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ABSTRACT: The primary structure of human CT inhibitor was determined by peptide and DNA sequencing.
The single-chain polypeptide moiety of the intact inhibitor is 478 residues (52 869 Da), accounting for only
51% of the apparent molecular mass of the circulating protein (104 000 Da). The positions of six gluco-
samine-based and five galactosamine-based oligosaccharides were determined. Another nine threonine residues
are probably also glycosylated. Most of the carbohydrate prosthetic groups (probably 17) are located at
the amino-terminal end (residues 1-120) of the protein and are particularly concentrated in a region where
the tetrapeptide sequence Glx-Pro-Thr-Thr, and variants thereof, is repeated 7 times. No phosphate was
detected in C1 inhibitor. Two disulfide bridges connect cysteine-101 to cysteine-406 and cysteine-108 to
cysteine-183. Comparison of the amino acid and cDNA sequences indicates that secretion is mediated by
a 22-residue signal peptide and that further proteolytic processing does not occur. C1 inhibitor is a member
of the large serine protease inhibitor (serpin) gene family. The homology concerns residues 120 through
the C-terminus. The sequence was compared with those of nine other serpins, and conserved and nonconserved
regions correlated with elements in the tertiary structure of al-antitrypsin. The CI inhibitor gene maps
to chromosome 11, p11.2-q13. CI inhibitor genes of patients from four hereditary angioneurotic edema
kindreds do not have obvious deletions or rearrangements in the C1 inhibitor locus. A HgiAl DNA
polymorphism, identified following the observation of sequence variants, will be useful as a linkage marker

in studies of mutant CT inhibitor genes.

CT inhibitor is a highly glycosylated 104 000-Da! plasma
protease inhibitor that can inhibit components of the com-
plement, coagulation, fibrinolytic, and kinin-releasing systems.
It was first purified in 1961 (Pensky et al., 1961) and later
(Pensky & Schwick, 1969) found to be immunologically
identical with a previously characterized «2-neuramino-
glycoprotein (Schultze et al., 1962). C1 inhibitor has been

shown to inhibit macromolecular CI, the Cls and Clr sub-
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components of the first component of complement (Ratnoff
& Lepow, 1957; Levy & Lepow, 1959; Lepow & Leon, 1962;
Gigli et al., 1968; Pensky et al., 1961; Ratnoff et al., 1969),
factors XIla and XTIa (Forbes et al., 1970), plasma kallikrein
(Ratnoff et al., 1969; Gigli et al., 1970), and plasmin (Ratnoff
et al., 1969). Like other serine protease inhibitors {serpins
(Carrell, 1984)] of the antithrombin ITT-«1-antitrypsin family
(Petersen et al., 1979), CT inhibitor reacts with target proteases
to form proteolytically inactive, stoichiometric 1:1 complexes
that are stable during NaDodSO,~PAGE (Harpel & Cooper,
1975; Sim et al.,, 1979; Sim et al., 1980) under reducing
conditions (Nilsson et al., 1983). To improve understanding
of how CT inhibitor regulates diverse plasma serine proteases,
we have determined its sequence and covalent structure. To
address questions concerning the evolution and structure of

! Abbreviations: bp, base pairs; kb, kilobase; Da, dalton; serpin, serine
protease inhibitor; NaDodSQy,, sodium dodecyl sulfate; PAGE, poly-
acrylamide gel electrophoresis; HANE, hereditary angioneurotic edema;
A, angstrom; DNS, 5-(dimethylamino)naphthalenesulfonyl; RFLP, re-
striction fragment length polymorphism; HPLC, high-performance liquid
chromatography; PTH, phenylthiohydantoin.

0006-2960/86/0425-4292$01.50/0 © 1986 American Chemical Society



HUMAN C1 INHIBITOR

serpins, we compared the C1 inhibitor sequence with those of
nine other family members.

C1 inhibitor deficiency is inherited as an autosomal dom-
inant trait in hereditary angioneurotic edlema (HANE) which
is associated with bouts of localized, increased vascular
permeability (Donaldson & Evans, 1963). Although all
persons with HANE are deficient in C1 inhibitor function,
the molecular defects are heterogeneous (Rosen et al., 1971;
Donaldson et al., 1985). In order to understand the genetic
lesions responsible for hereditary angioneurotic edema, we have
isolated a full length CT inhibitor cDNA, mapped the C1
inhibitor locus to human chromosome 11, p11.2-ql3, and
initiated studies on normal and abnormal C1 inhibitor genes.

