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Abstract
Mathematical analysis of positive feedback loops in pro-
teolytic systems has previously suggested that when the
active enzymes are subject to inhibitory control these
systems will exhibit threshold behavior. This is demon-
strated in the present study, for the autolytic activation
of factor Xll in the presence of a contact activator and an
irreversible inhibitor of factor Xlla. The threshold be-
tween the two system states — complete factor Xll activa-
tion, or complete stability — is dependent on the kinetic
balance between the catalytic rate of autoactivation and
rate of enzyme (factor Xlla) inhibition. Activation of the
system can be brought about by either increasing the
catalytic rate (in this study, by using more potent contact-
activation conditions), or by lowering the enzyme inhibi-
tion rate. Previous mathematical work predicted com-
plete stability in a positive-feedback system that is below
threshold, and this has been experimentally confirmed.
Copyright © 2005 S. Karger AG, Basel

Introduction

Many of the body’s defensive and homeostatic systems
involve cascades of proteolytic enzymes. Among the well-
studied examples are complement, which leads to the de-
struction of cells carrying foreign antigens and to inflam-
mation; blood coagulation, which generates fibrin at a site
of vascular damage; various systems that depend on plas-
min generation, such as fibrinolysis and cell migration;
and apoptosis. Several others also exist.

While these systems depend on the generation of nu-
merous proteases, in the majority of cases the initiating
event is the secretion or production not of an active pro-
tease, but of an as-yet-inactive zymogen species. Before
we consider those that follow this mechanism, let us con-
sider two significant exceptions. The archetype is the cas-
cade activation of trypsinogen and chymotrypsinogen in
the gut, which is initiated by the action of enterokinase
on trypsinogen, and enterokinase is apparently secreted
as an active enzyme [1]. Another exception involves tis-
sue plasminogen activator (tPA), where the secreted sin-
gle-chain ‘zymogen’, at least when in the presence of fi-
brin, itself possesses some significant proteolytic activity
[2].

Despite these exceptions, the initial steps of several
other systems involve feedback loops, in which a later
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protease or proteases are responsible for generating the
initial active enzyme. While a positive feedback loop in
isolation is not particularly significant, studies of simpli-
fied theoretical models strongly suggest that when in ad-
ditionthereisinhibitory controlofthe feedbackenzyme(s),
the result will be threshold behavior, where below a cer-
tain threshold condition the system will not fire [3]. In
this situation the key question is not so much the actual
rates at which enzymes are generated or inhibited, but the
kinetic balance of generation and inhibition, which con-
trols whether the system fires (above the threshold) or
does not (below the threshold). Let us consider some ex-
amples of systems that are likely candidates for threshold
behavior.

The activation of complement by the Cl complex
(C1g-C1r-Cls), when bound to an activating molecule
such as an immune complex, involves the proteolytic ac-
tivation of two zymogens: Clrand Cls. The Clr zymogen
1s activated first, in an autolytic feedback [4, 5]. The pro-
tease produced, Clr, then goes on to activate the C1s zy-
mogen, generating the enzyme Cls, which continues the
sequence through C2, C3, C4, and so forth. Various
mechanisms have been proposed to explain the initial
activation of Clr, including mechanisms dependent on
the zymogen’s having proteolytic activity [6], but com-
mon to all is some sort of autolytic activation. Although
the Clr zymogen may have proteolytic activity, there ap-
pears to be no evidence that rules out the possibility of
autocatalysis, in which autoactivation can be initiated by
an idling trace of Clr. Key to this hypothesis would be
that the binding of Clq to an activator (e.g., an immune
complex) causes an increase in the catalytic activity of
Clr on its zymogen; in other words that bound C1q acts
as a cofactor for the activation of Clr by Clr. Or, in terms
of our view of feedbacks, C1q, by increasing the catalytic
rate of Clr activation, would take the feedback activation
loop above its firing threshold and enable the bulk gen-
eration of Clr and Cls.

