a lot, (TGC)19TG and (CAG)¢oCA expanded
much less and (GCA)19 GC did not expand at all. The latter effect seemed to
be caused by the presence of two strong bases on both ends of the molecule
again, but this was not true because (AGC)s AA did not expand as well.

annealing temperature
37 50 60 72 37 50 60 72 37 50 60 72 37 50 60 72

M

[ I I I
(AGC);AG (AGC),AG (AGC)sAG (AGC)10AG
FIGURE 5 PCR (35 cycles) of (AGC),AG, n = 3, 4, 6, and 10 at the indicated annealing temperatures.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

FIGURE 6 PCR (35 cycles, annealing temperature 60°C) products of (lane 2) (CAG)ig, (lane 3)
(CAG) 119G, (lane 4) (CAG)19CA, (lane 5) (CTG)q9, (lane 6) (CTG)1oC, (lane 7) (CTG)1oCT, (lane 8)
(GCA)19, (lane 9) (GCA)19G, (lane 10) (GCA)19GC, (lane 11) (TGC)q9, (lane 12) (TGC)1oT, (lane 13)
(TGC)19TG, (lane 14) (AGC)1g, (lane 15) (AGC)10A, (lane 16) (AGC)10AG, (lane 17) (GCT)q9, (lane
18) (GCT)10G, (lane 19) (GCT)19GC. (lane 1) the ADNA/Hind III marker.

On the other hand, (AGC)3AC did expand whereas (AGC)3AT displayed
a much smaller tendency for the expansion. Finally, we studied 32-mers
differing by only the 5’end nucleotide and found that TGC(AGC)AG did
not expand at all whereas GGC(AGC)9AG and CGC(AGC)9AG provided
small amounts of expanded discrete length molecules.

(CAG),, n = 17, 20, 25, 30, all expanded and the longest molecules
were provided by (CAG)gs. Analogous (CTG), fragments expanded less
(not shown). (CAG)19, (CAG)19 G and (CAG);¢CA expanded similarly, but
there were qualitative differences in the expansion of (AGC);p A (almost
no expansion, Figure 6), (AGC)190AG (extensive expansion) and (AGC)
(small expansion). Hence, the 3’end terminal G in (AGC)pAG caused the
expansion of this 32-mer. However (GCA);9 GC did not almost expand,
and (GCA)19 and (GCA)19G did not expand as well. (CTG)19, (CTG)1o
C, (CTG)l()CT, (TGC)lo, (TGC)lo T, (TGC)loTG, (GCT)lo, (GCT)H)G, and
(GCT)19 GC were all almost reluctant to the expansion.

Further experiments with a (CTG), set of fragments showed that
(CTG)s, (CTG)3C, and (CTG)3CT did not expand at any annealing tem-
perature within 37-72°C whereas (TGC)s modestly expanded at 37, 50,
and 60°C (not shown). (TGC)sT provided two major discrete bands and
(TGC)3TG provided an average of the amplification products obtained with
(TGC)3 and (TGC)3TG. The sequence permutation (GCT)s, (GCT)sG,
and (GCT)s GC surprisingly provided more expanded material than the
previous set. This was especially surprising with (GCT)sGC that has two
strong bases (G or C) at both ends because (GCA)3sGC does not expand
at all. (CTG)4 slightly expands, (CTG)4C expands more and (CTG)sCT



Downl oaded At: 09:26 26 January 2011

74 J. Vondruskovd et al.

provides a similar but stronger ladder of expanded fragments at 50°C like
(CTG) 4 (TGC) 4 (TGC)4TG and especially (TGC)sTG expanded more than
the previous set. (GCT)4 provided a small amount of expanded material.
(GCT)3G and (GCT)4GC provided much more expanded material but the
molecules were short.

