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ABSTRACT Identical single-base changes in the C1 inhib-
itor gene that may result in dysfunctional inhibitor proteins are
described in two different families with type II hereditary
angioneurotic edema. Initially, a restriction fragment length
polymorphism was defined that resulted from loss of a Pst I site
within exon VIII, which encodes the region containing the
reactive center. Exon VIII from the normal and abnormal
allelles was amplified by the polymerase chain reaction. Am-
plified DNA product was cloned into plasmid pUC18; clones
representing normal and mutant allelles were distinguished by
the presence and absence, respectively, of the Pst I restriction
site. DNA sequence analysis revealed a G -* A mutation in the
codon for alanine-436, which would result in replacement with
a threonine residue. This position is nine amino acid residues
amino-terminal to the reactive-center arginylthreonine peptide
bond. In contrast, previously defined mutations in type II
hereditary angioneurotic edema result in replacement of the
reactive-center arginine.

C1 inhibitor is a serine protease inhibitor with activity against
the Clr and Cis subcomponents of complement component
C1, kallikrein, plasmin, and coagulation factors XI and XII
(1-5). Genetic deficiency of C1 inhibitor results in hereditary
angioneurotic edema (HANE) (6, 7). Since HANE occurs in
individuals who are heterozygous for C1 inhibitor deficiency,
it is inherited as an autosomal dominant trait. The disease is
characterized by episodic localized swelling of the subcuta-
neous tissue or of the gastrointestinal or laryngeal mucosa.
Two forms of the disease, types I and II, have been de-
scribed. Type I HANE is characterized by low functional and
low antigenic plasma levels ofC1 inhibitor. In type II HANE,
patients' plasma contains low levels of normal C1 inhibitor
protein together with a dysfunctional mutant C1 inhibitor
molecule (8, 9). Analysis of mutant proteins from type II
HANE patients provided the first evidence for genetic het-
erogeneity of the disease: the proteins from different families
differ in electrophoretic mobility, in size, and in function (8).
More recently, restriction fragment length polymorphisms
(RFLPs) of the C1 inhibitor gene (CINH) have been observed
in HANE (10, 11). In every kindred analyzed the polymor-
phism cosegregated with the disease. In type I HANE, the
RFLPs thus far observed have resulted from partial deletions
and/or duplications within the C1 inhibitor gene.
C1 inhibitor is a member of the serpin "superfamily" of

serine protease inhibitors, which contains several plasma
protease inhibitors including a1-antitrypsin and antithrombin
III (12). a1-Antitrypsin is the only one for which the x-ray

structure has been determined (13). Inactivation of proteases
by serpins results from covalent binding to a site within the
inhibitor that mimics the natural substrate of the protease.
The substrate binding site of the protease recognizes a
specific reactive-center amino acid (the P1 residue) and
cleaves the peptide bond carboxyl-terminal to this residue. A
major determinant of serpin specificity, therefore, is the P1
residue. As would be expected from the substrate specificity
of its target enzymes, the P1 residue in C1 inhibitor is an
arginine (residue 444). Mutations that replace this arginine
with either histidine or cysteine result in functional impair-
ment (14, 15).
We have investigated the molecular genetic defect in two

unrelated families with type II HANE. In a previous report
(11), RFLPs had been detected by Southern blot analysis of
the patients' DNA after digestion with Pst I and hybridization
with a C1 inhibitor cDNA. Here, we report that the restric-
tion site change is due to a point mutation, not in the reactive
center, but within the DNA encoding the loop joining the
reactive center to the remainder of the molecule. This mu-
tation very likely is responsible for the dysfunctional C1
inhibitor in these two families.

METHODS
Patients. We studied two patients from different families

with type II HANE (families A and C from ref. 11). In the
previous report, family A was described as type I HANE.
Initial measurements of C1 inhibitor antigen in several mem-
bers of this family were below the normal range. Subsequent
analysis of C1 inhibitor levels in members of this family has
shown that they in fact have type II HANE. That is, they
have normal levels of C1 inhibitor protein on most determi-
nations as measured immunochemically, but this protein is
dysfunctional. Preliminary data (M.C., unpublished data)
suggest that the dysfunctional inhibitor in these two families
is catabolized more rapidly than the normal inhibitor. All of
the patients from both families had an abnormal 3.1-kilobase
(kb) band when theirDNA was digested with Pst I and probed
with a 1227-base-pair (bp) cDNA probe that extended from
nucleotide 554 to 1780 (numbered according to ref. 16) (11).

