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Activated thrombin-activable fibrinolysis inhibitor (TAFIa)
plays a significant role in the prolongation of fibrinolysis. Dur-
ing fibrinolysis, plasminogen is activated to plasmin, which lyses
a clot by cleaving fibrin after selected arginine and lysine resi-
dues. TAFIa attenuates fibrinolysis by removing the exposed
C-terminal lysine residues. It was recently reported that TAFI
zymogen possesses sufficient carboxypeptidase activity to atten-
uate fibrinolysis through a mechanism similar to TAFIa. Here,
we show with a recently developed TAFIa assay that when
thrombin is used to clot TAFI-deficient plasma supplemented
with TAFI, there is some TAFI activation. The extent of activa-
tion was dependent upon the concentration of zymogen present
in the plasma, and lysis times were prolonged by TAFIla in a
concentration-dependent manner. Potato tuber carboxypepti-
dase inhibitor, an inhibitor of TAFIa but not TAFI, abolished
the prolongation of lysis in TAFI-deficient plasma supple-
mented with TAFI zymogen. In addition, TAFIa but not TAFI
catalyzed release of plasminogen bound to soluble fibrin degra-
dation products. The data presented confirm that TAFI zymo-
gen is effective in cleaving a small substrate but does not play a
role in the attenuation of fibrinolysis because of its inability to
cleave plasmin-modified fibrin degradation products.

Thrombin-activable fibrinolysis inhibitor (TAFI)® is a
60-kDa carboxypeptidase-like protein that circulates in plasma
at a concentration of ~75 nm (1). TAFI (also known as procar-
boxypeptidase U, plasma carboxypeptidase B, and carboxypep-
tidase R) was discovered independently by several groups
(2-6), and its role in fibrinolysis was subsequently character-
ized (6). Thrombin in complex with thrombomodulin activates
TAFI with a catalytic efficiency of 1.2 um~' s™!, which is
~1250-fold greater than that with thrombin alone (7). Plasmin
has also been shown to activate TAFI (0.008 um ™ 's™ '), and the
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second-order rate constant of this reaction increases by 16-fold
in the presence of unfractionated heparin (8).

Activated TAFI (T AFIa) plays a significant role in attenu-
ating fibrinolysis. During fibrinolysis, plasminogen is acti-
vated to plasmin, which can then solubilize the fibrin clot by
cleaving fibrin after specific arginine and lysine residues (9).
TAFIa attenuates fibrinolysis by removing the exposed
C-terminal lysine residues on fibrin (6, 10), thereby decreas-
ing the tissue-type plasminogen activator (tPA) cofactor activ-
ity of plasmin-modified fibrin (11). Removal of these C-termi-
nal lysine residues suppresses plasminogen activation (12, 13)
and down-regulates the conversion of Glu-plasminogen to Lys-
plasminogen, which is a 20-fold better substrate for tPA than
Glu-plasminogen (14). TAFIa is intrinsically unstable, with its
inactivation being highly temperature-dependent (15). The
inactivation of TAFIa is thought to be accompanied by a large
structural change (16). The existence of a TAFIa concentration
threshold has been demonstrated, such that TAFIa ata concen-
tration above the threshold inhibits fibrinolysis. Once TAFIa is
thermally inactivated and its level falls below the threshold,
however, lysis enters the propagation phase (17), and fibrin is
quickly solubilized (17-19).

TAFI zymogen also has some carboxypeptidase activity. Pre-
viously, the carboxypeptidase activity of TAFI zymogen has
been assigned to small synthetic substrates such as hippuryl-
linked amino acids (20, 21) and N-(4-methoxyphenylazo-
formyl)-Lys-OH (22). Recently, TAFI zymogen has been shown
to have carboxypeptidase activity toward the tetrapeptide
PFGK and larger fibrin peptides (20). Like TAFI, procar-
boxypeptidase A exhibits carboxypeptidase activity toward
short peptides (23), but neither has been shown to cleave
macromolecules.

