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Several disorders are caused by the
genomic expansion of a trinucleotide
repeat beyond a specific critical size in
the coding region of genes. The largest
group of these diseases, which includes
Huntington’s disease and the spin-
ocerebellar ataxias of type 1, 2, 3, 6,
and 7, are caused by expansion of a
CAG repeat resulting in proteins with
an expanded polyglutamine stretch
(14). A correlation between the lengths
of the repeat and the age of onset of the
diseases has been found. However,
functional studies and the generation of
cell and animal models expressing very
long repeats have been hampered by
the significant instability of long per-
fect CAG repeats in E. coli (2,9,10,13)
and the constraints on the size of homo-
geneous CAG repeats that can be effi-
ciently and accurately produced using
PCR (1,13). Several PCR-based meth-
ods for cloning long repeats and intro-
ducing these repeats in target genes
have, nevertheless, been described, but
these methods have not resulted in the
generation of stable clones with very
long repeats (5,6,11). We now report on
a strategy that exploits both the redun-
dancy of the genetic code and the spe-
cial properties of type II restriction en-
zymes, which cleave at an exact
distance outside their recognition site to
generate constructs expressing long ho-
mopolymeric amino acid repeats. The
method described here is fast, easy to
perform, and results in stable constructs
encompassing very long repeats.

First, we tested whether the stability
problems of homogeneous CAG repeats
could be solved by the interruption of a
perfect repeat at the DNA level by an-
other triplet encoding the same amino
acid (i.e., for polyglutamine interruption
of a CAG repeat with CAA). Mixed
CAG/CAA repeats were constructed us-
ing two complementary synthetic DNA

oligonucleotides 5′-GCAGCAACAGC-
AGCAGCAACA-3′ and 5′-TGCT-
GTTGCTGCTGCTGTTGC-3′. Oligo-
nucleotides were phosphorylated with
T4 polynucleotide kinase (Amersham
Biosciences, Piscataway, NJ, USA), hy-
bridized and ligated using T4 DNA lig-
ase (Roche Applied Science, Indianapo-
lis, IN, USA). Ligation yields a 21-bp
repeat with the basic sequence
[(CAG)2-CAA-(CAG)3-CAA]n. The li-
gated fragments were treated with Am-
pliTaq® DNA polymerase (Applied
Biosystems, Foster City, CA, USA) to
create an A extension, followed by elec-
trophoresis on a 2% agarose gel, and the
isolation of fragments in the 300–400
bp size range using the Nucleotrap ex-
traction kit (Macherey-Nagel, Düren,
Germany). The purified fragments were
subcloned in the pGEM®-T Easy vector
containing T extensions (Promega,
Madison, WI, USA) and transformed to
STBL-2 cells (Invitrogen, Carlsbad,
CA, USA). The insert lengths of the
clones obtained were determined with

PCR (buffer: 16.6 mM [NH4]SO4, 67
mM Tris-HCl, pH 8.8, 10 mM β-mer-
captoethanol, 6.7 µM EDTA, and 170
µg/mL BSA) using M13-primers, and
both strands of the three largest inserts
were sequenced with the T7-primer and
the M13-reverse primer, respectively.
One clone, designated p98Gln, con-
tained a mixed repeat encoding a per-
fect Gln-repeat of 98 residues. The two
other clones had one or more variations
that caused an interruption of the encod-
ed Gln-repeat sequence.