Preparation of Genomic DNA. Leukocytes were isolated
from peripheral blood and high molecular weight genomic
DNA was extracted as described (17). DNA samples were
separated by electrophoresis in 0.8% agarose gels (Bethesda
Research Laboratories) and blotted onto nitrocellulose (Mil-
lipore) after treatment according to Wahl et al. (18).

Abbreviations: HANE, hereditary angioneurotic edema; RFLP,
restriction fragment length polymorphism; PCR, polymerase chain
reaction.
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FIG. 1. PCR amplification of the region of
the C1 inhibitor gene encoding the reactive
center. (Upper) Intron-exon structure (23). Ro-

-1548 man numerals indicate exon number. (Lowver)
Expanded representation of exon V1II. Num-

\ bers refer to cDNA nucleotide numbers from
ref. 16. The two Pst I sites are indicated, as are

I the nucleotides encoding the hinge region and
the reactive center. The sequences correspond-

1549 1578 1810 ing to the oligonucleotide primers are nucleo-
tides 1296-1325 and nucleotides 1549-1578.

Amplification of a DNA Segment by the Polymerase Chain
Reaction (PCR). High molecular weight genomic DNA (10
pig) was sheared by repeated passage through a 26-gauge
needle. The PCR primers were synthesized with an Applied
Biosystems 380B DNA synthesizer. Both primers were 30
bases in length with BamHI linkers at their 5' ends. One
oligonucleotide corresponded to nucleotides 1296-1325 in the
C1 inhibitor cDNA, and the other was complementary to
nucleotides 1549-1578. PCR amplification was performed
using Thermus aquaticus (Taq) DNA polymerase according
to the protocol described in the GeneAmp DNA amplification
reagent kit (Perkin-Elmer/Cetus). The cycle of denaturation
(940C, 1 min), annealing (370C, 2 min), and extension (720C,
3 min) was repeated 25 times. Amplified DNA was visualized
by ethidium bromide staining after electrophoresis in a com-
posite gel of 3% NuSieve and 1% SeaKem agarose (FMC)
(19-21).
DNA Sequencing. Amplified DNA was subcloned into

plasmid pUC18 and DNA sequence analysis was carried out
by a modification (DNA sequencing kit, Pharmacia) of the
dideoxy chain-termination method of Sanger et al. (22).

RESULTS
PCR Amplification of the Abnormal DNA Segment. Previ-

ous investigation of these two families (A and C) with HANE
revealed the presence of Pst I RFLPs that cosegregated with
the disease (11). With the C1 inhibitor cDNA probe used in
that study, Pst I digestion of normal DNA resulted in
hybridized bands at 4.2, 2.9, 2.7, and <0.5 kb. Individuals
with HANE in families A and C revealed a new band at 3.1
kb with a decrease in intensity of the 2.9-kb band. The
mutation that resulted in the polymorphism was assigned to
the 3' end of the C1 inhibitor gene because only the poly-
morphic 3.1-kb band and the 2.9-kb band were detected with
a probe for exon VII. This information, together with ge-
nomic sequencing data subsequently published by Carter et
al. (23), shows that the 3' end of the 2.9-kb Pst I fragment is
within exon VIII at nucleotide 1409 (Fig. 1). There is a second
Pst I site within exon VIII at nucleotide 1546. A likely
explanation, therefore, for the increase in size of this frag-
ment from 2.9 to 3.1 kb is a mutation resulting in loss of the
Pst I restriction site at nucleotide 1409.
The DNA encoding the reactive center of C1 inhibitor is

also located within exon VIII (23). A segment of exon VIII
encompassing the two Pst I sites and the reactive center
(nucleotides 1296-1578; Fig. 1) was amplified by PCR. Am-
plification of the patients' genomic DNA yielded a single
DNA band at 282 bp, as expected (Fig. 1; Fig. 2, lane 1). Pst

