Labeling of Human Clots In Vitro with an
Active-Site Mutant of t-PA

Edward T.A. Fry, David L. Mack, Juan C. Monge, Joseph J. Billadello,* and Burton E. Sobel

Cardiovascular Division, Washington University School of Medicine, St. Louis, Missouri

Prompt detection of acute thrombosis and its response to
treatment with thrombolytic agents generally require an-
giography. Scintigraphic approaches with labeled antibod-
ies to or components of the coagulation and fibrinolytic
systems have been disappointing because of prolonged
circulating half-lives of tracers and relatively slow or limited
binding to thrombi. Accordingly, we developed and char-
acterized a thrombolytically inactive, active-site mutant
(Ser-478—Thr) of tissue-type plasminogen activator (t-PA)
designed to detect thrombi in vivo. Binding of iodine-125-
(%) labeled Ser—Thr t-PA to thrombi in vitro was time-
and concentration-dependent, and specific judging from
inhibition by pre-incubation with anti-t-PA IgG. Clearance
of '®l-labeled mutant t-PA in rabbits was rapid and biex-
ponential (a ti2 = 1.9 + 0.4 min, 8 t, . = 39.8 + 11.2 min).
Thus, the amidolytically inactive mutant of t-PA designed
binds rapidly and specifically to human thrombi in vitro and
is cleared rapidly from the circulation in vivo—properties
rendering it attractive as a potentially useful clot imaging
agent.
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Coronary thrombosis generally precipitates life-
threatening phenomena including acute myocardial in-
farction (/). Fortunately, treatment with thrombolytic
agents such as tissue-type plasminogen activator (t-PA)
early in the course of acute myocardial infarction can
reduce mortality and improve left ventricular function
(2). However, prompt detection of intracoronary
thrombi needed to provide definitive indications for
treatment and prompt, objective detection of throm-
bolysis presently require coronary angiography. This
procedure is invasive, labor- and personnel-intensive,
associated with some risk, of considerable expense, and
not universally available on demand. Despite their ap-
peal, available noninvasive criteria of recanalization are
generally nonspecific and often inadequate for accurate
delineation of vessel patency judging from results of
comparative studies with angiography (3).
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Previous approaches to noninvasive detection of
acute arterial thrombi have included scintigraphy with
radiolabeled platelets (4), fibrinogen (5,6), anti-fibrin
antibodies (7-9), and antibodies to specific membrane
proteins of activated platelets (10,11,12). However, be-
cause of the relatively long half-lives and persistence of
tracer in the circulation, low ratios of tissue (thrombus)
to plasma concentrations of labeled material, and mod-
est or markedly limited incorporation of label into
thrombi in the absence of ongoing thrombosis, clinical
applications for detection of coronary arterial thrombi
have been somewhat disappointing.

Imaging of thrombi in experimental animals has been
reported with indium-111- ('!'In) labeled t-PA (13) and
technetium-99m- (**"Tc) labeled plasmin (/4). How-
ever, administration of labeled protein with significant
amidolytic and fibrinolytic activity (/3) may predispose
to bleeding or limit the sensitivity of scintigraphic de-
tection of clots because of rapid lysis of those portions
of the thrombus that become labeled and hence pre-
clude visualization.

Recently, we utilized site-directed mutagenesis to
substitute threonine for the active site serine (Ser 478)
of t-PA, thereby, synthesizing a mutant (Ser 478—Thr)
that retains only 0.35% of plasminogen activating activ-
ity compared with activity of wild-type t-PA (15). Be-
cause of the high affinity of t-PA for fibrin (/6) and its
rapid clearance from the circulation (17,18) we hypoth-
esized that an appropriately labeled fibrinolytically in-
active mutant that bound with high avidity to thrombi
might be useful for their detection. The present study
was designed to characterize the binding of the Ser-
478—Thr mutant of t-PA to clots formed from human
whole blood in vitro and to determine whether the
labeled mutant exhibited properties in vitro and in vivo
likely to render it useful as a clot-detecting tracer.

