Genetically Determined Heterogeneity of the Cl1 Esterase

Inhibitor in Patients with Hereditary Angioneurotic Edema

Frep S. RoseN, CHESTER A. ALPER, Jack PEnsky, MARTIN R. KLEMPERER, and

VircINIA H. DoNALDSON

From the Department of Pediatrics and the Blood Grouping Laboratory,
Harvard Medical School, Boston, Massachusetts 02115; the Institute of
Pathology, Case Western Reserve University School of Medicine, Cleveland,
Ohio 44106; and the Departments of Medicine and Pediatrics, University of
Cincinnati College of Medicine, Cincinnati, Ohio 45220

ABsTrAcT Normal human serum contains 18 =*5
mg/100 ml of C1 esterase inhibitor (alpha-2 neuramino-
glycoprotein) as estimated by immunochemical means.
Of 118 patients with hereditary angioneurotic edema,
the sera of 80, from 42 kindred, contained a mean con-
centration of 3.15 mg/100 ml or 17.5% of normal. The
mean serum concentration in 35 patients in 7 other kin-
dred was 20 mg/100 ml or 1119, of normal, and 3 pa-
tients in another kindred contained over 80 mg/100 ml
or greater than 4009 of normal. The nonfunctional in-
hibitors in patients’ sera of these eight kindred were
identical with normal C1 esterase inhibitor by Ouchter-
lony analysis, but they were different from normal and
from each other with respect to their electrophoretic
mobility, their capacity to bind Cl esterase, and their
ability to inhibit esterolysis of N-acetyl-tyrosine-ethyl-
ester.

INTRODUCTION

The serum of patients with hereditary angioneurotic
edema lacks normal inhibitory activity directed against
an esterase derived from the first component of comple-
ment (1). This inhibitory activity is the property of a
normal alpha-2 globulin of human serum (2), which is
identical with the alpha-2 neuraminoglycoprotein (3).
Specific antiserum has been prepared against this pro-
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tein, enabling immunochemical estimation of its content
in normal and pathological sera (4).

Although the tendency to sustain attacks of angioneu-
rotic edema is inherited as an autosomal dominant trait,
the serum of most affected persons contains much less
than the anticipated 509, of the normal serum concen-
tration of Cl esterase inhibitor measurable as antigen.
The sera of a minority of patients, however, contain
normal or elevated concentrations of Cl esterase in-
hibitor. The present studies concern the quantitation and
characterization of Cl esterase inhibitor antigen in the
sera of patients from 50 kindred affected with hereditary
angioneurotic edema.

METHODS

Patients. 118 patients from 50 kindred with hereditary
angioneurotic edema were studied. The diagnosis of the
defect was based on the clinical history, serum titers of
C4 and C2, and the inability of affected sera to inhibit the

hydrolysis of N-acetyl-L-tyrosine ethyl ester by Cls. The
extant first-degree relatives of all propositi were studied.

Sera. Serum was separated from freshly clotted blood
by centrifugation and stored at —80°C. Some serum sam-
ples were shipped in dry ice and then stored at —80°C
until used. Some serum portions were treated exhaustively
with neuraminidase (type V; Sigma Chemical Co., St.
Louis, Mo.) as previously described (5). Purified C1 ester-
ase inhibitor was incubated at 37°C for 1 hr with neuramini-
dase at pH 6.0. The reaction was stopped by addition of
0.2 M ice-cold Tris-HCI buffer, pH 8.6.

Purification of proteins. Cls was purified according to
the method of Haines and Lepow (6) from fresh normal
human serum. There was no detectable contaminating pro-
tein as assessed by electrophoresis in agarose (7).

