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Exhaustive Mutation Scanning by Fluorescence-Assisted Mismatch
Analysis Discloses New Genotype-Phenotype Correlations in
Angioedema
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Summary

A complete mutational scan of the gene coding for the
serpin C1 inhibitor, comprising all eight exons and adja-
cent intron sequences and 550 bp preceding the tran-
scription start site, was rapidly accomplished in 36 unre-
lated angioedema patients by using fluorescence-assisted
mismatch analysis (FAMA). Mutations accounting for
C1 inhibitor deficiency were identified in every one of
34 patients, with two failures turning out to be spurious
cases. Two new substitution dimorphisms were also de-
tected in introns. Changes affecting the C1 inhibitor
protein, distributed throughout the seven coding exons,
provide new insights into the molecular pathology of
serpins. Six different splice-site and two promoter muta-
tions were also found. Among the latter, a C-OT transi-
tion within one of two putative CAAT boxes of this
TATA-less promoter, the sole idiomorphic nucleotide
change in this kindred, was found homozygous in the
proband, at variance with the dominant mode of trans-
mission observed for structural mutations. FAMA, in
the chemical probes configuration used in this study, is
a rapid and robust mutation-scanning procedure, appli-
cable to large DNA segments or transcripts and proved
capable of 100% detection. Moreover, it provides accu-
rate positional information-and hence recognition of
multiple substitutions, precise relationship with those
already known, and often immediate identification of
the nucleotide change.

Introduction

The ongoing discovery of genes either directly responsi-
ble for inherited diseases or contributing to pathological
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conditions underscores the need for efficient methods of
detection of unknown mutations. In spite of constant
improvements of the sequencing chemistries and atten-
dant softwares for heterozygote detection, direct auto-
mated sequencing of PCR products does not guarantee
complete mutation detection and requires time-consum-
ing and costly optimizations (Kwok et al. 1994; Phelps
et al. 1995), not yet suited to diagnostic tasks (Phelps
et al. 1995). Among DNA-scanning methods, those
based on cleavage of heteroduplex DNA at mispaired
or unpaired bases and sizing of the truncated DNA
strands have proved effective in the screening of large
DNA regions (for a review, see Grompe 1993). Detec-
tion and sizing of cleavage products recently has been
potentiated by the introduction of multiple fluorescent
labels, used to increase throughput (Haris et al. 1994;
Rowley et al. 1995) or to maximize diagnostic accuracy
(i.e., lack of false-negatives), sensitivity on dilution of
the mutant sequence, and positional precision (Verpy et
al. 1994).

In the present study we have sought to validate the
power of bichrome fluorescent labeling (Verpy et al.
1994), by searching the mutations in the C1 INH gene
(Stoppa-Lyonnet et al. 1987; Carter et al. 1991), which
are responsible for hereditary angioedema (HAE), a
dominantly transmitted disease characterized by acute,
often serious, subcutaneous or mucosal swellings, due
to C1 inhibitor (Cl inh) deficiency. This serpin is the
only plasma inhibitor of the enzymic activity of the first
component of complement, but it also plays a major
role in the control of kallikrein and coagulation factor
XII activities (for a review see Davis 1988). According
to the plasma level of C1 inh, two types of HAE tradi-
tionally have been recognized: the more common form
(type I), with protein levels in the 5%-30% range of
normals, and the less frequent form (type II), character-
ized by normal or even high antigenic levels and low
functional activity (Rosen et al. 1965). Most type II
patients (Davis et al. 1992 and references therein) have
single amino acid substitutions at the reactive-center res-
idue or in a region located on the N-terminal side of
the reactive-center loop, which is called the "proximal
hinge" region (Stein and Carrell 1995; Perry and Carrell
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Figure 1 Screening strategy. Shown are the C1 INH gene structure and regions scanned. Exons are represented by boxes. The 3' UTR
is shaded. PCR-amplified regions are represented by thick lines and extend across all exon/intron boundaries and up to position -591 from
the transcription start site. Arrows point to three polymorphic markers, of which only that in exon 8 (restriction site HgiAI) has been reported
elsewhere (Bock et al. 1986).

1996). The latter mutations either block the interaction
with the target proteases or convert the inhibitor into a
substrate (Davis et al. 1992). Here, we demonstrate the
advantages that accrue from exhaustive detection of mu-
tations in a hereditary disease, especially with regard to
previously unrecognized subtypes and to the unexpected
recessive expression of a regulatory mutation in a typi-
cally dominant disease.

Subjects and Methods

Subjects
We studied 36 unrelated HAE patients who had not

shown C1 INH gene alterations in a previous DNA-blot
analysis (Stoppa-Lyonnet et al. 1991). They had been
diagnosed as type I HAE, except for one patient, initially
diagnosed as a sporadic type II case. At least nine of
these patients were candidates for de novo mutations,
because a thorough investigation of their families failed
to reveal other occurrences of the disease. Two healthy
individuals were also included as controls. Eight differ-
ent point mutations have been found in these patients
in previous screenings limited to exon 8 (Verpy et al.
1994, 1995).