METHODS

Construction and Expression of Ser 478—Thr t-PA

Our construction and initial characterization of the active
site mutant of t-PA has been described in detail recently (15).
For use in the present study, the mutant protein was isolated
and purified from media of transfected Chinese hamster ovary
cells (Invitron Corporation, Redwood, CA).
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Determination of Concentrations of t-PA Antigen

Wild-type t-PA (50 mg/ml, in 0.2 M arginine-phosphate
buffer, pH 7.2) (Genentech Corp., South San Francisco, CA)
was used. Concentrations of wild-type and mutant t-PA were
determined by ELISA (American Diagnostica, Inc., Green-
wich, CT) with specific, affinity-purified goat anti-human t-
PA IgG as the capture antibody (/9). Recognition by anti-t-
PA IgG of mutant t-PA was confirmed on the basis of con-
cordance of determinations of mass by ELISA and by a
modification of the Lowry protein assay. SDS-PAGE of wild-
type and mutant t-PA under nonreducing and reducing re-
vealed that wild-type t-PA was predominantly single-chain
while mutant t-PA was predominantly two-chain.

Determination of Serine Protease (Amidolytic)
Activity

Proteolytic activity of t-PA was measured spectrophoto-
metrically with a synthetic tripeptide chromogenic substrate,
S-2288 (Kabi Vitrum, Stockholm, Sweden) specific for serine
protease activity. Wild-type and mutant t-PA samples were
diluted to selected final concentrations (0-4000 ng/ml) in 0.16
M NaCl, 0.1 M Tris-HCI, pH 8.4 and 0.01% Triton X-100
(assay buffer). Two hundred microliters of assay buffer and
200 ul of t-PA solutions were incubated with 200 ul of 5.0
mM S-2288 in a spectrophotometer cuvette at 37°. Absorb-
ance at 405 nm (A4os) at 37° over 4 min was measured in a
spectrophotometer with kinetic analysis capabilities (Gilson
Corp., Oberlin, OH). Amidolytic activity of t-PA was ex-
pressed in units based on the change in A4s per minute. In
control studies, wild-type t-PA was treated with 2 uM D-Phe-
Pro-Arg-chloromethyl ketone (PPACK, Calbiochem, San
Diego, CA) to irreversibly inhibit its active site (20) prior to
determination of amidolytic activity.

Radio-Labeling of t-PA

Wild-type, mutant, and PPACK-t-PA were labeled with
iodine-125 ('#*I) with a procedure incorporating a modifica-
tion of the conventional chloramine-T method (27). Tissue-
type plasminogen activator (~50 ug protein) in phosphate
buffered saline containing 0.01% Tween-80 (Sigma, St. Louis,
MO, PBS-Tween) was labeled with 0.5 mCi Na'?*’l (Amer-
sham, Arlington Heights, IL) by exposure to 1% chloramine-
T (Sigma) for 90 sec. The reaction was quenched with 2%
sodium metabisulfite (Sigma) for >120 sec. Labeled t-PA was
separated from unbound '*I by gel filtration with Sephadex
G-10 (Pharmacia, Piscataway, NJ) that had been equilibrated
with PBS-Tween. Wild-type, mutant, and PPACK-'*I-t-PA
had specific radioactivities of ~1.0 X 10’ cmp/ug. Greater
than 95% of the radioactivity recovered from the column was
precipitable with 10% (v/v) trichloroacetic acid (TCA). Fibrin-
olytic activity of wild-type '**I-t-PA measured by fibrin plate
assay (22) was identical to that of unlabeled material (0.4-0.5
1U/ng). Structural integrity of wild-type and mutant '**I-t-PA
was verified by SDS-PAGE under reducing and nonreducing
conditions.

