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ABSTRACT: Activation of prothrombin by factor Xa requires proteolysis of two bonds and is commonly
assumed to occur via by two parallel, sequential pathways. Hydrolysis of Arg322-Ile323 produces
meizothrombin (MzIIa) as an intermediate, while hydrolysis of Arg273-Thr274 produces prethrombin
2-fragment 1.2 (Pre2-F1.2). Activation by human factor Xa of human prothrombin was examined in the
absence of factor Va and in the absence and presence of bovine phosphatidylserine (PS)/palmitoylo-
leoylphosphatidylcholine (25:75) membranes. Four sets of data were collected: fluorescence of an active
site probe (DAPA) was sensitive to thrombin, MzIIa, and Pre2-F1.2; a synthetic substrate (S-2238) detected
thrombin or MzIIa active site formation; and SDS-PAGE detected both intermediates and thrombin. The
fluorescence data provided an internal check on the active site and SDS-PAGE measurements. Kinetic
constants for conversion of intermediates to thrombin were measured directly in the absence of membranes.
Both MzIIa and Pre2-F1.2 were consumed rapidly in the presence of membranes, so kinetic constants
for these reactions had to be estimated as adjustable parameters by fitting three data sets (thrombin and
MzII a active site formation and Pre2 appearance) simultaneously to the parallel-sequential model. In the
absence of membranes, this model successfully described the data and yielded a rate constant, 44 M-1

s-1, for the rate of MzIIa formation. By contrast, the parallel-sequential model could not describe
prothrombin activation in the presence of optimal concentrations of PS-containing membranes without
assuming that a pathway existed for converting prothrombin directly to thrombin without release from
the membrane-enzyme complex. The data suggest that PS membranes (1) regulate factor Xa, (2) alter
the substrate specificity of factor Xa to favor the meizothrombin intermediate, and (3) “channel” intermediate
(MzII a or Pre2-F1.2) back to the active site of factor Xa for rapid conversion to thrombin.

The final step in the blood coagulation cascade involves
the activation of prothrombin to thrombin, which is the
central enzyme of the coagulation system (13). This activa-
tion occurs most readily in the presence of a fully assembled
enzyme complex, called prothrombinase (16, 32, 37), which
consists of blood coagulation factors Xa (a serine protease)
and Va (a cofactor), Ca2+, and negatively charged phospho-
lipid membranes derived from stimulated platelets (39).

Proteolytic activation of prothrombin gives rise to at least
two different intermediate products depending upon which
of two peptide bonds, Arg273-Thr274 or Arg322-Ile323, is
cleaved first (bonds 2 and 1 in Figure 1). We refer to activa-
tion via these two possible intermediates as a “parallel-sequen-
tial activation mechanism”. In the presence of factor Va and
phospholipid, meizothrombin (MzIIa;1 bond Arg322-Ile323

cleavage; see Figure 1) has been detected (21, 38), while in
the absence of factor Va or phospholipid, prethrombin 2
(Pre2;1 bond Arg273-Thr274 cleavage; see Figure 1) has been

reported to accumulate (12, 37). These observations, along
with data on the rate of intermediate conversion to thrombin,
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FIGURE 1: Schematic representation of human prothrombin activa-
tion. Prothrombin consists of a membrane-binding N-terminal
domain (fragment 1.2) and a C-terminal catalytic domain (prethrom-
bin 2). γ-Carboxylated glutamic acid residues at the C terminus
are needed for membrane binding. Two peptide bonds [sites 2
(Arg273-Thr274) and 4 (Arg322-IIe323)] must be hydrolyzed by factor
Xa in order to activate prothrombin. This creates two possible
pathways of activation (A and B, C and D) and two possible
released intermediates: Pre2 and MzIIa. A third possible pathway
of activation is envisioned (E) in which no intermediate is released.
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led to the proposal that the presence of factor Va and a
procoagulant membrane switches activation to proceed via
the MzIIa intermediate, although significant MzIIa inter-
mediate can be detected only at high prothrombin concentra-
tion (22, 30, 36). However, this conclusion remains tentative.
Even in the absence of both phospholipid and membrane,
MzIIa was detected as an intermediate when bovine prethrom-
bin 1 (prothrombin minus N-terminal Gla and epidermal
growth factor-like domains) was used as the substrate (4).

What we do know is that, in the presence of factor Va

and phospholipid, the rates at which Pre2 plus fragment 1.2
or MzIIa can be activated to thrombin are about the same
(21, 30). Thus, the pathway of activation must be determined
by the first proteolytic step. Unfortunately, we know very
little about the rates of the first two possible steps of
activation, since the intermediates are consumed at rates
comparable to those at which they are produced. Since
prothrombin and MzIIa assume very different conformations
on phosphatidylserine (PS)1-containing membranes (7), we
cannot assume that Arg273-Thr274 is cut at the same rate in
prothrombin as in MzIIa or that Arg322-Ile323 is cut in
prothrombin at the rate at which Pre2-F1.2 is activated.
Without estimates of the rates of prothrombin activation to
the two possible intermediates, one cannot even test whether
the commonly accepted parallel-sequential kinetic model
provides an appropriate description of the rates of appearance
of activation intermediates and products when prothrombin
is activated.

Even if it is true that activation proceeds via the MzIIa

intermediate according to the parallel-sequential model, we
still do not know whether it is factor Va or the membrane
surface, or a combination of both, that directs factor Xa to
attack Arg322-Ile323 in prothrombin in preference to Arg273-
Thr274. There is evidence that factor Xa is altered by its
interaction with PS and thus that the membrane may play a
significant role in determining the pathway of activation (15,
20, 44). Although this interaction clearly enhances the rate
of prothrombin activation (20), we do not know the
mechanistic consequences of these alterations in factor Xa

conformation by PS-containing membranes. Most papers that
have addressed the issue of the pathway of prothrombin
activation included membranes along with factor Va (21, 32),
meaning that the separate effects of membranes and factor
Va could not be distinguished. Measurements taken over a
range of factor Va concentrations in the absence of phos-
pholipid membranes have been extrapolated, using a ther-
modynamic and kinetic model, to conclude that factor Va

and not the membrane is responsible for the enhancement
of Arg322-Ile323 cleavage in Pre2 as compared to Arg273-
Thr274 cleavage in MzIIa (3). No similar analysis of pro-

thrombin activation has been made in the presence of
membranes but absence of factor Va.

The aim of this paper is to define better the separate roles
of membranes and factor Va in determining the pathway of
prothrombin activation by answering three questions. First,
we ask whether PS membranes affect differently factor Xa’s
activity toward the Arg273-Thr274 or the Arg322-Ile323 bond
of prothrombin? In addition, does a membrane surface aid
activation in some other way, such as by directing substrate
or a specific intermediate to the membrane- bound enzyme?
Finally, can the parallel-sequential model account for the
observed appearance and disappearance of activation inter-
mediates and thrombin in the absence or presence of
procoagulant membranes?

To answer these questions, we determined the rates of all
four single proteolytic steps (A-D in Figure 1) that are
presumed to contribute to prothrombin activation in the
absence and presence of four concentrations of PS-containing
membranes. A determination of these rates in the absence
of membranes has already been reported in the context of
the parallel-sequential model for the bovine enzyme (4), and
we have redetermined these rates for human prothrombin
activation to establish a baseline of human factor Xa behavior
and to show that the parallel-sequential model provides a
good description of prothrombin activation in the absence
of membranes. By contrast, the parallel-sequential model
could not describe the kinetics of prothrombin activation in
the presence of optimal concentrations of PS-containing
membranes. However, if we assumed that some fraction of
prothrombin converted directly to thrombin by pathway E
in Figure 1 (i.e., one or both intermediates were “channeled”
without being released from the enzyme), the resulting three-
pathway model accounted for the data. The kinetic constants
that derived from this analysis of our data showed that the
greatest effect of a PS-containing membrane was on pro-
teolysis of the Arg322-Ile323 bond by factor Xa.