Fluorescence-Assisted Mismatch Analysis (FAMA)
The C1 INH gene, which maps to 11q12-q13 (Janson

et al. 1991 and references therein), consists of eight ex-
ons distributed over a stretch of DNA of 17 kb and
contains 17 Alu repeats within introns. Alu-mediated
partial deletions/duplications account for 15% of ge-

netic deficiencies of C1 inhibitor (Stoppa-Lyonnet et al.
1991). For each region (see fig. 1), 100-500 ng of geno-
mic DNA isolated from peripheral white blood cells was
subjected to 30 or 35 cycles of PCR amplification in a

50-gl reaction using the external oligonucleotide primers
indicated in table 1. The fluorescence-labeled templates
were generated by reamplifying, typically for 25 cycles,
an aliquot of the first amplification reaction, by using
internal fluorescent primers (nested PCR) as indicated

in table 1, except for region 6, for which the same prim-
ers were labeled with appropriate fluorescent dyes. Ini-
tially, primers were labeled by coupling a dye N-hy-
droxyl succinimide ester (FAM and JOE fluorophores
[Perkin Elmer, Applied Biosystems Division] for the for-
ward and reverse primer respectively), by using an
amino-hexyl linker attached onto the 5' end, according
to the Perkin Elmer/Applied Biosystems protocol. Subse-
quently, the fluorescent dye phosphoramidites 6-FAM
(for the forward primer) and HEX (for the reverse
primer) were used to synthesize directly fluorescent dye-
labeled oligonucleotides.
The basic protocol for FAMA (Verpy et al. 1994) was

followed, with few important modifications (Biasotto et
al. 1996). Notably, hydroxylamine and osmium tetrox-
ide working solutions were stored in small aliquots at
-80°C for as long as several months, thus ensuring re-
producibility and removing potential hazards associated
with their repeated preparation. One picomole of bi-
chrome PCR fragments was boiled for 5 min in 150 ,l
of 0.3 M NaCI/3.5 mM MgClI/3 mM Tris-HCI, pH 7.7,
and annealed at 65°C overnight or >5 h. The hetero-
duplexes were ethanol precipitated after addition of 60
gg of glycogen (Boerhinger-Mannheim) and were resus-
pended in 18 g1 of H2O. Six microliters of DNA were
treated either at 37°C for 45 min with 20 gl of the
freshly thawed hydroxylamine working solution or at
room temperature for 15 min with 0.4% osmium tetrox-
ide/2% or 2.5% pyridine/0.5 mM Na2EDTA/S mM
Hepes, pH 8 (final concentrations), in a total volume of
25 g1, by using siliconized tubes. Modification reactions
were terminated by transferring the samples to ice and
adding 200,l of cold stop solution (0.3 M sodium ace-
tate/0.1 mM Na2EDTA, pH 5.2), and the nucleic acids
were ethanol precipitated once in a dry-ice ethanol bath,
washed in 70% ethanol, resuspended in 50 g1 of 1 M
piperidine, and incubated at 90°C for 20 min. After the
samples were cooled on ice, 50 p1 of 0.6 M sodium
acetate were added, and the nucleic acids were ethanol

U-
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Table 1

Primers Used for Amplification of Cl INH Gene Regions

Region and Primera Sequence (5'-3t)b Position 5'

A:
ex Forward TTAGGTTGAATGCTTGTTGA -614
ex Reverse TGCATCTGTCTGAGTCCTGA 829

Al:
in Forward GGGTGCCTCACATCCGTTGTCT -591
in Reverse GGGACACTGCCCAGTTACAAATTA -70

A2:
in Forward GGGCTAAATTCCTGGCCTGGCC -193
in Reverse GGAGCCTGAAGGGTTAATCCTCA 734

B:
ex Forward CTGACTATCCCTCATCTTC 1951
ex Reverse TTAGTGGCTGCGACCTTAT 2947
in Forward aaGTGGTTCTAAGACAGATTGCTCAT 2038
in Reverse gAAGCAATCGTGCCTATTACATCAC 2895

C:
ex Forward GCAGCCTAGTGTCTGACTT 3735
ex Reverse GCCAGAGACTTGTCTAAGG 4696
in Forward GAGAGAACATTCCAGCTCAGATGA 4207
in Reverse GGAGTGACCTAATGCTCCTGCC 4650

D:
ex Forward CCATAGTCACATAGCAAGCTGA 8076
ex Reverse TGAGAATCCTGTT1TCCAGCCTA 9075
in Forward ATCTGTAAGAGGAGTGGGCTGG 8171
in Reverse GGTGGAAATACAGATGGAAGGAG 8997

E:
ex Forward CCAGCACAGAGTTGGATCA 13834
ex Reverse TGAGCCTCCATTITCCACAAT 14431
in Forward GGAAGCTITAGGTCTGACTGATGC 13896
in Reverse AGGGTTGCAGGACAAACTGAGATT 14373