Binding of t-PA to Clots

Clots were formed from whole human blood in vitro as
previously described (23). Venous blood was collected without
anticoagulants from normal volunteers and immediately
transferred to Chandler tubes (27 cm length of Tygon tubing,
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0.d. = 3/16 inch, i.d. = 1/8 inch, 1 ml blood/tube). The ends
of each tube were brought together to form a loop, secured
with a collar of tubing (o.d. = 5/16 inch, i.d. = 3/16 inch),
and rotated on a tube rotator (Scientific Equipment Co.,
Baltimore, MD) for 60 min at 37° at a 60° angle. Clotting was
complete within 1 hr. Clots were ~2 mm in diameter, 4-8
mm in length, 5-10 mg (dry weight), and similar morpholog-
ically to arterial thrombi formed in vivo, containing a platelet
head and fibrin tail. After 60 min, the tubes were opened, and
12].labeled wild-type, mutant, or PPACK t-PA in PBS-tween
was introduced in a volume of 25 ul at selected final concen-
trations (0-500 ng/ml). Tubes were closed, rotated for 60 min,
and then reopened. Their contents were poured onto pre-
weighed polyethylene mesh filters (Spectrum Medical Ind.,
Inc., Los Angeles, CA) and washed thoroughly with 0.9%
NaCl containing 0.01% Tween-80. Radioactivity of washed
clots was measured with a gamma-counter (LBK-Wallace,
Finland). The filter and clots were dried to a constant weight,
and the mass of each clot was determined as the difference
between the weight of the filter and the clot combined minus
the weight of the filter alone. The amount of t-PA bound per
milligram of clot was calculated by dividing the radioactivity
of each clot by its dry weight and then by the specific activity
(cpm/mg) of '¥I-t-PA. The time course of binding of '*’I-t-
PA to clots was determined by incubating clots with '*I-
labeled wild-type or mutant t-PA at a final concentration of
62.5 ng/ml for selected intervals.

Specificity of binding of '*’I-mutant t-PA to clots was
demonstrated by inhibition of binding of t-PA to clots in the
presence of anti-t-PA antibodies. lodine-125-labeled mutant
t-PA (final concentration = 250 ng/ml) was pre-incubated
with selected concentrations (0-100 ug/ml) of affinity-purified
goat anti-human t-PA IgG (American Diagnostica, Inc.,
Greenwich, CT) in PBS-Tween at 37° for 60 min. Binding of
'”I-mutant t-PA treated with anti-t-PA IgG to clots was
measured in the same fashion as that used to measure binding
without antibody present.

Pharmacokinetics of Mutant t-PA In Vivo

The half-life of mutant t-PA in the circulation in rabbits
was determined by measuring clearance of '*’I-labeled mutant
t-PA administered by bolus intravenous (i.v.) injection (/8).
New Zealand White rabbits (2.0-2.5 kg) were anesthetized
with xylazine (18 mg/kg i.m.) and ketamine (60 mg/kg i.m.).
Hemodynamics were stable throughout all experiments. La-
beled mutant t-PA was administered as an i.v. bolus injection
via a femoral venous catheter. Samples of whole blood were
collected from a femoral arterial catheter into Vacutainer
tubes containing sodium citrate (13 mA) with a two-syringe
technique at zero time and at 1, 2, 4, 6, 8, 10, 15, 30, 45, and
60 min after injection. All samples were placed immediately
on ice. Catheters were flushed with 2 ml of sterile saline after
injection of t-PA and after each sample had been drawn to
maintain blood volume near normal.

Samples were centrifuged at 1000 g at 4° for 10 min.
Duplicate aliquots (500 ul) of separated citrated plasma were
treated with 1 ml of 10% TCA and kept on ice for 10 min.
The samples were centrifuged at 1000 g for 10 min. Superna-
tant fractions were removed carefully and precipitates washed
twice with PBS-Tween. Radioactivity in TCA precipitates
reflecting the concentration of '*I-mutant t-PA in plasma was
measured with a gamma counter. Clearance curves were re-
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solved into individual components from semilogarithmic plots
(log[cpm] as a function of time) to obtain fast-phase (alpha)
and slow-phase (beta) rate constants of elimination (k, and
k) with the use of a multiexponential curve-fitting computer
program. Half-lives were calculated from rate constants for
each phase: a-phase-t;;; = (In 2)/k,, f-phase-t, > = (In 2)/kg.