(GAA), and Other Purine-Rich Nucleotide Fragments

Purine nucleotide fragments, thst is, AGGAA, (AGGAA)9, (AGGAA)s,
and (AGGAA)3GAGAA did not expand (not shown) at any exam-
ined annealing temperature (37, 50, 60, 72°C) at 20 cycles. However
(TA)s§GCGAAGC and GCGAAGC(TA)g expanded at 60°C but not at 37,
50, 72°C. The GCGAAGC sequence folds into a superstable hairpin.[?%]
GCGAAAGCT did not expand but (GCGAAAGCT)s did though the ex-
panded material was only about 200 base pairs in length. AGCTTTCGC
also did not expand but (AGCTTTCGC)qdid at 50°C but not at 37, 60, and
72°C. Neither (AGGAA)4 nor GGAGGGAG did expand at any examined
annealing temperature (37, 50, 60, 72°C). (TGGTT)4 did not expand
but (TGGTA)4 did. Expansion of (GAA), repeats is related to Friedreich
ataxia.!?”! Initially, we performed PCR of (GAA)s, (GAA)3G, (GAA)3GA,
(AAG)3, (AAG)sA, (AAG)3AA, (AGA)s3, (AGA)sA, and (AGA)3AG and
found that only (AGA)sA and (AGA)3AG were expanded at 37°C. The
expansion of these two fragments vanished at 50, 60, and 72°C and the
remaining seven fragments did not expand at any of the four annealing
temperatures. Lengthening of the fragments by one GAA triplet totally
eliminated the expansions because (GAA)4, (GAA)4G, (GAA)4GA, (AAG)4,
(AAG)4A, (AAG)4AA, (AGA)4, (AGA)4A, and (AGA)4AG failed to expand
at any of the four annealing temperatures. Obviously, the purine nucleotide
strands of DNA are reluctant to the expansion. Lengthening of the purine
nucleotide fragments by two more GAA triplets led to expansion of (GAA)g
and (GAA)gG at 37°C, and mainly (AAG)e (Figure 7) at 37, 50, and
60°C. Expansions or formation of separate heavy electrophoretic bands
were observed after PCR of (AAG)gA, (AAG)sAA, (AGA)gs, (AGA)gA, and
(AGA)6AG at 37°C. Lengthening of the fragments by four more GAA
repeats led to a strong expansion of (AGA);gAG at all four annealing
temperatures, whereas (GAA)(G slighly expanded at 37°C and 50°C, and
(AAG) 10A, (AAG)10AA, (AGA) 19, and (AGA) oA slightly expanded at 37°C.
Very weak or no expansions were observed with (GAA)19, (GAA)190GA, and
(AAG)19. Further lengthening led to expansion of (GAA)s, at all four
annealing temperatures whereas (GAA) 17, (GAA) 9, and (GAA) 95 expanded
very slightly or not at all (Figure 8). (GAA)4 and (GAA)s5¢ did not expand
at all. Treatment of the amplified product of (GAA)sy by DNase I led to
the product elimination whereas the single specific nucleases P1 and S1
exerted no significant effect on the PCR product. This indicates that the
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1 2 3 4 5 6 7 8 9 10

FIGURE 7 PCR products of (lane 2) (GAA)g, (lane 3) (GAA)G, (lane 4) (GAA)GA, (lane 5) (AGA)s,
(lane 6) (AGA)gA, (lane 7) (AGA)sAG, (lane 8) (AAG)g, (lane 9) (AAG)gA and (lane 10) (AAG)gAA.
(lane 1) marker ADNA/Hind III. 35cycles, annealing temperature 37°C.

PCR product is double-stranded DNA. This suggestion is corroborated by
the fact that the product is stained by ethidium.

We have also performed experiments with (GA);p and (AG);y (not
shown). (GA)1¢ provided short (about 2 kbp) molecules at lower annealing
temperatures but long (about 20 kbp) at high annealing temperatures.
(AG)19 expanded significantly less providing about 2 kbp molecules, at
most, even at high annealing temperatures. This is another illustration that
the terminal nucleotides are very important for the expansion mechanism
analyzed in this study. It is interesting that the very long molecules were
obtained with (GA);y even in the absence of dCTP or dGTP whereas
dATP and dTTP were absolutely necessary to obtain the long molecules

M 3 4 6 10 17 20 25 30 40 50=n

FIGURE 8 Dependence of the expansions of (GAA), on the number n of the GAA repeats. 35 cycles,
annealing temperature 37°C. M is the ADNA/Hind III marker.
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(not shown). This indicates that the expanded molecules are duplexes of
poly(dA-dT) rather than poly(dA-dG)-poly(dC-dT). On the other hand,
(AG) 1 failed to expand in the absence of any of the four triphosphates.
We also have tried PCR with (GA)3 (TA)4 (GA)s and CGAGACG but none
of them was found to expand.