I digestion of the PCR-generated DNA yielded three visible
fragments (Fig. 2, lane 2). Two of these fragments would be
expected to have originated from the amplified normal allele:
one extending from the 5' end of the amplified DNA to the
first Pst I site in exon VIII (112 bp) and one extending from
the first Pst I site to the second Pst I site (137 bp) (Fig. 1). The
3' DNA cleavage fragment could not be visualized easily due
to its small size (32 bp). The PCR-generated segment from the
putative mutant allelle yielded a fragment of 250 bp (Fig. 2,
lane 2), slightly smaller than the full-length (282-bp) segment
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FIG. 2. Agarose gel electrophoresis of PCR-amplified DNA.
Genomic DNA from one affected individual from each family was
amplified by PCR, and the resulting DNA fragments were cloned into
pUC18. Lane 1, amplified DNA from an individual from family C.
Lane 2, DNA as in lane 1, but digested with Pst I. Lane 3, amplified
DNA cloned into pUC18 from an individual from family A; the
cloned DNA insert was excised with BamHI. Lane 4, DNA from the
same clone as in lane 3, digested with Pst I in addition to BamHI.
Lane 5, DNA from a different clone derived from the same amplified
DNA preparation as shown in lane 3; the insert was excised with
BamHI. Lane 6, DNA from the same clone as shown in lane 5,
digested with Pst I in addition to BamHI. Lane 7, A phage DNA
digested with BstEII.
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FIG. 3. DNA sequence of the PCR-amplified
DNA derived from the normal and mutant allelles of
an affected member of family A. The sequence of
each is as indicated. The site of the mutation is
marked with an asterisk.

(Fig. 2, lane 1) due to cleavage at nucleotide 1546 and loss of
the 32-bp fragment of DNA.
The PCR-amplified DNA fragments were cloned into

pUC18. Digestion of all clones with BamHI yielded DNA
inserts of the same size (Fig. 2, lanes 3 and 5). Pst I/BamHI
double digestion of some clones, putative normal clones,
yielded two bands (110 and 140 bp; lane 6). Other clones
yielded one band (250 bp) upon BamHI/Pst I digestion (lane
4). These fragments from cloned DNA inserts were identical
in size to those of the PCR-amplified DNA. Amplified DNA
from the HANE patients from families A and C gave identical
restriction patterns by these techniques.

Nucleotide Sequence Analysis of the PCR-Amplified DNA.
DNA sequence analysis of clones from both families con-
taining inserts with both Pst I sites intact revealed a sequence
that was identical to the reported normal cDNA sequence
between nucleotides 1296 and 1578. In those clones lacking
one of the Pst I sites, there was a point mutation at nucleotide
1407 in which a guanine was replaced by an adenine (Figs. 3
and 4). Multiple independent clones from both families were
sequenced and all revealed the same point mutation. This
alters the sequence from a codon specifying an alanine to one
encoding a threonine residue. The remainder of the DNA
sequence was the same as the normal cDNA sequence over
the equivalent nucleotides. As shown in Figs. 1 and 4, this
mutation is located within the nucleotides encoding the loop
that connects the reactive center with the remainder of the C1
inhibitor molecule.

DISCUSSION
Type II HANE is characterized by normal to elevated levels
of C1 inhibitor protein in patient's plasma, as determined by
immunochemical methods, together with reduced C1 inhib-
itor functional activity (8, 9). This results from the presence
of a dysfunctional mutant protein in addition to diminished
levels of normal protein. As with other plasma protease
inhibitors, mutations resulting in amino acid substitution at
the reactive center result in a dysfunctional C1 inhibitor
molecule. Analysis of C1 inhibitor proteins from type II
HANE patients has shown that approximately two-thirds
have P1 mutations; all of these have resulted in substitution
of either histidine or cysteine for arginine-444 (14, 15). The

Normal Cl INK

Nucleotide sequence

data described here clearly define, in two families, a point
mutation that is near, but outside, the reactive center. The
codon for the P1 arginine, in both families, is identical to the
equivalent codon in the normal gene.

In patients from the two families, an adenine replaces a
guanine in the codon (GCA) specifying the third of four
consecutive alanines, alanine-436, which is at the P9 position.
The reactive-center mutations in C1 inhibitor occur within a
CpG dinucleotide and result in alteration of the arginine
codon from CGC to either TGC (cysteine) or CAC (histidine)
(14, 15). This type of change accounts for 35% of coding-
region single base-pair mutations causing human disease (24)
and probably results from deamination of 5-methylcytosine
to thymidine within the CpG dinucleotide in either the coding
or the noncoding strand (25, 26). The biochemical mechanism
producing the mutation described here has not been defined.
Although an identical mutation, in terms of the nucleotide
substitution and codon involved, has been described in
antithrombin III (see below), these do not lie within a
sequence with a known propensity toward point mutation
(24).
Formal proof that this mutation alone is responsible for