Cl esterase inhibitor was purified from fresh normal
human serum by an elaboration of methods previously pub-
lished (2). Solid ammonium sulfate was added to serum
to 40% saturation (24.2 g/100 ml), and the mixture was
kept at 0°C overnight. After removal of precipitated pro-

2143



tein by centrifugation, the supernatant solution was dialyzed
exhaustively against water at 4°C and again centrifuged to
remove a small amount of precipitate. The clear 40% am-
monium sulfate supernatant was separated on a column of
Dowex 2-X10, 200-400 mesh (lot 35045-29; Bio Rad Labs,
Richmond, Calif.), equilibrated with 0.06 M Tris-HCI
buffer, pH 7.3. Elution of crude inhibitor from Dowex-2
columns was performed by stepwise increases in NaCl con-
centration. Fractions containing inhibitor were pooled and
concentrated 10- to 20-fold of the original sample volume in
a bed of dry polyethylene glycol (Carbowax 20M; Union
Carbide Chemicals & Plastics Corp., New York). Concen-
trated inhibitor was dialyzed against 0.02 M glycine-NaOH
buffer, pH 9.0, and chromatographed on a column of DEAE-
cellulose (type 20, high capacity, 1.17 mEq/g, from Schlei-
cher & Schuell Inc., Keene, N. H.) equilibrated with the
same buffer. Protein was eluted from the column by a
linear concentration gradient to 0.3 M NaCl dissolved in
equilibration buffer. Inhibitor activity emerged as part of
the first protein peak at approximately 0.16 M NaCl. The
most active fractions from the center of the peak were
pooled, reconcentrated, and rechromatographed under the
same conditions. The purest fractions were again pooled,
concentrated by pressure dialysis, and dialyzed against
phosphate-buffered NaCl-KCl (Dulbecco A buffer, Oxoid,
from Consolidated Laboratories, Inc., Chicago Heights, I11.)

Radioiodination. Purified Cls was labeled with I ac-
cording to the method of McFarlane (8).

Preparation of antisera. Goats were injected intrader-
mally with purified Cl esterase inhibitor or alpha-2 neura-
minoglycoprotein (3) emulsified in complete Freund’s ad-
juvant at biweekly intervals. Antisera were harvested 2 wk
after the last immunization. The antisera thus obtained
were monospecific (Fig. 1).

Quantitation of C1 esterase inhibitor. The serum con-
centration of inhibitor protein was estimated by electroim-
munodiffusion (9) (Fig. 1). Functional inhibitor activity
was measured as previously described (1). The absolute

Ficure 1 Electroimmunodiffusion of two normal sera (on
the left) and three sera (on the right) with elevated con-
centrations of Cl esterase inhibitor into agarose-containing
goat antiserum to Cl esterase inhibitor.
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Ficure 2 The incidence of Cl esterase inhibitor concen-
tration in sera of 80 patients deficient in antigenic Cl es-
terase inhibitor.

concentration of inhibitor protein was determined by using
a highly purified preparation of alpha-2 neuraminoglyco-
protein as a standard. The normal serum concentration was
estimated to be 18 =5 mg/100 ml.

Immunofiration. Immunofixation after agarose gel elec-
trophoresis was performed as previously described (10).
Radioautography of immunofixed plates was carried out
by exposing them after washing, drying, and staining to
Kodak No-screen X-ray film.

RESULTS

The serum concentration of Cl esterase inhibitor deter-
mined by immunochemical means in 80 patients in 42
kindred with hereditary angioneurotic edema varied be-
tween 0.9 and 5.6 mg/100 ml (normal mean = 18 mg/
100 ml). The mean of the results in these 80 patients’
sera was 3.15 mg/100 ml or 17.5% of normal. The modal
concentration, however, was between 1.8 and 2.7 mg/
100 ml or 10 and 15% of normal. These results are
shown in Fig. 2.

The mean serum concentration of Cl esterase inhibitor
determined by immunochemical means in 35 patients in
7 other kindred was 20 mg/100 ml or 1119 of the nor-
mal mean with a range of 10.8-31.5 mg/100 ml; the mode
was between 18 and 20 mg/100 ml or 100 and 110% of

normal. In one kindred, the sera of all three affected

individuals contained greater than 80 mg/100 ml or 4009

of the normal concentration (family Da, Fig. 3).
Hereafter, the three groups of patients will be desig-

nated low, normal, or high antigen concentration groups.
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Ficure 3 Pedigrees of 38 patients whose sera contain normal or elevated concentrations of
C1 esterase inhibitor. The subscripts denote the concentration of Cl esterase inhibitor in

milligrams/100 milliliters.

The genealogies of the eight kindred in the normal and
high antigen concentration groups are shown in Fig.
3. It can be seen in Fig. 3 that the disease is transmitted
as an autosomal dominant trait in these groups, as had
been previously established in the low antigen concen-
tration group.