To test the stability of the insert in E.
coli, p98Gln was transformed to a
bacterial strain often used in cloning ex-
periments, XL-1 Blue® (Stratagene, La
Jolla, CA, USA). Plasmid DNA was iso-
lated from independent colonies, and the
insert lengths were determined with re-
striction enzyme digestion. Nine out of
10 contained an insert of the appropriate
length; one clone contained a deletion of
about 20 bp (probably one 21-mer re-
peat unit). To determine the insert
lengths of the first nine clones more ac-
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Figure 1. Comparison of perfect CAG and mixed CAG/CAA repeats. (A) Analysis of lengths of the
98 mixed repeat present in independent plasmid preparations of p98Gln. Insert sequences present in the
independent preparations of p98Gln were amplified by PCR with fluorescent primers. The lengths of the
resulting fragments were determined with ALF sequencer analysis. An arrow indicates the position of
the peaks derived from the p98Gln fragments. The other two peaks indicated with numbers correspond to
the internal standards used for sizing measuring 335 and 501 bp respectively. (B) Comparison of PCR
amplification of a perfect and a 98 mixed repeat. PCR fragments containing a perfect 73 CAG repeat and
a 98 mixed repeat were compared. The relevant peaks for both fragments are indicated with an arrow.
The two other peaks indicated with numbers correspond to the internal standards used for sizing. (C)
Analysis of lengths of approximately 300 mixed repeats present in independent plasmid preparations of
p291Gln. Insert sequences present in the independent preparations of p291Gln were amplified by PCR
(lane 1–8). The lengths of the resulting fragments were determined with agarose gel electrophoresis. The
positions of the 100- and 600-bp fragments of the DNA molecular weight marker are indicated (lane M).



curately, repeat sizes were determined
via automated laser fluorescence (ALF)
sequencer analysis (Amersham Bio-
sciences) after PCR amplification using
fluorescent oligonucleotide primers.
Figure 1A shows an example of such an
experiment. The three plasmids shown
contain exactly the same length of insert,
as visualized by peaks at exactly the
same position. The other six clones
show exactly the same pattern (results
not shown). Perfect repeats in the same
size range, including 98-repeat se-
quences, can already be unstable (10).

In addition, we compared the pattern
obtained after ALF analysis for a mixed
repeat and a perfect CAG repeat (Figure
1B). In agreement with previous stud-
ies, PCR amplification across perfect
CAG repeats results in a peak at the ex-
pected position with a typical “stutter”,
which is probably caused by trinu-
cleotide slippage during PCR (1,12,13).
In contrast, mixed repeats gave rise to
very sharp peaks at the expected posi-
tion without any stutter (Figure 1B).
Moreover, fragments containing long
mixed repeats always give rise to much
higher peaks in ALF experiments than
fragments containing long perfect CAG
repeats (Figure 1B). A similar differ-
ence in yield is also observed when
PCR fragments were analyzed using
agarose gel electrophoresis. These re-
sults suggest that interruption of a CAG
repeat by CAA sequences significantly
alters the accuracy and efficiency of its
replication by Taq DNA polymerase.

Since the mixed-repeat approach
was successful for an approximately
100-repeat sequence, we decided to
clone even longer mixed-repeat stretch-
es. Plasmid p98Gln was used as the
starting point. PCR forward primers 5′-
AAGGATCCGGATGGAATTCGATT-
TGCTGTTG-3′ and reverse primers 
5′-AAGGATCCGGATGTAGTGATT-
AGCAACAGCAG-3′ were designed.
These primers contain the recognition
sequence for the type II restriction en-
zyme FokI, which cleaves at an exact
distance outside its recognition site (5′-
GGATG-(N)9-3′/5′-(N)13CATCC-3′),
followed by sequences complementary
to vector sequences of p98Gln allowing
a specific priming on sequences flank-
ing the mixed-repeat sequences. Thus,
PCR results in a fragment encompassing
the 98-repeat sequence flanked by vec-

tor sequences, which can be removed by
FokI digestion. For the generation of
plasmids encompassing longer repeats,
PCR was performed as described above,
and the resulting fragments were subse-
quently cleaved with FokI, purified, and
ligated, followed by treatment with Am-
pliTaq DNA polymerase and ligation
into the pGEM-T Easy vector. This pro-
cedure resulted in various clones con-
taining three times the original insert
size (about 300 repeats). Again we did
not observe any instability in E. coli, as
detected by PCR amplification of the in-
serts (Figure 1C). The very high stability
of the mixed approximately 300 repeats
is noteworthy, since perfect repeats in
the 140 bp size range (data not shown)
and in the 180–230 bp size range (9,13)
have already been found to be very un-
stable. An independent approach to gen-
erate mixed CAG/CAA repeats and to
clone these repeats in target genes has
also been reported (4,8), although no
data on DNA stability in E. coli or re-
sults of PCR analysis were presented.
The method described here has the ad-
vantage that the repeats can be cloned
without unwanted flanking sequences
by simple digestion via a type II restric-
tion enzyme.

