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Abstract Plasma of patients with types I and II hereditary
angioedema is unstable if incubated in a plastic (i.e., inert)
vessel at 37 °C manifested by progressively increasing forma-
tion of bradykinin. There is also a persistent low level of C4 in
95 % of patients even when they are symptomatic. These
phenomena are due to the properties of the C1r subcomponent
of C1, factor XII, and the bimolecular complex of
prekallikrein with high molecular weight kininogen (HK).
Purified C1r auto-activates in physiologic buffers, activates
C1s, which in turn depletes C4. This occurs when C1 inhibitor
is deficient. The complex of prekallikrein-HK acquires an
inducible active site not present in prekallikrein which in
Tris-type buffers cleaves HK stoichiometrically to release bra-
dykinin, or in phosphate buffer auto-activates to generate kal-
likrein and bradykinin. Thus immunologic depletion of C1
inhibitor from factor XII-deficient plasma (phosphate is the
natural buffer) auto-activates on incubation to release brady-
kinin. Normal C1 inhibitor prevents this from occurring.
During attacks of angioedema, if factor XII auto-activates on
surfaces, the initial factor XIIa formed converts prekallikrein
to kallikrein, and kallikrein cleaves HK to release bradykinin.
Kallikrein also rapidly activates most remaining factor XII to
factor XIIa. Additional cleavages convert factor XIIa to factor
XIIf and factor XIIf activates C1r enzymatically so that C4
levels approach zero, and C2 is depleted. There is also a pos-
sibility that kallikrein is generated first as a result of activation
of the prekallikrein-HK complex by heat shock protein 90

released from endothelial cells, followed by kallikrein activa-
tion of factor XII.
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Introduction

The pathogenesis of hereditary angioedema (HAE) relates to
instability of plasma due to low functional C1 inhibitor (C1-
INH) leading to uncontrolled production of bradykinin [1]. An
analogous scenario leads to activation of the early steps of the
classical complement pathway. Although activation of com-
plement does not produce a vasoactive peptide that could be
considered to be pathogenic, it allows for ready diagnosis of
types I or II HAE even if a family history of swelling is not
present. Thus 95 percent of patients have a low C4 level even
when asymptomatic. Although there is no obvious marker for
activation of the bradykinin-forming cascade when swelling is
not evident, incubation of the plasma in vitro, even in the
absence of a surface capable of initiating activation of factor
XII, leads to generation of kallikrein activity [2] and
bradykinin formation [1, 2].

The activation of complement and the bradykinin-forming
cascade is dependent on the ability ofC1-INH to stabilize both
the first component of complement (particularly C1r) [3, 4],
and the prekallikrein high molecular weight kininogen (HK)
complex [5], and to inhibit factor XII (FXII) auto-activation
[6]. In this review we will present the evidence that C1-INH is
requisite for these in vitro functions and discuss how each
contributes to the onset of attacks of angioedema when its
functional levels are below 35 percent of normal [7].
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Complement Activation Role in the Diagnosis
of Types I/II HAE

The first component of complement consists of a calcium-
dependent complex of C1q, C1r, and C1s with a molar ratio
of 1:2:2 respectively. The globular heads of C1q form the
binding sites for immune complexes [8] while the collagen-
like tail binds (C1r)2 and (C1s)2 and it is the latter interactions
that require calcium ion. Thus binding of calcium ion by an-
ticoagulants such as EDTA leads to dissociation of C1r and
C1s from C1q, so that complement activation via the classical
cascade is not possible.C1-INH inhibits the activated forms of
C1r andC1s, typically designated by a bar above, i.e.,C1ṝ and
C1s [9]. When activation is initiated by immune complexes,
binding to the globular heads induces a conformational
change in the collagen-like tail, the result of which is that each
molecule of C1r attacks its C1r neighbor resulting in two
molecules of C1ṝ. This requires expression of an active site
in C1r prior to any enzymatic cleavage [3, 4]. The next step
involves cleavage of a critical bond within a disulfide bridge
such that the single chain C1r is converted to a two-chain C1ṝ
with the active site present in its light chain. Evidence for the
presence of an active site within the single chain C1r is pro-
vided by the fact that when C1r is purified, it is intrinsically
unstable and on incubation in buffer at 37 °C is converted to
the two-chain C1ṝ. This is shown in Fig. 1 and is a key obser-
vation originally made by Zicardi [3, 4]. Addition of C1-INH
prevents this auto-activation and accounts for the stabilization
of the C1 complex in human plasma. The next step in C1
activation is activation of C1s to C1 s by C1ṝ by an analogous
cleavage in which a single chain C1s is cleaved within a di-
sulfide bridge to yield a 2-chain C1s. C1s is also inhibited by
C1-INH. Normally C1s cleaves both C4 and C2 to generate
the C4bC2a enzyme requisite for C3 cleavage. However in