Ficure 4 Double diffusion in agar of goat antiserum to
Cl1 esterase inhibitor (center well) and sera containing
nonfunctional Cl esterase inhibitor. The letters designate
the kindred shown in Fig. 3.

Genetic Heterogeneity of Cl

When the sera of affected members of the kindred
with normal or high antigens were tested by double dif-
fusion with goat antiserum to normal inhibitor, a line of
complete fusion was consistently obtained with normal
serum and other nonfunctional proteins in patients’ sera
(Fig. 4).

Immunofixation of the C1 esterase inhibitor in the se-
rum of individuals with low antigen concentration re-
vealed normal electrophoretic mobility in each instance,
as exemplified in Fig. 5 by “St.” By the same technique,
sera of affected individuals in family Wel contained C1
esterase inhibitor of normal mobility, whereas affected

The

FiGure 5 Immunofixation of Cl esterase inhibitor.
letters designate the kindred shown in Fig. 3, except for
“St” which is a serum containing 5% of normal Cl esterase
inhibitor. The undesignated bands on the right are normal
serum, normal serum to which an excess of CIs had been
added, and normal serum to which an antigen-antibody ag-
gregate had been added. There is no difference among them.
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TaBLE I
Effect of Neuraminidase on Purified C1 Esterase
Inhibitor Activity*

Neura- C1 esterase
minidase inhibitor
w/mi nu/ml
0 23.6
50 25.6
100 24.6
200 24.6

* C1 esterase inhibitor (24 U/ml) incubated for 1 hr at 37°C
in 0.1 M acetate buffer, pH 6.0. Reaction stopped by addition
of 0.2 M ice-cold Tris-HCI buffer, pH 8.6. Under these condi-
tions, 37 pg/ml of neuraminidase would completely liberate
the neuraminic acid from Cl esterase inhibitor. N-Acetyl-
neuraminic acid was' determined by the method of Warren

(11).

individuals in families Ri, Well, Re, Za, and La had C1
esterase inhibitor of more rapid mobility than the nor-
mal, and the Cl esterase inhibitor in family Ta had a

markedly increased mobility. The C1 esterase inhibitor in
the affected sera of kindred Da . with high antigen con-
centration exhibited two bands of precipitation, the
more cathodal of which had the same mobility as that
of families Ri, Re, Za, Well, and La, the more anodal
band had alpha-1 mobility (Fig. 5).

An attempt was made to ascertain whether or not the
observed differences in mobility of the nonfunctional pro-
teins were due to differences in the neuraminic acid con-
tent or in their amino acid composition. After treatment
of serum samples or purified Cl esterase inhibitor with
neuraminidase, followed by electrophoresis and immuno-
fixation, the net electrical charge of the Cl esterase in-
hibitor was so reduced that the protein in both normal
and patients’ sera failed to migrate significantly. Nor-
mal C1 esterase inhibitor does not lose its functional ca-
pacity under these conditions despite the alteration in
electrophoretic mobility (Table I).

The gel filtration patterns on Sephadex G200 of Cl
esterase inhibitor from normal sera and patients’ sera
were compared. As shown in Fig. 6, the Cl esterase in-
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Ficure 6 Elution pattern from gel filtration on Sephadex G200 of normal serum
and sera 91’ patients in the low antigen concentration group (St), normal antigen
concentration group (Ta), and high antigen concentration group (Da).
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hibitor in normal serum and in patients of the low and
normal antigen concentration groups emerged in the
same positions just before the second peak. However,
in the serum samples from patients in the high antigen
concentration group, the Cl esterase inhibitor emerged
in a bimodal peak, the larger portion of which was in
the trough between the first and second peaks. Immuno-
fixation revealed that the more anodal band was eluted
earlier than the cathodal band. Since these results sug-
gested possible complex formation, the eluted fractions
were also tested for their content of human serum al-
bumin. In addition to the presence of albumin in its
usual position in the third peak, albumin was also found
in fractions which contained the anodal band (cf. Da in
Fig. 6). When sera of the patients in the Da kindred
were examined by immunoelectrophoresis with antisera
to human albumin and Cl esterase inhibitor, it was evi-
dent that there was an additional albumin band of lower
concentration which fused with the major albumin band.
The former coincided in mobility with the anodal band
of precipitation with anti-Cl esterase inhibitor. When
sera from this kindred with high antigen concentration
were treated with 6 M urea or 4 M guanidine and sub-
jected to immunofixation, only the cathodal band was
observed. It thus appeared that the anodal band was a
noncovalently linked complex of Cl esterase inhibitor
and albumin.