EXPERIMENTAL PROCEDURES

Materials

Bovine brain phosphatidylserine (PS)1 and 1-palmitoyl-
2-oleoyl-3-sn-phosphatidylcholine (POPC)1 were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL). The factor
Xa-specific substrateN-2-benzyloxycarbonyl-D-arginyl-L-
argininep-nitroanilide dihydrochloride (S-2765)1 and throm-
bin (IIa)1-specific substrate H-D-phenylalanyl-L-pipecolyl-
L-arginine p-nitroanilide dihydrochloride (S-2238)1 were
obtained from AB Kabi Diagnostica (Molndal, Sweden).
Dansylarginine-N-(3-ethyl-1,5-pentanediyl)amide (DAPA)1

was synthesized and purified according to literature reports
(25, 31). Purified Russel’s viper venom factor X activator
was obtained from Hematologic Technologies Inc. (Essex
Junction, VT).Echis carinatusvenom (ECV)1 and ecarin,
soybean trypsin inhibitor, and Sephadex C-50 DEAE Tris-
acryl Plus-M weakly basic anion exchanger were purchased
from Sigma (St. Louis, MO). Iodo-beads were purchased
from Pierce Chemical Co. (Rockford, IL). Na125I (100 mCi/
mL), contained in a solution of 0.1 N NaOH, was obtained
from ICN Pharmaceutical, Inc. (Irvine, CA). SP-Sephadex
C-50 was obtained from Pharmacia Fine Chemicals (Piscat-
away, NJ).D-Phenylalanyl-L-prolyl-L-arginine chloromethyl
ketone (PPACK)1 was purchased from Bachem Bioscience

1 Abbreviations: II, prothrombin; Pre2, prethrombin 2; MzIIa,
meizothrombin; II2, thrombin; DAPA, dansylarginine-N-(3-ethyl-1,5-
pentanediyl)amide; ECV,Echis carinatusvenom; Hepes, 4-(hydroxy-
ethyl)-1-piperazineethanesulfonic acid; Na2EDTA, disodium ethylene-
diaminetetraacetate; PEG 8000, poly(ethylene glycol); PMSF, phenylmeth-
anesulfonyl fluoride; PPACK,D-phenylalanylprolyl-L-arginine chlo-
romethyl ketone; S-2765, benzyloxycarbonylarginylargininep-nitroa-
nilide (synthetic substrate for factor Xa); S-2238, phenylalanylpipec-
olylarginine p-nitroanilide (synthetic substrate for thrombin); SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
Tris, tris(hydroxymethyl)aminomethane; PS, phosphatidylserine (bovine
brain in this study); POPC, 1-palmitoyl-2-oleoyl-3-sn-phosphatidyl-
choline; LUV, large unilamellar vesicle.
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Inc. (Philadelphia, PA). All other chemicals were ACS
reagent grade; all solvents were HPLC grade.

Methods

Protein and Peptide Isolation. Human plasma for protein
isolation was obtained as a byproduct of conventional clinical
plasmapheresis through the cooperation of the North Carolina
Memorial Hospital Blood Bank. In some cases, outdated
human plasma was obtained from the American Red Cross
Center, Durham, NC. Human prothrombin and factor X were
purified from 6 to 8 L of fresh frozen plasma by the method
of DiScipio et al. (10) with the modifications described by
Cutsforth et al. (9). Factor X was stored in a buffer containing
1 mM benzamidine, 0.05 M Tris,1 pH 7.4, 0.02 M sodium
citrate, and 0.25 M NaCl in 1 mL aliquots at-70 °C until
used. Prothrombin was stored in 1 mL aliquots at-70 °C
in a buffer composed of 50 mM Tris, pH 7.4, 300 mM NaCl,
1 mM benzamidine, and 1 mM phenylmethanesulfonyl
fluoride. One day before an experiment, prothrombin was
repurified by HPLC on a Series 200 Isopure LC system
(Perkin-Elmer Corp., Norwalk, CN) using a Mono Q HR
5/5 ion-exchange column (Pharmacia, Norwalk, CN) (23)
and dialyzed into either 50 mM Tris, 175 mM NaCl, 5 mM
CaCl2, 0.6% PEG, pH 7.6, buffer or 50 mM Tris, 100 mM
NaCl, 5 mM Ca2+, pH 7.4, buffer.

Factor Xa was obtained from purified factor X (>97% by
SDS-PAGE) activated with purified factor X-activating
enzyme from Russell’s viper venom coupled to Affi-Gel ester
agarose beads [Bio-Rad, Richmond, CA (18)]. Factor Xa was
assayed with the synthetic substrate S-27651 (19) using active
site titrated factor Xa for a standard (17).

Human Pre2 and F1.2 were generated from cleavage of
prothrombin at Arg274-Thr275 by factor Xa in the presence
of the reversible thrombin inhibitor DAPA by a procedure
analogous to that used for bovine prothrombin (41). The
reaction mixture contained prothrombin (∼50 mg), factor
Xa (1:10 molar ratio with prothrombin), and DAPA (10:1
molar ratio with prothrombin) in 25 mM Hepes,1 150 mM
NaCl, 5 mM Ca2+, pH 7.0, buffer. Pre2 was further purified
by HPLC on a Perkin-Elmer Isopure HPLC system (Nor-
walk, CT) using a Mono Q HR 5/5 ion-exchange column
(Pharmacia, Piscataway, NJ) and stored at-70 °C in the
presence of 1 mM benzamidine and 1 mM phenylmethane-
sulfonyl fluoride. F1.2 was also purified by HPLC on a
Perkin-Elmer Isopure HPLC system (Norwalk, CT) using a
Mono Q HR 5/5 ion-exchange column (Pharmacia, Piscat-
away, NJ) and stored at-70 °C in the presence of 1 mM
benzamidine and 1 mM phenylmethanesulfonyl fluoride.

Human MzIIa was generated with ECV linked to Affi-
Gel active ester agarose (Bio-Rad, Richmond, CA) at a final
activity of 2.5 mg of ECV/mL of wet, packed gel. Human
prothrombin (3 mL at∼10 µM final concentration) was
incubated in a 4 mL fluorescence cuvette with 300µL of
ECV-linked gel in the presence of DAPA (5:1 molar ratio
to prothrombin), 5 mM CaCl2, 50 mM Tris, and 100 mM
NaCl, pH 7.73 at room temperature. The reaction was
monitored by the increase in fluorescence resulting from the
DAPA-MzIIa complex. Once the reaction was complete,
the ECV-linked gel was removed by low-speed centrifuga-
tion, and the MzIIa was filtered through a 0.2µm nonpyro-
genic filter (Costar, Cambridge, MA), flash frozen, and

stored in 1 mL aliquots at-70°C. The extent of prothrombin
conversion to MzIIa was determined by SDS-PAGE1 under
both nonreducing and reducing conditions and was always
>95%.

Protein concentration was estimated from the absorbance
at 280 nm after correction for light scattering measured at
320 nm, assuming that scattering scaled as the fourth power
of the wavelength. The concentrations of human prothrombin
and MzIIa were determined using a molecular weight of
72000 and an extinction coefficient of 1.47 mL mg-1 cm-1

(24). Other values for extinction coefficients were 1.92 mL
mg-1 cm-1 for prethrombin 1 (MW 50000) and MzIIa-des
fragment 1, 1.73 mL mg-1 cm-1 for Pre2 (MW 37000), and
1.23 mL mg-1 cm-1 for fragment 1.2 (MW 34500) (4).

Phospholipid Vesicles. Extruded large unilamellar vesicles
(LUV)1 composed of 25:75 bovine PS and POPC were
prepared by the procedure of Mayer et al. (27) in a buffer
containing 20 mM TES and 150 mM NaCl at pH 7.5.
Phospholipid concentrations were determined by an inorganic
phosphate assay (6).

