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flanking sequences are a
common accompanying
feature, as for example in
Huntington’s disease, in
which a (CCG), repeat
occurs 12 nucleotides down-

Fig. 1 Base triads. a, CA*G; b, GCeG. The central dot
separates the contributions from the two strands.

bilized by methylation
and capable of inhibiting
transcription, replication,
and chromatin conden-
sation, have been proposed
forthe (GGC), tracts',and

stream of (CAG)_ (ref.5). A

CpG island is present in the vicinity
ofthelarge (GGC), repeats®; thereisa
strong correlation between triplet
repeat amplification, hypermeth-
ylation (ofthe CpGisland and possibly

Fig. 2 Stereo representations of (GC+G), triad-DNA: a, side projection;
b, top view of two successive GCG triads.
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the repeat?), and fragile site ex-
pression?. In the case of loci corres-
ponding to 5'- or 3'-untranslated
genetic regions, the pathological
consequences of the repeated
sequences appear to
arise from changes
in transcription (levels,
compositions, andlengths
of the corresponding
transcripts). Trinucleotide
expansion of openreading
frames affects transla-
tion and function of
the peptides expressed
(efficiency of translation,
loss or gain of function).
Other as yet undefined cis-
and trans-acting features
and factors may be res-
ponsible for the neuro-
degenerative diseases that
are characteristic of this
category of dynamic
mutations.

Certain genetic and
biochemical mechanisms
have been proposed for
explaining the origin,
inheritance patterns, and
associated pathogenicity
of the trinucleotide re-
peats. Female meiotic
transmission is pre-
sumably responsible
for expansion of premu-
tations to full muta-
tions, accounting for
the observation that

preferential nucleosomal
positioning has been suggested as
a mechanism for transcriptional
inhibition in (CAG) repeats®.
However, as recently bemoaned by
the editor of Nature'®, there have been
no proposals based on specific
molecular structures, thatis, involving
(un)usual DNA or RNA models, for
rationalizing the key features of
dynamic mutations: (1) the tri-
nucleotide motif, (2) the length
dependence of the pathogenicity, (3)
the involvement of both coding and
non-coding sequences, (4) the
interrelation of neighbouring se-
quences, and (5) amplification with
retention of the triplet unit.

We introduce here a novel DNA
secondary structure, potentially
also expressed in RNA, that can
account for at least some of the
features of the trinucleotide re-
peat syndromes. This structure,
designated triad-DNA, consists of
an antiparallel double helix of base
triads instead of the basepairs of
conventional B-DNA. The triads
involve both hydrogen-bonded and
covalent interactions between a
Watson—-Crick (WC) G+C nu-
cleotide pair and a third nucleotide
(Fig. 1a,b). In the CA+G triad (Fig.
1a) the third base (A) interacts with
the minor groove side of a WC G-C
basepair, forming a G*A basepair
known to be very stablein tandem™.
In the GC-G triad (Fig. 1b), the
third base (G) interacts with the
major groove side of the WC G-C
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Fig. 3 Schematic representations of a s ¥
triad-DNA. a, Three-dimensional (3-D)
contour of the (GC*G), helix shown in
Fig. 2a. The base triads are shown as
shaded triangles and the two
backbones as solid or dashed lines.
b-d, 2-D schemes of triad-DNAs
formed from three combinations of
(CA*G), and (GC*G), strands. The
triangles between the straight lines
(backbones) denote the base triads.
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basepair, in analogy to the familiar
triple-stranded helices’. The
double-stranded configurations with
base triads we have found so far consist
ofthe same set of nucleotides observed
inthe trinucleotide repeat syndromes.

The triads can be connected in a
symmetrical fashion so as to generate
adoublehelix witha2:1/2:1 repeat, in
which two bases in one triplet are
connected to a base from an adjacent
triplet (Figs 2 and 34). The backbone
progression consists of a step and two
rises, accounting for a net helical twist
of 60° (Fig. 3 and Table 1). As a
consequence, the helical repeat is 6
base triads (18 nucleotides) instead
of the 10 basepairs (20 nucleotides) of
B-DNA (Table 1). Using the same
helical rise of 3.4 A triad-DNA is more
compact than B-DNA by a factor of 1/3.
The interstrand basepairs connected
to successive rise points are different.
In the homoduplex GGC or CAG
structures (Fig. 3b,c) one rise
corresponds to a WC geometry,
whereas the second rise consists of
successive G-G or A-G pairs,
respectively. That is, the triad
structural motif is also reflected in a
trinucleotide repeating unitalongthe
helix. Triad-DNA can also be formed
between (GGC)_and (CAG), strands
(Fig. 3d); in this case CA-G and GC*G
triads alternate.