MATERIALS AND METHODS

Protein Purification. C1 inhibitor was isolated from human
plasma by precipitation with poly(ethylene glycol), chroma-
tography on DEAE-cellulose and hexyl-Sepharose (Nilsson
& Wiman, 1982), and gel filtration in 0.1 M NH,HCO,, pH
8.3, on Sepharose 6B. The resulting single-chain material was

fully active against Cls (Chapuis et al., 1977) and migrated
with an apparent molecular mass of 105000 Da in NaDod-
SO,~PAGE. Phosphate was determined by a modified
Fiske—Subbarow method (Ames, 1966). The activation pep-

tide was separated from the C1s—CT inhibitor complex by gel
filtration on Sephacryl S-300 in 40 mM sodium phosphate,
0.1 M NaCl, 0.1 M NaN;, and 0.1% NaDodSO,, pH 7.3.

Amino Acid Sequencing. C1 inhibitor was degraded
chemically or enzymatically as indicated in Figure 1a. For
digestion with pepsin, the protein was dissolved in 99% formic
acid and then diluted to 5%; the enzyme/substrate ratio was
1/100 w/w, and the digest was incubated at room temperature
for 3 h. Carbohydrate-rich peptides were treated with tri-
fluoromethanesulfonic acid (Edge et al., 1981) or alkaline
sodium borohydride (Spiro & Bhoyroe, 1974). Peptides were
purified by an initial gel filtration on Sephadex G-50F or
Sephacryl S-200, mostly in 0.1 M NH,HCO,, followed by
ion-exchange chromatography on DEAE-Sephacel using a
linear gradient of 0.01-1.0 M NH,HCO,. Final purification
was achieved by reversed-phase HPLC on a Hewlett-Packard
1084B liquid chromatograph. Peptides were sequenced on an
Applied Biosystems Model 470A (using the chemicals and the
02n vac program supplied by the manufacturer) or on a
Beckman 890C sequenator. Amino acid analysis was per-
formed on a Beckman 121MB instrument. In addition to the
systems commonly used in our laboratory (Skorstengaard et
al., 1982, 1984), columns of Vydac C4 (with elution gradients
of 2-propanol and triethylamine, pH 5.2, in 0.1% CF;COOH)
were also employed for HPLC of peptides and glycopeptides.

Carbohydrate Determination. N-Glycosylated Asn residues
were assigned when the PTH derivative was obtained in much
less than normal yield and the presence of aspartic acid and
a ninhydrin-positive glucosamine peak (eluting near isoleucine
and leucine) was observed in the amino acid chromatogram.
In addition, Asn residues 59, 216, and 231 were also identified
as DNS-Asp in “full” yield when the DNS-Edman sequencing
method was used (Gray, 1967). O-Glycosylated threonine or
serine residues were assigned on the corresponding combined
criteria of low yield (or no yield) of PTH derivatives and the
presence of galactosamine and threonine or serine in the hy-
drolysate.

¢DNA Clone Isolation. The initial positive clone, A37, was
isolated from a Agtll (Young & Davis, 1983) human liver
cDNA expression library kindly provided by Drs. S. L. C. Woo
and T. Chandra. This library was screened with (1) goat
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anti-human C1 inhibitor serum preabsorbed with hereditary
angioneurotic edema serum’ (which was essentially devoid of
CT inhibitor antigens) and (2) rabbit anti-human CT inhibitor
serum preabsorbed with human serum albumin. Positive phage
were detected by using biotinylated second antibodies and
125T.streptavidin. A29a, A13p, and A10q (Figure lc) were
identified by hybridization with the 5’ A37 EcoRI fragment
and a pool of 96 17-base oligonucleotides encoding the hex-
apeptide Met-Leu-Phe-Val-Glu-Pro (Harrison, 1983). A8q,
A2r, and Adr were obtained by again screening the library, this
time with the oligonucleotide _IGTCAGCAGGGTCAGCC,
which had been identified at the 5’ end of clone A10q on the
noncoding strand. Sequence analysis showed that A\8q, A2r,
and A4r contain sequences at their 5’ ends (thick lines) that
correspond to sequences from elsewhere in the CT inhibitor
cDNA and that are in inverted repeat orientation to them.
This artifact of cDNA cloning occurs occasionally for full-
length cDNAs (Weaver et al., 1981). The cDNA clone pK11
was obtained from a pUC expression library (Helfman et al.,
1983) synthesized from HepG2 (Knowles et al., 1980) poly-
(A)+ RNA and codes for a valine as residue 458.

DNA Sequencing Strategy. Fragments of the cDNA clones
shown in Figure 1c were subcloned into pUC plasmids, and
sequence was obtained from linearized double-stranded DNA
by the dideoxy method (Sanger et al., 1977). Most of the
c¢DNA was sequenced in both directions (Figure 1d); solid
amino acid sequence data was available for regions where it
was determined on only one strand.

