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ABSTRACT Presently available methods for screening large
genetic regions for unknown point mutations are neither flawless
nor particularly efficient. We describe an approach, especially
well suited to identiyng mutations present in the heterozygous
state, that combines several improvements in a protocol called
fluorescence-assisted mmath analysis (FAMA). Appropriate
gene regions of the wild-type and the putative mutant allele are
simultaneously amplified from genomic DNA by using the poly-
merase chain reaction, and largeDNA fragments, so far up to 800
bp, are end labeled with strand-specific fluorophores. Aliquots
are denatured and reannealed to form heteroduplexes and sub-
jected to conventional cytosne- and thymine-specific modfifica-
tions. Cleavages occuring on opposite strands are detected by
denatring gel electrophoresis using an automated DNA se-
quencer. Since theDNA a nts derived from the mutant allele
are also end labeled, the number of informative mispaired bases
is doubled compared to conventional searches using wild-type
probes. The sensiivty of detection is also increased, because
differential fluorescent end labeling allows the identification and
measurement ofstand-specific background cleavages at matched
cytosine or thymine residues. Automatic superimposition of trac-
ings from different subjects allows mia detection at sites
that, because of the nature of the bases involved and of the
neighboring sequence, are known to be less susceptible to cleav-
age. The effects of the latter parameters have been studied
quantitatively on a series of point mutations found in the human
Cl-inhibitor gene in patents affected by hereditary angioedema.
Dilution experiments have demonstrated that most mutations are
detected even when the mutant chromosome is diluted 10-fold or
more compared with the normal one.

The identification of loci responsible for a large number of
monogenic diseases and of a growing number of genes
involved in tumor predisposition and multifactorial diseases
has rapidly expanded the range of application of DNA
diagnosis. Since the majority of inherited disorders are het-
erogeneous at the gene level and are more often due to subtle
changes affecting one or several nucleotides than to large
deletions or duplications, considerable efforts have been
made to develop methods able to detect not only mutations
previously identified in probands or known to be prevalent in
a given population but also as yet unknown mutations (for
reviews, see refs. 1-3). Each of the methods has, however,
disadvantages that render its use problematic when searching
unknown point mutations within large DNA regions. Dena-
turing gradient gel electrophoresis (4-6) requires, for exam-
ple, computer-assisted optimization of the target region and
of the electrophoresis conditions, depending on the sequence
content of the DNA fragment. The single-strand conforma-
tion polymorphism technique (7), in spite of its experimental
simplicity, has shown limited sensitivity for the detection of

mutations in DNA fragments longer than 200 bp (8, 9).
Neither ofthese methods, moreover, yields information as to
the precise localization of the mutation within the DNA
fragment under investigation. Direct sequencing methods,
while improving rapidly, will probably remain costly and time
consuming, when screening for unknown mutations, and
have not been proven adequate to resolve unambiguously
heterozygous point mutations, without further labor-
intensive analyses.
The chemical cleavage of mismatch method (CCM) (10) is,

in principle, well suited to detect mutations independently of
the length and sequence composition of the region examined
and has been used successfully in a large number of studies
(refs. 11-16; reviewed in ref. 3). In the conventional CCM
method, however, heteroduplexes are formed between en-
zymatically amplified DNA from the patient and a radioac-
tively end-labeled fragment representing the wild-type se-
quence. HeteroduplexDNA molecules are produced with the
wild-type sequence end labeled on the coding and the non-
coding strand, respectively, and are chemically processed in
parallel reactions in order to reveal mismatches. Theoreti-
cally, using two probes, all mutations should be detected
after induction of cytosine-specific and thymine-specific
modifications by hydroxylamine and osmium tetroxide since
in all cases an unpaired C or T must be present at the site of
the mutation, either in the coding or in the noncoding strand
of the radioactively labeled probe. In practice, some mis-
matches are poorly cleaved, due to the nature ofthe unpaired
bases and to the properties of their local sequence environ-
ment.