Kinetic Experiments. (1) Pre2 Formation. SDS-PAGE
on a 10% T, 3.5% C resolving gel and a 3.125% T, 20% C
stacking gel (8) was performed using a Bio-Rad 130A
electrophoresis cell (Bio-Rad, Richmond, CA) to detect
proteolysis fragments of prothrombin (Pre2, MzIIa, and IIa)
(46). Detection was accomplished either by using [125I]-
prothrombin for experiments performed in the absence of
membranes or by using colloidal Coomassie Blue (28) for
experiments performed with unlabeled prothrombin in the
presence of membranes (20, 50, 200, and 2000µM). Aliquots
were removed from the reaction mixture and added to a low
ionic strength buffer (8 mM Tris, pH 8.3, containing 0.002
M Na2EDTA and 1% SDS) to arrest the reaction. Both
reducing and nonreducing gels were run for each time point
along with standards. Iodination of prothrombin (1-8 mg
batches) was accomplished by published methods (26). For
radiographic detection, gels were dried on a Hoeffer SE 540
gel dryer (Hoeffer Scientific, San Francisco, CA) between
porous cellophane sheets (Hoeffer, SE 542). Quantitation was
accomplished by exposing Min-R medical X-ray film (East-
man Kodak, Rochester, NY) to the dried gels in a Kodak
X-Omatic cassette without intensifying screens (42). Auto-
radiographs as well as Coomassie-stained gels were scanned
with either a Hoeffer GS-300 or LKB UltroScan XL
densitometer for experiments performed in the absence of
membranes or using a HP Scanjet 6350 C scanner coupled
with a software (UNSCAN ITGEL package, version 5.1, Silk
Scientific Corp., Orem, UT) to digitize the Coomassie-stained
gel run in the presence of membranes. In addition to the
proteolysis samples, each gel contained several dilutions of
[125I]prothrombin or prothrombin used to construct stand-
ard curves that related measured densities to the concentration
of prothrombin. These standard curves, calibrated to syn-
thetic substrate assays, were used to determine concentra-
tions for the various peptide species in the proteolysis
mixture. The rate of Pre2 formation was estimated in the
absence of membranes using SDS-PAGE, because the
consumption of Pre2 was slower than its rate of produc-
tion under this condition. However, this method could not
be used to estimate the rate of Pre2 formation in the pres-
ence of membranes, since, under these conditions, the rate
of Pre2 consumption was likely comparable to the rate
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of formation. Nonetheless, the time courses of Pre2, MzIIa,
and IIa appearance on SDS-PAGE were used to estimate
the first-order rate constant for release of Pre2 and MzIIa

available to be Michaelis-Menten substrates for the second
step of the parallel-sequential activation pathway, as de-
scribed in Appendix A.

(2) MzIIa and MzIIa Plus Thrombin Appearance. The
determination of initial rates of MzIIa and IIa plus MzIIa
appearance was carried out as described by Rosing et al.
(37) using the synthetic substrate S-2238. Prothrombin
activating mixtures contained prothrombin and factor Xa in
50 mM Tris, 175 mM NaCl, 5 mM Ca2+, and 0.6% PEG,1

pH 7.6 at 37°C. Aliquots from the reaction mixture were
quenched at different times with soybean trypsin inhibitor
(0.33 mg/mL; final concentration in the sample). Small (5
µL) samples from each aliquot (containing 10-100 nM
active site) were added to the sample wells of a 96-well
Falcon 3912 Microtest III flexible assay plate (Becton
Dickinson, Oxnard, CA). Each well contained 105µL of
buffer (38 mM Tris, 170 mM NaCl, 0.6% PEG, pH 7.9)
equilibrated at 37°C on a SLT 340 ATTC microplate reader
(SLT Labinstrument, Hillsborough, NC). S-2238 stock
solution (35µL of 0.47 mg/mL with 20 mM Ca2+) was added
to the well, and the mixture was allowed to equilibrate for
4 s at 37°C with shaking. Then, the absorbance at 405 nm
was recorded for 1 min so as to obtain the initial rate of
S-2238 hydrolysis from the linear rate of absorbance change.
The concentration of active site (IIa

1 plus MzIIa) exposed at
each time point was found by comparing the initial rate of
S-2238 hydrolysis to a standard curve that had been prepared
using active site titrated thrombin (5). To measure the amount
of MzII a formed, the amidolytic activity was also measured
after incubation of the reaction mixture aliquot for 1 min in
the presence of heparin (10µg/mL) and antithrombin III (300
nM) to block the thrombin but not MzIIa active site (38).
The rate of MzIIa appearance in the presence of membranes
could not be taken to define the rate of MzIIa formation,
since this intermediate was consumed at a rate comparable
to that at which it was formed. As for Pre2, the first-order
rate at which MzIIa became available as a Michaelis-Menten
substrate for the second step of activation was estimated as
described in Appendix A.

(3) Pre2 and MzIIa ActiVation. The formation of thrombin
from Pre2 and MzIIa as substrates was monitored at 37°C
by recording the change in the fluorescence intensity of
DAPA1 bound to exposed active sites, using an SLM
48000MHF spectrofluorometer (SLM Instruments, Inc.,
Rochester, NY). The excitation wavelength was 280 nm, the
emission wavelength was 540 nm, and a 515 cutoff filter
was used in the emission path. Since excitation is at the Trp
absorption peak, excited-state energy in this assay is trans-
ferred from protein to bound DAPA, resulting in enhanced
sensitivity relative to that obtained when exciting at the
absorption band of DAPA. Pre2 (0.5-2 µM) or MzII a (2-9
µM) and factor Xa (1.5 or 0.19µM) in buffer (50 mM Tris,
100 mM NaCl, 5 mM CaCl2, pH 7.4) containing DAPA1

(2:1 or 5:1 molar ratio to Pre2 or MzIIa, respectively) were
continuously stirred in a microcuvette (Hellma Cells, Inc.,
Forest Hills, NY) at a volume of 0.8 mL (10 mm path
length). Buffers were filtered through 0.2µm Nelgene filters
(Nalge Co., Rochester, NY) to reduce scattering artifacts.
The initial rate of thrombin generation was determined at

37 °C from the initial rate of fluorescence intensity change
normalized to the intensity at complete thrombin formation
(30). The fluorescence intensity at complete thrombin
formation was obtained by adding 20µL of ECV solution
(1 mg/mL) to convert all intermediate to thrombin. Fluores-
cence scans recorded for DAPA and MzIIa in the absence
of factor Xa corrected for MzIIa autolysis (33).

(4) Prothrombin Proteolysis Kinetics Detected by DAPA
Fluorescence. DAPA was also used to monitor continuously
the progress of prothrombin activation. Fluorescence intensity
was monitored as described for Pre2 and MzIIa activation.
Experiments presented here contained DAPA in a molar ratio
of 2:1 with prothrombin. Prothrombin (at concentrations of
0.5-2 µM) was incubated with the reaction buffer in the
cuvette for 6 min. An appropriate amount of LUV suspension
was added in order to reach the desired lipid concentration.
The fluorescence at this point was corrected for light
scattering (only significant at 2 mM lipid) to obtain the initial
DAPA fluorescence [F(0)]. An appropriate amount of factor
Xa was added (t ) 0), and the time course of activation was
then recorded continuously by monitoring fluorescence
intensity. The fluorescence at the end point of activation was
determined by adding 10µL of a Taipan snake venom stock
(12.5 mg/mL) to convert all prothrombin to thrombin. DAPA
forms a complex not only with thrombin (31) but also with
the intermediates in the prothrombin activation pathway, Pre2
and MzIIa (14, 22). Thus, if the relative fluorescence efficien-
cies of the DAPA complexes with these proteins are known,
the time course of DAPA fluorescence contains, in principle,
information about both the rate and pathway of prothrombin
activation (22). For this reason, DAPA fluorescence time
courses were compared with time courses of active site for-
mation and Pre2 formation as an internal test of the accuracy
of these more difficultly measured time courses (see Ap-
pendix B for a description of how this was accomplished).

RESULTS

Prothrombin Proteolysis by Factor Xa in the Absence of
Membranes.Carlisle and Jackson showed that activation of
bovine prethrombin 1 in the absence of membranes and factor
Va could be described by the parallel-sequential model and
involved both the MzIIa-des fragment 1 and Pre2 intermedi-
ates (4). MzIIa-des fragment 1 was very recently confirmed
as an intermediate during human prethrombin 1 activation
(1). While Carlisle and Jackson were able to estimate rate
constants for all four steps of the parallel-sequential pathway
as applied to bovine prethrombin 1 activation, these data do
not exist for activation of human prothrombin and are
essential to the analysis of the role of PS-containing
membranes that we have undertaken.

(A) MzIIa and Pre2 Proteolysis to Thrombin. Under our
conditions, the fluorescence yield of DAPA bound to MzIIa

is roughly 25% greater than that of DAPA bound to thrombin
(Table 2), resulting in a drop in fluorescence intensity as
MzII a is converted to thrombin by factor Xa (32). The initial
slope of this curve, relative to the fluorescence at completion
of the reaction, can be related (after correcting for the rate
of MzII a autolysis) to the initial rate of MzIIa conversion to
thrombin. This initial rate was a linear function of MzIIa

concentration from 2 to 9.5µM with a slope yielding an
apparent second-order rate constant of 14600 M-1 s-1, as
recorded in Table 1.
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Since the fluorescence of DAPA bound to thrombin is
roughly 10 times greater than for DAPA bound to Pre2
(Table 2), proteolysis of Pre2 leads to an increase in
fluorescence intensity. However, the rate of Pre2 proteolysis
was so slow that no reaction could be detected unless the
concentration of factor Xa was high. A very slow increase
in DAPA fluorescence could be detected for conversion of
Pre2 to thrombin by 1.53µM factor Xa. Addition of ECV
calibrated the fluorescence signal for 100% conversion to
thrombin. The rate of thrombin generation was linear with
Pre2 concentration up to 2µM, yielding an apparent second-
order rate constant of 86 M-1 s-1, as recorded in Table 1.
Experiments performed with F1.2 present at the same
concentration as Pre2 gave the same rate.