Another system that involves positive feedbacks in its
initiation is blood coagulation, and these include auto-
Iytic feedbacks. There are two initiation pathways of co-
agulation: the ‘contact’ system, in which the initiating
event is the activation of factor XII in the presence of an
activating anionic surface (or ‘contact activator’), such as
glass, kaolin, dextran sulfate, etc. and the tissue factor
(TF) pathway, in which TF forms a complex with plasma
factor VII, which is then activated to form a proteolyti-
cally active complex, TF:VIla. Autolytic activation oc-
curs in both cases: factor XIla activates factor XII [7],
and TF:VIla activates TF:VII [8, 9]. Once again, we
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would see the cofactor (contact surfaces are cofactors for
factor XIla, and TF is the cofactor for factor VII), through
its increasing of a catalytic rate, as enabling the firing of
the system.

In fibrinolysis, both of the major plasminogen activa-
tors (tPA, and urokinase-type plasminogen activator,
uPA) are synthesized as single-chain proteins that are
then activated to two-chain proteases in feedbacks. The
main activator of both is plasmin [10, 11], which is the
product of both tPA and uPA action, but at least in the
case of chicken uPA there is also evidence for autolytic
activation at an earlier stage by the two-chain uPA en-
zyme [12]. tPA is rather different because the single-chain
precursor can generate plasmin without a need for feed-
back activation [2]. In that case there is no question as to
how the system can bootstrap its own activation. Other
autocatalytic feedbacks are seen in the initiation of the
two major cascades of apoptosis, involving caspase-8 and
-9, and in both cases autocatalytic activation is regulated
by cofactors that are central in controlling the onset of
apoptosis, APAF-1 and FADD [13-15].

In these pathways there is thus evidence for an initial
autolytic event, in which a product enzyme acts on its
zymogen to catalyze its generation. Another important
aspect of control is that several of these systems are known
to be subject to inactivation by protease inhibitors: C1
inhibitor, which inhibits the active Clr and Cls prote-
ases of complement activation, is also the major plasma
inhibitor of factor XlIla; tissue factor pathway inhibitor
and antithrombin IIT (ATIII), which inactivate TF:VIla;
and plasminogen activator inhibitors, which control both
tPA and uPA. The inhibition picture for regulation of
activated caspase-8 and -9 is less clear, but there is good
evidence for inhibitory control of caspase-9, if not cas-
pase-8 [15].

In addition to these examples of autocatalytic events,
there are the longer (nonautolytic) feedbacks seen in co-
agulation, and in the activation of both uPA and tPA by
plasmin. Important examples of long-range feedbacks in
clotting include the activation of TF:VII by a product en-
zyme, factor Xa, and activation of factor VIII by throm-
bin [for review, see 16].

Although we have proposed that threshold properties
will arise when a proteolytic positive feedback loop is
subject to irreversible inhibitory control, there has been
no direct experimental evidence in support of the hypoth-
esis. Ataullakhanov et al. [17] have published the most
convincing evidence for a threshold onset of clotting in
plasma over a range of Ca”* ion concentrations, and van’t
Veer and Mann [18] have demonstrated nonlinear re-
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sponses in thrombin production under varying inhibitory
conditions. In neither case, however, was subthreshold
stability demonstrated, and the role of feedback loops was
not examined.

The present study was devised to test the proposal in
a simple feedback system that is amenable to experiment
and analysis. The major requirement for this test system
was that the rates of both autoactivation and -inhibition
be in a reasonable range for experimental observation.
Initial trials were devoted to the factor XII/prekallikrein
feedback loop, in which each enzyme activates the other
zymogen, and we analyzed such a structure [19]. It quick-
ly became clear, however, that the rates of both reactions
are too high for easy experimental control by protease
inhibitors. The autoactivation of factor XII, in contrast,
is a quite inefficient reaction, and we predicted that the
firing threshold for this system should occur at relatively
low rates of factor XIIa inhibition. This turned out to be
the case.