The helical configuration of triad-
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DNA is best perceived in the stereo
representations of a GC-G
homoduplex shown in Fig. 2. The
stacking between the two non-WC
Gs of successive triads (Fig. 2b) is
interstrand and even more pro-
nounced than between the Gsand Cs
involved in the WCbasepairs, thereby
providing the potential for strong
stabilization of triad-DNA. The
uniform base triads constitute a
second potential advantage of triad-
DNA asa model for the trinucleotide
repeat sequences. Alternative double-
stranded basepaired structures
necessarily incorporate mismatch
basepairs (G*G, A*A or A*G), which
disturb the stacking interactions and
regularity of the backbone. We have
performed molecular-mechanics
calculations demonstrating that
GC-G triad-DNA (Fig. 2a) is indeed
more stable than duplexes including
G+G mismatches in either of two
known geometries'®"’,

In the context of the trinucleotide
repeat syndromes, we note that triad-
DNA could provide a stable self-
structured conformation for the
extruded strand in slippage-based
mechanisms of replication, par-
ticularlyiftopological relaxation and
compaction of chromatin are in-
volved and required for stabilization
of intermediates in the pathological
expansion of such sequences. The

‘able 1 Comparison of triad-DNA and B-I

Helical Helical repeat
rise (nucleotides/
A turn)

3.4 10 (20)
3.4 6 (18)

complementary pyrimidine-rich
strand would be unpaired and thus
could serve as a template while
maintaining the trinucleotide repeat
motif. Formation of the triad-DNA
structure might also result in both
retardation of replication, and
transcription regulation in the regions
with expanded trinucleotides, known
tooccurinthefragile X chromosome.
Atriad RNA structure mightinfluence
processing and translation efficiency
of corresponding transcripts. The
(CAG)_ repeat of Huntington’s
disease can be combined in a single
triad-DNA structure (Fig. 3d) with a
nearby (GGC)_ segiment from the
other strand of the original genomic
DNA, providing a possible rationale
for the cited functional correlation
of the flanking sequence. One can
also speculate that the fundamental
similarity (Figs 2 and 3) but se-
quence-dependent distinctions
between different triad-DNA con-
structs explored to date could be
reflected in the polymorphism
(variationsin threshold copy num-
ber) exhibited in patients afflicted
with the trinucleotide repeat
diseases.

The existence of triad-DNA
remains to be demonstrated by the
biochemical and biophysical tech-
niquesapplied in structural studies of
nucleicacids. High resolution nuclear
magnetic resonance (NMR) should
serve to detect the short intra- and
interstrand distances distinctive for
triad-DNA. One would expect strong
intrastrand sequential nuclear
Overhauser effects (NOEs) between
C1'Hand C2'H of the deoxyguanosine
residue and C5H of deoxycytidine,
respectively, for the GC-G triad-
DNA(Fig. 1b), and a strong NOE
between two interstrand C1'H
protons of deoxyadenosine residues
for the CA+G triad-DNA. Features of
the secondary structure can also
be probed by circular dichroism
(CD), absorption, and vibrational
spectroscopy, by chemical mod-
ification, and by systematic
base substitutions. The compac-
tion afforded by the triad-DNA
conformation would be compatible
with existing electrophoretic data for
non-methylated triplet repeats,
although the published inter-
pretations have invoked other
structural forms such as G4-like
quadruplexes'!. Thelatterare difficult
to reconcile with the fact that the
generating triplet sequences reside in
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a single strand of the genomic DNA
and witha parallel orientation of the four
segments constituting the tetraplex.
Furthermore, a quadruplex offers no
obvious rationale for the ubiquitous
triplet nature of the repeating sequences
involved in dynamic mutations.
Finally, as in the case of all proposed
alternative DNA conformations, one
must search for specific proteins
recognizing triad-DNA.
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Towards fully automated
genome-wide
polymorphism screening