Serpin Alignment. The alignment was obtained by visual
inspection of the mature protein sequences with due consid-
eration of already published comparisons (Petersen et al., 1979;
Hunt & Dayhoff, 1980; Carrell et al., 1982; Doolittle, 1983,
1985; Hill et al., 1984; Hejgaard et al., 1985; Ragg, 1986).

Genomic DNA and Southern Blot Preparation. The
methods that were used for extracting genomic DNA from
peripheral blood samples of normals and HANE patients and
for preparing Southern blots have been described previously
(Bock et al., 1985a).

Chromosomal Localization. Southern blots containing
BamH]I-digested DNA from 41 different human-mouse hy-
brids were hybridized with the human C1 inhibitor cDNA
probe and scored for the presence or absence of 4- and 6-kb
bands present in the human CT inhibitor gene. The cell hy-
brids were generated from 15 unrelated human cell lines and
4 mouse cell lines (Shows et al., 1982, 1984) and have been
characterized by chromosome analysis and mapped enzyme
markers and partly by mapped DNA probes (Shows et al.,
1978, 1982; Shows, 1983).

RESULTS

Primary Structure. The amino acid and cDNA sequences
of human CT inhibitor were determined. Figure 1 shows the
sequences and the strategies by which they were obtained.
Figure 2 shows the disulfide bridge pattern, known sites of

oligosaccharide attachment, and the bond cleaved by Cls
during complex formation.

Signal Peptide. C1 inhibitor is synthesized in the liver
(Colten, 1972). Like many other secreted proteins (Jackson
& Blobel, 1980), it has an N-terminal signal peptide that
contains a basic residue near the N-terminus, a hydrophobic
core region, and a small amino acid prior to the signal cleavage
site. The absence of adjacent basic residues between the
putative signal cleavage site and the N-terminus of the cir-
culating glycoprotein suggests that a “pro” form of the protein
does not occur as an intermediate in the maturation of C1
inhibitor.
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FIGURE 1: (a) Nucleotide sequence and amino acid sequence of C1 inhibitor; protein sequencing strategy. Numbers between the DNA and
protein sequences indicate amino acid residue positions; nucleotide numbering appears in the right margin. Peptides for sequencing were generated
by chemical degradation with cyanogen bromide (M) or enzymatic digestion with trypsin after citraconylation (Y) (Dixon & Perham, 1968)
or chymotrypsin (C), elastase (E), pepsin (P), or thermolysin (H) digestion. Reduced carboxymethylated CT inhibitor was used in all enzymatic
digests except the peptic. Subdigests of a fragment corresponding to residues 1-211 (obtained by trypsin digestion after citraconylation) were
prepared, after deblocking, with trypsin (T) and Staphylococcus aureus V8 protease (S). In some cases, carbohydrate-rich peptides were treated
with trifluoromethanesulfonic acid (F) or alkaline sodium borohydride (N). A and I indicate sequencing of the activation peptide and intact
inhibitor, respectively. Cysteine residues are circled. The reactive site is marked with an arrowhead (residues 444-445). Known carbohydrate
attachment sites are shown by diamonds. Residues known from amino acid analysis are indicated by horizontal lines while diagonal markings
indicate that the PTH derivative was identified by HPLC. Vertical lines indicate N- and C-terminal residues for which evidence is certain.
GIx-Pro-Thr-Thr type repeats have been boxed, as has the polyadenylation signal. The nucleotide and amino acid residues involved in the
valine-458—methionine polymorphism are underlined and overlined respectively. (b) Restriction map of full-length C1 inhibitor cDNA. Untranslated
portions of the cDNA are shown as thin lines, while the thick slashed line represents the signal peptide encoding region and the thick shaded
line represents the mature polypeptide encoding region with Asn-Pro-Asn and Pro-Arg-Ala as its N- and C-termini, respectively. The ruler
above the map shows amino acid residue numbers for the mature inhibitor, while the ruler below the map indicates nucleotide numbering for
the cDNA. The rulers and the map are aligned with the cDNA clone and sequencing information presented in parts ¢ and d. Symbols: B,
BamHI,; Bg, Bglll; S, Sst1; Pv, Pvull; P, PstT; K, Kpnl; E, EcoRI; T, Tagl. (c) CT inhibitor cDNA clones. (d) DNA sequencing strategy.