Materials and Methods

Materials

Carbonic anhydrase, lactoperoxidase, bovine serum albumin
(BSA, grade V), fatty acid-free, sulfatides, and dextran sulfate
(500,000 Da) were products of Sigma Chemical Co., St. Louis, Mo.,
USA). Aminophenylmethylsulfonylfluoride (APMSF) was a prod-
uct of Calbiochem, San Diego, Calif., USA. Na!?’I (carrier-free in
NaOH) was from Amersham. Polybrene was from Aldrich Chemi-
cal. D-Pro-L-Phe-L-Arg-p-nitroanilide (S-2302) was obtained from
Chromogenix. Purified human factor XII and factor XIla were
purchased from Enzyme Research Laboratories, South Bend,
Ind., USA. To reduce the level of any contaminating factor XlIa,
the factor XII was diluted in 4 vol TBS (tris-buffered saline:
100 mmol/l NaCl/50 mmol/l Tris/HCI pH 7.5) and then treated
with 100 wM APMSF for 20 min at 37°C, followed by dialysis
(2 x 200 vol) against 0.15 mol/l NaCl/5 mmol/l MES/NaOH pH
6.0. Human ATIII was purified as previously described for the bo-
vine protein [20]. This method includes a final anion-exchange
chromatography step, which prevents heparin contamination of the
final preparation.

Radioiodination of Factor XII and Carbonic Anhydrase

Factor XII and carbonic anhydrase were separately labeled with
Na!>’I by a mild method that uses H,O, and lactoperoxidase in
solution [21]. The lactoperoxidase itself, which remains (though
inactive) in the labeled preparation, amounts to less than 2% of the
total protein. Different batches of factor XII and carbonic anhy-
drase varied from 0.8 to 1 x 10° cpm/pmol. The method was as
follows: factor XII, 2.75 pmol/l, was incubated in a 80-pul vol of
TBS with 2.5 pg/ml of lactoperoxidase, 25 wmol/l of H,O,, and
0.5 mCi of Na!>’I at room temperature for 15 min with stirring.
NaN3, 0.05%, was added to stop the reaction. To minimize the risk
of autolytic activation during subsequent processing, APMSF,

Factor XII Feedback Activation
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125 pmol/l, was then added, followed after 2 min by I mmol/l ben-
zamidine HCI. Finally, 2 mg/ml of BSA was added and the reaction
mixture was applied to a 2-ml column of Sephadex G-25 equili-
brated in TBS. Fractions were collected and the first radioactive
peak (300-400 wl) was pooled and dialyzed 3 times against 10 ml
of MES-buffered saline (0.15 mol/l NaCl/10 mmol/l MES/NaOH
pH 6.0) at 4°C. The labeled protein was stored at —80°C. Carbonic
anhydrase was iodinated in the same way, omitting the various in-
hibitor treatments.

Measurement of >’ I-Factor XII Activation

Incubations were set up to contain 100 nmol/l of unlabeled fac-
tor XII, 1-2 nmol/l '>I-factor XII, '*’I-carbonic anhydrase, vary-
ing concentrations of ATIII, and the reaction was then initiated by
the addition of varying concentrations of a contact activator (dex-
tran sulfate or sulfatide — see Results). Experiments were performed
at 37°C, in the presence of 0.05% NaNj to prevent bacterial growth.
The carbonic anhydrase was used as an internal standard, to correct
for variations in sample loading and protein recovery during gel
electrophoresis. Two samples were taken from each reaction, at 0 h
(<15s)andat 18 h, and were added to an equal volume of gel sample
mixer (10 mmol/l EDTA/5% 2-mercaptoethanol/0.025% bromo-
phenol blue/15% glycerol/2% sodium dodecyl sulfate/80 mmol/l
imidazole/HCI1 pH 6.4), and heated to 95-100°C for 3 min. Sam-
ples (20 pl, containing approximately 8 x 10 cpm '?3I-factor XII)
were run on discontinuous polyacrylamide gels in dodecyl sulfate
(stacking gel 5% acrylamide in imidazole/HCI pH 6.8; separating
gel of 12.5% acrylamide in tris/HCI pH 8.5).

Afterelectrophoresis the gels were fixed in 25% isopropanol/10%
acetic acid, dried, and exposed to Kodak X-omat AR film for 18-
24 h. Autoradiograms were used to indicate where the radioactive
(factor XII and carbonic anhydrase) bands were on the dried gel.
The bands were then located by reference to the autoradiogram, cut
out, and counted in a gamma counter.

Each gel lane (sample) yielded two samples (‘bands’) for deter-
mination of radioactive content: (1) factor XII, which disappears
upon, and is a measure of, factor XII activation; and (2) the stable
internal reference, carbonic anhydrase. For each experimental sam-
ple on the gel, the radioactivity of the factor XII gel bands (cpmx;)
was divided by the radioactivity of carbonic anhydrase (cpmcy)
bands to yield a cpmyj/cpmcy ratio.

