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ABSTRACT

SSCP and heteroduplex analysis (HA) continue to be
the most popular methods of mutation detection due
to their simplicity, high sensitivity and low cost. The
advantages of these methods are most clearly visible
when large genes, such as BRCA1 and BRCA2, are
scanned for scattered unknown mutations and/or
when a large number of DNA samples is screened for
specific mutations. Here we describe a novel
combined SSCP/duplex analysis adapted to the
modern capillary electrophoresis (CE) system, which
takes advantage of multicolor labeling of DNA frag-
ments and laser-induced fluorescence detection. In
developing this method, we first established the
optimum conditions for homoduplex and hetero-
duplex analysis by CE. These were determined based
on comprehensive analysis of representative Tamra-
500 markers and BRCA1 fragments at different
concentrations of sieving polymer and temperatures
in the presence or absence of glycerol. The intrinsic
features of DNA duplex structures are discussed in
detail to explain differences in the migration rates
between various types of duplexes. When combined
SSCP/duplex analysis was carried out in single
conditions, those found to be optimal for analysis of
duplexes, all 31 BRCA1 and BRCA2 mutations, poly-
morphisms and variants tested were detected. It is
worth noting that the panel of analyzed sequence
variants was enriched in base substitutions, which
are usually more difficult to detect. The sensitivity of
mutation detection in the SSCP portion alone was
90%, and that in the duplex portion was 81% in the
single conditions of electrophoresis. As is also
shown here, the proposed combined SSCP/duplex
analysis by CE has the potential of being applied to
the analysis of pooled genomic DNA samples, and to
multiplex analysis of amplicons from different gene
fragments. These modifications may further reduce
the costs of analysis, making the method attractive
for large scale application in SNP scanning and
screening.

INTRODUCTION

More than 1000 genes implicated in inherited human diseases
have been identified thus far, and over 20 000 different muta-
tions in these genes have been reported to the Human Gene
Mutation Database (1). In just two genes, though perhaps the
most extensively studied, BRCA1 and BRCA2, the total
number of different alterations exceeds 1700 and continues to
increase steadily (2,3). These numbers, although impressive,
show that the process of identifying disease genes and charac-
terizing their mutations is still in its infancy, and that demands
for efficient and cost-effective mutation detection methods
coming from both research and clinical laboratories will
increase.

Among the various techniques developed for mutation
detection, single-strand conformation polymorphism (SSCP)
(4,5) and heteroduplex analysis (HA) (6–8) are widely used.
SSCP detects base changes in single-stranded DNA, whereas
HA does the same in double-stranded DNA subjected to
electrophoresis in non-denaturing conditions. In SSCP
analysis, the PCR product is denatured, and separated strands
adopt folded structures determined by their nucleotide
sequences. A single base alteration is detected by SSCP when
the folding of the single strand changes sufficiently to alter its
electrophoretic mobility. The most frequently claimed
deficiency of the SSCP method is its variable mutation detec-
tion rate. The sensitivity of this method usually reported is
about 80% when single conditions of electrophoresis are used
(9–12), and reaches 95% and more when several different
conditions are applied (10,11,13) for analysis of PCR products
of an optimum length of 150–300 bp (9,14). In HA, the PCR-
amplified DNA fragments are denatured and re-annealed to
give a mixture of four duplexes, two homoduplexes and two
heteroduplexes in the heterozygote samples. Heteroduplexes
have an aberrant, distorted structure with bubbles or bulges at
the sites of mismatched bases, and generally move more
slowly in gel than homoduplexes (15). The mutation detection
rate of the HA method is also about 80% (15,16), and PCR
products analyzed by this method are usually of a length
similar to that used in SSCP (17–19), or longer (20). Among
the drawbacks of the HA method is its lower sensitivity in
detecting base substitutions compared to detection of inser-
tions and deletions (21–23).

The original protocols of SSCP and HA have undergone
many modifications over the past decade (reviewed in
18,24,25). One of the most important improvements was their
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adaptation to automated DNA sequencing machines, which not
only afforded greater convenience and safety, but also greater
sensitivity in detecting mutations. SSCP analysis was
performed with PCR products labeled with fluorescent primers
(26–28) or with fluorescent deoxynucleotides either during
PCR (29) or after PCR (30,31). SSCP systems based on either
slab-gel electrophoresis (26–29,32) or capillary electro-
phoresis (CE) (33–37) have been developed. The latter offer
important advantages compared to slab-gel systems, including
higher analysis speed and lower reagent consumption. Auto-
mation of SSCP analysis by CE makes the method attractive
for clinical genetic laboratories, and with the advent of multi-
capillary systems, the instruments no longer have a lower
throughput than slab gels. Enhancements in HA include
improvement of its sensitivity by running gels in mildly dena-
turing conditions (15), multiplex analysis (17) and adaptation
of the method to a fluorescent platform (23,38–41).