Additional possibilities ofdetection should be generated by
simultaneous end labeling the PCR products corresponding
to the wild-type sequence and those derived from the mutant
allele, because of modification and cleavage at C or T
residues introduced by the mutation into the coding or the
noncoding strand of the mutant allele. Inherited diseases in
which the mutation is heterozygous provide a convenient
source of material to test this approach. Our efforts to
develop an efficient procedure for searching unknown point
mutations within large gene segments were prompted by our
interest in the molecular bases of the autosomal dominant
disease hereditary angioedema. This disease is caused by a
variety of defects of the Cl-inhibitor gene (17), which en-
codes a serine protease inhibitor that controls the activation
of several plasma proteases.

MATERIALS AND METHODS
DNA Samples. We reexamined 37 unrelated hereditary

angioedema patients who had not revealed Cl-inhibitor gene
alterations in previous DNA blot analyses (18). Initially, we
screened the same DNA samples for point mutations in exon
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8 by using the conventional version of CCM (10) and DNA
sequencing.

Generation of Fluorescence-Labeled Template. One micro-
gram of genomic DNA isolated from peripheral white blood
cells was used for 30 or 35 cycles of PCR amplification in a
100-,. reaction with oligonucleotide primers El and E2, as
illustrated in Fig. 1A. The fluorescence-labeled template was
generated by reamplifying, typically for 25 cycles, 2 ,.d of the
first amplification reaction using the same primers rendered
fluorescent by coupling a dye-N-hydroxyl succinimide ester
to an aminohexyl linker attached onto the 5' end, according
to the Applied Biosystems protocol. The sequence of oligo-
nucleotide El (labeled with the JOE fluorophore) is 5'-GTG-
AACTTGAACTAGAGAAAGC-3'. The sequence of oligo-
nucleotide E2 (labeled with the FAM fluorophore) is 5'-TGA-
GGATCCCACGAACTGCCAG-3'. Nested PCR was used
for other gene segments.

Heteroduplex Formation and CCM. The basic protocol for
chemical cleavage of mismatches has been described (10).
Bichrome PCR fragments were ethanol precipitated, and 450
ng was boiled for S min in 150 4 of 0.3 M NaCl/3.5 mM
MgCl2/3 mM Tris-HCl, pH 7.7, annealed from 2 hr to
overnight, ethanol precipitated, and resuspended in 18 j4 of
water. The annealing temperature was usually 420C, but
higher temperatures were used in some experiments. Six
microliters ofDNA was treated at 370C for 45 min or 1 hr with
20 , of a freshly prepared 7M hydroxylamine hydrochloride
(Merck) solution titrated to pH 6.0 by addition of dieth-
ylamine (Fluka). The final hydroxylamine concentration was
%3.8 M. Osmium tetroxide [Aldrich; 4% (wt/vol) in water]
was diluted in distilled water to give a 1% stock solution, and
aliquots were stored at -80oC in siliconized tubes. Six
microliters of DNA was incubated for 15 min at room
temperature in 0.4% osmium tetroxide/2% pyridine (Ald-
rich)/5 mM Hepes, pH 8/0.5 mM Na2 EDTA in a total
volume of 25 id using siliconized tubes. Modification reac-
tions were terminated by transferring the samples to ice and
adding 200 01 of 0.3 M sodium acetate, pH 5.2/0.1 mM Na2
EDTA/yeast tRNA (50 ug/ml), and the nucleic acids were
ethanol precipitated twice in a dry ice/ethanol bath. Pellets
were resuspended in 50 jA of 1 M piperidine (Aldrich) and
incubated at 900C for 20 min. Five micrograms ofyeast tRNA
and 50 4 of 0.6 M sodium acetate (pH 6.0) were added, and
the nucleic acids were ethanol precipitated. Pellets were
resuspended in 100 p4 of distilled water, lyophilized, and
dissolved in 8 Al of 83% (vol/vol) formamide/8.3 mM Na2
EDTA. Four microliters of each sample, mixed with 0.5 Al of
fluorescent-labeled size standards (GS2500P ROX; Applied
Biosystems), was loaded on a 6% denaturing polyacrylamide
gel in an Applied Biosystems automated DNA sequencer.
Data were collected and analyzed using the GENESCAN 672
(Applied Biosystems) software.

Safety Considerations. OS04 and piperidine are handled
under a fume hood. The supernatants of both ethanol pre-
cipitations after OS04 modification are collected for safe
disposal.