After 18 h the reaction was considered complete (see Results).
Control incubations in the absence of inhibitor, in which 100% fac-
tor XII activation occurred, were used as positive controls to define
the experimental background in the cpmyj/cpmca ratio. Zero-time
samples were used as negative controls to define the initial cpmyyy/
cpmc, ratio that corresponded to no factor XII activation. The ac-
tual cpmyg/cpmcy ratios for experimental samples were then in-
terpolated between the two controls to determine the concentration
of factor XII.

Chromogenic Assay of Factor XIla

The kinetic parameters of autoactivation of factor XII, and of
inhibition by ATIII, were determined by discontinuous chromo-
genic assay of timed samples. The substrate used was D-Pro-L-Phe-
L-Arg-p-nitroanilide (S-2302), at a concentration of 0.4 mmol/l in
a buffer of 0.3 mol/l NaCl in 50 mmol/I tricine/HCI1 pH 8.3. Assays
were standardized with purified factor XIla.
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Mathematical Analysis

Symbols, Units

As in our previous analyses of feedback loops [3, 19], we sim-
plify the analysis by using Z to represent the zymogen factor XII,
E to represent the enzyme factor XIIa, and D to represent the inac-
tive (or ‘dead’) enzyme formed by reaction of the E with an irre-
versible inhibitor. Thus, the activation of factor XII to XIIa, and
the subsequent inhibition, are represented as:

AN . SN

where p is an apparent first-order rate constant, equal to ke, [Z]/
(K + [Z]), and k is the first-order rate constant for inhibition of E.
The differential equation for E is then

[E]" = [E] - K[E]. (1)
If . is constant, this can be integrated to yield
(E]; = [E]Joe®™". (2)

The condition for p remaining essentially constant is met in two
situations: (1) in the early stages of initiation of any system, [Z] »
[Z]o; and (2) when [Z] > K, i = keat/Kiy. In either case it is clear
from Eq. 1 that there is a threshold when p = k. If p >k, enzyme
will be exponentially generated, and this will continue. On the oth-
er hand, if p <k, the initial enzyme present will decay exponen-
tially, and as long as [E]y < [Z]y no significant generation of E will
occur. An important prediction of this analysis is that the threshold
is independent of the initial concentration of E.

Determination of the Consumption of Z

In order to demonstrate the threshold experimentally, we have
examined the total consumption of Z, the prediction being that,
except in the immediate vicinity of the threshold, consumption will
be either negligible or complete. Mathematically, consumption of
Z can be determined for the case that . is a constant, as mentioned
above. However, it should be noted that in the case that substantial
amounts of zymogen are consumed, the assumption that p remains
constant is incorrect. Estimates of consumption should therefore
be considered approximate. The differential equation for the inhib-
ited enzyme, D, is

[D]' = kE]. 3)
We also invoke a conservation expression,

[D]y = [Eo + [Z]o - [Ely - [Z]. 4
Integration of Eq. 3 to t = ¥, and substitution of Eq. 4, yields

El, + (2]~ [EL. ~ (7], = k [[E](5)ds. 5
In addition, '

[Z] = —p[E],
which upon integration gives

2.~ (7], e [[E](s)ds. ©

0

We may now combine Eq. 5 and 6 to obtain an expression that re-
lates [Z], to the initial conditions and kinetic parameters. Since
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Fig. 1. Predicted stability threshold of an autolytic feedback activa-
tion loop as a function of inhibition of the feedback enzyme. Pre-
dicted factor XII concentrations remaining at infinite time, [XII],,
were determined by the solution of Eq. 7 for the following condi-
tions: [XII]y = 99 nM; [XIIa]p = 1 nM; w (left to right) = 0.05, 0.2,
and 1 min!. The threshold for each condition occurs when p = k
(inhibition rate).

[E], = O for all cases where k > 0, it may be omitted from Eq. 5,
and we obtain

[Z], = [Z]o e HEWHZLr 2Lk o

This can be solved for [Z], as a function of [E]y, [Z]y, i, and k us-
ing a root-finding routine. To relate this function to experimental
results, we may arbitrarily define the experimental threshold as the
condition that results in 50% conversion of Z, i.e., [Z], = [Z](/2.
This analysis, therefore, predicts that at the threshold p = -2k.
In(0.5) = 1.4 x k.