the absence of an immune complex or other potent activator of
C1, only partial activation is noted in HAE patients. C4 is the
Bfavored^ substrate of C1s and synthesis of C4 does not ade-
quately compensate, thus patients with HAE have a low C4
level at baseline [7]. When there is an attack of swelling, there
is further activation of C1, C4 levels approach zero, and C2
levels diminish [10].

Thus in the absence ofC1-INH, one has to presume a small
amount of C1 activation (both C1ṝ and C1s ) to account for
diminished levels of C4. The complement-specific functions
of C1-INH lacking in HAE types I/II are: (1) stabilization of
C1r by interaction with its active site, (2) inhibition of C1ṝ,
and (3) inhibition of C1s.

Historical Perspective of the Complement vs.
the Bradykinin-forming Cascade, as Pathogenic
in Types I/II HAE

C1-INH was shown to be deficient in patients with HAE by
Donaldson and Evans in 1963 [11]. The observation was
made soon after the discovery of the inhibitor by Irwin
Lepow [12] and demonstration that it inhibits activated C1r
and C1s. It was assumed that activation of complement would
lead to production of a vasoactive peptide that would be re-
sponsible for the increased vascular permeability leading to
angioedema. Such a peptide was reported in 1977 [13]; it was
called C2-kinin because it was formed by a two-step process
in whichC2 is activated toC2a andC2b fragments and further
cleavage of C2a by plasmin would produce the C2-kinin pep-
tide [13]. Production of the peptide appeared to be linked to
factor XII (FXII) activation [14] and FXII was known to initi-
ate intrinsic coagulation, bradykinin formation, and fibrinoly-
sis (plasmin generation). A role for FXII in all steps of the

Fig. 1 Time course of auto-
activation and auto-digestion of
purified C1r upon incubation in
buffer. Left: auto-digestion of C1r
to yield a heavy chain and light
chain that are disulfide linked.
The samples are reduced prior to
SDS gel electrophoresis. Right:
evolution of activity reflecting
conversion of C1r to C1ṝ.
Figure taken from [4]
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process made sense although the steps connecting FXII to
bradykinin formation, intrinsic fibrinolysis, or complement
activation were not yet known. However distinction of C2-
kinin from bradykinin was important and this was done by
trypsin cleavage, which destroyed the C2-kinin activity (bio-
assay employing smooth muscle or uterine contraction) but
had no effect on bradykinin. Further, injection of activated
C1 into human or guinea pig skin [15, 16] led to wheal for-
mation, i.e., increased vascular permeability, which was aug-
mented ifC1-INHwas absent, suggesting C2-kinin formation.
The fact that any injection activates the plasma bradykinin-
forming cascade was not addressed, although injection into
guinea pigs lacking C2 lead to diminished wheal formation
[15] which seemed consistent with a contribution of a C2-
kinin. The fact that a C2-kininwas not purified during the next
few years plus advances in understanding the molecular
mechanism leading to bradykinin formation, as well as its
inhibition by C1-INH, created a need to more clearly distin-
guishC2-kinin from bradykinin. C1-INHwas shown to inhibit
plasma kallikrein by Gigli [17] in 1970. Then C1-INH was
found to inhibit the activated forms of FXII [18] so that the
functions of C1-INH were clearly as critical to limit
bradykinin formation as for inhibition of C2-kinin production.