RESULTS
The Cl-inhibitor gene is 17 kb long and is composed of eight
exons (20). By choosing oligonucleotide primers in introns
and in the 5' or 3' flanking regions of the gene, one obtains
by PCR amplification a set of 600-1000-bp-long DNA frag-
ments encompassing either individual exons or groups of
them and covering all intron-exon boundaries.
_ Exon 8 was amplified with primers El and E2 as shown in
Fig. 1A. El is located within the 3' untranslated region, 211
bp downstream of the stop codon. E2 is located within intron
7, 147 bp upstream of the first nucleotide of exon 8. By using
the conventional CCM technique to screen the DNA of
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FiG. 1. Point mutations detected in the last exon of the human
Cl-inhibitor gene. (A) Schematic presentation of the region, en-
compassing the coding portion of exon 8, that was amplified
enzymatically from patients. (B) Mutations detected by conven-
tional CCM and sequence analyses and reexamined using, fluores-
cence-assisted mismatch analysis (FAMA). Nucleotide changes
are shown with boldfaced letters above the coding and below the
noncoding strand. Boldfaced numbers above triplets refer to
codons of the Cl-inhibitor protein (19). Numbers below the coding
strand and above the complementary one mark the distance from
the corresponding fluorescent end label. A double point mutation
found in one patient is marked with arrows connected by a dotted
line. An HgiAI restriction site', which is polymorphic, due to the
presence of a G or an A at the Val/Met codon 458 (19) is shown in
italics. (C) Quantitative analysis ofthe reactivity ofC orT residues
with hydroxylamine and osmium tetroxide, respectively. Percent-
ages in the columns Expl and Exp2 are from two sets of modifi-
cation and cleavage. Since the cleavable mispaired base is expected
to be present only on a quarter of the duplex molecules, these
percentages were calculated as the ratios of the fluorescence of the
corresponding cleavage product versus one-fourth the fluores-
cence in total DNA. When the same strand was cleaved at two
sites, this ratio was corrected for the effect ofthe proximal cleavage
on the observed intensity of the distal one. Arrows point to
cleavages readily detected at adjacent residues. Mismatches above
the dotted line could only be detected by superimposing tracings
(see an example in Fig. 3).

1874 Genetics: Verpy et al.

() I S
I



Proc. Natl. Acad. Sci. USA 91 (1994) 1875

patients, we found eight different point mutations in this area,
most of which result in profound impairments of the produc-
tion of the Cl-inhibitor protein (E.V., unpublished data). In
addition, a G -+ A transition within codon 458 generates a
polymorphism for the restriction enzyme HgiAI (19). In one
patient, two mutations, at codon 452 (C -* G) and at codon
459 (T -* G), connected with a dotted line in Fig. 1B, were
found on the same chromosome (data not shown). DNA from
this patient was therefore used to identify the partial cleavage
conditions that would allow detection of multiple mis-
matches. As shown in Fig. 2A, hydroxylamine cleavage of
unpaired C residues on the noncoding strand (green) yields
two peaks, at positions corresponding to the sizes of 295 nt
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FIG. 2. Detection of multiple mutations. The schematic diagram
depicts the heteroduplex molecules formed upon denaturation/
renaturation of the amplified DNA from a patient with a cis double
point mutation (see the arrows connected by a dotted line in Fig. iB).
For convenience, the FAM fluorophore at the 5' end of the coding
strand is indicated in red. The strands derived from the wild-type
allele are marked with thick lines, and distances of the mispaired
bases from the terminal fluorescent label are indicated. (A) Hydrox-
ylamine modifications to reveal mispaired C residues. The size scale
in nucleotides at the top of the diagram was obtained from the internal
size marker, labeled with the ROX fluorescent dye (Applied Biosys-
tems). The vertical scale indicates the intensities of fluorescence in
arbitrary units. (Inset) Enlargement of the profile of the coding strand
(red) between positions 357 and 369 from the terminal dye. It
illustrates the detection of paired C residues, marked by arrows in the
schematic diagram, which are immediately adjacent to mispaired
bases. Cleavage at these C residues (red profile) is significantly
stronger than that at other paired C residues, as revealed by
comparison with three individuals not carrying the mutation (blue
profiles). (B) Detection of cleavage at T residues using OSO4. The
arrowhead points to a paired T residue, adjacent to the mismatches
at codon 452, which undergoes a rather strong cleavage (see the OS04
column in Fig. 1C). Note that adjacent cleavages occur on half of the
duplexes.