N- and O-Glycosylation. The present work implies that 49%
of the total molecular mass of C1 inhibitor is added as a result
of posttranslational modification. Of the 104 000-Da apparent
molecular mass of the circulating inhibitor [determined by
sedimentation equilibrium (Haupt et al., 1970)], the 478-
residue protein moiety accounts for only 52869 Da. A poly-
peptide of similar size (by NaDodSO,~PAGE) was precipi-
tated by antiserum against CI inhibitor from rabbit reticu-
locyte cell-free translation reactions primed with Hep G2
(Knowles et al., 1980) poly(A)+ RNA (data not shown).

Sites of carbohydrate attachment to C1 inhibitor were de-
termined during amino acid sequencing. Glucosamine-based
oligosaccharide groups were found on all six of those aspar-
agine residues that conform to the pattern Asn-X-Ser/Thr
(Asn-3, -47, -59, -216, -231, -330). At least five serine and
threonine residues (Ser-42 and Thr-26, -66, -70, -74) carry
galactosamine-based oligosaccharides. For two other threonine
residues (49 and 61), none of the usual PTH derivatives were
observed, indicating that they are also posttranslationally

glycosylated. The sequence Glx-Pro-Thr-Thr, and minor
variations of it, occurs 7 times between residues 63 and 97.
The extent of O-glycosylation in this region is even greater
than shown in Figures 1a and 2, but only three oligosaccharide
positions have been unequivocally identified. Seven other
threonine residues, Thr-77, -84, -85, -89, -93, -96, and -97,
are probably also glycosylated.

Phosphorylation. No phosphate was detected in the C1
inhibitor at a level of less than 0.3 mol/mol of protein.

Reactive Site. The reactive site region of a serpin contains
a substrate sequence for the respective target protease. The
P1 residue of the reactive site (or a larger part of the structure)
is recognized by the target protease, and its acyl bond is cleaved

during complex formation. Complex formation between Cls
and C1 inhibitor leads to exposure of a new N-terminal
threonine residue (Nilsson et al., 1983). We isolated the M,
4000 peptide released during this process and determined its
complete sequence, which was identical with the last 34 res-
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FIGURE 2: Schematic diagram of the mature, circulating, intact CT
inhibitor. N and C indicate the N- and C-termini of the 478-residue
polypeptide chain. The disulfide bridge pattern is shown with bars;
residue numbers refer to participating half-cystines. Diamonds mark
known sites of oligosaccharide attachment (Asn-3, -47, -59, -216, -231,
and -330, Ser-42, Thr-26, -49, -61, -66, -70, and -74). The peptide

bond cleaved by Cls during complex formation is indicated with an
arrow.

idues of the intact CT inhibitor. These data indicate that the
P1 residue of C1 inhibitor is Arg-444 and the P1’ is Thr-445
and are in agreement with previously (Salvesen et al., 1985)
identified residues P3—P9’ at the reactive site and the specificity

of Cls for arginyl residues.

Disulfide Bridges. Two disulfide-bridged peptides (residues
39/40-107 bound to residues 403—410, and residues 108~111
bound to 181~190) were isolated from a pepsin digest of intact,
denatured C1 inhibitor. Sequence analysis of these peptides
and of a smaller fragment (residues 99-105 bound to 404-408,
obtained by subdigestion with elastase) showed that Cys-101
is connected to Cys-406 and Cys-108 is connected to Cys-183
(see Figure 2).

3’ End of CI Inhibitor cDNA. The presence of a single stop
codon directly following the triplet encoding the C-terminal
alanine of C1 inhibitor indicates that translation is terminated
at this site. An unprocessed C-terminus appears to be the rule
for the plasma serpins on which both protein and nucleotide
sequence data are available (Petersen et al., 1979; Bock et al.,
1982; Kurachi et al., 1981; Carrell et al., 1982; Ragg, 1986)
and for ovalbumin (McReynolds et al., 1978). The poly-
adenylation signal AATAAA (Proudfoot & Brownlee, 1976)
occurs 246 bases after the stop codon and is followed 15 nu-
cleotides later by a poly(A) tail.

Homology of CI Inhibitor with Other Serine Protease In-
hibitors. C1 inhibitor can now be assigned to the serpin gene
family (Carrell, 1984) on the basis of its mechanistic properties
and sequence homology with other family members. This
homology has also been noted by Davis and co-workers (Davis
et al., 1986), who sequenced cyanogen bromide fragments of
CT1 inhibitor and isolated and sequenced a cDNA clone en-
coding residues 219-436. The protein sequence generated from
their partial cDNA clone differs from ours in two extended
regions (of nine and six amino acid residues) and at three
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isolated residues. The extended differences can be accounted
for by shifts in reading frame; the three isolated substitutions
may represent protein sequence variants.