F:
Forwardd tGAGGATCCCACGAACTGCCAG 16474
Reversed GTGAACTTGAACTAGAGAAAGC 17128

aex = external reaction; and in = internal reaction.
bBases denoted by lowercase letters at the 5' end of some primers differ from those in the C1 INH

sequence.
c Numbering is that of Carter et al. (1991).
d Unlabeled and fluorescence-labeled primers were the same.

precipitated, washed twice in 70% ethanol, and Iyophi-
lized. The pellets were resuspended in 8 Il of gel-loading
solution containing deionized formamide and 50 mM
Na2EDTA, pH 8.0, in a 5:1 ratio. Two to four microli-
ters of each sample were analyzed on an automated ABI
373A sequencer, as described. Fluorescence signals were
routinely analyzed starting at -70 nucleotides from the
fluorophore.

Direct Sequencing of PCR Products
The PCR products were purified by using Ultrafree-

MC filter units (Millipore) to remove unincorporated
oligonucleotide primers. The fragments were then se-

quenced according to the ABI protocol for Taq-dye ter-

minator cycle sequencing on an automated ABI 373A
sequencer.

Results

Screening Strategy
Thirty-six unrelated HAE patients with or without

family history were screened for point mutations, ac-
cording to the strategy described in figure 1. By use of
oligonucleotide primers in introns and in the 5' and 3'
flanking regions of the C1 INH gene (table 1), seven
bichrome DNA fragments were produced from six dif-
ferent regions by two-step PCR amplification. These am-
plicons encompass individual exons or groups thereof
and cover all intron-exon boundaries as well as a stretch
of 591 bp preceding the transcription start site (fig. 1).
The fluorescence-labeled 5' ends of primers were posi-
tioned in introns at 100-200 bp from the exon bound-
ary. We first tried to screen region A by using a single
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1,325-bp-long amplicon, a size proved successful in
FAMA scanning of a large number of amplicons from
other genes (authors' unpublished data). However, we
were unable to form correct heteroduplexes with this
particular amplicon. Even when more stringent hybrid-
ization conditions were used, the duplexes formed mi-
grated in nondenaturing PAGE as a smear with mobility
lower than that of the corresponding homoduplexes,
suggesting formation of internal structures on separa-
tion of the DNA strands. This difficulty was overcome
by dividing the region into two overlapping PCR frag-
ments.

For each region, mutation scanning was performed
simultaneously on serial arrangements of patients, be-
cause the ultimate sensitivity of FAMA depends on the
information obtained by superimposing electrophoretic
profiles of the same region from different individuals
(Verpy et al. 1994). Mutations were further character-
ized by targeted sequencing of the relevant site. When
other regions were examined, only patients with muta-
tions leading to premature termination of translation
were excluded from subsequent screenings.

Heterozygous Mutations in 33 of 36 Unrelated
Angioedema Patients
The foregoing strategy allowed detection of heterozy-

gous mutations in 33 patients. Two previously unknown
dimorphisms (see below) were also found, in addition
to the known HgiAI polymorphism in exon 8 (Bock et
al. 1986). Mutations found in each region are listed in
table 2 in the Qrder in which amplicons have been
scanned for mutations. Family studies or cloning of the
relevant region demonstrated the presence of double
mutations in a cis configuration in patients 40, 31, and
25 (discussed below). Only three pathogenic changes
were found to be shared by two apparently unrelated
patients: 16872 C-+T in exon 8 (patients 12 and 22),
2694 G-+A in exon 3 (patients 20 and 28)-both oc-
curring at CpG dinucleotides-and 2650 T-+C in exon
3 (patients 24 and 25).

Microdeletions/Duplications
Eleven small deletions/insertions are shown with

underlined characters in table 2. Most of them result in
frameshifts (discussed below). However, a 29-bp dele-
tion, found in patient 13, encompasses the intron 6/exon
7 junction (fig. 2). Its boundaries fall within the CTCT
sequence, which is conserved on the 3' side of two al-
most perfect repeats TGCATCTCT (nucleotides 14012-
14020 and 1441-14049; conserved residues are under-
lined). The same splice site is altered in patient 29, whose
last two bases of intron 6 and first two bases of exon 7
are replaced by the GCA triplet (fig. 2). This change
generates a new potential acceptor site (fig. 2) and dupli-

cates a CTGCAG PstI recognition site present in the
normal sequence 13 nucleotides downstream.