Valnickova et al. (20) reported recently that the zymogen
TAF]I, acting as a carboxypeptidase, has the ability to suppress
fibrinolysis (20). Willemse et al. (24) measured the generation
of TAFIa activity during the clotting of human platelet-poor
plasma and found that when clotting was initiated with
thrombin plus calcium or calcium alone, TAFIa activity
increased. They also confirmed that when coagulation was
initiated with calcium, lysis was prolonged by the addition of
TAFI in a concentration-dependent manner. However,
when clotting was initiated with batroxobin, an enzyme that
clots fibrinogen but does not activate TAFI, the prolongation
of lysis was abolished. Consequently, the authors suggested
that any prolongation of lysis is due to TAFla generated upon
the addition of thrombin plus calcium or calcium alone.
Valnickova et al. (25) have rebutted these conclusions by
pointing out that the carboxypeptidase activity assay used by
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Willemse et al. (24) is not specific for TAFIa and that clotting
induced with batroxobin is not an optimal model because the
mechanical properties, clot morphology, and protein com-
position differ from those of clotting induced with thrombin.

This study was undertaken to determine whether TAFI
zymogen is antifibrinolytic or whether thrombin at a low level
(5 nm) activates TAFI to a degree sufficient to attenuate lysis. A
new assay specific for TAFIa (26) was used to measure TAFIa
levels in human platelet-poor normal plasma supplemented
with TAFI (66 —-1000 nM final concentrations) and clotted with
thrombin plus calcium. The results indicate that TAFI zymo-
gen does not attenuate fibrinolysis.

EXPERIMENTAL PROCEDURES

Materials—Newborn calf serum, Dulbecco’s modified
Eagle’s medium/nutrient mixture F-12 (1:1), Opti-MEM, and
penicillin/streptomycin/Fungizone mixture were obtained
from Invitrogen. N,N-Dimethylformamide, 2-mercaptoetha-
nol, and e-aminocaproic acid were obtained from Fisher, Bio-
Rad, and Sigma, respectively. Potato tuber carboxypeptidase
inhibitor (PTCI), Phe-Pro-Arg-chloromethyl ketone, and Val-
Phe-Lys-chloromethyl ketone were obtained from Calbio-
chem. Ancrod was obtained from Roche Applied Science
GmbH (Mannheim, Germany). N-(4-Methoxyphenylazo-
formyl)-Arg-OH (AAFR) was purchased from Bachem Bio-
sciences, Inc. (King of Prussia, PA). Baby hamster kidney cells
and the mammalian expression vector pNUT were graciously
provided by Dr. Ross MacGillivray (University of British
Columbia). Recombinant human soluble thrombomodulin was
a kind gift from Dr. Oliver Kops (Paion GmbH, Aachen, Ger-
many). Methotrexate (Mayne Pharma Inc., Montreal, Quebec,
Canada) and Activase (tPA) were obtained from Kingston Gen-
eral Hospital (Kingston, Ontario, Canada). The cysteine-spe-
cific fluorescent probe 5-iodoacetamidofluorescein and the
cysteine-specific quencher QSY® 9 Cj-maleimide were
obtained from Invitrogen. 5-Iodoacetamidofluorescein-labeled
plasminogen (5-IAF-Pg) (27), QSY 9 C;-maleimide-conjugated
high molecular mass fibrin degradation products (QSY-FDPs)
(26, 28), thrombin (28), recombinant human TAFI (29), TAFIa
standards (30), TAFIa (29), and TAFI-deficient (30) and bari-
um-absorbed (31) plasmas were prepared as described previ-
ously. The buffer used in all experiments (unless stated other-
wise) was 0.2-um filtered 20 mm HEPES, 150 mMm NaCl, and
0.01% (v/v) Tween 80, pH 7.4 (HEPES-buffered saline). All plas-
mas used were dialyzed extensively against HEPES-buffered
saline.

Clot Lysis Assays— T AFI-deficient plasma (TDP; 1:3 dilution)
supplemented with 0-133 nm TAFI was clotted with 5 nm
thrombin and 10 mMm CaCl, and lysed with 1 nM tPA in the
presence or absence of 10 um PTCI (final concentrations).
Coagulation and lysis were monitored turbidometrically at
37 °C and 405 nm using a SpectraMax Plus plate reader (Molec-
ular Devices, Sunnyvale, CA), and lysis times were determined.
Lysis time is defined as the time required, after clot initiation, to
decrease the absorbance to one-half of the plateau value
achieved after clotting.