The form of this function (Eq. 7), showing the dependence of
zymogen activation on the catalytic activation rates () and inhibi-
tion rates (k), is shown in figure 1. It must be emphasized that this
is the predicted extent of zymogen activation at ‘infinite time’, and
confirms the analysis of equations 1 and 2, that at sufficiently high
inhibition rates, the zymogen will remain stable. It may also be
noted that the function is not symmetrical about the inflexion point,
and is not a simple saturating hyperbola.

Results

Radiolabeled Factor XII as an Indicator of Factor XII

Activation

Studies of factor XII activation in the presence of fac-
tor XIla inhibitors require measurement of factor XII
activation by methods that do not involve the enzymat-
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Fig. 2. Long-term stabilization of factor XII by inhibition of factor
XIla. Radiolabeled factor XII (1 nM > I-factor XII + 100 nM un-
labeled factor XII + 1 nM '*’I-labeled carbonic anhydrase; CA) was
incubated in the presence of 1 wg/ml dextran sulfate, plus no in-
hibitor (left), or 10 wM ATIII (right). Samples were taken for SDS-
PAGE at the times shown (hours). The gel was dried and exposed
to X-ray film. '*’I-labeled CA was used in later experiments as an
internal standard for the quantification of FXII consumption (see
Materials and Methods).

ATII (uM)

FXIl —» \
FXlla-HC —» . ] .

18 42 0O 1 5 18 42

Time (h)

- - .-
sss8s

CA —»
0 1 5

Fig. 3. Experimental demonstration of
threshold. Radiolabeled factor XII (1 nM
125T_factor XII + 100 nM unlabeled factor
XII) was incubated in the presence of 1 g/
ml sulfatide and increasing concentrations
of ATIII. At each ATIII concentration two
samples were taken, at 0 and 18 h, and were
subjected to gel electrophoresis and autora-

ATII ()

diography.

ic activity of factor XIla. We measured the disappear-
ance of factor XII, using a gel electrophoresis method.
Figure 2 shows very long time courses of factor XII acti-
vation in the presence of 0 and 10 pmol/l ATIII and
1 pg/ml dextran sulfate. In the absence of inhibitor, fac-
tor XII is completely activated in less than 15 min, while
at 10 wmol/l ATIII it is still stable at 42 h. Time courses
showed no significant change from 18 to 42 h, and thus
subsequent experiments were considered to be complete
after 18 h.

The autoradiograms of figures 2 and 3 show that some
preparations of labeled factor XII have minor degrada-
tion. To ensure that the radiolabeled factor XII band (ar-
rows) was correctly reporting the activation of the bulk,
unlabeled protein, autoactivation experiments in the ab-
sence of inhibitor were done to compare the rate and ex-
tent of generation of factor XlIla activity, measured by
chromogenic assay (discussed in the following section,
fig. 5), with the disappearance of '2°I-factor XII measured
as described. The two methods agreed to within 15%
(data not shown).

Factor XII Feedback Activation
Threshold

Choice of an Irreversible Inhibitor

In order to test the prediction of system stability, it was
essential that inhibition of factor XIla be irreversible,
since significant equilibrium levels of free enzyme would
eventually convert all zymogen to enzyme over the very
long time courses. A number of inhibitors were examined.
Aprotinin was found to have no inhibitory activity against
factor XIla, and inactivation by a;-protease inhibitor was
extremely slow. The trypsin inhibitor of maize (corn tryp-
sin inhibitor) is a rapid inhibitor of factor XIla, but has
a relatively weak affinity: from our initial data we esti-
mate an approximate K4 ~ 10~8 mol/l. A number of chlo-
romethylketone inhibitors were considered. D-Phe-L-
Phe-L-Arg-chloromethylketone and D-Phe-L-Pro-L-Arg-
chloromethylketone both inhibit factor XIla, but over
long time courses at pH 7.4 they are unstable. ATIII was
the inhibitor finally used. Although the second-order
rate constant for ATIII action on factor XIla is only
2.5 I/(mmol x min), large amounts of ATIII were avail-
able. In addition, at the concentrations used (I1-
100 wmol/l), there was no evidence for significant equi-
librium levels of factor XIla, i.e., K4 < 102 mol/l. First-
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Fig. 4. Stability of factor XII at varying autoactivation rates. Ra-
diolabeled factor XII (1.2 nM) in the presence of unlabeled factor
XII (100 nM) was incubated for 18 h in the presence of three con-
tact activators (0.1 and 1 pg/ml dextran sulfate, and 5 pg/ml sulfa-
tide) at varying ATIII concentrations (similarly to fig. 3). Factor
XII remaining at 18 h was determined by reference to a zero-time
sample and an internal standard of radiolabeled carbonic anhy-
drase, as described in Materials and Methods.