At this point activated FXII (factor XIIa or factor XIIf) had
been shown to directly convert prekallikrein to kallikrein [19,
20], and digestion of HK by kallikrein would generate
bradykinin [21]. FXII auto-activation by initiating surfaces
was demonstrated by Silverberg et al [22], which was follow-
ed by rapid feedback activation of FXII by the kallikrein ini-
tially produced [23, 24]. The surface was shown to render
FXII a substrate for enzymes and disproved the notion that
FXII becomes an active enzyme as a result of a conformational
change upon binding [25]. Thus reciprocal activation takes
place with initiating surfaces, i.e., FXIIa (XIIf) converts
prekallikrein to kallikrein while kallikrein activates FXII to
produce FXIIa (initially) followed by FXIIf [26] by two sub-
sequent cleavages [27, 28]. Prekallikrein was shown to circu-
late as a 1:1 molar complex with HK [28]. All of the afore-
mentioned enzymatic steps are inhibited by C1-INH [29].
Curd et al. employed an induced blister model and demon-
strated excessive kallikrein within the blisters of patients with
HAEwhen compared to normal [30]. The blister induction is a
traumatic process employing a combination of suction and
heat which by itself readily activates the bradykinin-forming
cascade. The demonstration of increased kallikrein in this
model corroborated in vitro studies demonstrating that C1-
INH inhibits kallikrein and presumably FXIIa which converts
prekallikrein to kallikrein. But the controversy regarding C2-
kinin vs. bradykinin was not addressed until Fields et al. [1]
sought to reproduce the original experiments leading to the
discovery of C2-kinin. They could not do so. Activation of
C1 followed by cleavage of C4 and C2 and addition of
plasmin did not produce any kinin. However incubation of

HAE plasma in plastic at 37 °C, i.e., in the absence of any
activator of FXII lead to progressive generation of bradykinin
as the time of incubation increased. The authors concluded
that existence of a C2-kinin could not be corroborated and that
bradykinin is the key vasoactive peptide. Those findings re-
garding C2 were confirmed by Smith and Kerr in 1985 [31].
Thus C2 is not cleaved by any known enzyme or combination
of enzymes to release a kinin-like molecule. Although a 25
amino acid sequence within C2b (residues 199-223) obtained
as a synthetic peptide, has permeability enhancing activity on
injection into guinea pig skin, a similar peptide is found within
the amino acid sequence of human albumin.

A possibility to explain the evolution of bradykinin and
presumably kallikrein formation considered at the time was
that FXII might be unstable and auto-activate, as does C1r,
when C1-INH is deficient. Many subsequent studies corrobo-
rated bradykinin as the mediator of HAE [32–35] but only one
other study addressed the C2-kinin issue and that included
some of the original authors of the C2-kinin papers. Thus
Shoemaker et al. supported the conclusion of Fields et al. in
which bradykinin was the only kinin they could identify
employing HAE plasma [32]. The difference (11 years later)
was that bradykininwas assayed by radioimmunoassay rather
than bioassay, and C2 deficient plasma was employed rather
than purified C2. Nevertheless when C2-kinin persisted in
being included in reviews of the pathogenesis of HAE, we
published a commentary [36] emphasizing the inability to
corroborate existence of C2-kinin, the multifaceted evidence
for bradykinin as the mediator of HAE, and added that the
prior evidence for its presence was artifactual in part, and
any observed increased vascular permeability, were due to
bradykinin.

Control of FXII Auto-activation by C1-INH

FXII (Hageman factor) deficiency was discovered by Ratnoff
and Colopy [37] who demonstrated absence of a critical
surface-dependent factor required to initiate the intrinsic co-
agulation cascade. It also appeared to be requisite for surface-
dependent bradykinin formation [38]. FXII is indeed difficult
to work with so that activated FXII (FXIIa) was purified and
characterized prior to the native, i.e., unactivated FXII. First a
low molecular weight form of activated FXII of 28.5 Kd was
purified [19] which we designate as FXII fragment (FXIIf)
because it could be generated by FXIIa cleavage with plasmin
[20], i.e., prior to the discovery of the kallikrein feedback. But
FXIIf possessed only 2–4 % of the coagulant activity of FXIIa
(80,000 Kd; the enzyme that activates FXI in intrinsic coagu-
lation), but retained full ability to convert prekallikrein to
kallikrein. The first preparation of unactivated human FXII
was reported by Cochrane and Wuepper [39] and shown to
be converted to active forms called α-FXIIa, and β-FXIIa by
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cleavage in plasma corresponding to FXIIa and FXIIf respec-
tively [40]. However their proposal was that activation of FXII
occurred either by cleavage within a disulfide bridge to pro-
duce α-FXIIa or cleavage outside the disulfide bridge to pro-
duce β-FXIIa [23]. This is in contrast to the original descrip-
tion of these forms, which suggested sequential cleavage, i.e.,
first cleavage of native FXII to FXIIa and then cleavage of
FXIIa to factor XIIf [20]. Proof that the latter mechanism is the
correct one was provided by Dunn et al. [26, 27]. We have
therefore retained the FXIIa/FXIIf nomenclature, consistent
also with coagulation nomenclature, i.e., factors XIIa, XIa,
VIIa, and IXa for coagulation enzymes, since the trace clotting
activity associated with factor XIIf is insignificant [20].
Further, the proposed cleavage to produce β-FXIIa, that is
not preceded by cleavage within the disulfide bond [27],
would not produce an active enzyme.