Other Splice-Site Mutations
The acceptor splice site of intron 6 (fig. 2) is also

affected by a G-+C transversion that changes the canoni-
cal AG. Similarly, the invariant G of the acceptor splice
site of intron 1 was found to be substituted by A. Differ-
ent mutations (at positions marked by underlined letters
in the consensus sequence AGgtagagt) were found at the
donor splice sites of intron 2 and of intron 3. As also is
shown in figure 2, a G is present at the last position of
exons and at the fifth position of introns in 81% and
85%, respectively, of the donor sites in primates (Sena-
pathy et al. 1990). The consequences of these splice-site
mutations will have to be examined at the mRNA level
in peripheral blood monocytes. They may result in quan-
titative (i.e., reduced amount of a normal mRNA) or
qualitative defects, through exon skipping, activation of
a cryptic site, or generation of a new splice site, as proba-
bly is the case for the agGT-+gca substitution at the
intron 6/exon 7 junction (fig. 2). Use of this new splice
site would lead to deletion of the conserved V322 (codon
GTG). In another study, a mutation of the invariant G
of the donor splice site of intron 6 of C1 INH has been
reported (Siddique et al. 1991). In this case no abnormal
mRNA was detected, and the normal mRNA was pres-
ent, with a relative abundance of 50%, suggesting that
the transcript of the mutant allele was not converted
into a stable mRNA.

Premature Protein Termination
Mutations of the translation-termination type

(frameshift or nonsense), found in 12 patients, were dis-
tributed over all coding exons (table 2 and fig. 3A). In
exon 5 of patient 9, deletion of a C within a group of
four cytosines (positions 8380-8383) produces a
frameshift and causes premature termination at codon
229. The same stop codon results from deletion of
C8390 in patient 41. A 2-bp deletion in exon 6 (posi-
tions 8814-8815 in patient 17) and a 2-bp deletion in
exon 3 (positions 2250-2251 in patient 6) also result
in premature termination. The latter deletion occurs
within an (AG)3 repeat. Again in exon 3 (in patient 37),
an expansion from two to four T residues at position
2677-2678 results in translation of 32 out-of-frame
amino acids, followed by protein termination at codon
189, encoded in exon 4. Two frameshift mutations were
also found in exon 4-that is, the insertion of an A
at position 4372, within a stretch of four consecutive
adenines (patient 21), and deletion of a C within a
stretch of four cytosines at positions 4397-4400 (pa-
tient 16). A tandem duplication of eight nucleotides
(589-596) within exon 2 (patient 27) produces a
frameshift and results in translation of only three altered
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Table 2

Mutations Identified in 34 Patients

Region and Predicted Effect on
Patienta Location Nucleotide Changeb Transcript/Protein

16809 G-*A
16812 C-G
16822 T-.C
16834 T-+C
16834 T-.G
16858 C-+G
16872 C-IT
16872 C-iT
16884 C-IT

8346 T-*C
8383 AC
8390 AC
8455-8457 ACAA
8741 T-*G
8807 T-.C
8814-8815 ACA
8823 C-G

2250-2251 AAG
2650 T-+C
2650 T-+C
2656 C-IT
2679 ins TT
2694 G-A
2694 G-A

4372 ins A
4400 AC

V451M
Q452E
F455S
L459P
L459R
P467R
R472 stop
R472 stop
P476S

F214S
P226-X2-stop'
V228-stop
AN250
F281C
M303T
N304-X9-stop
Y308 stop

E13-X20-stop
F147S
F147S
P149L
L156-X32-stop
Splicing defect or G162R
Splicing defect or G162R

K168-X65-stop
P178-X9-stop

Intron 6-exon 7
Intron 6-exon 7
Intron 6
Exon 7
Exon 7

Promoter
Intron 1
Exon 2
Exon 2
Intron 2
Promoter

14019-14047 A29 bp
14029 AGGT-+GCA
14030 G-C
14037 C-.T
14181 A-C

-40 C-+G
564 G-A
566 T-+C
589-596 8-bp duplication
642 G-+A
-103 C-Tf

Splicing defect
Splicing defect
Splicing defect
Q324stop
T372P

Splicing defect

R-19-X3-stop
Splicing defect
Transcriptional defect?

a Mutations occurring independently are underlined.
bNumbering is that of Carter et al. (1991). Small deletions or insertions are denoted by underlined

characters, and their nature is indicated: A = deletion; and ins = insertion.
c Mutations in region F were previously found with conventional CCM (Verpy et al. 1995).
d Patient had two mutations in cis.
' Frameshift mutations are denoted by the last correct amino acid followed by the number of misincorpo-

rated residues before the stop codon.
fProband is homozygous.

F:
10
40d

34
19
40d
33
12
22
30

D:
26
9
41
3ld
23
11
17
43

B:
6
24
25d
14
37
20
28

C:
21
16

Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8

Exon 5
Exon 5
Exon 5
Exon 5
Exon 6
Exon 6
Exon 6
Exon 6

Exon 3
Exon 3
Exon 3
Exon 3
Exon 3
Exon 3
Exon 3

Exon 4
Exon 4

13
29
15
35
18

A:
3ld
36
25d
27
46
44
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Figure 2 Splice-site mutations. Six different splice-site mutations were found, including a 29-bp deletion and a deletion/substitution. The
latter and an independent point mutation affect the intron 6/exon 7 junction. Note that substitution of the agGT quadruplet with the gca
triplet generates a new potential acceptor site (underlined aG). The 642 GN-A transition at the fifth position of intron 2 (patient 46) is predicted
to be pathogenic, on the basis of the consensus sequence of the donor splice sites. Similarly, the 2694 G-IA transition at the last base of exon
3 (patients 20 and 28; see table 2) is predicted to result into a splicing defect but may also determine a glycine-to-arginine substitution. Note,
however, that only these mutations were found, respectively, in patient 46 and in patients 20 and 28, on complete scanning of the C1 INH
gene.