Figure 3a shows an alignment of the amino acid sequence
of CT inhibitor with those of human antithrombin III (Petersen
et al,, 1979; Bock et al., 1982), a1-antitrypsin (Kurachi et al.,
1981; Carrell et al., 1982), al-antichymotrypsin (Chandra et
al., 1983), angiotensinogen (Kageyama et al., 1984), heparin
cofactor IT (Ragg, 1986), «2-antiplasmin (Lijnen et al., 1982),
mouse contrapsin (Hill et al.,, 1984), chicken ovalbumin
(McReynolds et al., 1978), and barley protein Z (Hejgaard
et al., 1985). The homology between CI inhibitor and the
other serine protease inhibitors is not limited to the reactive
site region that interacts directly with the target protease
during complex formation but extends over 80% of the poly-
peptide chain between approximately residue 120 and the
C-terminus. This extensive homology shows that CT inhibitor
and other members of the serpin gene family arose by divergent
evolution from a common ancestral gene.

Further inspection of Figure 3a reveals that the N-terminal
ends of CI inhibitor and other serpins are dissimilar with
respect to both length and sequence and thus may represent
separate domains evolved from different protein families. The
nonhomologous, N-terminal region of CI inhibitor occurs
between residues 1 and 120; it includes 3 of the 6 N-
glycosylation sites, all of the 14 probable O-glycosylation sites,
and the highly modified region in which the Glx-Pro-Thr-Thr
type repeat occurs 7 times.

Homology and Tertiary Structure. Extensive amino acid
sequence homology in a protein family often indicates an equal
or even greater degree of tertiary structure homology (Birktoft
& Blow, 1972; Sawyer et al., 1978; Marquart et al., 1983;
James et al.,, 1978). At present, the only serpin tertiary
structure that has been solved is that of al-antitrypsin
(Loebermann et al., 1984).

Examination of Figure 3a shows that the major part of C1
inhibitor (residues 120-478) is homologous with the corre-
sponding regions from other serpins. Although the area of
homology spans a total of 358 amino acid residues, certain
discrete stretches of stronger homology alternate with less
homologous stretches. We marked the positions of defined
helix and sheet strand elements from the al-antitrypsin 3-A
crystallographic structure on the alignment shown in Figure
3a and observed a correspondence between clusters of con-
served or nonconserved residues and certain structural ele-
ments. The conserved sequence stretches correspond to the
B, F (its C-terminal end), G, H, and I helices, strands 3, 4
(its N-terminal end), 5, and 6 of the A sheet, the B sheet, and
sheet strand 3C as shown in Figure 3b. The B sheet and helix
B are internal in the crystal structure.

Conversely, the sequence stretches corresponding to helices
A (its N-terminal end), C, D, and F (its N-terminal end),
strands 1 and 2 of sheet C, strands 1, 2, and 4 (its C-terminal
end) of sheet A (shaded areas in Figure 3B), and certain
connecting strands (bold lines in Figure 3b) are not conserved
among different serpins. These sequences map almost entirely
to defined areas on the surface of the molecule. In addition
to the identity of the P1 residue (which is Met-358 in al-
antitrypsin, Figure 3b) (Jérnvall et al., 1979; Owen et al., 1983;
Scott et al., 1986), other surface residues in close proximity
to P1 may well contribute to the definition of the exact protease
specificity of the surface.