The nonfunctional C1 esterase inhibitors were assessed
for their ability to bind Cls labeled with *I and for
their inhibitory capacity in the reaction between Cls
and its substrate, N-acetyl-tyrosine-ethyl-ester.

Equal volumes of labeled CIs (60 U/ml) and undiluted
serum were mixed at 37° C for 5 min, and portions of
the mixture were subjected to electrophoresis and sub-
sequent immunofixation with anti-Cl esterase inhibitor.

e

Ta Za Wel Da Re N

Ficure 7 Radioimmunofixation of Cl esterase inhibitor,

previously interacted with *I-labeled Cls. Designations
refer to kindred shown in Fig. 3, except for normal serum
(N) and serum of a patient containing 5% of normal Cl1
esterase inhibitor concentration (St).

Genetic Heterogeneity of C1 Inhibitor in Hereditary Angioneurotic Edema

TaBLE II
Disparate Effects of Abnormal CIs Inhibitor: Inactivation
of Hemolytic C4 in Presence of Measurable
Inkibition of Esterolysis by CIs

Serum CTs inhibitor C4 depletion
mg/100 ml U/ml U/ml
K. Re 22 6.0 2560
A. Re 24 7.5 2560
J. Re 31 5.0 2560
S. Re 16 6.9 2560
A. Ri 15 0.8 2560
Th. Ri 25 6.8 2540
Ti. Ri 16 5.6 2240
R. Ri 13 3.5 2560
Normal 18 +5 6.0 2 0

Sera from the affected members in two kindred with heredi-
tary angioneurotic adema contained normal concentrations of
Cls inhibitor antigen, readily measurable and usually normal
capacity to block hydrolysis of N-acetyl-L-tyrosine-ethyl-ester
by preparations of Cls in a standard assay but were markedly
depleted of C4 measured in a hemolytic assay. Normal sera

and sera of unaffected members of each kindred were not de-
pleted of C4.

The dried plate was exposed to No-screen X-ray film to
obtain a radioautograph. While the nonfunctional C1 es-
terase inhibitor of the Ta and Za kindred bound labeled
Cls firmly, only weak binding was observed with Wel
and Re sera, and no binding was observed with Ri sera.
Only the cathodal band in sera of the Da kindred bound
the labeled Cls and then only weakly. Binding of Cls
by the sera of the low antigen concentration group was
roughly proportional to the Cl esterase inhibitor con-
centration (Fig. 7).

The sera of affected individuals in the Da, Wel and II,
La, and Ta kindred had no detectable inhibition of Cls
as measured by their capacity to inhibit its esterolytic
property. However, sera of affected members of two un-
related kindred (Ri and Re) had substantial inhibitory
activity in the esterolytic assay (Table II). Despite the
capacity of these sera to inhibit esterolysis by Cls, titers
of hemolytic C4 in these same sera were markedly de-
pleted. The serum of these patients also inactivated C4
in normal serum depleted of C1 by heating at 56° C for
30 min. The patient’s serum therefore inactivated ex-

ogenous C4 in the presence of measurable inhibition of
esterolysis by Cls.

DISCUSSION

Individuals with hereditary angioneurotic edema have
an inborn biosynthetic defect of a serum alpha-2 gly-
coprotein, commonly designated the Cl esterase inhibi-
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tor. The pathophysiologic consequences of this defect
have been discussed extensively elsewhere (12). It has
been known for some time that the sera of patients with
this disease lack functional C1 esterase inhibitor activity
(1), and that this may be associated either with a lack
of the C1 esterase inhibitor protein or the presence of a
nonfunctional protein which is immunologically identical
with the normal (4).