amino acids before a stop codon within the signal pep-
tide. This duplication occurs just two nucleotides up-
stream of a perfect 9-bp direct repeat present in the
normal sequence (GCTGACCCT: 598-606,607-615),
suggesting that replication slippage is the most likely
mutational mechanism involved. Besides this premature
termination in the signal peptide and a nonsense muta-
tion in exon 8 (R472stop), which results in the synthesis
of a protein only seven residues shorter than the normal
one but rapidly degraded intracellularly (Verpy et al.
1995), all other frameshift or nonsense mutations identi-
fied in this study predict the synthesis of protein prod-
ucts lacking the reactive-site loop. Four exon 8 muta-
tions with predicted termination a short distance
upstream of the reactive-site loop have already been de-
scribed elsewhere (Frangi et al. 1991; Siddique et al.
1992, 1993).

Missense Mutations
Fourteen different missense mutations and two dele-

tions of a single codon were found (fig. 3). Among the
latter, the AV322 mutant protein (first codon of exon
7; shown in parentheses in fig. 3) will be produced only
if the new canonical splice site generated by the 14029
agGT- gca substitution is used (see fig. 2). Two addi-
tional mutant proteins, also shown in parentheses in
figure 3, may not be expressed or may be produced only
in low amounts, either because of a concomitant splicing

defect (G162R, predicted from the point mutation 2656
G-IA at the last base of exon 3) or, in the case of the
AN250 deletion, because of a potential promoter defect
associated in cis, as discussed below. All missense muta-
tions affect the serpin domain of C1 inh (see fig. 3A),
and it is not surprising that no amino acid substitution
was found in the N-terminal portion of the protein,
characteristically present only in C1 inh and highly 0-
glycosylated (see fig. 3A). Deletion of this domain has
indeed little or no effect on C1 inh secretion and in
vitro functional activity (Coutinho et al. 1994; authors'
unpublished data). At six positions (fig. 3B), amino acids
affected by missense mutations in C1 inh also have been
found substituted or deleted in al-antitrypsin (Graham
et al. 1989; Curiel et al. 1990) or antithrombin III (Lane
et al. 1992; Millar 1995) in patients with emphysema
or recurrent thromboembolic disease, respectively (re-
viewed in Stein and Carrell 1995). Among the eight
different C1 inh mutations affecting positions for which
no pathogenic substitution has been described in other
serpins, mutants F214S, F281C, and M303T replace
internally located hydrophobic residues with polar ones.
Moreover, the F281C mutation introduces a free cys-
teine that may interfere with the normal disulfide-bond
formation connecting C101 to C406 and C108 to C183
(Bock et al. 1986). However, the T372P substitution
affects a residue not conserved in serpins (fig. 3B), and
expression of this mutation in transfected cells should
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Figure 3 Mutations in the coding regions. A, Distribution of the mutations within the translated regions. The protein domains are
indicated above the coding portion of the C1 inh mRNA, and roman numbers denote exons. Frameshift mutations are indicated with the last
correct amino acid followed by the letter f, and nonsense mutations are marked with an asterisk. Mutations found twice, in unrelated patients,
are underlined. Three mutants (indicated in parentheses) may not be expressed significantly at the protein level, because of possible additional
pretranslational defects. B, Amino acid substitutions in mutant C1 inh proteins. For each C1 inh mutation, the corresponding amino acid of
al-antitrypsin (al-AT) is shown, and, below the al-AT line, the identity of amino acid residues is indicated at equivalent positions for 10
human "inhibitory" serpins (Cl inh, al-antitrypsin, heparin cofactor II, antithrombin III, endothelial plasminogen activator inhibitor, placental
plasminogen activator inhibitor, al-antichymotrypsin, a2-antiplasmin, protein C inhibitor, and protease nexin-1). The connected arrows point
to two substitutions found on the same allele. Antitrypsin (al-AT) and antithrombin (AT HI) substitutions or deletions indicated at the bottom
of the figure correspond to al-AT Mmaiton (AF52), Mn,,crai sprin (G67E), ATIII Oslo or Paris 3 (A404T), La Rochelle (N405K), and Budapest
(P429L); for recent reviews, see the work of Stein and Carrell (1995) and Perry and Carrell (1996).

provide clues to its phenotypic consequences. The effects
of substitutions in the carboxy-terminal portion of C1
inh (encoded in exon 8) have been studied by in vitro
mutagenesis and cell transfection, and in each case intra-
cellular transport and secretion were severely affected
(Verpy et al. 1995). However, the mutant proteins
V451M, P476S, and F455S are partially secreted but
dysfunctional (Eldering et al. 1995). Patient 34 (F455S)
also has a C-JG transversion 320 nucleotides upstream
from the transcription start site; however, this mutation
was also found in a healthy brother (authors' unpub-
lished data).