In this paper, we show the successful adaptation of CE for a
combined SSCP/HA. To achieve this goal, we first optimized
conditions for the HA alone by CE in a standard ABI 310
genetic analyzer. When the combined SSCP/HA was run in
these optimum conditions, all sequence variants tested were
detected. Our results show that in the absence of a single
perfect method to screen or scan for mutations, a combination
of two methods, such as SSCP and HA in the modern CE
system with laser-induced multicolor fluorescence detection
may be very efficient in mutation detection.

MATERIALS AND METHODS

DNA samples

Genomic DNA used in this study was extracted from whole
blood samples of Polish breast and/or ovarian cancer patients,
women with family histories of these cancers, and healthy
controls with characterized BRCA1 and BRCA2 mutations,
polymorphisms and variants (42–46).

Five artificial BRCA1 mutants were generated by PCR using
a template of the wild-type fragment 11.22, which was reampli-
fied with primers 11.22RmutA and 11.22RmutG in combina-
tion with primer 11.22F. The mutagenic primers contained at
position six from their 3′-end nucleotides A and G, respec-
tively, non-complementary to the template, which changed
position 186 in fragment 11.22 in their complementary T and
C. The obtained products were diluted 20 000 times and served
as templates for amplification with primers 11.22F and
11.22R. In order to obtain all possible mismatched variants, the
PCR products with artificially introduced mutations 3667T and
3667G were mixed at a 1:1 ratio with the PCR products of
naturally occurring variants 3667A and 3667G.

Polymerase chain reaction

For HA only one PCR primer of the pair was labeled with a
fluorescent dye, while for combined SSCP/HA both primers
contained fluorescent labels, as shown in Table 1. All unlabeled
and labeled primers were synthesized at MWG Biotech,
Ebersberg, Germany. Amplifications were conducted on a
standard thermocycler, Perkin Elmer 9600 or 9700, in a
volume of 5 µl, using a protocol for fast and economical PCR
(47). Briefly, 1 s denaturation at 94°C, 1 s extension at 72°C
and 1 s annealing were used in all amplifications. In four cases,

where amplified fragments were longer than 500 bp, the extension
time was increased to 30 s. The applied annealing temperatures
are specified in Table 1.

Sample preparation for capillary electrophoresis

To determine migration rates of the 100 and 500 bp DNA frag-
ments, a commercially available DNA length standard Tamra
500 (PE Applied Biosystems) was diluted 50 times in deionized
water, and 5 µl aliquots were subjected to analysis. The
BRCA1 fragments used for HA were prepared as follows. The
PCR products were diluted with deionized water 40–160-fold
depending on efficiency of amplification, and 4.5 µl aliquots of
this solution were mixed in the ABI 310 sample tube with
0.5 µl of 2× diluted ROX 500 or the Tamra 500 marker. For
combined SSCP/HA, the single-strand conformers and
duplexes were prepared separately and combined before
analysis. The 3 µl aliquots of the 40–160 times diluted PCR
product were denatured at 95°C for 30 s in a 0.2 ml ABI 310
sample tube, and placed on ice to generate single-strand
conformers. Then a 1.5 µl sample of diluted PCR product
(duplex DNA) and 0.5 µl of 2× diluted DNA length standard
were added. DNA samples used for multiplex analysis were
prepared by mixing samples prepared for analysis of the
individual gene fragments. Genomic DNA pools were
prepared by combining a heterozygous sample with the equal
volumes of one or more homozygous samples. Before pooling,

Table 1. Primers used for HA and combined SSCP/HA

*Primers used for HA in unlabeled form.
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the concentrations of all genomic DNA samples were adjusted
by UV measurements and agarose gel electrophoresis tests to
achieve the same value of 50 ng/µl.