(TTC), Strands

(TTC)y, strands are complementary to the (GAA), strands and, there-
fore, their expansions are also relevant to Friedreich ataxia.l?”] We per-
formed PCR at the usual four annealing temperatures (37, 50, 60, and
72°C) with (TTC),, n = 3, 4, 6, 10, 17, 20, 25, 30, 40, and 50, (TTC),T,
n = 3, 4, 6, 10, (TTC),TT, n = 3, 4, 6, 10, (TCT),, n = 3, 4, 6, 10,
(TCT),T, n = 3, 4, 6, 10, (TCT),TC, n = 3, 4, 6, 10, (CTT),, n = 3,
4, 6, 10, (CTT)3C, n = 3, 4, 6, 10, (CTT),CT, n = 3, 4, 6, 10. Large
amounts of the most expanded molecules were provided by (TTC)4 at 37°C
whereas 50°C and higher temperatures led to no expansion of (TTC)4
(Figure 9). (TTC)95 was another strongly expanding molecule (Figure 9).
It provided large amounts of the most expanded molecules at all four
annealing temperatures. Remarkably (TTC) 1o did not expand atall. (TTC)g
expanded at lower temperatures whereas (TTC);7 provided large amounts
of relatively short molecules. (TTC)¢ provided a lot of relatively short PCR
products at 37°C, but small amounts of the PCR products of a similar length
at 50°C and 60°C, and no expanded molecules at 72°C. (TTC)3 neither
expanded at 72°C whereas it provided a lot of PCR product at 37°C and
50°C. (TTC)49 and (TTC)5¢ both failed to expand at 50, 60, and 72°C and
they provided a little bit of the PCR product at 37°C.

‘M 3 4 6 1017 20 25 30 40 50=n

FIGURE 9 Dependence of the expansions of (TTC),, on the number n of the TTC repeats. 35 cycles,
annealing temperature 37°C. M is the ADNA/Hind III marker.
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(TTC)sT did not expand at all, (TTC)4T expanded at 37°C but not
at 50, 60, and 72°C, (TTC)T and (TTC)T provided a lot of the PCR
product at 37°C and 50°C whose length was, however, longer with (TTC)¢T.
None of the two fragments expanded at 72°C. (TTC)sTT, (TTC)sTT, and
(TTC)10TT expanded at any of the four annealing temperatures whereas
(TTC)4TT provided a medium amount of very long molecules at 37°C and
50°C, but not at 60°C and 72°C.

(TCT)3 did not expand whereas (TCT)4 and (TCT)¢ generated mostly
medium amounts of long molecules at the lower annealing tempera-
tures but not at the higher annealing temperatures. Neither (TCT);¢ nor
(TCT)sT expanded. In contrast, (TCT)4T and (TCT)eT belonged among
the most expanding molecules at the lower temperatures whereas the
higher annealing temperatures eliminated the expansion. (TCT)3TC also
belonged among the most expanding molecules at the lower temperatures.
(TCT)4TC expanded less. (TCT)sTC was still more reluctant to the expan-
sion but, remarkably, (TCT)oTC generated a lot of the expanded material
at 50°C and 60°C though the material was of a medium length.

(CTT)s did not expand, (CTT)4 expanded a lot at 37°C, (CTT)¢ and
(CTT)10 expanded rather less. Unlike (CTT)s, (CTT)3C expanded a lot
at 37°C as did (CTT)4C at 50°C and (CTT)gC at 37°C and 50°C. In
contrast, (CTT)19C did not expand almost at all. (CTT)3CT did not expand,
(CTT)4CT did a lot at 37°C, and (CTT)CT and (CTT);(CT expanded
modestly at the lower temperatures. It is remarkable that (TCT)e, (TCT)sT
and (CTT)eCT expanded much better than (TTC)¢TT and (TCT)sTC
(Figure 10).