order rates of factor XIla inhibition were shown to be
proportional to ATIII concentration over this concentra-
tion range (data not shown).

Effect of Activation Rate on the Threshold of

Factor XII Activation in the Presence of ATIII

Figure 3 shows an autoradiogram of a typical large set
of reactions with a constant rate of factor XII autoactiva-
tion (sulfatide = 1 pg/ml) in the presence of varying con-
centrations of ATIIL, from 0 to 110 pmol/I. At each con-
centration, samples were taken at 0 and 18 h. The thresh-
old for activation can be clearly seen: at 3 umol/l
ATIII, factor XII is almost totally consumed; whereas at
10 pmol/l ATIIL, it is nearly stable. Gels like this were
analyzed for factor XII consumption as described in Ma-
terials and Methods.

Similar experiments, performed at varying autoactiva-
tion rates (by using different conditions of contact activa-
tion), and reduced to plots of [XII], against ATIII, are
shown in figure 4. For each, the threshold is clear, the ex-
tent of factor XII activation going from complete activa-
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Fig. 5. Autoactivation kinetics of factor XII: determination of .
Factor XII (100 nM) was incubated with 5 pg/ml sulfatide (A),
1 pg/ml dextran sulfate (B), and 0.1 pg/ml dextran sulfate (C). Sam-
ples were removed at intervals into microplate wells for chromo-
genic assay of factor XIla in the presence of Polybrene. The bars
show the range of duplicate autoactivation experiments. The lines
shown the fit of the first five (A, C) or four (B) data points to a
straight line for the determination of ..

tion at low inhibition rates to complete stability at high
inhibition rates. In addition, it is seen that as the autoac-
tivation rate is raised (using a higher dextran sulfate con-
centration, and then sulfatide), the threshold shifts to the
right, i.e., at higher values of p, proportionately higher
inhibition rates (k) are required to block autoactivation.

Effect of the Initial Concentration of Factor XIla

(lE]y)

A prediction from the analysis of feedback loops is that
the threshold, being dependent only on w/k, should be
independent of the level of trace enzyme that is used to
initiate the feedback, [E],. The preparation of factor XII
used here was treated with an irreversible inhibitor of
trypsin-like enzymes, APMSF, both before and after ra-
diolabeling, and the kinetics of its autoactivation (dis-
cussed in the following sections — fig. 5) suggest a level of
contamination with factor XIla activity of approximate-
ly 1.6%. Experiments were also performed where the lev-
el of factor XIla was raised to 10% by the addition of pure
enzyme. The results were insufficiently clear to support
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the prediction, the reason being that below the threshold,
this initial level of enzyme causes significant transient
generation of factor XlIla before autoactivation shuts
down. This is not taken into account in the derivation of
Eq. 7. Although it was clear that some factor XII remained
unactivated at 18 h in the presence of high concentrations
of ATIII, it was significantly less than the near-100% re-
covery observed in the experiments shown in figures 2
and 3.