Conditions of capillary electrophoresis

CE was performed on a ABI 310 genetic analyzer (PE Applied
Biosystems) equipped with an argon laser, which emits the
greatest intensity of light at 488 and 514.5 nm. The instrument
has a capacity of 48 samples, which are injected automatically
during the run. The samples were electro-injected at 15 kV for
10 s to a 42 cm long diameter (∅) 50 µm capillary (PE Applied
Biosystems) filled with GeneScan polymer diluted to an appro-
priate concentration with 1× TBE buffer either containing 10%
glycerol or not. Electrophoresis was at 13 kV at temperatures
ranging from 30 to 65°C. Virtual filter A, allowing signal
detection at wavelengths 531, 560, 580 and 610 nm, was used
in all separations. The results were collected using the Data
Collection program and analyzed using GeneScan software.
To obtain reproducible results all electrophoregrams were
calibrated by fixing the positions of peaks produced by the
DNA length standard. Positions of the analyzed peaks were
determined by the Local Southern method (GeneScan soft-
ware, PE Applied Biosystems).

RESULTS

The initial selection of appropriate conditions for duplex
analysis by CE was done using a Tamra 500 marker
containing, among others, the 100 and 500 bp DNA fragments.
These two fragments represented the lower and upper size
limit of DNA fragments analyzed by the combined SSCP/
heteroduplex method. The influence of a GeneScan polymer
concentration, the role of the presence of glycerol in the
polymer and buffer, and the effect of temperature on separation
between these two DNA size markers were investigated. It is
apparent from the results shown in Figure 1 that the rate with
which the fragments migrate decreases gradually with either
increases in the GeneScan polymer concentration or with
decreases in the temperature at which the separation occurs.
Moreover, the migration rate of the analyzed fragments is
nearly two times lower in a polymer containing 10% glycerol.
It turned out from the results shown in Figure 1 that a 5%
concentration of a GeneScan polymer, an electrophoresis
temperature of 30°C and the presence of 10% glycerol in the

separating medium result in the largest difference in the migra-
tion rates between the markers. In these conditions, the 100 bp
marker requires 12.5 min and the 500 bp marker 18 min to pass
through a signal detection window located 31 cm from the
sample loading site when electrophoresis is performed at
13 kV. This difference in the migration rates seemed sufficient
to allow satisfactory separation of duplexes of different
BRCA1 and BRCA2 fragments at a reasonably high velocity.

Analysis of duplexes of BRCA1 fragments

Eight different polymorphic fragments of the BRCA1 gene
were analyzed by CE in a duplex form. Six of these fragments
contained single base substitutions, one harbored single base
deletion and in one the 12 bp insertion was present. Four
different DNA samples were analyzed for each of the eight
fragments in the following order: (i) homozygous for the more
frequent polymorphic variant, (ii) heterozygous and
(iii) homozygous for the less frequent polymorphic variant and
(iv) a mixture of two homozygous samples. Two homoduplexes
and two heteroduplexes were identified as follows. By
comparing peak positions in the electrophoregrams of samples
(i) and (iii) with those in (iv), the peaks corresponding to the
two homoduplexes were assigned. The two heteroduplexes
were distinguished from the homoduplexes by comparing
electrophoregrams of samples (ii) and (iv). The migration rates
for all types of duplexes were expressed in scans relative to the
mobility of the internal standard present in each analyzed
sample. The results obtained for six BRCA1 fragments
analyzed in a single condition are shown in Figure 2. All but
one BRCA1 fragment analyzed gave more than one duplex
peak in these conditions, which indicated the presence of a
sequence variant. For example, fragments 20, 9 and 11.22
gave, respectively, 4, 3 and 2 well-resolved peaks. Only frag-
ment 17 showed a single duplex peak at 30°C, but a good
separation of duplexes occurred after increasing the tempera-
ture to 65°C (electrophoregram not shown, data presented in
Fig. 3).

As for the Tamra 500 marker, the influence of such variables
as the GeneScan polymer concentration, temperature and
glycerol was analyzed for each of the eight fragments of the
BRCA1 gene. To compare the migration rates of all duplexes
that could be distinguished from each other, all peak positions
were related to the one corresponding to the homozygote of the
more frequent polymorphic variant (Fig. 3). The heights of the