The increased stability of mixed-re-
peat sequences should facilitate the gen-
eration of transgenic animals and cell
models carrying considerably larger and
more stable repeats than currently used
(3,7,14). The use of such larger se-
quences may accelerate the disease
process, a feature that may be especially
advantageous in transgenic animals with
a short lifespan (e.g., Drosophila
melanogaster) and in cell models. The
use of larger sequences may cause more
severe (lethal) phenotypes allowing, for
example, high-throughput drug testing
studies (14). Furthermore, the mixed re-
peat at the DNA level results in a perfect
repeat at the protein level and thus pro-
vides a unique tool to dissect the delete-
rious effects at the nucleotide level
(DNA instability and RNA effects) from
those at the protein level. The approach
of mixed DNA repeat sequences encod-
ing the same amino acid is also applica-
ble to generate proteins containing re-
peats of any other amino acid, with the
exception of methionine and trypto-
phan, thereby facilitating studies to dis-
sect their potential deleterious effects.
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The fission yeast Schizosaccha-
romyces pombe is an attractive model
organism for studying eukaryotic biol-
ogy due to the ease of genetic and mol-
ecular manipulations (3). In recent
years, several selectable markers and
promoters have been developed to en-
hance our ability to manipulate gene
expression in this yeast. Recently, Invit-
rogen (Carlsbad, CA, USA) has devel-
oped the SpECTRA S. pombe Ex-
pression System that consists of three
TOPO® cloning vectors that allow for
rapid cloning of PCR products, with the
option to epitope-tag the gene product
(adding a carboxy-terminal V5-6his
tag). Transcription of cloned open read-
ing frames is under the control of the
thiamine-repressible promoters nmt1,
nmt41, and nmt81. (Promoters nmt41
and nmt81 are TATA box mutant deriv-
atives of nmt1 that allow for different

levels of transcription.) However, as all
three plasmids utilize the same selec-
table marker (simian virus 40-driven
Saccharomyces cerevisiae LEU2,
which complements an S. pombe leu1
mutant allele), use of these vectors lim-
its the choice of host strains and the
possibility to transform strains with
more than one plasmid construct.

To enhance the use of the SpECTRA
vectors by allowing for the transforma-
tion of Leu+ strains or for the introduc-
tion of two distinct plasmids into a host
strain, we have developed a protocol
that facilitates the exchange of the
LEU2 marker for another selectable
marker. This protocol takes advantage
of the robust homologous recombina-
tion machinery found in yeasts, which
has been used in the past to rescue chro-
mosomal mutations onto plasmids by
gap repair (8) or to screen mutant alleles
created by PCR by co-transformation of
the PCR product with a linearized
plasmid (5,6). In both situations, the
plasmid DNA is linearized before trans-
formation and is repaired and recircu-
larized by DNA that bears homology to
the ends of the linearized plasmid. Us-
ing a protocol described here, we can
readily replace the LEU2-selectable
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Figure 1. Schematic diagram of SpECTRA plasmid. The three SpECTRA plasmids differ only with-
in the TATA box of the nmt1, nmt41, and nmt81 promoters. The regions homologous to the PCR oligonu-
cleotides used for the marker exchange are indicated as “For” and “Rev”. Restriction sites that are unique
to this region, and thus suitable for gapping the plasmid within the LEU2-selectable marker, are indicat-
ed. Also shown are schematics of the PCR products carrying either the his3 gene (containing a unique
EcoRV site indicated) or the ura4 gene (containing two EcoRI sites). Not indicated are two EcoRI sites in
the SpECTRA plasmid that flank the cloning site.
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