and 317 nt, respectively, as predicted for the types of
heteroduplex molecules expected. Both peaks are strong,
relative to the fluorescence intensity of the uncleaved mate-
rial. One should note in fact that only one-fourth of the DNA
molecules are expected to contain the proper mismatch that
renders these C residues readily accessible to hydroxyl-
amine. These data, and similar data obtained with OS04
modifications, indicate that our conditions allow detection of
multiple cleavages on the same strand. Slightly milder con-
ditions of hydroxylamine treatment were subsequently used
because cleavage at the distal position (peak 317), when
corrected for the amount of fluorescence subtracted by the
proximal cleavage, turned out to approach 100%. Fig. 2 also
illustrates the redundancy ofinformation obtained by labeling
the products corresponding to both alleles. In this example,
two mutations are revealed by a total of seven distinct
cleavages. Among these, three have occurred at paired bases,
adjacent to the mismatch-namely, on the coding strand, the
C residues that yield weak but significant hydroxylamine
peaks (discussed below) around position 362 and, on the
noncoding strand, the T residue that yields the OS04 peak at
position 316. Such cleavages at adjacent paired bases, al-
though usually weaker than those at the mismatched residues
themselves, may occur in half of the duplexes, rather than
only in a quarter, as is typically the case for T- or C-con-
taining mismatches (see the schematic diagram in Fig. 2). The
gain in detection sensitivity provided by the use ofdifferential
labeling of each DNA strand combined with computerized
analysis is illustrated in Fig. 2A Inset, which shows an
enlargement of the doublet peaks around the destabilizing
mutation at position 362 of the coding strand, superimposed
onto the tracings of the same strand from three individuals
lacking this mutation.
The nine mutations shown in Fig. 1B allowed us to examine

quantitatively the effect of the type of unpaired bases and of
the composition of the neighboring bases on the susceptibility
to chemical modification. As shown in Fig. 1C, these com-
parisons, based on two independent experiments, yield a
reproducible hierarchy of cleavage susceptibilities. While the
cleavage efficiencies obtained with hydroxylamine are con-
sistently higher than those obtained with OSO4, the nucleo-
tide environment of the mismatch appears to have a similar
effect on the susceptibility to both chemical modifications,
since a similar order of cleavage efficiencies was observed
with both reagents. A few mutations do not follow this rule.
For example, Pro476Ser and Leu459Pro are relatively more
susceptible to hydroxylamine modification, but this is prob-
ably due to the presence, in both cases, of three consecutive
C residues at the site of cleavage. Similarly, the relatively
high levels of OS04 cleavage of the Val451Met heterodu-
plexes are probably due to the presence of two consecutive
T residues adjacent to the mispaired T. However, C-C
mismatches stand out for their high susceptibility to modifi-
cation even when embedded in two different nucleotide
environments. This is documented not only by the strong
hydroxylamine cleavage but also by the strong cleavage
observed with OS04 at the immediately adjacent T residues.
While TUG mismatches are sometimes detected inefficiently
in the OS04 reactions (3), all six T-G mismatches in our series
were detected, including that which results from the mutation
Arg472stop and displays a T embedded within G residues. In
line with the reported unreactivity of T residues immediately
3' of a G base (discussed in refs. 14 and 21), this T was cleaved
at a level even lower than that characteristic of paired T
residues. It was however recognized upon comparison with
the OS04 profile of other lanes (data not shown). One should
note however that mutations leading to the formation of T-G
mismatches are easily detected because of the complemen-
tary COA mismatch, readily revealed by the hydroxylamine
reaction.