Figure 1. Migration rates of 100 bp (white bars) and 500 bp (black bars) fragments of Tamra 500 DNA size standard, as expressed in the number of scans, in
different conditions of electrophoresis. (A) Temperature dependence (30–45°C) at a constant 5% GeneScan polymer concentration; (B) temperature dependence
(30–65°C) at a constant 5% GeneScan polymer concentration containing 10% glycerol; (C) influence of different concentrations of GeneScan polymer (2–5%)
containing 10% glycerol at a constant temperature (30°C).
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Figure 2. DA of six sequence variants of the BRCA1 gene. The characteristics of samples analyzed in panels 1–4 are described in Results. Positions of homoduplexes of
the more frequent polymorphic variant (f), less frequent polymorphic variant (r), as well as the positions of two heteroduplexes I and II are indicated above each
set of electrophoregrams. Duplexes labeled with 6-carboxy-2′,7′-dimethoxy-4′,5′-dichlorofluorescein (JOE) and FAM are shown as dark and light peaks, respectively.
DNA size standards are shown as white peaks.
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Figure 3. Separations of duplexes of eight fragments of the BRCA1 gene in different conditions of electrophoresis. The graphs show the differences in migration
rates between the homoduplex of the less frequent polymorphic variant (black bars), as well as the faster and slower migrating heteroduplexes (gray and white bars,
respectively) relative to the homoduplex of the more frequent polymorphic variant. Bars above and below the x-axis indicate, respectively, duplexes migrating
slower and faster than the homoduplex of the more frequent polymorphic variant. (A), (B) and (C) are denoted as in the legend to Figure 1. In the case of BRCA1
fragment 20 with 12 bp insertion, in which migration of heteroduplexes is much slower than that of homoduplexes, the number of scans representing the distance
between two homoduplexes is indicated above the corresponding bars.
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bars positively correlate with the distance between the
reference homoduplex and other duplexes, and bars with nega-
tive signs; those below the x-axis represent duplexes migrating
faster than the reference homoduplex.

It appears from the data shown in Figure 3 that the tempera-
ture of electrophoresis influences the separation of different
duplexes to a variable extent. In all analyzed BRCA1 frag-
ments, the separation between the two homoduplexes is
highest at 30°C, the lowest temperature applied. On the
contrary, at 65°C the separation is strongly reduced (fragment
11.22) or disappears completely (fragments 11.19, 13 and 18).
Homoduplexes of fragments differing in length (fragments 9
and 20) are an exception. At higher temperatures the differ-
ences in their migration rates reach constant values, reflecting
the difference in their lengths. In the case of BRCA1 fragment
20, the distance between the two homoduplexes differing by
12 bp in length is small, only 14 scans, which corresponds to
4 bp at 30°C, but reaches 19 scans, equal to 9 bp, at 65°C.

As far as heteroduplexes are concerned, the influence of
temperature on the rate of their electrophoretic migration is
more complex. In four fragments (11.22, 13, 17 and 18), an
increase in temperature decreases the mobility of the hetero-
duplexes (Fig. 3). Among these fragments, the electrophoretic
mobility of the heteroduplexes derived from fragment 11.22 is
unusual. At the lowest temperature studied, both hetero-
duplexes and homoduplex of the less frequent polymorphic
variant migrate faster than the homoduplex of the more
frequent polymorphic variant. As temperature increases, the
heteroduplexes become less mobile than their accompanying
homoduplex, gradually separate from it and migrate closer to
the other homoduplex. In fragments 9, 11.13, 11.19 and 20,
two separated heteroduplexes are observed. While the migra-
tion rate of one of these heteroduplexes relative to the homo-
duplexes remains constant with increases in temperature, the
other heteroduplex increases its mobility until it becomes
similar to that of both homoduplexes.

In summary, the best separation of duplexes of all analyzed
BRCA1 fragments is achieved in the highest concentration of
GeneScan polymer used. The presence of 10% glycerol does
not significantly influence the patterns of separation between
homoduplexes and heteroduplexes, or within them either. The
order in which various duplexes migrate remains unchanged,
but the separation between them is approximately two times
larger and migration rates are nearly two times lower in the
presence of glycerol. The influence of temperature on the sepa-
ration of duplexes in the presence or absence of glycerol is
similar.

Combined SSCP/heteroduplex analysis

To evaluate the sensitivity of the combined SSCP/hetero-
duplex method in mutation detection, 31 different mutations,
polymorphisms and variants present in 24 different BRCA1
and BRCA2 fragments were analyzed. They included 22 base
substitutions and nine insertions/deletions. Detailed character-
istics of all these sequence variants and the gene fragments
harboring them is shown in Table 2. All naturally occurring
variants of each fragment that were available in our DNA bank
were used for analysis, i.e. mutant fragments along with wild-
types, and both homozygotes and heterozygote for each
common polymorphism.

One technical problem that had to be solved at the very
beginning was the way in which the DNA sample was prepared
for SSCP/HA. Several options were investigated and in the one
chosen the crude PCR product, without any purification with
an expensive cartridge, was diluted with water and an aliquot
was subjected to heating and cooling to generate single-strand
conformers. At a very low salt concentration, these conformers
remained stable for a long period of time and did not reform
duplexes. The ssDNA fraction was mixed with the diluted and
untreated PCR product (duplexes) and with an appropriate
marker, which served as an internal DNA size standard in all
electrophoresis runs.