The disulfide bridge positions in C1 inhibitor can be used
to predict the disposition of its N-terminal, nonhomologous
polypeptide chain. The four half-cystine residues of CT in-
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FIGURE 3: (a) Alignment of the protein sequence of C1 inhibitor with
those of nine other serpins. Human antithrombin III (ATIII), «1-
antitrypsin (A1AT), al-antichymotrypsin (A1ACT), angiotensinogen
(AGTH), and chicken ovalbumin (ova) sequences were obtained from
Atlas of Protein Sequence and Structure (1985) with the following
qualifications: (1) the C-terminus of A1ACT was according to Hill
et al. (1984) rather than Atlas of Protein Sequence and Structure
(1985), and (2) a threonine (Kurachi et al., 1981; Carrell et al., 1982)
was substituted for residue 249 of «l-antitrypsin [reported as as-
paragine in Atlas of Protein Sequence and Structure (1985)]. Mouse
contrapsin (ctpsn), heparin cofactor IT (hell), a2-antiplasmin (A2AP),
and barley protein Z (bpZ) sequences were obtained from Hill et al.
(1984), Ragg (1986), Lijnen et al. (1982), and Hejgaard et al. (1985),
respectively. A dash indicates a gap in the sequence. Spaces in A2AP
and bpZ sequences indicate that no information is available for these
regions. Arrowheads indicate P1-P1’ bond cleaved during complex
formation with target proteases, or the putative reactive site. Degree
of homology is indicated above aligned sequences as follows: *, identity
in five or more proteins, +, identity in four or more proteins; —,
chemically similar residues occurring in this position in the majority
of the proteins. Dots mark aligned gaps in areas of homology; aligned
gaps are not marked in nonhomologous regions. The positions of
helices and sheet strands in the cleaved «l-antitrypsin structure
(Loebermann et al., 1984) are indicated above the alignment. The
numbering shown is that of a1-antitrypsin. Due to minor corrections,
the beginning and ending residues of some structural elements differ
slightly from those reported in Table 8 of Loebermann et al. (1984).
(b) Tertiary structure of cleaved «l-antitrypsin with locations of
nonconserved sequences indicated. Sheet strands are represented by
arrows, helices by cylinders, and irregular segments by lines, and they
are labeled as in Loebermann et al. (1984). The path of the a-carbon
chain can be traced by following the amino acid residue numbers that
appear at the ends of each helix and sheet strand. The identities of
selected residues are indicated next to the numbers. Superimposed
upon the structure is information from the sequence alignment shown
in part a. Sequences in the elements that have been shaded or marked
with bold lines are not conserved among different serpin family
proteins. Large black arrows indicate the proposed unfolding scheme
that occurs when the peptide bond between reactive site residues
Met-358 (P1) and Ser-359 (P1’) is cleaved and the stressed, native
inhibitor relaxes to form the nicked structure that has been crystallized.
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Table I: Segregation of the CT Inhibitor Gene with Human Chromosomes in Human-Mouse Cell Hybrids?
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2“s” indicates a translocated piece of the chromosome, but no intact chromosome, is present.

hibitor correspond to residues 7, 319, 14, and 88 of al-anti-
trypsin (see Figure 3a). Of these residues, only 319 and 88
are defined in the al-antitrypsin crystal structure. Our
chemical evidence shows that the disulfide bridge pattern of
CT inhibitor is 1-4, 2-3, and thus implies that the nonho-
mologous, N-terminal end of the polypeptide chain runs close
to the strand that connects helix I with sheet strand 5A (and
contains residue 319) and near to the beginning of helix D
(which contains residue 88) (see Figure 3b).

All of the CT inhibitor O-glycosylation sites and three of
the N-glycosylation sites are located in the N-terminal region
of the polypeptide chain, which is not homologous to sequences
from other serpin family members. However, the pos:tions
of the three remaining N-glycosylation sites can be predicted
from the al-antitrypsin model structure. Asn-216 corresponds
to residue 132 of al-antitrypsin, which is residue 5 of helix
E. Asn-231 corresponds to residue 149 and is at the beginning
of helix F, in a surface turn (the third residue of the turn).
Asn-330 corresponds to residue 247, which is located on the
turn between strands 2 and 3 of sheet B. All three of these
N-glycosylation sites are external and on the far side of the
drawing shown in Figure 3b; they are found in the same
general area, 27-30 A apart.

Chromosomal Localization. The C1 inhibitor gene was
mapped to subregion p11.2-q13 of human chromosome 11 by
analyzing segregation of C1 inhibitor gene containing DNA
fragments and human chromosomes on Southern blots of

DNA from human-mouse cell hybrids (Table I). Concordant
hybrids have either retained or not retained C1 inhibitor to-
gether with a specific human chromosome (+/+ and —/~,
respectively). Discordant hybrids either retained the gene, but
not a specific chromosome (+/-), or the reverse (—/+).
Percent discordance indicates the degree of discordant seg-
regation for CI inhibitor and a chromosome. A 0% discor-
dance is the basis for assignment of the C1 inhibitor gene to
chromosome 11. The hybrids XER-7 and EXR-SCSAz with
two different 11/X and X/11 translocations localize the C1
inhibitor gene to the p11.2-q13 region of chromosome 11.
XER-7 is positive for C1 inhibitor and retains the translocation
chromosome 11qter-11p11.2::Xql1-Xqter. EXR-5CSAz is
negative for C1 inhibitor and retains the translocation chro-
mosome Xpter-Xq22::11q13-11qter.