AAFR Cleavage by TAFI and TAFla—A solution (80 ul) con-
taining AAFR in the presence or absence of PTCI was added to
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wells of a 96-well plate, and the absorbance (349 nm) was mon-
itored continually (1-min intervals) at room temperature using
the SpectraMax Plus plate reader. Between readings, TAFI or
TAFla (40 ul) was added to each well containing AAFR
(£PTCI). In each experiment, the final concentrations were
120 um AAFR, 0-20 pum PTCI, and 133 nm TAFI or 300 pm
TAFla.

Preparation of Samples for Assay of TAFla—A 25-ul mixture
containing thrombin, CaCl,, and tPA was added to a number of
1.5-ml Eppendorf tubes. A 50-ul aliquot comprising 25 ul of
TDP and 25 pl of recombinant TAFI (prewarmed to 37 °C) was
added to each tube with mixing, and the solutions were imme-
diately incubated at 37 °C. The final concentrations were 5 nm
thrombin, 10 mm CaCl,, 1 nm tPA, 66 -1000 nm TAFI, and a 1:3
dilution of TDP. Ancrod (0.52 units/ml final concentration)
instead of thrombin was used to initiate clotting in some exper-
iments. Parallel clots were made in 96-well plates, and the
absorbance (405 nm) was monitored at 37 °C using the Spectra-
Max Plus plate reader to determine the time courses of clotting
and subsequent lysis. All 96-well plates were blocked with 1%
Tween 80 for >1 h, washed with deionized distilled water, and
dried before use. Clotting and fibrinolysis were arrested at var-
ious time points using 100 um Phe-Pro-Arg-chloromethyl
ketone (1 ul). Clots were vortexed for 10 s and centrifuged at
13,000 X g for 1 min at room temperature, and the supernatant
was removed and immediately placed on ice. Samples were
diluted 1:5 and 1:25 using TDP and assayed for TAFIa.

Effect of TAFI Zymogen on the Assay for TAFIa—TDP was
supplemented with 500 nm TAFI zymogen, and the plasma was
assayed for TAFla activity as described (26).

Assay of TAFIa—QSY-FDPs were prepared and character-
ized essentially as described (26). 80 ul of a solution of 1.25 um
QSY-FDPs and 62.5 nm 5-IAF-Pg in HEPES-buffered saline
was added to each well of an opaque 96-well plate and
allowed to equilibrate at room temperature while continu-
ally (1-min intervals) monitoring the intensity with excita-
tion and emission wavelengths of 480 and 520 nm, respec-
tively, with a 495-nm emission cutoff filter using a
SpectraMax Gemini XS fluorescence plate reader (Molecu-
lar Devices). TAFIa standards or samples (20 ul) then were
added to the 96-well plate using a multichannel pipette
between readings. Initial rates were measured for each
standard, and a standard curve was generated. The initial
rate of each sample was measured, and the standard curve
was used to determine the TAFIa concentration.

RESULTS AND DISCUSSION

Effect of PTCI on tPA-induced Lysis—Clotting and lysis were
initiated in TDP supplemented with 0-133 nm TAFI in the
presence or absence of 10 um PTCI. Clotting was initiated with
5 nM thrombin plus 10 mm CaCl,, and lysis was initiated with 1
nMm tPA. Clot lysis profiles are presented in Fig. 1. In the absence
of PTCI, increasing TAFI zymogen levels resulted in an
increase in the lysis time, as reported previously by Valnickova
et al. (20). This suggests that the addition of TAFI to TDP pro-
longs lysis. However, PTCI (10 um) completely abolished this
prolongation of lysis, giving a lysis time equal to that found in
TDP without added TAFI (24 min).
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FIGURE 1. Increasing the TAFI zymogen concentration in TDP resulted in an
increase in the lysis time when 1 nm tPA was used to trigger lysis. This effect
was nullified by PTCI. The lysis time in TDP was the same in the presence or
absence of 10 um PTCI. As TAFI zymogen was added to TDP, the lysis time
increased in the absence of PTCI. The lysis time in the presence of PTCl did not
change regardless of the amount of TAFl zymogen added. As a reference, the
clot lysis profile of TDP in the presence of PTCl is shown in each panel (- - -).