RESULTS

As anticipated, the amidolytic activity of the mutant
t-PA was virtually zero. Activity of Ser—Thr-t-PA was
identical to that of wild-type t-PA treated with PPACK
in concentrations that specifically and irreversibly in-
hibited the active site serine in the protease domain of
t-PA (Fig. 1).

When clots formed in whole blood were exposed to
125]-mutant t-PA in concentrations readily achieved in
vivo with modest amounts of administered protein (17),
specific binding occurred in a time-dependent manner
(Fig. 2). Binding of mutant t-PA to clots occurred
rapidly with maximal binding observed within 30 min.
Increasing the concentration of wild-type or mutant t-
PA increased the extent of binding of labeled t-PA to
human clots (Fig. 3).

Binding of the thrombolytically inactive mutant t-
PA to clots indicated that proteolytic activity of the
molecule was not necessary for specific binding of the
molecule to clots. As predicted from its lack of amidol-
ytic and plasminogen activating activity, mutant t-PA
did not lyse clots as measured by their persistent mass
in the presence of mutant t-PA at concentrations up to
500 ng/ml in contrast to the case with wild-type t-PA.

To define the specificity of binding of mutant t-PA
to human clots, mutant t-PA was treated with anti-t-
PA IgG. As shown in Figure 4, pretreatment with
increasing concentrations of anti-t-PA antibody inhib-
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FIGURE 1

Amidolytic activity of t-PA was measured as the change in
Asos per minute following incubation of selected concentra-
tions of wild-type t-PA (closed triangles), Ser—Thr-t-PA
(closed squares), and wild-type PPACK-t-PA (open circles)
with the chromogenic substrate S-2288 (5 mM) specific for
proteolytic activity of t-PA. Points represent means of results
of experiments performed in duplicate.
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FIGURE 2

Binding of '?%I-Ser—Thr-t-PA (125 ng/ml) to thrombi formed
from human blood in Chandler tubes was measured at se-
lected intervals at 37°C (mean + s.d., n = 6, for each time
point).

ited binding of the labeled mutant t-PA to clots in a
concentration-dependent manner.

Rapid clearance and consequent reduction of the
blood pool-to-tissue ratio of label of an agent designed
to label thrombi in vivo is needed to minimize the
interval between administration of the label and acqui-
sition of useful images. Therefore, the half-life in the
circulation of rabbits of mutant t-PA was determined
by measuring the rates of clearance of radiolabeled
mutant t-PA. Clearance was rapid and biexponential
with a-phase-t;;; = 1.8 + 0.3 min and B-phase-t,; =
38.1 + 8.6 min (n = 3) (Fig. 5). Clearance of mutant t-
PA was virtually identical to that of wild-type t-PA.

DISCUSSION

Acute thrombosis precipitates a number of poten-
tially life-threatening processes, including acute myo-
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FIGURE 3

Binding of '#°|-labeled wild-type-PA (open circles), Ser—Thr-t-
PA (closed triangles), and PPACK-t-PA (open squares) at
selected concentrations to thrombi formed from human blood
was measured after 1 hr at 37°C (mean + s.d., n = 6, for
each t-PA at each concentration).
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FIGURE 4

Specificity of binding of '2%l-Ser—Thr-t-PA to human thrombi
was demonstrated by inhibition of binding by pre-incubation
of '#1-Ser—Thr-t-PA with selected concentrations of affinity
purified anti-t-PA IgG (mean + s.d., n = 3, for each concentra-
tion).

cardial infarction, unstable angina, pulmonary embo-
lism, and stroke. Timely intervention with thrombolytic
agents, anticoagulation, or both can reduce morbidity
and mortality otherwise attributable to some of these
syndromes. Early detection and delineation of acute
thrombosis is needed for prompt identification of pa-
tients most likely to benefit from immediate treatment
with potentially hazardous agents and to identify those
unlikely to respond or particularly prone to complica-
tions of contemplated treatment. For patients with in-
cipient or suspected acute myocardial infarction, rapid
and accurate detecton of acute coronary thrombosis at
the time of initial evaluation and early after acute
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FIGURE 5