Some representative results of combined SSCP/HA by CE
are shown in Figure 4. They were obtained in conditions
shown earlier to be optimal for HA. The combined SSCP/HA
of a single sample from a series required from 18 to 30 min,
depending on the length and sequence of the analyzed frag-
ment. This included the time required to refill and wash the
capillary between runs (∼1 min for each step). Homoduplexes
usually migrated faster than the heteroduplexes and these were
∼3–10 min faster than the single-strand conformers. For

Table 2. Characteristics of analyzed gene fragments and
sequence variants and summary of mutation detection results

*Distance from the 5′-end of analyzed fragment.
iSequence variant located in intron.
1,2Position in cDNA sequence of BRCA1 (GenBank U14680) and BRCA2
(GenBank U43746), respectively.
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example, in the case of the shortest fragment 11.04 (201 bp),
duplexes were detected after 12.5 min, and single-strand
conformers after 16 min of electrophoresis. In the case of frag-
ment 20 (401 bp), the homo- and heteroduplexes were detected
between 16.5–19 min, whereas the single-strand conformers
were detected after 23 min. Duplexes of the longest BRCA2
fragment 11.11 (650 bp) were detected after 20 min and single-
strand conformers after 30 min.

Out of the 31 investigated sequence variants, three were not
detected in the single-strand conformer portion and six escaped
detection in the duplex portion. When both single-strand
conformers and duplexes were taken into account, all mutations,
polymorphisms and variants were detected in single experi-
mental conditions (Table 2). The SSCP or duplex patterns were
considered changed only when a major shift took place in the
position of a peak, or when the number of observed peaks was
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Figure 4. (Opposite and above) Examples of combined SSCP/DA of seven different fragments of the BRCA1 and BRCA2 genes. Left and right panels show in
magnification the duplex and SSCP portions of electrophoregrams, respectively. In addition, in the inset to (A), the real distance between duplex and SSCP portions
is shown in a continuous fragment of electrophoregram. The peaks drawn with black and gray lines represent strands labeled with FAM or Tamra and with JOE or
6-carboxy-X-rhodamine (ROX), respectively. The shaded peaks represent fragments of the DNA size standard. Electrophoregrams of BRCA1 fragments spanning
common polymorphism sites are shown (A–C). The electrophoregram representing homozygote for the more frequent polymorphic variant is shown in the upper
panel, that representing the homozygote for the less frequent polymorphic variant in the lower panel, and that of the heterozygote is displayed in the central panel.
Electrophoregrams of gene fragments spanning mutation or rare sequence variant sites are shown (D–G). In each case, the electrophoregrams representing the
wild-type sequence or the common sequence variant (upper panel) are shown along with electrophoregrams representing the heterozygous sample (lower panel).
Genotypes of the analyzed mutations, polymorphisms and variants are specified in each electrophoregram.



PAGE 9 OF 13 Nucleic Acids Research, 2001, Vol. 29, No. 14 e71

increased or decreased. Two of the three mutations detected
only in the duplex form (BRCA1 4153delA and BRCA2
3134delC) are shown in Figure 4E and G. One extra duplex
peak appears in both fragments, whereas the single-strand
conformer pattern remains unchanged upon mutation. Two out
of the six variants detected only in the single-strand conformer
portion are shown in Figure 4C and D. The single strands of
fragment 11.04 variant form multiple conformers, and a few of
them are absent in the pattern from the corresponding wild-
type sequence. Four out of the 22 sequence variants which
were detected in both single-stranded and double-stranded
DNA portions (IVS18A/G, 4427T/C, 5465G/A in BRCA1 and
9599A/T in BRCA2) are presented in Figure 4A, B, F and G,
respectively. The examples of electrophoretic separations
displayed in this figure show some of the variety of ways in
which base substitutions influence the SSCP pattern. In
BRCA1 fragments 11.04 (Fig. 4D) and 11.19 (data not shown)
as well as in BRCA2 fragment 25.2 A/T (Fig. 4G), all peaks
derived from both single strands change their positions as a
result of a mutation. In BRCA1 fragments 13 and 22 (Fig. 4B
and F), only one of the single-strand conformers changes its
structure and mobility, whereas in fragment 17 (Fig. 4C) only
the ratio between the two conformers changes, and their
mobility is not altered. Interestingly, several electrophore-
grams show peaks labeled with two colors. This effect,
detected due to different labeling of the two PCR primers,
occurs among others in BRCA1 fragments 11.04, 13, 17 and 22
(Fig. 4D, B, C and F). This is most likely caused by specific
hybridization of primers to some of the single-strand
conformers.