PTCI Inhibits TAFla but Not TAFI—To determine whether
the prolonged lysis seen in Fig. 1 was due to TAFI zymogen or
TAFla, the carboxypeptidase substrate AAFR, was used to
determine the effect of PTCI on the activities of TAFI and
TAFIa. PTCI (0-20 um) was titrated into AAFR (120 uMm) (data
not shown), and the absorbance was monitored continually
(1-min intervals). Once a base line had been established, TAFI
zymogen (133 nm) or TAFIa (300 pm) was added. PTCI at a
concentration of 10 uM was sufficient to completely inhibit the
cleavage of AAFR by TAFIa (Fig. 2A), but it had no inhibitory
effect on TAFI zymogen (Fig. 2B). The curvature in the progress
curves for hydrolysis of AAFR is due to the depletion of sub-
strate over time. Because ~450-fold more TAFI was used com-
pared with TAFIa, the higher rate of AAFR cleavage by TAFI
was expected. Because TAFlIa is inhibited by PTCI but TAFI
zymogen is not, any prolongation of lysis in the presence of
PTCI would be due strictly to TAFI zymogen in the plasma. In
the presence of PTCI, no prolongation of lysis by TAFI was
detected (Fig. 1). These observations indicate the enzyme
TAFIa (not the zymogen TAFI) attenuates clot lysis.

TAFI Zymogen Does Not Cleave Soluble Fibrin Degradation
Products—The standard curve for our assay of TAFIa is gener-
ated by measuring the initial rate (over ~10 min) of 5-IAF-Pg
dissociation from soluble fibrin degradation products (QSY-
FDPs) in the presence of known concentrations of TAFIa (26).
TDP supplemented with 200 pm TAFIa showed an increase in
fluorescence, suggesting cleavage of lysines on QSY-FDPs and
subsequent dissociation of 5-IAF-Pg. When TDP was supple-
mented with 500 nm TAFI zymogen and assayed for TAFIa, the
rate of 5-IAF-Pg dissociation was not significantly different
from that in TDP (Fig. 3), indicating that TAFI zymogen is not
able to cleave the macromolecular substrate QSY-FDPs, thus
demonstrating that our assay is specific for TAFIa.

TAFla Concentration Time Courses during tPA-induced Clot
Lysis—TAFI zymogen at various concentrations was added to
TDP to determine its effect on lysis when clotting was induced
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FIGURE 2. TAFla (300 pm; A) or TAFI (133 nm; B) was added to AAFR (120 um) in
the presence (- — -) or absence ( ) of 10 um PTCl to determine the effect of
PTCI on the carboxypeptidase activity of the enzyme and zymogen. PTCI
completely inhibited the activity of TAFla but had no effect on the car-
boxypeptidase activity of TAFI.

1.2

1.0 4

0.8 -

0.6

0.4 1

Relative Fluorescence Units

Time (minutes)

FIGURE 3. Our assay for TAFla is not sensitive to TAFI zymogen. TDP sup-
plemented with 200 pm TAFla (20 wl) was added to an 80-ul solution contain-
ing 1.25 um QSY-FDPs and 62.5 nm 5-IAF-Pg. Upon the addition of 200 pm
TAFla, an increase in fluorescence was observed (®). When TDP was supple-
mented with 500 nm TAFI zymogen (A), the extent of fluorescence increase
was not significantly different from that in TDP (H).

with 5 nm thrombin plus 10 mm CaCl, and lysis was induced
with 1 nMm tPA. A recently described assay specific for TAFla
(26) was utilized to confirm that TAFIa was indeed present. In
experiments designed to duplicate those of Valnickova et al.
(20), it was demonstrated that the amount of TAFI activated
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FIGURE 4. The time course of TAFI activation was measured in plasma clotted with 5 nm thrombin and 10 mm
CaCl, and lysed with 1 nm tPA. TAFla concentrations were reported over time in TDP supplemented with
66-1000 nm TAFI zymogen (@®). Turbidity was monitored continuously at 405 nm (——) to determine the
timing of lysis. TDP (1:3 dilution) had a lysis time of 22.6 min. As TDP was supplemented with TAFI, lysis times
increased, as did the peak concentration of TAFla. When TDP was supplemented with 1000 nm TAFI, the lysis

time increased to 155 min, and TAFla levels peaked at 525 pm.

was dependent upon the concentration of TAFI zymogen in the
plasma (Fig. 4). In the absence of TAF]I, the lysis time was ~24
min. As the concentration of TAFI was increased, the lysis time
also increased. When 66 nm TAFI was added, the lysis time
doubled to 50 min, and 110 pm TAFIa was measured at its peak.
At the highest TAFI concentration (1000 nm), the lysis time was
6-fold longer (155 min), and 525 pm TAFIa was measured at its
peak (Fig. 4). Similar trends were observed when the plasma was
supplemented with 133 and 500 nm TAFL. In all cases, TAFla
levels peaked between 20 and 40 min after coagulation was
initiated, and the peak levels decreased as the concentration of
TAFI zymogen decreased.