Half-lives of '®I-labeled wild-type and Ser—Thr-t-PA were
determined by measuring concentrations of t-PA as TCA
precipitable radioactivity in plasma as a function of time follow-
ing i.v. bolus injections of labeled t-PA into rabbits. Repre-
sentative clearance curves are shown for wild-type t-PA (open
squares) and Ser—Thr-t-PA (closed diamonds).
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interventions such as pharmacologic thrombolysis or
angioplasty should result in more effective patient se-
lection for treatment and concomitantly contribute to
reduction of overall risk.

Currently employed methods for definitive detection
of coronary thrombi require invasive procedures such
as selective angiography. Limitations of alternative
methods include delay in scintigraphic imaging after
the time of administration of the thrombus-detecting
agent, low ratios of the concentration of label associated
with the thrombus to the concentration of label in the
circulation, and prolonged persistence of label in the
circulation (24). Ideally, a clinically useful agent for
rapid and specific radiodetection of acute thrombi in
vivo would bind to thrombi with high affinity and
specificity, be cleared rapidly from the circulation, per-
sist in thrombi, exhibit no immunogenic properties, be
readily administered intravenously, and be devoid of
inhibitory effects on the response of the thrombus to
subsequent treatment with lytic agents.

Substitution of threonine for serine at amino acid
position 478 within the active site of t-PA essentially
abolished the proteolytic activity of the molecule with-
out diminishing the binding of the genetically engi-
neered mutant to clots formed from whole blood. This
modest change is unlikely to induce substantial immu-
nogenicity. Binding of the mutant t-PA to clots was
concentration-dependent, time-dependent, and spe-
cific. The clearance of mutant t-PA was rapid. Thus its
concentration in blood will undoubtedly decrease
quickly after i.v. administration in diagnostic studies.

We have previously demonstrated that substitution
of the active site serine with threonine appears to pre-
vent formation of complexes between t-PA and its
physiologic inhibitor, plasminogen activator inhibitor-
1 (PAI-1) (15). Lack of formation of complexes of t-PA
and PAI-1, which is substantial with infusion of phar-
macologic doses of wild-type t-PA (25), may be partially
responsible for the enhanced binding of mutant t-PA
to clots compared with binding of wild-type t-PA.
Mechanisms responsible for enhanced binding of
PPACK-t-PA to thrombi as compared with mutant t-
PA (Fig. 3) are unknown. Possible mechanisms include
conformational changes in t-PA favoring binding when
treated with PPACK as well as potentially enhanced
fibrin binding of one-chain as compared with two-chain
t-PA (26).

Persistence of t-PA within clots for prolonged inter-
vals despite rapid clearance from the circulation is
evidenced by continued release of cross-linked products
indicative of continued dissolution of fibrin in vivo
(27). Accordingly, persistence of mutant t-PA in
thrombi can be anticipated despite its prompt disap-
pearance from the circulation. Thus, the ratio of label
bound to thrombi to label in the blood pool is likely to
be high, enhancing detection of thrombi in vivo.
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Results of the present study demonstrate that a fibri-
nolytically inactive mutant of t-PA, genetically engi-
neered to retain properties accounting for specific bind-
ing of t-PA to thrombi and for rapid clearance from the
circulation, exhibits characteristics rendering it attrac-
tive as a potentially useful clinical imaging agent for
detection of coronary arterial and other thrombi in
vivo. Further studies will be undertaken in several
species when amounts of material harvested are suffi-
cient to permit labeling with tracers with attractive
energetics for imaging under conditions that do not
alter binding to clots, clearance, or exhibit immunoge-
nicity with procedures analogous to those we have used
with other residualizing labeling procedures (28).
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