TECH.SIGHT

MOLECULAR BEACONS

Spectral Genotyping of
Human Alleles

Leondios G. Kostrikis, Sanjay Tyagi, Musa M. Mhlanga,
David D. Ho, Fred Russell Kramer

Accelerated by the human genome project,
an increasing number of genetic variations,
many as small as a
| TECH VIEW I single nucleotide sub-

stitution, have been
found to play a significant role in human
disease. Although direct sequencing is ad-
equate for their detection, simpler and faster
automated methods are necessary for popula-
tion studies and clinical diagnostics.
Alternative methods currently in
use (1) selectively amplify a region of
DNA and then examine it for the
presence of a mutation, either by gel
electrophoresis (2, 3) or by hybrid-
ization with nucleic acid probes (4).
However, electrophoretic tech-
niques miss some mutations, and ad-
ditional steps must be taken after hy-
bridization, such as isolation of the

hybrids, removal of nonhybridized & os
probes, and the generation of detect-  § ¢
able signals in complex enzymatic ¢

reactions. Moreover, the manipula- S %
tions required for both electrophore- * 0.2
sis and hybridization are difficult to 0.0

automate, and the handling of the
amplified DNA creates a risk of con-
taminating untested samples.

We have developed an automated
method for detecting mutations,
called “spectral genotyping,” in
which alleles are identified by fluo-
rescent colors generated in sealed
amplification tubes. In this tech-
nique, amplification is carried out in
the presence of molecular beacons,
which are probes that become fluo-
rescent when they hybridize to their
target (5). Molecular beacons are
hairpin-shaped, single-stranded oli-
gonucleotides consisting of a probe sequence
embedded within complementary sequences
that form a hairpin stem. A fluorophore is
covalently attached to one end of the oligo-
nucleotide, and a nonfluorescent quencher is
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covalently attached to the other end. In the
absence of a target, the fluorophore is held
close to the quencher and fluorescence can-
not occur. When the probe binds to its tar-
get, the rigidity of the probe-target helix
forces the stem to unwind, resulting in the
separation of the fluorophore and quencher,
and restoration of fluorescence. These
probes can detect a number of different tar-
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red fluorophore. The appearance of green
fluorescence during amplification indicates
homozygous wild-types, red fluorescence in-
dicates homozygous mutants, and both green
and red fluorescence indicates heterozygotes.

We used this procedure to distinguish alle-
les of the B-chemokine receptor 5 (CCRS5)
gene that determines susceptibility to infec-
tion by the human immunodeficiency virus
(HIV-1). Individuals homozygous for a 32-
nucleotide deletion in this gene (CCR5A32)
are largely resistant to HIV-1 infection, despite
multiple sexual contacts with HIV-infected
individuals (7, 8), and heterozygotes are par-
tially protected against disease progression (9—
11). To understand the susceptibility of human
populations to the spread of HIV-1, large-scale
epidemiological studies of the distribution of
this mutant allele are needed, necessitating
high-throughput assays. Therefore, we devel-
oped an automated spectral genotyping assay
that identifies CCRS alleles. For the detection
of the wild-type allele, we synthesized a
fluorescein-labeled molecular beacon
whose probe sequence was comple-
mentary to the region that isdeleted in
the mutant; for the detection of the
mutant allele, we synthesized a tetra-
methylrthodamine-labeled molecu-
lar beacon that was complementary to
the sequences flanking the region of the

deletion, which are brought together
in the mutant (12). Human DNA
samples were used as templates for poly-
merase chain reactions (PCRs) in
which the region of the CCRS gene
that encompasses the site of the A32
mutation was amplified in the pres-
ence of both molecular beacons (13).
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Fig. 1. Principle of spectral genotyping. With DNA from ho-
mozygous wild-type individuals, only fluorescein-labeled mo-
lecular beacons hybridize to the amplicons, generating green
fluorescence, whereas the tetramethylrhodamine-labeled mo-
lecular beacons retain their stem-and-loop structure and cannot
produce a red fluorescent signal. With DNA from heterozygous
individuals, both molecular beacons hybridize to the amplicons
and generate both green and red fluorescence. With DNA from
homozygous mutant individuals, only the tetramethylrhodamine-
labeled molecular beacons hybridize to the amplicons, generat-
ing red fluorescence, whereas the fluorescein-labeled molecular
beacons remain dark.

gets in the same solution (6). This is accom-
plished by constructing a different molecular
beacon for each target and attaching a differ-
ently colored fluorophore to each. The
probes are placed in the same amplification
tube, and the color that develops indicates
which targets were present. For genotyping
alleles, two molecular beacons are used, one
specific for the wild-type allele and labeled
with a green fluorophore and the other spe-
cific for the mutant allele and labeled with a