Polymorphisms. A polymorphism was identified in the C1
inhibitor gene by comparison of our protein and cDNA data.
Amino acid sequencing of C1 inhibitor isolated from pooled
plasma yielded a valine at residue 458, while nucleotide se-
quencing of the originally isolated cDNA clone revealed a
methionine (ATG) at this position. A cDNA clone from
another allele (pK11, Figure 1c) was subsequently obtained
and sequenced, and it showed a valine-encoding GTG for
residue 458. Examination of the nucleotide sequence around
residue 458 indicated that a HgiAl recognition sequence
(GTGCTC) is present in the valine variant, but not in the
methionine variant. A HgiAl restriction fragment length
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polymorphism (RFLP) (Botstein et al., 1980) was observed
when a Southern blot prepared from HgiAl-digested genomic
DNAs was hybridized with the C1 inhibitor cDNA probe.
This polymorphism has two alleles, which produce 0.7- and
0.4-kb hybridizing bands, and displays Mendelian inheritance.
The frequencies of the alleles in a sample of 34 chromosomes
from 17 unrelated individuals were 0.32 and 0.68, respectively.

In order to identify additional RFLPs that could be useful
for genetic linkage studies on HANE pedigrees, genomic DNA
from 7-10 unrelated individuals was screened on Southern
blots by using the C1 inhibitor cDNA probe. No further
RFLPs were found in a screen of 21 different restriction en-
zymes (Apal, BamH], Banll, Bcll, Bgill, BstEIl, BstNI, Dral,
EcoR1, Hincll, HindIIl, Mspl, Pst1, Pvull, Rsal, Scal, Sstl,
Stul, Styl, Taql, and Xbal). However, from comparison of
the fragment number and length data generated in this screen
and the restriction map of the cDNA, it can be inferred that
the C1 inhibitor gene contains at least seven introns and spans
at least 16 kb.

Hereditary Angioneurotic Edema. The C1 inhibitor cDNA
probe was used to examine C1 inhibitor genes from one HANE
kindred with type I deficiency (reduced activity and antigen
levels) and three with type II deficiencies (reduced activity
levels in the presence of normal or elevated antigen levels).
DNA samples were digested with 7-12 different restriction
enzymes. At the resolution of Southern blot analysis, hy-
bridization patterns obtained from patient DNAs and control
DNAs were indistinguishable. In one kindred, HgiAlI poly-
morphism inheritance results are consistent with the presence
of a mutant C1 inhibitor gene on a “0.7-kb allele”.

DisSCUSSION

The primary structure of human CI inhibitor has been
determined and will be helpful for studying how it functions
to inhibit, and therefore regulate, key enzymes of the com-
plement, coagulation, fibrinolytic, and kinin-generating
pathways.

The protein portion of the circulating inhibitor constitutes
only 51% of its total molecular mass and is a single polypeptide
chain of 478 amino acid residues. The sites of attachment for
six glucosamine-based and five galactosamine-based oligo-
saccharides have been determined (Figures l1a and 2). An
additional nine threonine residues are also probably glycosy-
lated. Seventeen of the probable twenty oligosaccharides are
located in the N-terminal region of the polypeptide, and of
these, ten are clustered in a 35-residue region where the se-
quence Glx-Pro-Thr-Thr, or variations of it, occurs 7 times.
This tetrapeptide repeat is generated from tandem repetitions
of a 12-base nucleotide sequence. The nucleotide repeat ac-
tually occurs 9 times (Figure 4); however, in two cases base
substitutions in codon second positions generate peptides that
do not conform to the Glx-Pro-Thr-Thr pattern. The Glx-
Pro-Thr-Thr type repeat is a substrate for modification.
Galactosamine-based oligosaccharides have been unequivocally
identified on threonine residues in three repeats, and there is
partial evidence for additional modification on five threonine
residues in three other repeat units of this type. Additionally,
threonines in the neighboring, related tetrapeptide sequences,
GIn(86)-Leu-Pro-Thr and Asp(90)-Ser-Pro-Thr, are probably
also glycosylated.?

Cysteine positions and disulfide bonding patterns have not
been conserved between CI inhibitor and other members of
the serpin family. CT inhibitor contains four cysteine residues

2 Recent evidence indicates that Thr-50 is also glycosylated.
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63

[Glu  Pro Thr Thr]
GAA  CCC ACC  ACA

| Gin Pro Thr ThrJ
CAA CCC ACC ACA

Glu Pro Thr Thr
GAG CCC - ACC ACC

|Gln Pro Thr] Ile
CAA CCC ACC ATC

Gln Pro Thr
CAA CCC ACC

Gln Pro Thr Thr
CAA CCA ACT ACC

Gln Leu Pro Thr
CAG CTC CCA  ACA

Asp Ser Pro Thr
GAT TCT CCT ACC

fGln Pro Thr Thr|97
CAG CcCC ACT ACT

FIGURE 4. Amino acid and nucleotide sequences between residues
63 and 97 of CI inhibitor, showing imperfect, tandem repetitions of
a 12-base nucleotide sequence (one nucleotide repeat unit per line)
and the associated Glx-Pro-Thr-Thr type peptides (boxed).