Sir— Large-scale screening forknown
polymorphisms will require tech-
niques with a minimal number of
steps and the ability to automate each
one. In this regard, the 5' nuclease
PCR assay first described by Holland
et al.? and refined by Lee et al’ is
especially attractive because it vir-
tually eliminates post-PCR pro-
cessing. For this assay, a fluorogenic
probe, labelled with botha fluorescent
reporter dye and a quencher dye,
is included in a typical PCR
amplification. During PCR, this probe
is cleaved by the 5' nuclease activity of
Taqpolymerase'#, onlyifithybridizes
to the segment being amplified.
Cleavage of the probe generates
an increase in the fluorescence
intensity of the reporter dye. Thus,
amplification of a specific product
is detected by simply measuring
fluorescence after PCR. Furthermore,
by using different reporter dyes,
cleavage of multiple probes can be
detected in a single PCR. Lee et al’
used probes labelled with the reporter
dyes FAM and TET to distinguish the
AF508and normal alleles ofthehuman
cystic fibrosis gene.

The -23 A/T diallelic polymor-
phism of the human insulin gene
(INS) is associated with susceptibility
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to type 1 diabetes®. A is the type 1
diabetes-associated or “+’ allele; B or
‘~’ is the non-associated allele. Here
we report the successful application
of the 5' nuclease PCR assay to
discriminate these two INS alleles,
which differ by a single A-T base
substitution. This is noteworthy for
three reasons. First, we used a
simplified and general method of
probe design. Second, these probes
retain enough specificity to dis-
tinguish a single base difference.
Third, our standard method of
analysis enables automated genotype
determination.

Lee et al® used probes with the
reporter dyes on the 5' end and the
quencher dye TAMRA on the seventh
nucleotide from the 5' end. There
were concerns that restrictions on the
placement and spacing of dyes would
limit the applicability of this type
of probe system. The design of
fluorogenic probes has been greatly
simplified by the recent discovery that
probes with a reporter dye on the 5'
end and a quencher dye on the 3' end
exhibit adequate quenching for the
probe to perform in the 5' nuclease
PCR assay®. Thus, placement of the
reporter and quencher dyes puts no
constraints on the selection ofa probe

sequence, enabling application of this
technology to any PCR system.

We included probes specific for
alleles A or B in reactions amplifying
a segment of INS (Fig. 1). After PCR,
fluorescence intensities at three
wavelengths were measured in a 96-
well format. The fluorescence plot
(Fig. 1a) shows four distinct clusters
of data points. The no template
controls have the lowest fluorescence
intensities for both TET and FAM
because the emissions of these dyes
are quenched in the intact probes.
Based on the relative fluorescence
intensities, the other three clusters
can be identified as AA, AB, and BB
individuals. The separation of the
clusters can be enhanced by applying
multicomponent analysis (Fig. 1). By
normalizing for the extent of the
reaction, the tight clusters of data
points shown in Fig. 1bare obtained.
Based on this plot, the individials are
clearly identified as AA, AB, or BB.
The genotypes of the 18 individuals
analysed in Fig. 1 are completely
concordant with the genotypes
determined previously using the PCR-
Hphl digestion assay®. The typing of
57 additional individuals also
produced tight clusters of normalized
A and B values, permitting un-
ambiguous determination of AA, AB,
and BB genotypes (data not shown).

The principles of probe design and
data analysis we have used for INS
typing are generally applicable to any
polymorphicsite that can beamplified
by PCR. The remarkable dis-
crimination between genotypes (Fig.
1b) makes it easy to designate limits
so that genotypes can be called
automatically. We have written a
spreadsheet macro that reads
the fluorescence data from the
spectrometer, performs the analyses,
indicates reactions where specific
amplification did not occur,
and automatically makes genotype
determinations. This macro can be
used on fluorescence data from any
PCRsystemaslongassingle-template
and no template components are
designated.

The hallmark of the 5' nuclease
PCR assay is increased throughput.
Reactions differ from typical am-
plification reactions only by the
addition of fluorogenic probes.
Unlike methods such as the oligo-
nucleotide ligation assay (OLA) or
primer-guided nucleotide incor-
poration assays’, there are no post-
PCR processing steps except
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