dysfunction will require functional analysis of expressed
protein with this mutation induced in an otherwise normal C1
inhibitor cDNA. Since the complete mRNA sequence from
these patients has not been determined, it is theoretically
possible that some unidentified mutation is, in fact, respon-
sible for dysfunction. Several lines of evidence suggest that
the defined mutation results in abnormal function. First, the
G -* A mutation leads to loss of a Pst I restriction site. The
consequent RFLP has never been observed in a normal
individual, and it has been shown to cosegregate with HANE
in both families (11). This linkage of the mutation with
dysfunction strongly supports the above suggestion. Support
is also provided by the fact that two unrelated families have
the same mutation linked to the disease.
An additional argument that the observed point mutation

may be responsible for dysfunction is that the mutation is
within a highly conserved region near the reactive center.
However, it is not immediately apparent why substitution of
a threonine for an alanine at residue 436 should give rise to
a dysfunctional protein. An alanine at the position equivalent
to alanine-436 in C1 inhibitor is present in about two-thirds of

Glu Thr Gly Val Glu Ala Ala Ala Ala Ser Ala I1 Ser Val Ala Arg Thr

GAG ACT GGG GTG GAG GCG GCT GCA GCC TCC GCC ATC TCT GTG GCC CGC ACC

Mutant nucleotide sequence - ACA -

Inferred mutant sequence Glu Thr Gly Val Glu Ala Ala Thr Ala Ser Ala Ile Ser Val Ala Arg Thr

FIG. 4. DNA and inferred amino acid sequences of the normal and mutant allelles through the hinge and reactive-center region. The P1
arginine (Arg-444) is indicated by the asterisk. INH, inhibitor.
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the serpins, while other amino acids, including threonine (in
heparin cofactor II; ref. 27), are present in others. Apart from
the critical contribution of the P1 residue, target protease
specificity must be influenced by non-reactive-center resi-
dues. These could differ with different proteases, resulting in
altered inhibitory profiles for some mutant proteins. In fact,
in a previous study, the C1 inhibitor protein from family C [C1
INH (Mo) in ref. 28], was shown to have diminished inhib-
itory capacity toward Cis, kallikrein, and plasmin but essen-
tially normal activity against factor XII. Several other dys-
functional serpins have been described with point mutations
resulting in amino acid substitutions near the reactive center
(29-32). Antithrombin III-Hamilton (29) also has a G -- A
point mutation resulting in a threonine-for-alanine substitu-
tion, at the P12 position; this mutation results in a dysfunc-
tional protein. In addition, an alanine insertion between the
P9 and P10 residues of a2-antiplasmin results in loss of
antiplasmin activity (31). These observations suggest that
functional inhibitors have precise residue requirements dis-
tinct from those involved in determination of target specific-
ity, in the region amino-terminal to the P1 residue.
While little is known directly about the tertiary structure of

C1 inhibitor, its sequence homology with a1-antitrypsin, to-
gether with a common reaction mechanism (33), susceptibility
to proteolytic inactivation within the reactive-center loop (34),
and differential stability of native and reactive-center-cleaved
inhibitors to a variety of denaturants (35, 36), makes it likely
that it has a similar folded structure. The x-ray structure of
a1-antitrypsin cleaved at the P1-P'1 reactive-center peptide
bond shows that the P1 and P'1 residues are separated by
about 65 A, and the region amino-terminal to P1 is buried in the
center ofa six-stranded p-sheet (13). Presumably, in the active
inhibitor these residues (P1-P17) are looped over the p-sheet
to connect with the P'1 residue. While the hydrophobic nature
of many of the residues within this putative solvent-exposed
loop makes it an energetically unfavorable structure, the
proteolytic sensitivity of residues P10 through P'2 indicates
that these residues are at least more accessible in the native
molecule than in the cleaved molecule (37).
The hydrophobic nature of the reactive-center loop and the

enhanced stability of the cleaved inactive inhibitor to dena-
turants have led to the concept that the active protein is an
intermediate in the folding pathway that is trapped in a
"stressed" state (34-36). Stress is released by cleavage
within the reactive-center loop, permitting attainment of the
stable structure. It is probable that certain residues near the
junction of the loop with the subsequent strand of the
underlying ,-sheet are critical to maintenance of a highly
specific stressed conformation of the reactive center. The
high degree of sequence conservation among the serpins
through this region supports this hypothesis. Further, the
data from the mutant proteins described here, together with
the data from the other mutant serpins described above,
suggest that maintenance of this conformation is mediated by
specific interactions between these residues and residues in
the underlying ,-sheet. Any disruption of these interactions,
as with replacement of alanine-436 with the bulkier, more
polar threonine, may generate an unreactive inhibitor. In this
regard, it will be of particular value if dysfunctional inhibitors
are found with mutations affecting residues underlying the
reactive-center loop.
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