Kinetic Parameters of Activation

In order to determine experimental values for the cat-
alytic rate constant, p, the autolytic activation of factor
XII was studied in the presence of dextran sulfate and
sulfatide, in the absence of ATIII. Timed samples were
removed and the generation of factor XIla was followed
by chromogenic assay. In these experiments Polybrene
(10 wg/ml) was added to the chromogenic assay buffer to
stop autoactivation at the time of sampling. From Eq. 2,
in the absence of any inhibitor, initial generation of en-
zyme should be described by

In[E]; = In[E]o + pot (3)

where W = keo([Z)/(K,, + [Z]). Factor XIla generation in
response to sulfatide (5 wg/ml) and dextran sulfate (0.1
and 1 pg/ml) is shown in figure 5. Exponential generation
of enzyme is observed up to about 20% activation, after
which the rate decreases from the pure exponential, pre-
sumably due to the reduction in the substrate concentra-
tion as activation proceeds. The first four or five data
points in each set were fitted to Eq. 8. The slopes, ., were
(A) 1.53, (B) 0.335, and (C) 0.102 min~'. The data also
permit an estimate of the initial factor XIla activity in
the system, of approximately 1.6 nmol/l, or 1.6% of the
factor XII concentration. Whether this is due to factor
Xlla, or perhaps some proteolytic activity of the zymogen
itself, is not known.

Because of significant differences in this study between
the observed and theoretical threshold ‘positions’ (see
Discussion), we considered the possibility that ATIII,
perhaps by binding to the contact activators, might affect
the rate of factor XII activation. Autoactivation rates
were therefore also measured in the presence of 1 wmol/l
ATIII. This concentration is in large mass excess over
both the factor XII and contact activators used, but is
sufficiently low to have no significant effect on factor XIla
generation and measurement. No differences in the kinet-
ics of enzyme generation were observed.

Factor XII Feedback Activation
Threshold

Kinetic Parameters of Factor XIla Inhibition

Factor XIla was incubated with varying concentra-
tions of ATIII, from 0 to 100 wmol/l, and samples were
removed for chromogenic assay of the enzyme concentra-
tion as a function of time. Pseudo-first-order rate con-
stants were obtained by fitting the data to a single expo-
nential, [E], = [E]oe™. The first-order rate constants ob-
tained, k, were then plotted against ATIII concentration
to obtain the second-order rate constant for inhibition,
2.52 I/(mmol x min) (data not shown).

Because of the disagreement between threshold pre-
diction and observation alluded to above, the kinetics of
factor XlIla inhibition by ATIII were also further studied,
and it was shown that the rate constant for inhibition is
not significantly affected by either dextran sulfate or sul-
fatide. Additionally, in order to determine whether some
undefined activation product was affecting inhibition,
factor XII was allowed to autoactivate in the presence of
either dextran sulfate or sulfatide, and the resulting prep-
aration immediately used as the source of factor XIIa for
the determination of inhibition kinetics. Again, no sig-
nificant difference was observed.

Discussion

The fundamental prediction on which this study was
based was that a positive proteolytic feedback loop in
which the enzyme(s) are subject to irreversible inactiva-
tion should — depending on the initial conditions and ki-
netic parameters — show two distinct behaviors. When the
catalytic rate of enzyme generation exceeds the rate of
enzyme inhibition, the system should fire in a manner
similar to other excitable systems, and essentially all the
zymogen present will be activated. Conversely, if the in-
hibition rate exceeds the catalytic rate, the system should
be stable; and if the inactivation mechanism is irrevers-
ible, it should be permanently stable [3].

Two results of this study provide confirmation of these
predictions: (1) when inhibition rates are sufficiently high
the zymogen, factor XII, remains stable over time cours-
es up to 42 h, (2) as the inhibition rates are lowered, a
sharp threshold is observed, and its position is a function
of the kinetics of both activation and inhibition.

One prediction, however, has not been confirmed.
Theoretical analysis predicts that the threshold should
occur when the catalytic rate, p, equals the inhibition
rate, k; but the actual comparisons show a difference of
approximately 20-fold between prediction and observa-
tion. However, the system studied is particularly com-
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plex, in that both factor XII and ATIII are known to bind
to polysulfated substances like dextran sulfate and sulfa-
tide, and it is possible that one or both rates might be af-
fected by such materials or by each other. While two pos-
sible artefactual effects were investigated — a possible di-
rect effect of ATIII on the factor XII autoactivation rate
(e.g., a possible interaction of ATIII with the contact-ac-
tivating material), and an effect of the contact activators
on the rate of ATIII inhibition of factor XIla - the cause
of the disparity remains unclear. Nonetheless, the obser-
vation of a sharp stability threshold remains.