(B) Kinetics of Prothrombin Proteolysis to Pre2. Activa-
tion of [125I]prothrombin by factor Xa in the absence of
phospholipid and factor Va was followed by SDS-PAGE
at high enzyme concentration (0.75µM) due to the slow rate
of reaction. Pre2 was the major activation product detected
at early times (up to 12-15 min). After 15-20 min, the Pre2
band started to spread toward lower molecular weights. This
band shift was not observed in the presence of the thrombin
inhibitor DAPA.1 We interpret this as due to conversion of
Pre2 to des-(1-13) Pre2 through the action of thrombin or
MzII a, which must then be present in the activation mixture
even at early times. Thrombin and MzIIa degrade Pre2
because human prothrombin contains an Arg286-Thr287 bond,
which is susceptible to cleavage by thrombin (11). By 90
min (as long as the reaction was followed), the Pre2 band
was roughly equally distributed between the whole and des-
(1-13) forms. At these long reaction times, thrombin
heavy chain was clearly seen below the Pre2 band. For
analysis of the kinetics of Pre2 formation, the total amount
of product was taken to be the integrated area in the Pre2

and des-(1-13) Pre2 bands. The results of one such
experiment are plotted in Figure 2A as open triangles.

Several experiments were performed at different pro-
thrombin concentrations (3-50µM) in which the conversion
of prothrombin to Pre2 was followed by SDS-PAGE.
ApparentKM andkcat values could not be obtained from the
resulting time courses via the integrated Michaelis-Menten
equation, presumably because the apparentKM for this
reaction is larger than the substrate concentrations used. From
six such experiments, we obtained an average apparent
second-order rate constant of 1067( 300 s-1 M-1. In a
subsequent classical Michaelis-Menten experiment, special
effort was made to cover a large range of prothrombin
concentrations (4-75µM). Even with data going to this high
substrate concentration, there was insufficient curvature in
a plot of initial rate versus substrate concentration to yield a
meaningful estimate of theKM. The estimate obtained for
kcat/KM (1040 ( 40 s-1 M-1) from these measurements
agreed well with the apparent second-order rate constant
obtained from our first series of experiments using the

Table 1: Rate Constantsa for Proteolysis of Prothrombin and Its Fragments

reaction/
conditions

variable [Xa],
no PL (soln)

5 nM Xa,
20 µM PL

5 nM Xa,
50 µM PL

5 nM Xa,
200µM PL

5 nM Xa,
2 mM PL

A/Pre2
formation

(1.10( 0.04)× 103 c

KM > 100c [1.4 × 103]b
(2.10( 0.01) × 103 e6 × 102 c e6 × 102 c (5.7( 1) × 102 c

B/Pre2
activation

86 ( 7 [113]b (1.5( 0.2)× 105 (1.1( 0.1)× 105 (1.3( 0.2)× 105 <200

C/MzIIa

formation
44 ( 10d [98]b (8.9( 0.5) × 103

kcat) (1.15( 0.3) × 10-2 g

KM ) 1.3( 0.4e

(3.3( 0.3) × 104

kcat) (4.7( 0.9) × 10-2 g

KM ) 1.4( 0.4e

(1.47( 0.01) × 104

kcat) (3.2( 0.9) × 10-2 g

KM ) 2.2( 0.6e

(4.5( 0.1) × 103

D/MzII a

activation
(1.46( 0.14)× 104

KM > 20 [1.5× 104]b
(3.7( 0.7)× 106 f

kcat) 2.8( 0.3
KM ) 0.76( 0.23

(1.6( 0.1)× 106 f

kcat) 1.35( 0.08
KM ) 0.85( 0.13

(2.79( 0.04)× 106 f

kcat) 5.3( 0.1
KM ) 1.9( 0.06

(0.54( 0.04)× 106

E/channeling 0 (1.5( 0.3) × 103 h

kcat) (1.9( 1) × 10-3
(3.9( 0.4) × 104 h

kcat ) (5 ( 1) × 10-2
(1.44( 0.02) × 104 h

kcat) (3.2( 0.8) × 10-2
0

channelingi f 0 0.12 0.51 0.47 0
a Second-order rate constants (kcat/KM) have units of (M product) (M substrate)-1 (M bound Xa)-1 s-1 ) M-1 s-1. When available, apparent

Michaelis-Menten constants are also given with units of s-1 (kcat) or µM (KM). Error estimates derive from uncertainties in hyperbolic parameters
(kcat andKM) or of slopes (kcat/KM) of initial rates versus substrate concentration. All rate constants obtained by the regression analysis described in
Appendix A are italicized.b Values for proteolysis of bovine prethrombin 1 by bovine factor Xa reproduced from Carlisle et al. (4) for reference.
c Since no Pre2 could be detected in SDS-PAGE experiments, this upper limit is based on the limit of detection of our gels.d This parameter was
estimated by minimizing manually the sum of squared residuals of calculated and observed MzIIa and IIa concentration versus time (Figure 2A).
An estimate of the uncertainty was obtained as the largest change in the parameter resulting in a doubling of the sum of squared residuals.e KM

values are from hyperbolic fits of the rate of MzIIa appearance versus MzIIa concentration (Figure 5A), with the errors being the standard parameter
errors obtained from the fitting.f kd used for regression of the parallel-sequential or three-pathway models was obtained fromkcat/KM and theKM

for reaction C, as described in Results.g kcat for reaction C was obtained from estimates of the first-order rate constants (kc) obtained by least
squares regression using the expressionkcat ) (kc/[Xa]bound)([II] 0 + KM

C). Uncertainties inkc (standard parameter errors from SigmaPlot) andKM
C

(see footnotee) were translated to uncertainties inkcat as dkcat ) dkc/[Xa]bound([II] 0 + KM
C) + kc/[Xa]bounddKM

C
.

h First-order rate constants for direct
conversion of prothrombin to thrombin (reaction E in Figure 1) were obtained by least squares regression analysis (Appendix A). These were
converted tokcat values as described in footnoteg, usingKM values for reaction C.i The fraction of prothrombin channeled to thrombin via either
the MzIIa or Pre2-F1.2 intermediates was calculated asf ) ke/(ka + kc + ke).

Table 2: Characteristics of DAPA-Protein Complexes

protein (i) Kd qi/q0d

thrombin (1) 2.0× 10-8

2.0× 10-8 (14)
4.3× 10-8 (31)
1.7× 10-8 (33)

32.4( 0.1 (3)a

MzII a (2) 5.9× 10-8

5.9× 10-8 (33)
5.9× 10-8 (22)

40.2( 0.2 (3)b

Pre2 (3) 4.5× 10-7

5.9× 10-7 (14)
3.7( 0.1 (2)a

a Number of determinations.b Three determinations at different
[MzII a] led to an extrapolated value as [MzIIa] f 0. The error was
estimated from the uncertainty in the extrapolation.
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integrated Michaelis-Menten method and is reported in
Table 1. From these data, we conclude thatKM > 200 µM
andkcat > 0.2 s-1.

(C) MzIIa and Thrombin Appearance. Figure 2A also
shows the time course for the appearance of total active site
concentration (inverted triangles) observed using the synthetic
substrate S-2238 for 4µM prothrombin. The overall initial
rate of total active site formation was linear in prothrombin
concentration up to 15µM (insert to Figure 2A) and yielded
an apparentkcat/KM of 62 ( 4 M-1 s-1, with KM >25 µM.
Upon incubation for 1 min in the presence of antithrombin
III plus heparin, the thrombin active site is blocked, and only
MzII a is detected (38). Both these data (squares in Figure
2A) and the large rate of MzIIa proteolysis (Table 1) make
it clear that MzIIa appears transiently during the activation
of prothrombin by factor Xa in solution. This made it
impossible to estimate the rate of prothrombin proteolysis
to MzIIa (reaction C of Figure 1) directly from the rate of
MzIIa appearance. This could reflect slow formation of MzIIa

coupled with its rapid conversion to thrombin. To obtain the
time course of thrombin generation, the time course of MzIIa

appearance was subtracted from the time course of total
active site appearance, with the result being plotted as circles
in Figure 2A. The appearance of Pre2 was followed via
SDS-PAGE and is shown as triangles in Figure 2A. In the
early stages of proteolysis, the appearance of active sites was,
as expected, due mainly to formation of MzIIa.