Multiplexing, pooling and screening for selected BRCA1
SNPs

Although the 24 different fragments of the BRCA1 and BRCA2
genes analyzed in this study were not specifically designed for
multiplex SSCP/HA, such analysis can be conducted by CE.

Screening for three BRCA1 polymorphisms was performed
in a large sample of Polish women. Two of the eight linked
intragenic polymorphisms (45,48–50) were analyzed in frag-
ments 11.22 and 13, along with the IVS20+48ins12 variant
occurring in fragment 20. Three different genotypes observed
are shown in Figure 5A. The 29% frequency of the less
common BRCA1 haplotype obtained from analysis of 480
control DNA samples is within the range found in other popu-
lations (3,49). On the other hand, the frequency of the
IVS20+48ins12 is significantly higher among Polish women
(1.9%) (43,46) than in other populations, which implies that
this variant may have originated in Poland.

Moreover, to further accelerate the process of screening
many samples for specific mutations or scanning them for
unknown mutations, DNA pooling can be considered (42). In
this case, multiple samples of genomic DNA from different
individuals can be combined for analysis before the PCR step,
as long as the peak or peaks specific for mutant sequences can
be detected. Figure 5B shows the example of the BRCA1 frag-
ment 22, in which the applied pooling factor 3 still enables
easy detection of mutation.

DISCUSSION

The rationale behind this study was the straightforward
reasoning that the sensitivity of mutation detection will
increase when the detection power of the SSCP technique is
combined with that of the heteroduplex method. Although first
applications of this attractive idea have been described for
traditional slab-gel electrophoresis (e.g. 12,42,51–53), here we
show the first successful adaptation of combined SSCP/HA to
a modern CE system.

Homoduplexes and heteroduplexes of BRCA1 fragments

The presence of a base substitution, insertion or deletion muta-
tion in a heterozygous sample gives rise to four different
duplexes, two homoduplexes and two heteroduplexes. The
mutation is detected when at least two different duplexes can
be distinguished. It is common that one or both heteroduplexes
are separated from the homoduplexes, as in BRCA1 fragments
9, 11.13, 11.19 and 20 (Fig. 2). It may happen, however, that
both heteroduplexes comigrate with one homoduplex, and only
the separated second homoduplex forms the basis for mutation
detection, as in the case of BRCA1 fragments 13 and 11.22
(Fig. 2). This is the reason why the commonly used term HA
should be replaced by a more correct one, duplex analysis
(DA), which also includes mutation detection by differentia-
tion of homoduplexes. Analysis of the latter is also known as a
double strand conformation analysis (DSCA) (54–57). Of the
eight BRCA1 variant fragments analyzed in this study, seven
show different migrations of homoduplexes in optimal condi-
tions of analysis: 5% GeneScan polymer with 10% glycerol, at
a temperature of 30°C. Further decrease in electrophoresis
temperature down from 30°C would most likely improve the
sensitivity of mutation detection, but this would require imple-
mentation of an extra cooling system (33,36) with which the
standard ABI 310 analyzer is not equipped. On the other hand,
different migration rates of heteroduplexes are observed in all
analyzed fragments, but in three of them (fragments 13, 17 and
18) the difference becomes apparent only at higher tempera-
tures. Six out of the eight analyzed variants contain base
substitution mutations, which are usually more difficult to
detect (23). In spite of this, all mutations were found when
electrophoresis was performed at both the lowest and the
highest temperatures of 30 and 65°C, respectively. Seven
variants were detected in single conditions at 30°C. This is a
satisfactory result similar to those reported by other authors
who performed duplex analysis using the traditional slab-gel
system (15,16). The high mutation detection rate obtained
shows that duplex analysis by CE may be considered an inde-
pendent, efficient method of mutation detection. Among the
advantages of this method is single primer labeling, which
allows the use of other colors to label several different gene
fragments for multiplex analysis. Also, the short time of
analysis, usually <20 min, makes this method attractive for
clinical laboratories. The high efficiency of the method in
detecting insertion and deletion mutations is also an important
factor, as the majority of mutations in BRCA1 and BRCA2
genes are of this type (3).