forming two disulfide bridges in a 1-4, 2-3 pattern (Figure
2). The positions of the cysteines and consequently the pattern
of disulfide formation are clearly different from those of a1-
antitrypsin and «l-antichymotrypsin, each of which has a
single cysteine, and antithrombin III, which has six half-
cystines in a 1-4, 2-3, 5-6 pattern (Petersen et al., 1979). The
disulfide bridge patterns of ovalbumin, angiotensinogen, he-
parin cofactor II, and contrapsin have not been fully deter-
mined. Although the number and positions of cysteine residues
have not been conserved in different serpins, the locations of
disulfide bridges in C1 inhibitor and antithrombin III are
consistent with the concept of conserved tertiary structure in
these inhibitors and «1-antitrypsin (see Homology and Tertiary
Structure, under Results).

We identified regions on the surface of the homologous
inhibitor, al-antitrypsin, that are not conserved between
members of the serpin family. These regions are indicated
with shading and bold lines in Figure 3b. The P1 and Pl’
residues (Met-358 and Ser-359) are located nearly 70 A apart
in the crystal structure but must have been adjacent to each
other in the uncleaved, intact inhibitor. This would allow many
of the nonconserved regions to form a continuous surface that
includes the reactive site and varies in the details of its ge-
ometry from one serpin to another. Part of this surface,
containing the P1 residue and its neighbors in the tertiary
structure, could constitute the recognition site(s) for cognate
target protease(s). Evidence from families with genetically
variant C1 inhibitor molecules implies that different target

proteases [Cls, plasma kallikrein, activated Hageman factor
(XIIa), Hageman factor fragments, and plasmin] engage
different sites on C1 inhibitor (Donaldson et al., 1985).
However, these sites probably overlap partially, with at least
the P1 residue being common to all.

The C1 inhibitor gene was localized to human chromosome
11, p11.2-q13, near the centromere. Assignment of the C1
inhibitor gene to chromosome 11 indicates that it is not ge-
netically linked to other evolutionarily related members of the
human plasma serpin family that have been mapped; the an-
tithrombin III locus is found at 1q23-1¢q25 (Bock et al., 1985b)
while al-antitrypsin (14q32.1) (Purello et al., 1985) and
al-antichymotrypsin (14q31-qter) (Rabin et al., 1985) are
syntenic and may perhaps be closely linked. In this regard,
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it is interesting to note that the relative degree of homology
between al-antitrypsin and al-antichymotrypsin (39%) is
much greater than that between either of them and CT in-
hibitor (27% and 27%) or antithrombin III (ATIII) (28% and
31%). [The degree of homology between pairs of serpins was
calculated by using the FASTP algorithm (Lipman & Pearson,
1985).]

HANE patients have decreased levels of functional CT in-
hibitor and suffer from episodic attacks of debilitating gas-
trointestinal, subcutaneous, and/or pharyngeal edema. The
disorder is transmitted in an autosomal dominant manner and
is heterogeneous at the biochemical level (Donaldson & Evans,
1963; Rosen et al., 1971). Affected individuals in most pe-
digrees exhibit reductions in both their C1 inhibitor functional
activity and their antigen levels (type I deficiency). However,
in 20-30% of HANE kindreds, functional activity is decreased
in the presence of normal or elevated antigen levels (type II
deficiency), and the associated dysfunctional CT inhibitor
molecules from the different families have been demonstrated
to be different from each other and from the normal inhibitor
(Donaldson et al., 1985). No gross alterations of the C1
inhibitor structural gene were detected in a preliminary study
of genomic DNA from patients in one kindred with type I
HANE and three kindreds with type II HANE, suggesting
that the mutations responsible for the disorder in these four
families are small deletions, insertions, or limited nucleotide
substitution(s) in the CT inhibitor gene or that there are defects
at other loci involved in the processing and modification of
biologically active plasma CT inhibitor. The identification of
a HgiAl DNA polymorphism in the CT inhibitor gene will
permit linkage studies to distinguish these alternatives and
facilitate isolation of mutant C1 inhibitor genes from HANE
patients, all of whom are heterozygous for the trait and carry
a normal copy of the CT inhibitor gene as well. Identification
of mutations in dysfunctional C1 inhibitor genes will further
understanding of C1 inhibitor structure—function relationships.
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