(D) Simulation of Prothrombin ActiVation and Kinetics
of MzIIa Formation. Table 1 summarizes the rate constants

obtained here for the factor Xa-catalyzed proteolysis of
human prothrombin (reaction A, Figure 1), Pre2 and F1.2
(reaction B), and MzIIa (reaction D). The second-order rate
constant for MzIIa formation (44( 10 M-1 s-1; reaction C)
was obtained by fitting the time courses in Figure 2A to the
parallel-sequential reaction mechanism (eqs A1-A4). The
solid lines in Figure 2A demonstrate that the observed rate
of thrombin formation and Pre2 and MzIIa appearance could
be predicted quite well by the parallel-sequential model. The
predicted thrombin appearance curve shows clearly the lag
phase and the MzIIa curve the maximum expected for a two-
step, sequential mechanism. These features are also evident
in the experimental data (circles for thrombin; squares for
MzII a).

Our simulation procedures (Appendix A) show that, under
the conditions of the experiment shown in Figure 2A, the
initial thrombin formed by the action of factor Xa derived
almost exclusively from the MzIIa intermediate (Figure 2B,
dot-dot-dashed curve), while the Pre2 intermediate contrib-
uted to thrombin formation only at long reaction times
(Figure 2B, dashed curve).

Our conclusions regarding the mechanism of human
prothrombin activation in the absence of lipid and factor Va

agree entirely with those reached by Carlisle et al. (4) for
activation of bovine prethrombin 1 (prothrombin missing its
membrane binding, N-terminal piece, fragment 1; see Fig-
ure 1). Indeed, the apparent second-order rate constants
obtained here are also in general agreement with those
reported by Carlisle et al. for the bovine proteins (see Table
1). These results are useful in two ways. First, they estab-
lish the similar functionality of the bovine and human forms
of factor Xa and prothrombin in the absence of mem-
branes and factor Va. This agreement is expected from (1)
similarities in the second-order rate constants for activation
of the human and bovine forms of MzIIa and Pre2 by the
full prothrombinase complex (21, 30), (2) similarities in
the binding affinities of the human and bovine forms of
prothrombin and factor Xa to acidic lipid membranes (9),
and (3) similarities in conformational changes in bovine and
human prothrombin associated with membrane binding (45).
Second, the expected agreement of our results with those of
Carlisle et al. serves to validate our method for estimating
the kinetic constants for activation of human prothrombin
by factor Xa.

Prothrombin Proteolysis by Factor Xa in the Presence of
Membranes. (A) Time Courses of MzIIa and Thrombin
Appearance. The thrombin-specific chromogenic substrate
S-2238 is hydrolyzed equally well by the active site of MzIIa

or thrombin and thus can detect the presence of both, as
described in Methods. Initial time courses for activation of
1 µM prothrombin to MzIIa and thrombin by 5 nM factor
Xa in the presence of Ca2+ and different concentrations of
PS/POPC (25:75) LUV are shown in Figure 3. Panel A
shows that the time course of MzIIa appearance was linear
for all lipid concentrations over the time range investigated.
From panel B of this figure, it is evident that the same is
not true of the time course of thrombin formation, which
showed a lag phase at very low (20µM, squares) or very
high (2 mM, triangles) lipid concentrations. This implies the
existence of a sequential reaction pathway at these two lipid
concentrations, with the accumulation of one or more
intermediates that are then converted to thrombin. The

FIGURE 2: Time course of MzIIa or MzIIa plus thrombin appearance.
(A) A reaction mixture containing prothrombin (4µM), factor Xa
(91 nM), 50 mM Tris (pH 7.6), 175 mM NaCl, 5 mM Ca2+, and
PEG (0.6%) at 37°C was monitored by the rate of S-2238
hydrolysis in the presence (MzIIa only, squares) and absence (MzIIa
plus thrombin, inverted triangles) of heparin (10µg/mL) and
antithrombin III (300 nM). The difference between these two
observations gives the time course for the production of thrombin
(circles). The appearance of Pre2 (triangles; note scale on right
ordinate) was measured using SDS-PAGE. The lines represent the
simulated time course for the appearance of thrombin (solid), MzIIa
(dot-dot-dashed), thrombin and MzIIa (dot-dash), and Pre2 (dashed)
using the parallel-sequential model and the kinetic parameters
measured in this work (Table 1). The insert shows the initial rate
of total active site (open circles) appearance as a function of
prothrombin concentration, with the straight line through these
points defining the apparentkcat/KM of 62 ( 4 M-1 s-1. (B) A
simulation of prothrombin proteolysis by the parallel-sequential
mechanism is shown in terms of total thrombin (solid line) and the
amounts of thrombin that appear via the MzIIa (dot-dot-dashed line)
and Pre2 (dashed line) intermediates.
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intermediate could be either MzIIa or Pre2 and F1.2. The
essentially linear reaction time courses seen at intermediate
lipid concentrations are not necessarily inconsistent with a
sequential, two-step reaction mechanism, but if this mech-
anism obtains, these time courses do imply that intermediate
is converted to thrombin very rapidly once it is formed.

It is also worth noting about the time courses in Figure 3
that the initial rates of MzIIa or thrombin formation did not
increase with lipid concentration in a simple monotonic
fashion. To reveal more clearly the lipid dependence of
prothrombin activation by factor Xa, we have plotted in
Figure 4A the initial rate of MzIIa and thrombin formation
as a function of lipid concentration at a single prothrombin
concentration (0.5µM). Several features of these data deserve
comment. First, the rate of thrombin formation (open circles)
increased dramatically from 0 to 50µM phospholipid and
then also decreased rather quickly up to 200µM. Above 200
µM lipid, the rate of thrombin formation continued to
decrease, but much less dramatically. Second, the rate of
MzIIa appearance showed a less dramatic optimum than seen
for thrombin formation at 50µM lipid and was roughly
constant from 50 to 200µM lipid. In the range of lipid
concentration from 50 to 200µM, the rate of thrombin
formation was greater than the rate of MzIIa appearance
(Figure 4A). This might mean that significant thrombin
formed through the Pre2 pathway under these conditions or
that most MzIIa produced was very rapidly processed to
thrombin and thus not detected. It was in this intermediate
lipid concentration range that thrombin formation was linear

with time (Figure 3B). The implication of these observations
is that, for this intermediate lipid concentration, any inter-
mediate formed (MzIIa or Pre2) must be very rapidly
converted to thrombin.

(B) Apparent Michaelis-Menten Parameters for MzIIa and
Thrombin Formation. For two reasons, the steady-state
kinetic constants for prothrombin activation by factor Xa in
the presence of membranes were more difficult to determine
than by factor Xa alone in solution. First, the concentration
of the enzymatic species of interest (factor Xa bound to the
surface) is a function not only of lipid but also of substrate
concentration. In general, competition between the substrate
and enzyme for the membrane was minimal except under
conditions of very high substrate concentration and low lipid
concentration, but the linkage between these binding equi-
libria still had to be taken into account using methods
described previously (34). Figure 4B shows the fractions of
factor Xa (solid line) and of prothrombin (dotted line) bound
to membrane at each lipid concentration under the conditions
of the experiments recorded in Figure 4A. Note that the peak
in the rate of thrombin formation corresponded to saturation
of factor Xa binding even though only about 75% of
prothrombin was bound at this lipid concentration. Also
shown as a dashed line is the fraction of membrane surface
occupied by bound proteins. This was maximal at 20µM
lipid, a concentration for which prothrombin binding was
well below saturation and at which the rates of MzIIa and
thrombin formation were still suboptimal. These curves
suggest that the maximum rate of thrombin generation
occurred at a lipid concentration for which there was a
balance between the extent of prothrombin binding and the

FIGURE 3: Initial time courses of meizothrombin and thrombin
formation. (A) The appearance of MzIIa with time of incubation
(abscissa) at 37°C was monitored by the rate of S-2238 hydrolysis
in the presence of heparin (10µg/mL) and ATIII (300 nM). (B)
The appearance of MzIIa plus thrombin with time of incubation
(abscissa) at 37°C was monitored by the rate of S-2238 hy-
drolysis in the absence of heparin (10µg/mL) and ATIII (300
nM). Thrombin formation was determined as the difference be-
tween the contribution of the active site detected by S-2238
hydrolysis in the absence and presence of heparin and ATIII (see
Methods). The reaction mixture contained 1µM prothrombin, 5
nM factor Xa, 50 mM Tris (pH 7.6), 175 mM NaCl, 5 mM Ca2+,
0.6% PEG, and different concentrations of PS/POPC (25:75)
LUVs: 20 µM (filled squares); 50µM (filled triangles); 200µM
(filled circles); 2 mM (filled inverted triangles). Straight lines were
obtained using least squares linear regression on all points except
the zero time point.