As FXII is purified and enzymes such as kallikrein and
plasmin (or prekallikrein and plasminogen) are eliminated, it
continues to be unstable and activates, seemingly spontane-
ously, to FXIIa and FXIIf. Observations such as this lead to
considerations that FXII might auto-activate, but required pu-
rified preparations of FXII to test the hypothesis. Once it was
clear that FXIIa could further cleave FXII to produce more
FXIIa [41], FXII was formally shown to auto-activate [22].
However the process is relatively slow and the kallikrein feed-
back is responsible for the rapid burst of activity seen on
contact activation [42]. Figure 2 demonstrates the conse-
quences of FXII auto-activation vs. kallikrein activation as
assessed by SDS gel electrophoresis. As FXII is activated, it
i s i nac t iva t ed by f luo re sce ina t ed p ro -phe -a rg -
chloromethylketone. The fluorescence reflects those mole-
cules which had been activated.

It is now clear that all activated forms of FXII have been
cleaved and that formation of FXIIa precedes formation of
FXIIf. In fact, Griffin et al. [25] demonstrated that the surface
bound FXII is a substrate and binding does not induce enzyme

formation by a conformational change. Thus either trace
amounts of FXIIa are always present in FXII preparations or
native FXII has an active site (perhaps analogous to that of
C1r) albeit with very low activity relative to FXIIa but enough
to digest adjacent molecules to generate a small amount of
FXIIa (Note, FXIIa activates FXII but FXIIf does not). We
attempted to quantitate activity present in FXII but could not
do so [43]. Our lower limit of detection was 0.01 % or one
molecule of FXIIa in 10,000 of FXII, or FXII possessing 1/10,
000 the activity of one FXIIamolecule. But we cannot rule out
activity at infinitesimal levels, e.g. one part in a million or less.
An important point regarding surface-dependent initiation of
kinin formation in HAE is the role of C1-INH in FXII auto-
activation. One such experiment is shown in Fig. 3 where the
curvature reflects FXII auto-activation [6]. At half-normal lev-
el of C1-INH, the curvature is much diminished and is almost
linear at normal levels. Thus, it could be shown that C1-INH
prevents activation at this initiating step.

Instability of HAE Plasma is Due to Activity
of the Prekallikrein-HK Complex

Prekallikrein binds to HK as a 1:1 bimolecular complex [29]
and 75–80 % of prekallikrein circulates in a complex form
[44]. FXI also circulates bound to HK [45] with a molar ratio
of 1:2 (FXI is dimeric) but HK is present in excess; sufficient
to bind both. However, a single HK molecule is bound to
either prekallikrein or FXI, but not both. Schmaier et al. [46]
reported that when the prekallikrein-HK complex (HK-PK) is
bound to endothelial cells in the absence of FXII, the

Fig. 2 Activation of FXII by auto-activation (a) vs. kallikrein (b) as
assessed by SDS gel electrophoresis after active-site inhibition employing
fluorescent pro-phe-arg-chloromethylketone. Time points a–h and a1–j1

are from 20 s to 30 min. Figure taken from [26]

Fig. 3 Inhibition of FXII (HF) auto-activation by C1-INH. FXII
(10 μg/ml) is incubated in a glass test tube with pro-phe-arg-p-
nitroanalide and the evolution of a yellow color at 405 nm is plotted
against time. A control curve without additional C1-INH is compared to
a mixture of FXII with half-normal C1-INH (110.5 μg/ml) or normal C1-
INH (221 μg/ml). Figure taken from [6]
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prekallikrein is easily converted to kallikrein [47]. We corrob-
orated this observation and when we isolated the factor re-
sponsible for this effect, it was identified as heat-shock
protein-90 (HSP 90) [48]. HSP 90 has been reported to have
phosphatase activity but no proteolytic activity so HK-PK
appeared to auto-activate when bound to HSP 90. Consistent
with this is the observation that a 1:1:1 trimolecular complex
forms and the conversion of HK-PK to kallikrein is directly
proportional to the HSP 90 input. Thus the reaction is
stoichiometric.