Structural basis for duplex separations

In trying to understand the variety of ways in which base muta-
tions influence the electrophoretic migration of duplexes,
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questions still remain. Why do some mutations change the
migration of homoduplexes and others alter the mobility of
heteroduplexes? Why in some cases do both heteroduplexes
migrate with the same rate and in others with different rates?
Why do the majority of heteroduplexes migrate slower than
homoduplexes, whereas the heteroduplex of fragment 11.22
migrates in between the faster and slower migrating homo-
duplex? And finally, why does the distance between homo-
duplexes usually decreases with an increase in temperature,
while between homoduplexes and heteroduplexes it usually

increases? Six base substitution mutations analyzed in detail
(Fig. 3) form two types of mismatches in heteroduplexes, the
T:G and C:A. They influence the migration of heteroduplexes
to a different extent, which is consistent with earlier results
(15). Although our data do not allow us to distinguish between
individual heteroduplexes, we observe slower migration of both
heteroduplexes relative to homoduplexes in BRCA1 fragments
11.13 and 11.19 (Figs 2 and 3). This pattern of migration
changes at higher temperatures, i.e. in conditions resembling
these in which conformation sensitive gel electrophoresis (15)

Figure 5. Modifications increasing throughout of combined SSCP/DA. (A) Multiplex analysis of three BRCA1 fragments: 11.22, 13 and 20. The electrophoregrams
represent three possible combinations of genotypes in BRCA1 fragments 11.22, 13 and 20: 1, aa, aa, aa; 2, ab, ab, ab; and 3, bb, bb, ab, respectively. The symbols
aa, ab and bb represent the more frequent homozygote, heterozygote and less frequent homozygote, respectively. (B) DNA pooling prior to PCR. 1, SSCP/duplex
pattern of the BRCA1 5465 G/A heterozygous mutant; 2 and 3, the corresponding patterns of the mutant sample diluted, respectively, two and three times with DNA
samples of the wild-type sequence 5465G; 4, SSCP/duplex pattern of DNA fragment with the pure wild-type sequence (5465G). Note that the peak shown by arrow
distinguishing the mutant sequence pattern from that of the wild-type sequence contributes to 25% of the total duplex signal and to ∼50% of the signal produced
by one of the conformers of the FAM-labeled strand (black line).
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is performed. At elevated temperatures one of the hetero-
duplexes migrates with a rate similar to that of homoduplexes,
whereas migration of the other heteroduplex remains slow.
Lowering the melting temperature of a heteroduplex in the
vicinity of mismatched bases is perhaps the most important
factor to be taken into account when interpreting different
migration rates at different temperatures. Heteroduplexes of
BRCA1 fragment 13 show a mobility similar to that of
homoduplexes at 30°C, but as temperature increases, their
migration rate becomes lower. Contrary to that, heteroduplexes
of fragment 11.19 migrate slower than the corresponding
homoduplexes already at 30°C. The reason why two homo-
duplexes of the same length migrate with different rates is most
likely their different curvature resulting from a single base pair
change (58,59). In the case of six substitution mutations studied in
more detail (Fig. 3), the separation of homoduplexes is always
highest at 30°C and a 5% GeneScan polymer concentration,
decreases at a moderately elevated temperature and disappears
at 60–65°C. Also, in the case of fragments with a deletion or
insertion mutation, their migration rate corresponds well to
their length only at higher temperatures.

Combined SSCP/duplex analysis by CE

The promising results of duplex analysis described above and
recent results of other authors (40,41) followed several years of
successful applications of CE to SSCP (33–35,37). These facts
taken together imply that combined SSCP/DA can also be
adapted to the CE platform. The first goal was then to find the
optimal way to prepare a DNA sample for analysis that would
contain both the single-strand conformers and duplexes in the
required proportions. The second goal was to find suitable
conditions in which mutations could be detected with a high
sensitivity in both DNA fractions. In known CE–SSCP protocols,
the PCR product was denatured either in a formamide solution
(33,36,60), in NaOH solution (34,37) or in water (35). In our
experiments with DA, the PCR product was diluted with water
before electro-injection. It turned out that a PCR product at the
same dilution forms stable single-strand conformers after
denaturation and cooling. Thus, the sample containing single-
strand conformers and that containing duplexes could be
simply mixed for analysis at the required ratio depending on
the structures of the duplex and SSCP peaks. The stability of
the single-strand conformers in a very low salt water solution
is an important issue for combined SSCP/DA by CE in which
multiple samples are analyzed one by one, and analysis of a
single sample takes ∼25 min. In the case of the 48 samples
analyzed in a ABI 310 apparatus (full sample tray), the last one
is injected to the capillary 20 h after beginning the analysis.
During the time delay between sample preparation and its
analysis, the contribution of single-strand conformers in the
sample remains unchanged. Concerning the conditions of
electrophoresis, the CE parameters that we found optimal for
DA were highly similar to those reported by other authors as
optimal for SSCP (33–35). Therefore, in combined SSCP/DA,
the conditions worked out for DA were used.