FIGURE 4: Initial rates of prothrombin activation as a function of
phospholipid (PS/POPC, 25:75, LUV) concentration. Active site
development at 37°C (thrombin and MzIIa or MzIIa formation;
see Methods) was determined by S-2238 assays. Reaction mix-
tures contained 0.5µM prothrombin, 5 nM Xa, 50 mM Tris (pH
7.6), 175 mM NaCl, 5 mM CaCl2, and 0.6% PEG. The concentra-
tion of PS/POPC (25:75) membranes was varied from 0 to 2000
µM. Panel A records the initial rate of MzIIa formation (filled
circles) and thrombin formation (open circles) as a function of
phospholipid concentration. Panel B shows the calculated frac-
tion of factor Xa bound to lipid (solid line), the fraction of
prothrombin bound to lipid (dotted line), and the fraction of lipid
surface occupied by bound protein (dashed line). The calcula-
tions and binding constants used are documented in Powers and
Lentz (34).
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density at which factor Xa and prothrombin occupied the
membrane surface.

Second, competition for the substrate exists between
membrane-bound factor Xa and factor Xa free in solution.
For most cases, the contribution to prothrombin activation
from solution factor Xa was insignificant, but one must still
account for the fraction of total factor Xa that is bound to
the membrane in analyzing kinetic experiments. There is also
the question of whether to consider only membrane-bound
substrate. In all cases, initial rates were expressedper bound
factor Xa concentration, and thetotal substrate concentra-
tion2 was used to obtainkcat and KM kinetic constants for
the membrane-bound enzyme. In every instance, initial rates
are presented in terms of “product formed per unit time per
membrane-bound factor Xa”.

For several key lipid concentrations, the procedures
described above were used to obtain the initial rate of
thrombin formation or MzIIa appearance as a function of
substrate concentration (Figure 5). Except at the highest lipid
concentration (2 mM, inverted triangles), the initial rate of
MzII a appearance (Figure 5A) showed saturable behavior
with substrate concentration, typical of a normal Michaelis-
Menten description. From these curves were obtained the
apparentsteady-statekcat andKM values. Thekcat values (0.13
( 0.06, 2.5( 1.1, and 1.1( 0.4 s-1 for 20, 50, and 200
µM membranes, respectively) peaked at 50µM membranes,
while KM (Table 1) showed little variation in the range from
20 to 200µM membranes. At 2 mM PS/POPC membranes,
only kcat/KM could be defined [(0.38( 0.03)× 104 M-1 s-1],
implying thatKM > 5 µM. As seen from the table, the rates
obtained in the presence of membranes were much larger
than those observed in the absence of membranes. Note that,
because MzIIa is consumed as it is formed,these apparent
rate constants for MzIIa appearance are lower limits to the
actual rates of MzIIa formation.

The Michaelis-Menten plots for thrombin formation were
much more complex, as shown in Figure 5B. At a very high
lipid concentration (2 mM, inverted triangles), a linear
increase in rate with prothrombin concentration was seen,
and a seemingly normal saturable behavior was seen at 200
µM lipid (circles). However, the initial rate of thrombin
formation at low and intermediate lipid concentrations (20
µM, squares; 50µM, triangles) showed first a saturable
behavior and then a secondary increase with increasing
prothrombin concentrations (Figure 5B, squares and inverted
triangles, respectively). We estimated the second-order rate
constant [(3.4( 0.3)× 104 M-1 s-1] for the overall activation
of prothrombin to thrombin at 50µM PS/POPC membranes
from a linear fit to the initial part of the inverted triangle
data in Figure, 5B. Using our methods for estimating
concentrations of prothrombinase species (34), we calculated
that the fraction of prothrombin that was membrane bound
varied with the concentration of prothrombin in a reaction
mixture at these low lipid concentrations. At low substrate
concentrations, most of the substrate and factor Xa are bound

to the membrane; but at high substrate concentrations, the
membrane becomes crowded. The possible consequences of
this crowding will be addressed in the Discussion.

(C) Kinetics of the ConVersion of MzIIa and Pre2 to
Thrombin.DAPA displays different fluorescence properties
when complexed with thrombin, Pre2, or MzIIa (14; Table
2). The time course of fluorescence intensity increase thus
provides a measure of thrombin generation from Pre2 (in
the presence of equimolar amounts of F1.2), as shown in
Figure 6A. The first 5-10% of these time courses were
nearly perfectly linear, and the initial rate of thrombin
formation was obtained by fitting this part of each time
course (always<10% completion) to a straight line, as
illustrated by the dashed curve in Figure 6A. Plots of the
initial rate of thrombin generation were nearly a linear

2 We take the position that it is impossible to know at this point
whether approach of prothrombin to the factor Xa active site is more
effective via the membrane surface or via solution under any particular
set of conditions. For this reason, empirical kinetic constants were
always calculated in terms oftotal prothrombin concentrationand apply
only to the membrane and protein concentrations for which they were
obtained.

FIGURE 5: Meizothrombin and thrombin formation as a function
of prothrombin concentration. The initial rate of MzIIa (A) or II a
formation (B) (obtained as in Figure 4) is plotted as a function of
prothrombin concentration. Prothrombin at a series of concentrations
in a total volume of 250µL was activated with factor Xa (5 nM) in
a buffer containing 50 mM Tris, 100 mM NaCl, and 5 mM CaCl2
at pH 7.4 and 37°C with lipid concentrations of 20µM (squares),
50µM (triangles), 200µM (circles), and 2 mM (inverted triangles).
Initial rates obtained from the earliest time points of progress curves
were corrected by dividing by the fraction of factor Xa bound to
membranes. Thus, apparent kinetic constants obtained from hy-
perbolic fits to these data reflect the activity of membrane-bound
factor Xa. ApparentKM values for MzIIa appearance are recorded
in Table 1; these are assumed to characterize MzIIa formation. The
apparentkcat values for MzIIa appearance obtained from the fits
shown were (1.7( 0.2)× 10-3, (35( 5) × 10-3, and (24( 3) ×
10-3 s-1 for 20, 50, and 200µM lipid, respectively. For 2 mM
lipid, kcat/KM was (0.38( 0.03)× 103 M-1 s-1. Because MzIIa is
consumed as it is formed, these values are lower limits to the actual
rates at which the MzIIa intermediate is formed and released from
the membrane-enzyme complex. For the sake of comparison with
the literature, Michaelis-Menten parameters were obtained from
fitting the thrombin data by a hyperbola up to the highest prothrom-
bin concentration that would reasonably allow such a fit. Values
of kcat andKM were (44( 18) × 10-3 s-1 and 1.9( 1.3 µM and
(67 ( 0.002)× 10-3 s-1 and 5.5( 0.01µM for 50 and 200µM
lipid, respectively, and values ofkcat/KM were (7.0( 0.4) × 103

and (0.64( 0.09) × 103 M-1 s-1 for 20 µM and 2 mM lipid,
respectively.
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function of Pre2 concentration up to about 2-3 µM Pre2
(dashed curve in the insert to Figure 6A), which was usually
the highest Pre2 concentration considered. The slopes of such
lines obtained with 5 nM factor Xa and in the presence of
20 µM, 50 µM, 200 µM, and 2 mM PS/POPC membranes
yielded thekcat/KM values recorded in Table 1. For the
experiment carried out at 55 nM Xa and shown in Figure
6A, data were recorded up to 6µM Pre2, yielding a very
slightly curved Michaelis-Menten plot (insert to Figure 6A).
This produced a crude estimate of thekcat andKM of Pre2
activation as 1.2( 0.1 s-1 and 14( 2 µM, respectively.
Since F1.2 binds tightly to Pre2 (29), it is expected that it
serves to deliver Pre2 to membrane-bound factor Xa. Not
surprisingly, then, the rate of thrombin formation from Pre2
in the absence of F1.2 but in the presence of 75µM PS/
POPC membranes was only 100 M-1 s-1 (data not shown),
essentially indistinguishable from the rate seen in the absence
of membranes (Table 1).