1 p 3 4 5 6 7 8 9 10

FIGURE 10 PCR products of (lane 2) (TTC)e, (lane 3) (TTC)¢T, (lane 4) (TTC)eTT, (lane 5) (TCT)s,
(lane 6) (TCT)¢T, (lane 7) (TCT)¢TC, (lane 8) (CTT)g, (lane 9) (CTT)6C and (lane 10) (CTT)sCT.
(lane 1) marker ADNA/Hind III. 35cycles, annealing temperature 37°C.
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M 1 2 3 4 5 6

FIGURE 11 PCR products of (lane 1) (GAA)7, (lane 2) equimolar mixture of (GAA)ywith (TTC)7,
(lane 3) (TTC)7, (lane 4) (CAG)sg, (lane 5) equimolar mixture of (CAG)g with (CTG)g, and (lane 6)
(CTG)s. 20cycles, annealing temperature 60°C. (lane M) the ADNA/Hind III marker.

Duplexes of Complementary Strands

We also have performed many experiments with mixtures of comple-
mentary strands. A general conclusion following from these experiments
is that the mixtures provide more expanded material than the separate
strands. An extreme example is provided by (GAA)7 and (TTC)7 none of
which is expanded in the course of PCR whereas the equimolar mixture of
(GAA)7 with (TTC)7 gives a lot of the expanded material (Figure 11). The
equimolar mixture of (CAG)g and (CTG)g also provides longer molecules
than either separate (CAG)g or (CTG)g (Figure 11). These experiments
demonstrate that duplex formation promotes DNA expansion during PCR.

DISCUSSION

This work deals with the phenomenon of DNA expansion when short
fragments of DNA are at the beginning of the reaction and multikilobase
molecules of DNA are at the end of the reaction. The experiments are
relevant to two biologically relevant issues. Firstly DNA expansions are con-
nected with many diseases including neurological diseases'®! and cancer.!”!
Second, microsatellites change their length within non-pathological limits,
which is a means of genome evolution and modulation of its function.[*!
Both of these issues are fundamental for biology and medicine and,
therefore, understanding of the mechanisms of DNA expansion is of a
great interest. The mechanism is what we have tried to understand in
this work. We performed a bioinformatic analysis of the DNA length
expansion in eukaryotic genomes leading to a conclusion that the length
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expansion is a general property of simple sequence repeats in eukaryotic
genomes,!?8] with a possible exception of those simple sequence repeats
where the CG dinucleotide is combined with TA pairs in the repeat, or
the TA dinucleotide is combined with GC pairs in the repeat (J. Kypr and
J. Mrazek, unpublished). On the other hand, the simple sequence repeats
occur in prokaryotic genomes in similar amounts as in the correspomding
randomized sequences (J. Kypr and J. Mrazek, unpublished). Hence, a
eukaryote-specific property, most probably a protein or proteins, contribute
to the expansion phenomenon.

Here, we studied the possible contribution of DNA structure of the
expansion phenomenon by means of PCR. With some oligonucleotides,
for example, (TA)g, only a few PCR cycles sufficed to obtain expanded
DNA molecules whereas 35 cycles were necessary to observe a similar effect
with other oligonucleotides. Expanded molecules were even obtained with
simple repeats such as (CA),, (CTT), and others for which we have never
observed homoduplex formation under the conditions of PCR, that is, at
the alkaline pH. Hence, the duplex formation either is not necessary for
the molecules to expand, which, therefore, would require an unprimed
activity of the Taq polymerase, or the Taq polymerase somehow stabilizes the
duplex formation. PCR is an exponential method so that very few duplexes
suffice to generate the expanded molecules. Very short molecules, for
example, (TA)4, do not expand presumably because they do not generate
stable duplexes, and relatively long molecules, for example, (TA)q, also
do not expand, presumably because they generate too stable conformers
that also are not the best substrates for the expansion. We imagine that
the optimum conformer is a slipped duplex or a slipped hairpin!!%!!
where the slippage generates single-stranded ends. The slipped conformers
may serve as a template for the polymerase. The polymerase adds the
missing nucleotides and this way expands the molecule. Then the sample is
denatured, other slipped conformers arise after annealing and the process is
repeated. However, this proposal does not expain all observations presented
in this article. At present, we cannot offer an exhaustive explanation of all
our observations.