Figure 1 shows the results from
three PCRs that illustrate the prin-
ciple of spectral genotyping. In a reac-
tion initiated with a DNA sample from
a homozygous wild-type individual,
only the fluorescein-labeled molecular
beacons are able to bind to the ampli-
fied regions (amplicons), and only
green fluorescence develops during
the amplification. In a reaction initi-
ated with DNA from a homozygous
mutant individual, only the tetra-
methylrhodamine-labeled molecular
beacons bind to the amplicons, and
only red fluorescence develops. How-
ever, in a reaction initiated with DNA from a
heterozygous individual, both molecular bea-
cons bind to their target amplicons, and
both red and green fluorescence develops. In
control reactions in which no DNA template
is present, fluorescence does not develop.

We carried out spectral genotyping assays
in parallel, in a 7700 Prism spectrofluoromet-
ric thermal cycler (Applied Biosystems, Fos-
ter City, CA) that monitors changes in the
fluorescence spectrum of each reaction
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another is shown in Figure 2. The results
from each sample are plotted according
to how many thermal cycles it took be-
fore a signal appeared in each color. For
the heterozygotic samples, similar
threshold cycles were seen for both col-
ors. These results were in complete
agreement with the previously deter-

mined genotypes. Thus, this assay pro-

vides a rapid and accurate method for
genotyping human CCR5 alleles and
should accelerate current efforts to un-
derstand the global distribution of the
CCR5A32 allele, which plays an impor-
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Fig. 2. Spectral genotyping of 179 human genomic
DNA samples for the presence of the CCR5A32 allele.
Of the two molecular beacons that were used, one was
labeled with fluorescein and was complementary to the
wild-type allele, and the other was labeled with
tetramethylrhodamine and was complementary to the
mutant allele. The results from each sample are plotted
at coordinates that correspond to the threshold cycle
for the signal in each color. From the distribution of the
data, it is apparent that the three genotypes are easily

distinguished from one another.

tube, while simultaneously carrying out
programmed temperature cycles. The
length of the probe sequence in each molecu-
lar beacon was designed so that it hybridizes
to the amplicons at the same temperature as
the primers, and fluorescence measurements
were taken during the annealing stage of each
thermal cycle. The instrument decomposes
the spectrum into its fluorescein and tetra-
methylrthodamine components (or into the
spectral components of any other fluoro phores
that are chosen as labels). During the early
stages of PCR, the concentration of ampli-
cons is insufficient to generate a detectable
signal; however, a point is eventually reached
at which the signal becomes significant (“the
threshold cycle”). The more template DNA
that is in a sample, the sooner the threshold
cycle occurs (14).

We determined the genotype of 179 coded
human DNA samples that had been character-
ized previously by the electrophoretic mobility
of their CCR5 amplicons (I0). Spectral
genotyping was performed in sealed 96-well
plates. Both molecular beacons were present in
each reaction tube. The results showed that 24
samples generated a positive signal for both
fluorescein and tetramethylrhodamine fluores-
cence (heterozygotes), 151 samples generated a
positive signal for fluorescein fluorescence and
remained negative for tetramethylrhodamine
fluorescence throughout the course of the reac-
tion (homozygous wild-types), and 4 samples
generated a positive signal for tetramethylrho-
damine fluorescence and remained negative
for fluorescein fluorescence (homozygous mu-
tants). The ease with which the three geno-

www.sciencemag.org ® SCIENCE e VOL. 279 e 20 FEBRUARY 1998

tant role in both HIV-1 transmission
and disease progression, as well as in the
natural history of the HIV-1 epidemic.

The difference between the two
CCRS5 alleles is so large that alter-
native methods (15), such as those
based on the 5-endonucleolytic clea-
vage activity of Tag DNA polymerase
(14), could also have been used. How-
ever, when the difference between the
alleles is a point mutation, spectral
genotyping offers a particular advan-
tage because molecular beacons are
significantly more specific than conven-
tional oligonucleotide probes (6). Only
perfectly complementary molecular bea-
cons form hybrids. The presence of a single
nucleotide mismatch destabilizes the probe-
target duplexes to such an extent that they
cannot overcome the stability of the stem in
the molecular beacons (16). For example, we
determined the distribution of the CCR2-
641 chemokine receptor allele (17), which
is a G-to-A substitution associated with de-
layed disease progression in HIV-infected in-
dividuals (18). We analyzed 974 human
DNA samples in a single week. We se-
quenced 75 of these samples, and the results
were in complete agreement with the results
from spectral genotyping. Thus, spectral
genotyping may be applied to any allelic pair,
even those that differ from each other by
only a single nucleotide substitution.