( -4---A. ..'-- 1. 1- ---. -, ,- --
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-Each of the mutations listed in Fig. 1C yielded at least two
detectable fluorescent peaks resulting from cleavage at mis-
paired bases, but in several cases additional information was
obtained from cleavage at adjacent paired positions, marked
with arrows. The miajority of cleavage products were readily
detected, because the intensity of their fluorescent signal was
clearly above the background. Superimposition of tracings
such as the one shown in Fig. 2A Inset was necessary only
for detection of signals representing <10% of the cleavable
duplexes, such as the ones obtained by 0504 modification of
the mismatches resulting from the Arg472stop and the
Val458Met mutations. The 0504 profile of a patient hetero-
zygous both for the latter mutation, which is an innocent
polymorphism (19), and for the pathogenic Pro467Arg mu-
tation (E.V., unpublished results) is illustrated in Fig. 3. The
polymorphism at codon 458 was readily detected in the
hydroxylamine lane (not shown) as a peak at position 299 of
the noncoding strand, and the mutation at codon 467 (C -+ G)
yielded the expected cleavage products on the coding and the
noncoding strand in the hydroxylamine reaction (see Fig. 1C
for the intensities of these cleavages). In addition, a rather
strong cleavage can be seen in the 0504 profile shown in Fig.
3, at position 387 of the coding strand (red), due to the
presence of a T residue immediately adjacent to the desta-
bilizing C-C and G-G mismatches on one-half of the duplex
molecules. The signal expected at position 299 was not
discernible in the 0504 lane upon direct inspection of the
fluorescence from the noncoding strand (green), which car-
ries a mismatched T at the site corresponding to the codon
458 mutation. However, comparison with blow-up tracings of
the same region of 0504 lanes of other individuals, as shown
in Fig. 3A Inset, reveals that a T is indeed modified and
cleaved at position 299 of the noncoding strand.' This T-G
mismatch, which is present in one out of four duplex mole-
cules, is poorly reactive toward 0504, since the resulting
peak is only slightly higher than those of matched T-A bases

LA

C C

in the surrounding region. These are shown as five green/
blue peaks in the Inset, which reflect the T profile of the
noncoding strand from position 283 to position 316 (see, in
Fig. 1B, the underlined T residues of the noncoding strand).
The control profile (blue) shown in the Inset, lacking the peak
at position 299, is that of an individual G-C homozygous at
this polymorphic site. In fact, even interindividual variation,
that is of A-T and G-C homozygotes at this polymorphic. site,
can be detected (data not shown). Thus, the appearance of a
new T or C peak, not present in the profile of other individ-
uals, is a sufficient diagnostic marker even if its intensity is
not higher than that resulting from cleavage of the paired
bases in the surrounding region. We therefore routinely
superimpose and scan patient profiles in groups of four.
We then addressed the question of the thresholds at which,

using this method, a mutation can be detected if present only
in a fraction of the sampled cells. The patient with the cis
double mutation, whose complete cleavage profile is shown
in Fig. 2, displays a large number of fragments of variable
intensities and thus provides a convenient way to test the
limits of detection, by diluting genomic DNA of this patient
with increasing amounts of control genomic DNA. More-
over, the enzymatically amplified region of the affected
chromosome of this patient can be distinguished quantita-
tively, in the dilution series, because the T -+ G transversion
at codon 459 destroys a recognition site for the restriction
enzyme HgiAI (see Fig. 1B). As shown in Fig. 4, genomic
DNA of this patient was diluted with increasing amounts of
normal DNA and enzymatically amplified. The contribution
of the chromosome carrying the mutations was verified, after
the first PCR amplification, by monitoring, in the dilution
series, the decrease of the 588-bp fragment, which is resistant
to HgiAI digestion. Aliquots of each dilution series were then
subjected to both chemical modifications. Upon 5-fold dilu-
tion of the DNA (i.e., one of 10 chromosomes carrying the
mutations), both nucleotide mismatches shown schemati-
cally in Fig. 2 were easily detected. For sake of simplicity,
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T
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299

0(-munim tetroxide. .odingz ;*t 0)iniumn tetroxide- floncodiltL

FIG. 3. Detection of a weakly reactive mispaired T residue by
superimposing the cleavage profiles of different individuals. The T-G
mismatch at codon 458 is due to the polymorphic G --* A transition,
which produces an HgiAI polymorphism (see Fig. iB). The second
mismatch, at codon 467, is due to the presence, in this patient, of the
Pro467Arg mutation (C --. G). On the coding strand (red profile)
adjacent to the G-G or C-C mismatches at codon 467, a T residue
(arrowhead) is modified and cleaved. However, the expected cleav-
age at position 299 of the noncoding strand (green profile) can only
be seen in the blowup of the fluorescence between positions 283 and
316 (see the underlined T residues in Fig. iB). Individuals G'C
homozygous (blue profile in the Inset) lack the fluorescence peak at
position 299 but yield otherwise superimposable peaks at all paired
T residues.