Double Mutations in cis
Double mutations in a cis configuration were found

in patients 40, 25, and 31 (table 1). Patient 40 carries
an allele with a double de novo point mutation. In cul-
tured cells, expression of each mutation separately dem-
onstrated that the Q452E change has little or no effect
on C1 inh protein structure or function, whereas secre-
tion of the L459P mutant is totally abolished (Verpy et
al. 1995).

In addition to the F147S missense mutation, which

affects a conserved amino acid residue, patient 25 has
a T-IC transition at position 566. Both this mutation
and that giving rise to the F147S substitution were found
in the proband's affected son, indicating that they reside
on the same allele. However, position 566 is the second
nucleotide of exon 2 and thus is not part of a consensus
acceptor splice site. Moreover, it affects 5' untranslated
mRNA sequences remote from the translation initiation,
and therefore this change probably has no effect on the
transcript or the protein. The same mutation was found
in patient 10, together with the pathogenic V451M
change that results in strongly reduced secretion. For
want of other family members, we were unable to deter-
mine whether this T-IC transition is on the same chro-
mosome of patient 10 as is the missense mutation
V451M.
A promoter mutation (C-OG transversion at position

-40) and a 3-bp deletion in exon 5, predicting the dele-
tion of residue N250 (al-AT position 167), were found
in patient 31 and cosegregate in his family (not shown).
The promoter mutation affects a pyrimidine-rich region
(-48 to -17; see fig. 4C) of potential H-DNA structure,
containing a sequence element (-35 to -17) similar to
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Figure 4 Detection of the homozygous promoter mutation -103 C-T. A, Detection of the mutation in the 522-bp-long fragment Al
by FAMA. The genomic DNA of patient 44 was mixed with an equal amount of control genomic DNA before the first amplification step. The
profiles of the coding strands obtained on hydroxylamine modification (C specific) are shown for patient 44 (upper profile) and for another
patient (unmutated amplicon; lower profile). Cleavage at the mismatched C in patient 44 generates a 489-nucleotide fragment. B, Status of
family members with regard to the promoter mutation. Numbers next to symbols in the pedigree refer to lanes on the gel shown below it. The
1,443-bp-long fragment used in region A, obtained with the external primers (see table 1), was digested with AseI (recognition sequence:
ATTAAT). Note that, in addition to the proband IV 4 only patient III 1 is homozygous for the mutation. A preliminary clinical and biochemical
characterization of this family has been published (La Rocca et al. 1986). C, Sequence of the relevant promoter region, with two potential
CAAT boxes double-underlined. A pyrimidine-rich stretch with potential H-DNA structure (Davis et al. 1989) is underlined with dots, and an
initiator sequence is underlined, encompassing the transcription start site, which is at an adenine residue (Carter et al. 1991; Zahedi et al.
1994).

a sequence found upstream of the human c-myc gene,
which binds positive transcriptional regulators (Davis et
al. 1989).

Homozygous Promoter Mutation
The FAMA procedure, in the heterozygous screening

mode (i.e., free from external probes) applied here to a
typically autosomal dominant disease, failed to detect
mutations in only 3 of the 36 patients. Of these, only
one (see below) had a family history of the disease,
whereas the diagnosis of HAE was not formal, even
on clinical accounts, in the two sporadic cases. Careful
reexamination of complement parameters led to the de-
tection of autoantibodies to C1 inh in one patient, who
was therefore diagnosed as having a rare acquired form
of angioedema (Jackson et al. 1986; Alsenz et al. 1987).
It should be noted that this patient had originally been
diagnosed as having type II HAE. The other uninforma-
tive patient, also a sporadic case, consistently had C1
inh levels at the lower limit of the normal distribution

but had normal C4 levels. Thus, his pathology is not
akin to HAE.
The PCR products of region A2 of the three patients

who had failed to reveal mutations were sequenced di-
rectly, together with the PCR products of the five pa-
tients carrying mutations in this region. Quite unexpect-
edly, a mutation was found in the homozygous state in
patient 44 (table 2 and fig. 4C). This C->T transition at
position -103 alters the first nucleotide of a putative
CAAT box and is homozygous because of consanguin-
ity. Owing to the dominant mode of transmission of the
disease, our strategy had been based on the assumption
that pathogenic mutations would obligatorily be hetero-
zygous and thus reference DNA needed not to be added
to the test DNA. FAMA reassessment, performed
throughout the seven C1 INH regions of this patient
after addition of a reference DNA, readily identified this
C-+T transition (fig. 4A) in each of the overlapping re-
gions Al and A2 and ruled out mutations in exons or
exon-intron boundaries. In addition to proband IV4,
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only one other living family member (patient III 1 in fig.
4) has a severe form of HAE. This individual also carries
the promoter mutation in the homozygous state. All
other family members are heterozygous for this muta-
tion (fig. 4B).