Other observations are that zinc ion is required for
binding/activation, and that HSP 90 will not activate
prekallikrein unless it is bound to HK [48]. Thus it is
very different from activation of prekallikrein by FXIIa
of FXIIf. First, for in vitro studies an optimal factor
XIIa/prekallikrein ratio is 1:50 rather than 1:1 and the
presence of HK does increase that rate of prekallikrein
activation by FXIIa (the cofactor function of HK) [49,
50] but activation may proceeds without HK being pres-
ent. When studying HSP 90 activation, the control was
HK-PK incubated with buffer. As expected, there was no
conversion of prekallikrein to kallikrein. However, with
prolonged incubation (1–2 h.) all the HK was cleaved
and there was no kal l ikrein contaminat ing the
prekallikrein preparation [5]. It appeared that binding
of prekallikrein to HK induces an active site in
prekallikrein which cleaves HK. This cleavage is
inhibited not only by C1-INH, but also by corn trypsin
inhibitor (CTI) which has no inhibitory activity on
kallikrein [51]. Thus when CTI is added to plasma (rath-
er than purified enzymes) as a FXIIa inhibitor [2], one is
also inhibiting the site within the HK-PK complex.
Buffers make a difference in what is observed as final
products of this reaction. If we use Tris buffer, HK is
cleaved to release bradykinin and prekallikrein is stable.
If we do the same reactions in phosphate buffers, HK-

PK auto-activates, i.e., prekallikrein is converted to
kallikrein and HK is cleaved [2]. CTI inhibits this reac-
tion as well suggesting that it is the induced active site
in prekallikrein that auto-activates and auto-digests to
produce kallikrein. Here the products are the same as
seen with HSP 90, but if we add HSP 90, the rate of
kallikrein formation is more rapid. A summary of these
reactions and the product(s) of each is shown in Table 1.

Since all the aforementioned reactions are demonstra-
ble in the absence of FXII we compared the behavior of
normal plasma with that of HAE plasma. Fig. 4a shows
the original bioassay demonstrating the increasing forma-
tion of bradykinin as HAE plasma is incubated at 37 °C.
Fig. 4b shows the same experiment assessed by SDS gel
electrophoresis demonstrating conversion of prekallikrein
to kallikrein. Normal plasma, incubated identically, does
not generate kallikrein or bradykinin. Although a surface
that might activate factor XII was not added, the process
could still be due to FXII instability or auto-activatability
when C1-INH is absent. We therefore took factor XII-
deficient plasma, which does not activate on prolonged
incubation, nor could it be activated on addition of kao-
lin or dextran sulfate, and removed C1-INH by
immunoadsorption. As shown in Figs. 5 and 6,
prekallikrein is converted to kallikrein [2]. Thus the in-
stability of HAE plasma that lead to the identification of
bradykinin as the mediator of HAE, proceeds indepen-
dently of FXII and reflects activation of HK-PK in a
phosphate containing milieu, i.e., plasma.

Conclusions

1. Auto-activatability of C1r within macromolecular C1
causes the low C4 in types I and II HAE.

Table 1 Activation reactions of the prekallikrein-HK complex

Reaction 4 is the same as 2 because of the absence of zinc
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2. Experiments that disproved the existence of C2-kinin also
demonstrated seemingly spontaneous formation of
bradykinin.

3. FXII auto-activation is inhibited by C1-INH but an active
site within native FXII has never been demonstrated, so
that the inhibition is probably due to interaction with
FXIIa to prevent cleavage of native FXII.

4. The prekallikrein-HK complex possess activity inhabit-
able by corn trypsin inhibitor (CTI). It appears to be in-
duced on binding of prekallikrein to HK and is responsi-
ble for the instability of HAE plasma (types I/II) where
C1-INH is deficient. This is demonstrable in the complete
absence of FXII.