Valnickova et al. (20) showed that when soluble thrombo-
modulin was included during the clotting and lysis of normal
plasma, the lysis time was extended by >3-fold compared with
that in the absence of soluble thrombomodulin. When PTCI
was added with soluble thrombomodulin to inhibit TAFIa, the
lysis time was the same as in the absence of soluble thrombo-
modulin, an observation from which Valnickova et al. inferred
that TAFI is not activated in the absence of soluble thrombo-
modulin. However, TAFI was activated in plasma supple-
mented with TAFI, as shown in Fig. 4, and attenuation of lysis
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plasmin production. This demon-
strates that even in plasma lacking
an intrinsic coagulation pathway, 5
nM thrombin is sufficient to activate
some TAFI and to prolong lysis in
the absence of soluble thrombo-
modulin. Clots formed in TAFI-de-
ficient, barium citrate-adsorbed plasma with no added TAFI
lysed in 19.3 min under the same conditions. When clotting was
induced in TAFI-deficient, barium citrate-adsorbed plasma
with 500 nm TAFI and 0.52 units/ml ancrod in place of throm-
bin plus 10 mm CaCl, in the presence of 1 nM tPA, the lysis time
was 13.3 min, and the TAFlalevel peaked at 207 pm 10 min after
the clot had fully lysed (Fig. 5B). This peak was probably due to
TAFI activation by plasmin. The extent of TAFI activation
post-lysis was similar to that observed when coagulation was
induced with thrombin. When ancrod (instead of thrombin)
was used to initiate coagulation, the TAFIa peak that corre-
sponded with thrombin addition was absent, whereas the sec-
ondary peak due to TAFI activation by plasmin remained (Fig.
5B). The lysis time was much shorter than that observed when
clotting was initiated with thrombin (13.3 min compared with
30.5 min). Clotting induced with ancrod in the presence of 500
nM TAFI had shorter lysis times compared with clotting initi-
ated with thrombin in the absence of TAFI, which may be due
to differences in clot structure (25).

In summary, our results show that whereas TAFI zymogen
catalyzes cleavage of a small substrate, it does not catalyze
cleavage of plasmin-modified fibrin (fibrin degradation prod-
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FIGURE 5. Plasma lacking an intrinsic coagulation pathway can yield
TAFla when low levels (5 nm) of thrombin are added. TAFI-deficient, bari-
um-absorbed plasma was supplemented with 500 nm TAFI and clotted with
thrombin (5 nm) and calcium (A) or ancrod (0.52 units/ml) and calcium (B) to
determine the extent of TAFI activation in plasma lacking an intrinsic coagu-
lation pathway. In all experiments, lysis was initiated by the addition of 1 nm
tPA. With thrombin (A), TAFla levels (@) peaked at 125 and 187 pm after 5 and
40 min, respectively. The lysis time was 30.5 min in TAFI-deficient, barium-
absorbed plasma supplemented with 500 nm TAFI ( ) compared with 19.3
min in TAFI-deficient, barium-absorbed plasma with no added TAFI (- - -).
Ancrod was also used to clot TAFI-deficient, barium-absorbed plasma (B).
There was very little TAFI activated until after the clot had lysed. TAFla levels
peaked at 207 pm at 30 min (@), whereas the lysis time was 13.3 min ( ).
The thrombin-induced clotting and subsequent lysis of TAFI-deficient, bari-
um-absorbed plasma (no added TAFI) are shown as a reference (- - -).

ucts). Consequently, TAFI zymogen is not antifibrinolytic. The
fact that increased TAFI zymogen added at time 0 results in
increased lysis times is due to increased levels of TAFIa appear-
ingas a consequence of activation by thrombin used to form the
clot.
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