Yet, there are several rules that we were able to derive form the
experiments reported in this article. First, the PCR result depends on the
number of PCR cycles. Some fragments, for example, (TA)g are heavily
expanded even after two cycles and the further cycles significantly change
neither the length nor the amount of the expanded material. On the other
hand, a majority of the other fragments provides detectable amounts of the
expanded material only after many more (e.g., 35) PCR cycles. Second,
the expansion depends on the polymerase. Taq polymerase provides the
largert amounts of the expanded material among the polymerases we tested
(unpublished data). Third, the expanded material mostly are the normal
Watson-Crick duplexes as indicated by the dependence of the expansion



09: 26 26 January 2011

Downl oaded At:

80 J. Vondruskova et al.

phenomenon on the presence of all of the four triphosphates, staining of
the expanded molecules by ethidium, digestion by the DNase I nuclease
and the resistance of the P1 and Sl nucleases. Fourth, the PCR product
depends on the annealing temperature. The expanded material mostly is
detected at some annealing temperatures but not at others. The annealing
temperatures leading and not leading to the expanded PCR product
depend on the original DNA fragment present in the PCR sample. On the
other hand, the expansion does not significantly depend on the extension
temperature. Fifth, most expanded molecules arise at the pH values and the
MgCly and KCI concentrations recommended by the polymerase producer.
Sixth, the PCR result depends on the length of the DNA fragment. Too short
as well as too long fragments expand much less than intermediate fragments
whose length lies within approximately 10-25 nucleotides. Seventh, temper-
ature melting experiments demonstrate!??] that the annealing temperatures
leading to expansion cause total denaturation of the fragment duplexes or
hairpins that are formed, for example, in the case of selfcomplementary
sequences such as (TA),. Eighth, we observe massive expansion even with
fragments such as T,, or (CA), where we have never observed homoduplex
formation at the alkaline pH values used for PCR. Ninth, some apparently
small changes of the fragment primary structure cause qualitative changes
in the expansion. For example, AgTg belongs among the most expandable
molecules whereas TgAg does not expand at all. Some fragments composed
only of G and C do not expand at all whereas others do. Hence, neither
the (G+4C) content is a decisive factor though (A+4T)-rich molecules, on
average, expand better than the (G+C)-rich ones. Tenth, pyrimidine-rich
fragments expand better than purine-rich fragments. Eleventh, terminal
nucleotides seem to influence expansion more than internal nucleotides.
Specifically, terminal G and C nucleotides frequently, but not always,
suppress the expansion.

This article presents a large body of experimental data, that is, more
than 3500 polymerase chain reactions with more than 400 DNA oligonu-
cleotides. The experiments permitted us to identify factors influencing
results of the PCR, as described above. The amplification is found to be
promoted by a repetitive primary structure of DNA, its length being within
10-25 nucleotides, an appropriate annealing temperature, (A+T)-richness,
pyrimidine-richness and an absence of (G+C)-rich ends. Evidently, the
process of DNA expansion is a much more complex phenomenon than
we thought at the beginning of this project. In addition, proteins other
than polymerases certainly influence the expansion in vivo. The expansion
is worth of further detailed studies. However, the present, relatively very
simple experimental design can be used to study DNA structure aspects
contributing to microsatellite length polymorphism. This contribution is
important because the mocrosatellite length polymorphism discriminates
among individuals of the same organism as well as belongs to factors causing
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pathological microsatellite expansion in many neurological diseases and
cancer.
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