Genetic Markers in C1 INH
In addition to the known HgiAI variants in exon 8

(G/A 16830), two new dimorphisms were detected in
intron 4 and intron 6, when we screened for mutations
in regions C and E, respectively (fig. 1). DNA sequence
analysis demonstrated the transition G-+A, 88 bases
downstream of the last base of exon 4 (position 4573),
and the transition A-+G, 20 bases upstream of the first
base of exon 7 (position 14011). Each of these mutations
results in loss of a restriction site-that is, MnOI (recog-
nition site GAGG) in intron 4 and NsiI (recognition site
ATGCAT) in intron 6. To establish the allele frequencies
for the MnlI, NsiI, and HgiAI variants, we studied 50
unrelated Caucasian individuals. The following allele
frequencies could be established: .69/.31 for MnWI'-,
.28/.72 for NsiI+I-, and .69/.31 for HgiAI+'-. The fre-
quencies for the HgiAI variant are not different from
those reported (.68/.32) in a sample of 17 individuals
(Bock et al. 1986). Moreover, for the MnlO and HgiAI
polymorphisms, the distribution of the + alleles (nucleo-
tides G4573 and G16830, respectively) and the - alleles
(nucleotides A4573 and A16830, respectively) was
found to be concordant in each of the 50 individuals
examined. This observation, duplicated by the identity
of the allele frequencies of the HgiAI and MnlI polymor-
phisms, suggests the presence, at least in the Caucasian
population, of two ancient haplotypes, one featuring the
association of G4573 with G16830 and the other one
associating A4573 with A16830.

Discussion

Simultaneous labeling of wild-type and mutant PCR
fragments with strand-specific fluorescent dyes followed
by chemical cleavage of mismatches (CCM) allows effi-
cient detection of mutations in large DNA regions. Each
single nucleotide substitution gives rise to at least two
detectable cleavage products, and computer-aided anal-
ysis allows unambiguous detection of even weak cleav-
age signals, which typically have gone undetected by
radiolabeling. The mutation is precisely localized, and
the nature of the change often can be inferred from
the specificities of the cleaving reagents and the direct
recognition of the strand undergoing cleavage. More-
over, small insertions/deletions and replacements of
more than one nucleotide all can be detected. Microdele-
tions or microinsertions of one or a few nucleotides yield
at least one strong cleavage signal (see the example in

fig. 5). Moreover, the destabilizing effect of unpaired
bases favors the reactivity of adjacent positions (Cotton
and Campbell 1989). Once a mutation is detected, lim-
ited sequencing of only one strand has invariably proved
sufficient for confirmation, because position and kind
of mutation are essentially known. Furthermore, the
precision of localization is enhanced, even compared
with the most favorable conditions of conventional
CCM-that is, the use of radioactively end-labeled
sense and antisense probes (Grompe et al. 1989; Cotton
1993)-because the weak but reproducible cleavage
pattern on paired cytosine or thymine bases provides
sequence-quality information. In many cases the se-
quence change could be diagnosed without sequencing
and could be verified promptly by restriction-endonucle-
ase digestion. New mutations were always distinguished
readily-that is, without sequencing-from those pre-
viously known, and pathogenic mutations were easily
detected amid harmless polymorphisms, present in three
of the seven regions scanned (fig. 1).
The properties of enzymes, such as bacteriophage re-

solvases, in cleaving DNA mismatches (Mashal et al.
1995; Youil et al. 1995) may be conveniently incorpo-
rated into an enzymatic mode of FAMA to ensure even
more rapid detection of mutations. However, FAMA
in the configuration reported herein is so far the only
mutation scanning method allowing 100% detection
and precise positioning of the nucleotide change. More-
over, the wide scanning window of FAMA and its high
sensitivity of detection of mutant amplicons in the pres-
ence of an excess of wild-type sequences (Verpy et al.
1994) make it ideally suited for mutation scanning at
the mRNA level. When mutations are carried by rare
or unstable mutant mRNAs-and thus, for practical
purposes, are likely to be invisible to direct sequencing-
precise positioning of the change(s) within large RT-
PCR products-presently up to 1.4 kb (authors' unpub-
lished data) -allows straightforward genomic targeting
of the relevant exon(s), rather than requiring the se-
quencing of large numbers of clones representing the
relevant RT-PCR product.
FAMA of the seven amplicons shown in figure 1 re-

sults in effective scanning of -4 kb of DNA. Complete
screening of the patients examined in this study, using
both the hydroxylamine and the osmium tetroxide-
modification reactions, requires '12 runs of the Perkin
Elmer/ABD DNA sequencer, with the 36-well format.
Other mutation-scanning methods (reviewed in Cotton
1993; Grompe 1993)-in particular, SSCP and hetero-
duplex analysis and their variants-are commonly used
in situations in which small amplicons are scanned for
rapid detection of a varying fraction of mutations. Dena-
turing gradient-gel electrophoresis affords more reliable
detection, but its scanning window is likewise not larger
than -500 bp, and extensive optimizations are required
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Figure 5 Example of microdeletion (for examples of point mutations, see Verpy et al. 1994). Whereas most mismatches are immediately
visualized as new DNA fragments on the gel image, close examination of fluorometric tracings gives additional fine-structure information. In
this example (microdeletion 8383 AC in exon 5), only one of the four possible unpaired C residues is represented schematically, and only the
cleavage profiles (coding and noncoding strand) obtained on modification with hydroxylamine are shown. Note that microdeletions usually
occur within short repeats, yielding rather broad cleavage peaks, as illustrated in the inset, in which the signal is expanded in both axes and
compared with three control profiles from other individuals analyzed on the same gel. Furthermore, a thymidine residue at an adjacent position
(arrow) yields a weak but distinct signal with osmium tetroxide, because of the destabilizing effect of unpaired bases (not shown).