Even though we monitored the progress
of these reactions with a sophisticated instru-
ment that performs PCRs while simulta-
neously monitoring fluorescence, the inten-
sity of the fluorescence at the end of the
amplifications is so large that genotypes can
be identified by visual inspection of the tubes
under ultraviolet illumination (heterozy-
gotes appear yellow). It is even possible to
dispense with the thermal cycler by using
isothermal amplification reactions (19). For
the future, the most intriguing challenge is to
eliminate amplification and detect targets
directly. One way to achieve direct detection
is to localize the targets in a small volume.
For example, molecular beacons have been
used to directly detect specific messenger

RNAs in living cells (20). Another
direction that is being explored is the ;
simultaneous determination of a large num-
ber of genetic variations, using an array of
different molecular beacons tethered to
unique locations on a surface. For example,
green and red molecular beacons specific for
each allele in a pair may be present at each
location. Unlabeled target nucleic acids can
then be hybridized to the array, and the color
of the fluorescence at each position will indi-
cate the alleles that are present. Spectral
genotyping should be widely applicable for
the characterization of alleles.

References and Notes

1. R. Cotton, Mutat. Detection (Oxford Univ. Press,
Oxford, 1997).

2. J. Keen, D. Lester, C. Ingkehearn, A. Curtis, S.
Bhattacharya, Trends Genet. 7, 5 (1991).

3. M. Orita, H. Iwahana, H. Kanazawa, K. Hayashi,
T. Sekiya, Proc. Natl. Acad. Sci. U.S.A. 86, 2766
(1989).

4. R. Saiki, T. Bugawan, G. Horn, K. Mullis, H. Erlich,
Nature 324, 163 (1986).

5. S. Tyagi, F. Kramer, Nat. Biotechnol. 14, 303
(1996).

6. S. Tyagi, D. Bratu, F. Kramer, ibid. 16, 49 (1998).

7. R. Liu etal., Cell 86, 367 (1996).

8. M. Samson et al., Nature 382, 722 (1996).

9. M. Dean et al., Science 273, 1856 (1996). °

10. Y. Huang et al., Nat. Med. 2, 1240 (1996).

11. J. Rappaport et al., Lancet 349, 922 (1997).

12. The sequence of the wild-type-specific molecular
beacon was fluorescein-5-CCGGTCTG-
GAAATTCTTCCAGAATTGATACTGACCGG-3'-
DABCYL and the sequence of the mutant-specific
molecular beacon was tetramethylrhodamine-5'-
CGGCTATCTTTAATGTATGGAAAATGAGAGCCG-
3’-DABCYL, where underlines identify the
complementary sequences that form the stem and
DABCYL is the quencher 4-(4’-dimethylamino-
phenylazo)benzoic acid. A protocol for synthe-
sizing molecular beacons is available on the
World Wide Web at www.phri.nyu.edu/
molecular_beacons.

13. Each 50-pl reaction contained 1 pg of genomic
DNA, 0.25 pM of each molecular beacon, 0.5
puM  of each primer (5-GCTGTCTTTG-
CGTCTCTCCCAGGA-3’ and 5-CTCACAG-
CCCTGTGCCTCTTCTTC-3’), 0.25 mM deoxy-
adenosine triphosphate (dATP), 0.25 mM dCTP,
0.25 mM dGTP, 0.25 mM dTTP, 2.5 units of
AmpliTag Gold DNA polymerase (Perkin-Elmer),
50 mM KCI, 3.5 mM MgCl,, and 10 mM tris-HCI
(pH 8.3). Forty cycles of amplification (94°C de-
naturation for 30 s, 60°C annealing for 60 s, and
72°C polymerization for 30 s) were performed in
a spectrofluorometric thermal cycler possessing
a 488-nm laser light source.

14. C. Heid, J. Stevens, K. Livak, P. Williams, Ge-
nome Res. 6, 986 (1996).

15. C. Cantor, Nat. Biotechnol. 14, 264 (1996).

16. G. Bonnet, S. Tyagi, F. Kramer, A. Libchaber, in
preparation.

17. L. Kostrikis et al., Nat. Med., in press.

18. M. Smith et al., Science 277, 959 (1997).

19. R. Ehricht, T. Kirner, T. Ellinger, P. Foerster, S.
McCaskill, Nucleic Acids Res. 25, 4697 (1997).

20. T. Matsuo, Biochim. Biophys. Acta, in press.

21. Supported by the Aaron Diamond Foundation
and NIH (grant HL-43521). We thank W. Paxton,
Y. Huang, and L. Zhang for providing samples of
human DNA. L. Kostrikis is an Aaron Diamond
Fellow.

TechWire Forum:
www.sciencemag.org/dmail.cgi?53541

1229