The present studies define the genetic heterogeneity
of this defect. Of eight kindred with nonfunctional in-
hibitor protein, no two were identical with respect to
(a) ability to bind Cls, (b) electrophoretic mobility,
and (c) ability to block esterolytic activity of Cls. Even
though two of the nonfunctional inhibitors did block
the esterolytic activity of Cls, none protected the C4 in
the patient’s serum from inactivation as a consequence
of activation of Cls.

The sera of affected individuals in one kindred con-
tained over 4 times the normal concentration of Cl1 es-
terase inhibitor protein with two different electrophoretic
mobilities. The apparent double electrophoretic abnor-
mality of C1 esterase inhibitor protein has been partially
explained by binding of some of the inhibitor protein
molecules to albumin. Laurell, Lindegren, Malmias, and
Martenson have found a similar abnormality in one
Swedish patient with 3 times the normal concentration of
inhibitor protein (13).

Sera of patients in seven other kindred contained
normal concentrations of Cl esterase inhibitor by im-
munochemical estimation. In six of the seven kindred,
an abnormal electrophoretic mobility of the Cl esterase
inhibitor was demonstrable by immunofixation. It could
not be ascertained whether or not the electrophoretic
differences were due to alterations in the primary amino
acid content of the protein or in the carbohydrate
moieties of the inhibitor, or to a combination of the
two. The fact that all lost their net charge after exhaus-
tive treatment with neuraminidase does not exclude any
one of these possible alterations.

All of the C1 esterase inhibitor in sera from affected
members in these seven kindred had abnormal electro-
phoretic mobility. Thus, the genetic defect in hereditary
angioneurotic edema appears to be unique among geneti-
cally determined abnormalities of serum proteins. In
some instances, the dominant inheritance of the disease
results in the appearance of a defective, nonfunctional
inhibitor and undetectable amounts of normal inhibitor
protein instead of the anticipated 50% of normal protein.
Reasons for the genetic dominance of an abnormal gene
over the normal gene in these heterozygous affected in-
dividuals are obscure. Serum from patients with low con-
centrations of antigen contained inhibitor protein of nor-
mal electrophoretic mobility in each instance. Among
this large group of patients with low concentrations of

2148

inhibitor protein, all those tested bind to ClIs and in-
hibit esterolysis by Cls and in proportion to their con-
centration. While one might predict the occurrence of an
abnormal protein in the low antigen concentration group,
none has yet been found. From 50 normal sera examined
for evidence of genetic polymorphism as manifested by
altered electrophoretic mobility, none could be identified.

The sera from two kindred containing abnormal in-
hibitor protein capable of impairing esterolytic function

of Cls but not its capacity to inactivate C4 raise the
possibility that the active site of the Cls molecule re-
quired for interaction with C4 differs from that required
for esterolysis. Alternatively, the binding affinity of Cls
for C4 may be significantly greater than that for the
tyrosine ester substrate and hence less readily blocked
by a faulty inhibitor molecule. Such serum could inacti-
vate exogenous C4, providing ample evidence for its C4-
inactivating capacity. These findings lead to the con-
clusion that the only single certain assay for detecting
a defect in the C1 esterase inhibitor is one which mea-
sures the consumption of C4 either in the fluid phase of
serum or in blocking of formation of EAC1,4 sites on
EACI1 (14-16).

Several observations support the view that hereditary
angioneurotic edema results from defective biosynthesis
of the C1 esterase inhibitor. In some instances, defective
inhibitor function, despite the presence of normal
amounts of protein containing appropriate antigenic de-
terminants, indicates synthesis of an abnormal protein
as the primary abnormality. In unpublished studies,® the
rate of disappearance of radioactively labeled, purified
normal serum inhibitor from the blood of patients de-
ficient in functional and antigenic Cl esterase inhibitor,
was identical with that in normal individuals once
equilibrium with extravascular compartments was es-
tablished. Since some error may have been introduced
by partially denatured protein used in these experiments,
this evidence must be accepted with caution. Further
unpublished studies with a fluorescent antibody technique
revealed that normal liver cells of normal persons con-
tain inhibitor antigen. On the other hand, liver cells from
patients deficient in functional and antigenic Cl esterase
inhibitor showed no detectable fluorescence although
the number of hepatic cells fluorescent with antibody to
C4 were normal.
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