for each locus to be scanned reliably. With each of these
methods, extensive and good-quality DNA sequencing
is necessary to identify the mutation(s). Estimates of the
efficacy of detection of each method cannot be compared
readily, because they vary, depending on the range of
conditions tested, but it is generally believed that most
of them are considerably below the 90% rate. Moreover,
it is presently unknown whether particular types of nu-

cleotide changes (e.g., microdeletions) are preferentially
detected. Therefore, especially in the diagnostic setting,
one should also consider the time and costs involved
in the open-ended reexamination of false-negatives. In
contrast, FAMA, in the robust protocol illustrated here,
affords 100% mutation detection independently of se-
quence and involves the use of inexpensive reagents.

In our screening of HAE patients, heteroduplexes
were produced directly after PCR on patient DNA-
that is, without addition of wild-type DNA-since the
disease is typically transmitted as an autosomal domi-
nant trait. In three cases, no mutation was found on

scanning all exons and :500 bp of the 5' flanking re-

gion. On reexamination of the clinical and biological

data, only patient 44 had typical type I HAE (i.e., quan-
titative Cl inhibitor deficiency), with several cases in the
family. Instead, the initial diagnosis had been tentative
for the other two patients, both sporadic cases. On the
other hand, -7 of the 34 patients in whom C1 INH
mutations were found had no family history of the dis-
ease, confirming our previous indications that de novo
mutations occur frequently in HAE (Verpy et al. 1995;
authors' unpublished data).

Direct sequencing of region A2 (fig. 1) of the C1 INH
locus of patient 44 revealed a homozygous mutation affect-
ing one of the two putative CAAT boxes (fig. 4). Homozy-
gosity in this patient is clearly due to consanguinity (see
the pedigree in fig. 4B). We have therefore repeated the
FAMA scanning of all seven regions of the gene (fig. 1),
using a strategy suited to the detection of homozygous
mutations-that is, by mixing the genomic DNA of this
patient with an equal amount of control genomic DNA.
The -103 C-IT substitution was confirmed by the cleav-
age products obtained in the overlapping fragments Al
and A2 (see an example in fig. 4A), but no other mutation
was found within the C1 INH gene of this patient.
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Relatively few naturally occurring promoter muta-
tions have been reported in human genes, including fetal
(gamma) globin (Ronchi et al. 1989; Sykes and Kaufman
1990), LDL receptor (Koivisto et al. 1994), coagulation
factor IX (Crossley and Brownlee 1990; Crossley et al.
1992), retinoblastoma (Sakai et al. 1991), and gp9l-
phox genes (Newburger et al. 1994). The C-+G transver-
sion found at position -40 in patient 31 (table 2) and
the C-iT transition found in a putative CAAT box in
patient 44 are the first promoter mutations reported in
the C1 INH gene, and formal demonstration of their
pathogenic effect awaits in vitro mutagenesis and trans-
fection studies. However, barring the remote possibility
of changes either in extragenic regions or in the intron
sequences not scanned by FAMA, it is compelling to
regard the CAAT-box mutation as responsible of patho-
genic effects. The observation (fig. 4B) that in this family
homozygosity correlates with low C1 inh levels and se-
vere HAE, while heterozygous individuals have C1 inh
levels within the normal range, although often at its
lower limit, and are free of angioedema attacks, indeed
reflects a quantitative phenotype expected from muta-
tions in regulatory elements. Quantitative studies of the
C1 inh mRNA obtained from monocytes of family mem-
bers were hampered by lack of informativeness, in this
family, of the HgiAI site, the only polymorphism ex-
pressed at the mRNA level (fig. 1). Therefore, the func-
tional consequences of this promoter mutation are being
tested by in vitro mutagenesis and cell transfection.

In conclusion, the rapid and accurate mutation-scan-
ning protocol illustrated here has proved very valuable
for the diagnosis of HAE, a disease that is very heteroge-
neous at the molecular level, featuring a significant frac-
tion of sporadic cases. Besides the vast diagnostic scope
of the method, due to its robustness, its ability to detect
all nucleotide changes allows one to sample rapidly the
spectrum of mutations associated with a given disease,
for the purpose either of establishing statistically infor-
mative and unambiguous genotype-phenotype correla-
tions or eventually implicating alternative etiologies
where, as often is the case, linkage studies are precluded.
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