Fig. 4 A bioassay (contraction of
guinea pig ileum) for bradykinin
demonstrating progressive
formation as HAE plasma is
incubated at 37 °C over time. Two
ng/ml standard bradykinin
contractions are shown at the
beginning and end of the
experiment demonstrating no
change in sensitivity. Trypsin did
not destroy the activity (tested at
60 min) as originally reported for
C2-kinin. Taken from [1]

Fig. 5 a The same experiment as in Fig. 4, however the conversion of
prekallikrein to kallikrein is quantitated by cleavage of pro-phe-arg-
nitroanalide and monitored at 405 nm. HAE plasma is compared to
normal plasma. b The same experiment as in Fig. 5a except cleavage of
high molecular weight kininogen (HK) is monitored by reduced SDS gel
electrophoresis. Control plasma (left) and HAE plasma (right).
Progressive cleave of HK is seen only in the HAE plasma

Fig. 6 Activation of FXII-deficient plasma by removal of C1-INH. A
time course of kallikrein formation was assessed by incubation of
plasma with pro-phe-arg-p-nitroanalide. Activation of FXII-deficient
plasma that is also deficient in C1-INH was compared to FXII-deficient
plasma with normal C1-INH. The C1-INH was removed by
immunoadsorption with IgG antiC1-INH and addition of an equal
amount of normal IgG was employed for the control sample.
Reproduced from [2]
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Speculation: Attacks of HAE—How Do They Begin?

While we know that trauma, stress, infection, and estro-
gen can trigger/initiate attacks of angioedema in patients
with HAE, the molecular mechanisms by which these
operate is not known. Further, at least 50 % of attacks
begin spontaneously based on patient surveys, i.e., they
are unable to attribute episodes to any particular initiat-
ing factor (Btrigger^). If there is an analog of a Bsurface^
within the body, it has not been identified. Molecules
which are known to activate factor XII readily are mast
cell heparin [52, 53], recently demonstrated to recruit the
kinin-forming cascade in anaphylaxis [54] , or
polyphosphates from platelets [55]. But these do not re-
late to HAE in an obvious fashion. Nevertheless factor
XII activation has been demonstrated during attacks of
angioedema [56, 57] but it could be produced secondar-
ily by cleavage by kallikrein or even plasmin. Of partic-
ular interest is that factor XIIf (but not factor XIIa) acti-
vates C1r and to a lesser degree C1s [58] which may
account for augmented C1 activation during attacks of
angioedema with further depletion of C4 and C2 activa-
tion (Fig. 7a).

Endothelial cells are known to bind all components of
the kinin-forming cascade in zinc-dependent reactions in-
volving factor XII and HK-PK complex. The membrane
binding sites consist of bimolecular complexes of the re-
ceptor for the globular heads of C1q (gC1qR) with
cytokeratin 1 and cytokeratin 1 bound to the urokinase
plasminogen activator receptor (u-PAR) [59], and
uncomplexed gC1qR which is present in excess. gC1qR
binds both HK and factor XII equally [60] while gC1qR-
cytokeratin 1 complex favors binding to HK-PK complex
[61] and gC1qR-u-PAR [62] favors binding to factor XII.
However factor XII bound to endothelial cells does not
activate even after many hours of incubation [63] but HK-
PK does generate kallikrein by release of HSP 90 and
perhaps, prolycarboxypeptidase [64]. Any kallikrein thus
produced can then activate bound factor XII. HSP-90 and
prolylcarboxypeptidase both act stoichiometrically and re-
quire prekallikrein to be bound to HK in order to generate
kallikrein but differ in reported mechanism. HSP-90 has
no proleolytic activity and catalyzes a corn trypsin
inhibitable auto-activation of the prekallikrein-HK com-
plex while prolylcarboxypeptidase is an exopeptidase
functioning in this instance as an endopeptidase. Most
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Fig. 7 a Diagram of reactions
leading to bradykinin formation
and complement activation upon
addition of a surface known to
catalyze auto-activation of FXII.
The kallikrein “feedback” is that a
small amount of kallikrein
evolves; it cleaves factor XII to
yield factor XIIa (first) and then
cleaves factor XIIa to factor XIIf.
bHypothetical pathway by which
FXII could be activated as a result
of kallikrein formation initially
occurring at the surface of
endothelial cells. Binding of FXII
and HK-PK complex to the cell
and the interaction of HSP 90
with HK-PK are all zinc-
dependent
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recently, we have incubated HSP 90 with normal plasma,
and converted prekallikrein to kallikrein to liberate brady-
kinin (unpublished observation). Thus it is possible to
activate the bradykinin-forming cascade by direct interac-
tion with factor XII leading to auto-activation and the
kallikrein feedback (Fig. 7a), or to activate HK-PK first
and recruit factor XII secondarily (Fig. 7b). Once the lat-
ter reaction occurs, the process becomes indistinguishable
from events that begin with factor XII activation. Future
studies will attempt to distinguish among these possible
initiating mechanisms.
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