Among the different effects of base changes on the SSCP
pattern, the one observed for BRCA1 fragment 17 is note-
worthy (Fig. 4C). The 5-carboxyflurescein (FAM)-labeled
strand (gray line) forms one major and one minor conformer in
each of the homozygous samples. The major conformer of the
G/G homozygote shows a migration rate identical to that of the

minor conformer of the A/A homozygote and vice versa. In the
electrophoregram of the heterozygous sample, two peaks of
similar intensity are observed. This example illustrates the fact
that the base mutation may not only result in the appearance of
a new conformer but also, as in homozygotes of fragment 17,
may shift the equilibrium between the existing conformers.
Another interesting observation is the presence of peaks
marked with two different colors in several SSCP patterns. The
frequency at which this effect occurs and the precise peak
overlapping suggest that hybridization of PCR primers to
single strands may be the explanation (61,62). Less complex
SSCP patterns are usually obtained when primers are removed
from PCR products during sample desalting on a suitable
cartridge. However, more complex SSCP patterns, which may
include a contribution from the primer hybridization to their
complexity, may facilitate mutation detection by the SSCP
method.

The combined SSCP/DA by CE proposed in this study
detected all 31 BRCA1 and BRCA2 sequence variants tested in
single conditions (Table 2), indicating that these methods
based on different principles complement each other perfectly.
The mutation detection rate for SSCP analysis alone is 90%,
and the sensitivity of DA is 81%. Among the three mutations
undetected by SSCP, two are base substitutions and one is a
single base deletion. On the other hand, the 2 bp deletion and
five base substitutions (two C/T and two A/G transitions, and
one G/C transversion) are undetected by DA. Two of the unde-
tected mutations are located a short distance (<50 bp) from the
duplex end (Table 2). Among all 22 base substitutions analyzed
in this study there are 15 transitions, four transversions A/C, two
A/T and one C/G, which form the following pairs of
mismatches A:C and G:T, A:G and C:T, A:A and T:T, C:C and
G:G.

Considering the advantages and drawbacks of the various
mutation detection methods, the cost of analysis is one of the
most important criterions. In the case of the combined SSCP/DA
method proposed here, the cost is the same as for each of the
methods used independently, which means it is at least one
order of magnitude lower than the cost of direct DNA
sequencing. As also shown in this study, the cost of analysis
may be further reduced and its speed increased by performing
multiplex analysis, or by DNA sample pooling before PCR,
whenever using these modifications is appropriate. The multi-
plex analysis shown in Figure 5A was successfully used in this
study to determine the frequency of BRCA1 intragenic haplo-
types in the Polish population and to confirm high frequency of
the IVS20+48ins12 BRCA1 variant observed earlier among
Polish women (43,45). We have shown earlier (42) the advan-
tages of DNA sample pooling in the analysis of radiolabeled
BRCA1 fragments by combined SSCP/DA. It was concluded
that a pooling factor of 4–5 can be safely applied, although
some mutations could be detected in mutant samples as many
as eight times diluted with the wild-type sequence. The result
of our present analysis, which makes use of CE, suggests a
slightly lower pooling factor of 3 (Fig. 5B). This corroborates
well with recently published results (63).

Another possibility for cutting the costs of mutation detec-
tion by combined SSCP/duplex method is the analysis of
longer PCR products obtained either from genomic DNA or
cDNA. Four sequence variants analyzed in this study occur in
fragments of length 320–401 bp and an additional four occur in



e71 Nucleic Acids Research, 2001, Vol. 29, No. 14 PAGE 12 OF 13

fragments 503–650 bp. These fragments are two to three times
longer than those considered optimal for SSCP and DA.
Importantly, mutations were detected in both single-strand and
duplex portions of all long fragments (Table 2). The question
of what is the maximum length of DNA fragments in which
mutations can be detected by the F-SSCP/duplex/CE method
needs to be answered in another study designed specifically to
address this point.

Finally, the combined SSCP/DA by CE, which was developed
using a single capillary apparatus ABI 310, can be readily
implemented to a higher throughput platform i.e. the 16 and 96
capillary systems ABI 3100 and ABI 3700, respectively. They
would allow analysis of up to 1000 and 6000 single samples
per day. Each of the modifications described here, multiplex
analysis and DNA pooling, may further increase throughput of
analysis by a factor of 3 making the method highly efficient in
screening and scanning for SNPs and mutations.
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