FIG. 4. Sensitivity of detection to dilution of the mutant gene.
The genomic DNA ofthe patient with the cis double mutation, whose
cleavage profile is shown in Fig. 2, was diluted with wild-type DNA.
(A) Dilution of the mutant gene was verified after the first enzymatic
amplification by monitoring the intensity of the 588-bp HgiAI frag-
ment, which is diagnostic of the mutation at codon 459 (also see Fig.
1). In the gel, lanes are designated by the dilution factor applied to
the mutant gene. The control lane (C) contains wild-type DNA. (B)
Detection of both hydroxylamine peaks at positions 295 and 317 (see
the green profile in Fig. 2A), upon 5-fold dilution of the patient DNA
(i.e., when the mutant gene is present at a 1:10 ratio).
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only the hydroxylamine cleavage of the noncoding strand in
the undiluted and in the 5-fold diluted DNA is shown in Fig.
4C. All the other cleavage products shown for this patient in
Fig. 2 were, however, detected upon dilution. The hydrox-
ylamine doublet peaks of the coding strand around position
362 (see Fig. 2A Inset) were barely detectable when a 1/10th
dilution of the relevant chromosome was used (data not
shown).

DISCUSSION
Simultaneous labeling of wild-type and mutated DNA seg-
ments with strand-specific fluorescent dyes allows efficient
detection of mutations in large DNA regions. FAMA can be
carried out faster than conventional CCM, with the additional
benefit of the stability of the fluorescence-labeled products
and the convenience of the computerized storage of cleavage
profiles for subsequent comparisons. The only practical
limitation, as for other PCR-based methods, is in the need to
optimize the first PCR amplification step for each new DNA
region. In the examples shown here, it was sufficient to
optimize the choice of oligonucleotide primers and of the
PCR conditions. Nested PCR has been effective for the
amplification of other exons of the Cl-inhibitor gene.

Simultaneous radioactive labeling of the normal and of the
mutant allele has been used with the CCM method as a way
to discriminate between heterozygotes and homozygotes
(22), and in other studies radioactive probes were made both
from normal and from patient samples, to increase the
number of informative mismatches (21). Internal radioactive
labeling was used in these studies, thus preventing precise
localization of the mutation. A wild-type double-stranded
probe, radioactively labeled at both ends, was used in other
studies to reduce the number of chemical reactions (12). Our
procedure differs in important ways from these and other
previous approaches. First, the goal of maximizing the num-
ber of informative mismatches is achieved by labeling simul-
taneously the products of the wild-type and the mutant allele,
but with a terminal fluorescent dye. Secondly, bichrome
fluorescent PCR, in which the coding and the noncoding
strands are differentially labeled, not only reduces the num-
ber of chemical reactions but also ensures the precise local-
ization of the mutation(s). Furthermore, the observation that
strand-specific background cleavage at paired positions is
highly reproducible and can be used for comparisons renders
detectable mismatches, which ordinarily are poorly modified
and cleaved. Although FAMA is illustrated here with exam-
ples taken from a heterozygous mutation search, it can easily
be adapted to detect homozygous or hemizygous mutations
within large DNA fragments, by simply mixing a reference
DNA with the test DNA prior to PCR amplification.
The high signal-to-noise ratio of FAMA should also open

the way for its application in the detection of somatic
mutations, in which the relevant chromosome is diluted
within a large number of wild-type copies. The example
shown in Fig. 4 indicates that cleavage signals with an
average intensity are easily detected when the relevant
chromosome is diluted 10-fold. By automated comparison of
control profiles, we have been able to detect, at such dilu-
tions, much weaker signals.

To further expand the scope ofthe method, it will be useful
to optimize conditions for the resolution of DNA fragments
larger than 827 bp, the upper limit tested so far, and to explore
alternative cleavage methods, such as the use of mismatch
repair enzymes (23), to obviate the residual hazards of toxic
chemicals and the multistep timetable intrinsic to the chem-
ical cleavage protocol.
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