Stability

The prediction that the system should be totally stable
at sufficiently high inhibition rates is clearly confirmed in
figure 2, where factor XII in the presence of 1 pg/ml dex-
tran sulfate autoactivates completely in less than 15 min
in the absence of a factor XIla inhibitor. In contrast, at
high factor XIla inhibition rates the factor XII remains
stable for at least 42 h: a difference in stability of at least
1,000-fold. The same behavior is observed under differ-
ent conditions of autoactivation. The extremely long time
courses show convincingly that this is not a rate phenom-
enon but a switch: there is no detectable slow leakage or
eventual activation.

The demonstration of stability in an autolytic feed-
back system is of major significance. If, as we have pro-
posed, the same properties can be demonstrated for
more complex, extended loops [3], the result explains
how a ‘resting’ proteolytic system that permanently con-
tains trace levels of initiator and generated enzyme spe-
cies, like the coagulation system, can nonetheless exist
in a stable inactivated state. The key is the balance be-
tween the kinetics of enzyme generation and inhibition.
If p increases or k decreases, the system will pass through
a threshold, and stimulation will generate a full re-
sponse.

Firing Threshold

Once conditions change so that . >k, and as long as
there is any finite trace of active factor XIla present, the
system will fire. In terms of the coagulation system, the
most common mechanism involves an increase in
caused by the appearance of a cofactor. In the case of
the contact system, this would be a contact activa-
tor. For another autolytic loop that has been well de-
scribed — the autoactivation of the TF:VII complex — it
is the appearance of TF [8, 9]. In the absence of TF, fac-
tor Vlla has no significant activity on factor VII; i.e., p
is very low. Thus, although factor VIla is present at
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idling levels in the plasma, in the absence of TF, the sys-
tem is stable.

For more complex positive loops, involving more than
one step, or even a sequence of such loops, the basic pre-
diction is the same [3]. The remaining major feedbacks in
coagulation include (1) the activation of TF:VII by factor
Xa, required for factor X activation by TF:VII(a); (2) the
activation of factor VIII by thrombin and factor Xa, in
factor X activation by factor IXa; and (3) the activation
of factor V by thrombin, in the activation of prothrombin
by factor Xa. In each a major means of increasing p at a
site of initiation of hemostasis is the appearance of an-
1onic phospholipid on activated platelets, which raises the
catalytic rates by several orders of magnitude. If k remains
essentially unchanged, the result of increasing p will be to
proportionately /ower the threshold stimulus, again by
several orders of magnitude. Thus we see how absolute the
requirement for activated platelets may be. We propose
that it is not just that reactions can only occur very slowly
in the absence of anionic phospholipid; it is that they can-
not occur at all, because in the absence of appropriate
lipid the system is below the feedback threshold.

The present study of a simple autolytic loop shows
that the activation threshold does indeed shift as p is
varied. The analysis also predicts that the threshold
should shift in exact proportion to w (fig. 1). The three
contact-activator conditions used in the later stages of
this study gave autoactivation rates (p) in the ratio 1:
0.23:0.07 (fig. 5), and the observed thresholds (fig. 4) are
in the ratio 1:0.2:0.054. We consider these ratios to be in
excellent agreement.

Of equal physiological significance are threshold shifts
that are related to changes in the inhibition rate, k. An
example is ATIII, which is the major inhibitor of factor
Xa and thrombin. The rate constants for inhibition of
these enzymes increase markedly in the presence of hep-
arin, and this is important with regard to both the pres-
ence of heparin-like material on the endothelium, and the
situation in heparin anticoagulant therapy. In the present
study we could not study the effect of heparin directly,
because in addition to its acceleratory effect on ATIII, it
can also behave as a contact activator of factor XII [22].
However, we consider it likely from our observations and
analysis that the major effect of heparin will be to raise
the stimulus threshold of feedback loops that are con-
trolled by ATIIIL. Thus, if the inhibition rate of a feedback
loop enzyme (factor Xa or thrombin) increases 100-fold,
we can expect the threshold stimulus for the loop to rise
100-fold. Even more potent, for longer feedback loops
that involve two or more enzymes, these effects will mul-

Jesty/Rodriguez/Beltrami



tiply. In other words, the threshold shifts as the product

of the inhibition rates involved [19]. We therefore pro-

pose that heparin does not simply damp active coagulant
enzymes: it probably also ensures that larger stimuli are

required to activate the system.
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