Thrombin generation from MzIIa was similarly followed
by a change (in this case, decrease) in DAPA fluorescence
intensity (Figure 6B). A plot of initial rate versus MzIIa

concentration at 200µM PS/POPC membranes is given in
the insert to Figure 6B. For all lipid concentrations studied
(20 µΜ, 50 µM, 200 µM, and 2 mM PS/POPC), the initial
rate of thrombin formation was saturable in MzIIa, so all
such plots were fit to hyperbola to obtain thekcat and KM

values recorded in Table 1. As for the other proteolysis
reactions investigated, the initial rates were expressed at each
substrate concentration as rates per concentration ofmembrane-
bound factor Xa so that the resulting steady-state rate
constants refer to reactions catalyzed by membrane-bound
enzyme only.

(D) Application of the Parallel-Sequential Model To
Estimate Rates of Pre2 and MzIIa Formation.To obtain rate
constants for reactions A and C of the proteolytic scheme
shown in Figure 1, we have measured directly the time
courses of thrombin and MzIIa (determined by S-2238 and
SDS-PAGE) and Pre2 appearance (SDS-PAGE) at lipid
concentrations of 20µM, 50 µM, 200µM, and 2 mM. These
data are presented in the left panels of Figure 7. It is clear
that the results from S-2238 activity measurements (open
symbols) are in very good agreement with the much more
labor-intensive measurements via SDS-PAGE (filled sym-
bols). At 200µM lipid, we have measured Pre2 appearance
at only one time point since no Pre2 was detected at 50µM
and very little was detected at 2000µM PS/POPC membrane,
and a good match was seen between SDS-PAGE and the
S-2238 assay at all lipid concentrations. We also calculated
fluorescence intensities expected for DAPA-based monitoring
of prothrombin proteolysis from the activity-based data
shown in Figure 7. This was done using the methods
described in Appendix B and the DAPA properties collected
in Table 2. The quantitative agreement of these calculated
values with actual DAPA fluorescence time courses (not
shown) provided a third confirmation of our activity-based
time courses. Finally, we attempted to describe the data in
Figure 7 in terms of the parallel-sequential model, as
described in Appendix A. Since we wished to test the ability
of the parallel-sequential model to account for these data,ke

was fixed at 0 (no direct conversion of prothrombin to
thrombin) in attempting to describe the data. We keptkb and
kd fixed at values determined in this paper (Table 1), andka

and kc were adjusted to obtain the best possible fit to the
three (IIa, MzIIa, Pre2) experimental time courses. Initial
estimates of these parameters were the lower limits tokc

obtained from the data in Figure 5A and the value ofka

obtained in the absence of membranes (Table 1).
This procedure makes the inherent assumption that all

membrane-bound factor Xa is available for the second steps
of the parallel-sequential reaction model, i.e., that [Xa]bound

(membrane-bound Xa) is constant for each step of the
reaction mechanism. With this assumption, our initial efforts
consistently overestimated the rate of thrombin appearance
and underestimated the rate of MzIIa appearance, and only
by reducing the value ofkd [rate of MzIIa conversion to
thrombin ) (kcat/KM)d[Xa]bound] could we reproduce the
measured thrombin and MzIIa time courses. We reasoned
that not all membrane-bound Xa might be available for the
second step of the reaction, since a substantial fraction of
Xa might be tied up with the first step of the reaction at the

FIGURE 6: Time course of prethrombin 2-fragment 1.2 and MzIIa
activation to thrombin. (A) For Pre2 activation, the increase in
fluorescence intensity due to formation of the DAPA-thrombin
complex was recorded at 37°C. Plotted is the percent increase of
DAPA fluorescence versus time. Percent increase was calculated
as the observed fluorescence change (F - F0) due to proteolysis
divided by the total fluorescence change (Ftotal - F0) resulting from
activation of Pre2 to thrombin by addition of ECV times 100%.
The instrumental setup is described in Methods. The reaction
mixture contained 0.3µM Pre2, 0.6µM DAPA, 0.3 µM F1.2, 55
nM factor Xa, 75µM 25:75 PS/POPC LUV, and 5 mM Ca2+ in 50
mM Tris and 0.1 M NaCl, pH 7.4. The straight line defining the
initial rate was obtained by linear regression of the very early
portion of the time course (in this case, 20 s). The insert shows
initial rates of thrombin formation as a function of the concentration
of Pre2 in the presence of an equal concentration of fragment 1.2.
(B) For MzIIa activation, the decrease in fluorescence of DAPA
was recorded at 37°C using an instrumental setup described in
Methods. The reaction mixture contained 1.0µM MzII a, 5.0 µM
DAPA, 5 nM factor Xa, 200µM 25:75 PS/POPC LUV, and 5 mM
CaCl2 in 50 mM Tris and 100 mM NaCl, pH 7.4. The insert shows
a plot of initial rate of thrombin formation as a function of MzIIa
concentration.

Membrane Effects on Prothrombin Activation Kinetics Biochemistry, Vol. 41, No. 3, 2002943



high prothrombin concentration used in our experiments (1
µM). In other words, prothrombin or product binding to
factor Xa might lower [Xa]boundavailable for the second step
of the reaction (MzIIa f II a). Rather than introduce an
adjustable parameter to account for this substrate competition,
we decided to estimate the concentration of membrane-bound
factor Xa tied up with the first step of the reaction from the
Michaelis-Menten constant (KM

c ) for conversion of pro-
thrombin to MzIIa (reaction C in Figure 1): [XaII] bound )
[Xa]bound[II] 0/(KM

c + [II] 0), where [II]0 ) initial prothrombin
concentration (1µM for the reaction conditions used to obtain
this table). This gavekd ) [Xa]bound(kcat/KM)d{KM

c /(KM
c +

II 0)}, with which we were able to describe our data without
introducing any additional parameters. This amounts to

treatingKM
c as anapparent dissociation constantfor bind-

ing of all forms of the substrate (unreacted or cleaved) to
membrane-bound Xa in order to estimate the fraction of
enzyme available to bind released intermediate for the second
step of the reaction.

At high lipid concentration (2 mM), a reasonable descrip-
tion of the data by the parallel-sequential model was possible,
and the lines drawn through the data in Figure 7 illustrate
the fit obtained. The best fit values ofka andkc are given in
Table 1. The rate of Pre2 formation (ka) could be reasonably
estimated only at 20 and 2000µM lipid, where Pre2 was
detectable by SDS-PAGE under our reaction conditions.
From these regression-adjusted parameters, it is clear that
ka was not altered significantly by the presence of mem-
branes. By contrast, the rate of MzIIa formation (kc) was
increased about 100-fold. The time course for thrombin
generation at 2 mM lipid (open squares in Figure 7) shows
the positive curvature expected for a sequential process (line
in Figure 7) involving accumulation of an intermediate. The
appearance of the MzIIa intermediate had a slightly negative
curvature over the time interval investigated (circles), as also
predicted by the parallel-sequential model (dashed line in
Figure 7). The initial rate of thrombin formation was also
greater that the sum of the initial rates of Pre2 and MzIIa

formation at 2 mM lipid, also consistent with a sequential
reaction model. We conclude that the parallel-sequential
model was consistent with our data at 2 mM lipid.

The data at 20µM lipid could be roughly described by
the parallel-sequential model but with the appearance of
MzII a somewhat overpredicted and the appearance of IIa

somewhat underpredicted (insert to Figure 7).

Under the conditions for which we observed maximal
activation rates (intermediate lipid concentrations; see Figure
4A), it was impossible to obtain values forka and kc that
would allow a description of all three observed time courses
by the parallel-sequential reaction mechanism. This is
illustrated for the 50 and 200µM lipid data by the inserts to
the left-hand panels of Figure 7. If the predicted production
of thrombin (solid lines in the inserts) approximated the
observed (open circles), then the predicted appearance of
MzIIa (dashed lines in the inserts) overestimated the observed
(open squares), as seen at 200µM lipid. If the appearance
of MzIIa was well matched, thrombin formation was grossly
underpredicted (illustrated by the insert for the 50µM lipid
data). Thus, while the parallel-sequential mechanism can
account well for factor Xa catalyzed activation of prothrombin
in the absence of membranes or at excess or extremely low
lipid concentration, it cannot account for observed time
courses at optimal lipid concentration. Indeed, the parallel-
sequential model could not account for the dataeVen when
the experimentally fixed rates (kb and kd) were allowed to
Vary. While simulations based on the parallel-sequential
model are useful to illustrate this, it is inherently clear that
thrombin cannot be produced at a greater rate than are the
intermediates (as occurs at 50µM lipid; see Figure 7) if
thrombin must be formed via released intermediates. We
conclude that, under these conditions of high surface
occupancy of PS/POPC membranes by prothrombin and
factor Xa (Figure 4B), the parallel-sequential reaction mech-
anism is inadequate and a third path for thrombin formation
must be considered.

FIGURE 7: Best fits of simulations to observed prothrombin
proteolysis data at different lipid concentrations: (A) 20µM PS/
POPC LUVET; (B) 2000µM PS/POPC LUVET; (C) 50µM PS/
POPC LUVET; (D) 200 µM PS/POPC LUVET. Left panel:
Prothrombin (1µM) proteolysis catalyzed by factor Xa (5 nM) in
the presence of PS/POPC (25:75) LUVET (membrane concentra-
tions indicated in right panels) and CaCl2 (5 mM) was moni-
tored at 37°C by thrombin (circles) and MzIIa (squares) activity
assays (open symbols) or by SDS-PAGE (closed symbols). The
time courses of Pre2 formation detected by SDS-PAGE are
presented as filled triangles. Simulated time courses (lines) were
calculated according to eqs A1′-A4′ using best fit kinetic
parameters given in Table 1. For 20, 50, and 200µM PS/POPC
membranes, the inserts show that least squares fits to the thrombin
(solid lines), MzIIa (dashed lines), and Pre2 (dot-dashed lines) data
were inadequate, and it was necessary to include reaction E of
Figure 1 to describe the data adequately (solid lines in the main
left-hand frames). Right panel: Simulated quantities of thrombin
(solid lines) arising via MzIIa (small squares), Pre2 (small triangles),
or channeling (reaction E, dashed lines) are plotted versus time.
Simulations were performed using eq A4 and best fit kinetic
parameters given in Table 1 and integrating individually up to a
desired time the three terms contributing to thrombin formation in
this equation.
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DISCUSSION

A Hypothesis: Intermediate “Channeling” at Optimal
Lipid Concentrations.To account for the rapid appearance
of thrombin at optimal lipid concentrations, a third pathway
was hypothesized (three-pathway model). The rationale for
this hypothesis is that, at optimal surface occupancy,
intermediate released to the membrane surface should have
a finite chance of binding to a membrane-bound factor Xa

molecule before it dissociates from the membrane. Ef-
fectively, the enzyme and the membrane surface around it
should act as an “extended enzyme” with which the inter-
mediate remains associated until a second bond can be cut
due to rebinding of the intermediate to the actual membrane-
bound factor Xa enzyme. Processing of two or more suc-
cessive steps of an enzymatic reaction without release of an
intermediate is commonly called channeling, and we hy-
pothesized that a membrane surface could act to channel
intermediate rapidly to thrombin. The simplest way to model
this hypothesis in the context of the parallel-sequential model
was to include reaction E in Figure 1. For data collected at
50 and 200µM PS/POPC membranes,ke values on the order
of kc (MzII a formation) were needed to obtain a good
description of the data (Table 1). The data obtained at 20
µM lipid were also best described by the three-pathway
model (left panel of Figure 7). It is evident from Figure 7
that the channeling hypothesis allowed both the shapes and
magnitudes of thrombin, MzIIa, and Pre2 time course curves
to be well predicted. The fit of the model to the 50 and 200
µM PL data was insensitive toka, because SDS-PAGE could
not detect any Pre2 formed under these reaction conditions.
Thus, we could estimate only an upper limit toka. Surpris-
ingly, this was about the same as estimated in the absence
of membranes (Table 1), implying that even optimal mem-
brane concentrations had no amplifying effect on proteolysis
of bond Arg273-Thr274 in prothrombin to form Pre2 and F1.2.

Membrane Origin of the Proposed Channeling Phenom-
enon.A prediction of the hypothesis outlined above is that
it should play a significant role when the surface occupancy
of the “effective enzyme” (factor Xa surrounded by a small
radius of membrane surface) approaches unity, i.e., when
there is little “free” surface from which intermediate would
be more likely to escape to solution than to return to factor
Xa. The fraction,f, of intermediate that fails to escape this
radius of factor Xa influence is thus predicted to decrease
with increasing membrane concentration. It is easy to show
that f ) ke/(ka + kc + ke), where thek values are pseudo-
first-order rate constants for the three possible initial steps
of the three-pathway model (Figure 1; Appendix A). Values
of f (the “channeling fraction”) calculated in this way are
given in Table 1. As predicted,f decreased with increasing
membrane concentration from 50 to 2000µM lipid. Why is
channeling reduced at 20µM membranes when surface
occupancy is actually greatest at this membrane concentration
(Figure 4B)? The explanation for this is that, at low lipid
concentration, there is little free membrane surface available
to bind intermediate. Since diffusion of the intermediate on
the surface depends on the availability of free surface binding
sites, low availability of free surface would increase the
probability that intermediate would be released to the
solution, thus reducing channeling. Thus, membrane-medi-
ated intermediate channeling will reflect a delicate balance

between surface crowding and surface dilution, explaining
the maximum seen at 50µM lipid. This may offer an
explanation for why activated platelets provide PS-exposed
membrane surface in terms of small membranous vesicles
(19, 39, 40) that would limit the surface area available for
enzyme and substrate binding.

Within the context of the channeling hypothesis,f ) 1
means that all intermediate is channeled to thrombin; none
is converted via the traditional parallel-sequential mechanism.
This does not mean that activation does not occur via the
MzIIa or Pre2 intermediates, just that any intermediate formed
is converted to thrombin without being released from the
“enzyme”. Viewed in this way, it is clear that even the “best
fit” values of the rates of Pre2-F1.2 or MzIIa formation (ka

and kc) do not represent the total rates of these reactions.
They represent only the rates of formation of those inter-
mediates that appear in solution to serve as Michaelis-
Menten substrates for the second proteolytic step. According
to the channeling hypothesis, a substantial fraction of either
intermediate can remain “bound” (i.e., it can return rapidly,
via diffusion on the membrane surface, to factor Xa) and is
never detected by our steady-state kinetic methods. A similar
proposal has been made on the basis of pre-steady-state
measurements for prothrombin activation by factor Xa

associated with membrane-bound factor Va (43). Very
recently, a study has appeared using much the same approach
as employed here to show that bovine factor Va binding to
factor Xa in the absence of membranes causes 39% of
intermediate produced to be converted directly to thrombin
(2). Our results suggest that, at optimal membrane concentra-
tions, a comparable fraction of intermediate (51%) is
channeled to thrombin. It may be that factor Va and the
platelet membrane to which it is bound work together to
ensure that the majority of intermediate produced is converted
directly to thrombin, thus together accounting for a good
portion of the 150000-300000-fold rate enhancement seen
for the prothrombinase relative to factor Xa alone (32, 37).

Pathway of Prothrombin ActiVation in the Presence of
Membranes. We used the parameter values summarized in
Table 1 to simulate prothrombin activation pathways using
the three-step, parallel-sequential model. The results of this
simulation are shown in the right panels of Figure 7 in terms
of total thrombin formed (solid line) or thrombin formed via
MzII a (small circles) or Pre2 (small triangles) intermediates
or via channeling (dashed line). For optimal membrane
concentrations (50 and 200µM), channeling was the major
pathway, but we cannot tell from our experiments which
intermediate might dominate. For suboptimal (20µM, pro-
tein-crowded surfaces) or excessive (2 mM, diluted surfaces)
membrane concentrations, channeling was not essential to
explain the data, and we can ask which intermediate domi-
nates activation? At nonoptimal membrane concentrations
(20 µM, 2 mM, and to some extent 200µM), our results
indicate that, of the two released intermediates, activation
proceeds almost exclusively via MzIIa. In the second paper
of this series, we show that a soluble form of PS seems to
shut down Pre2 formation and therefore the corresponding
pathway.

It is worth noting that the effects of membranes on the
rates of the two bond cleavages (Arg322-Ile323 or Arg273-
Thr274) depend on the substrate for the proteolysis. It has
tacitly been assumed that anything that enhanced bond
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cleavage in the intermediates should enhance the same bond
cleavage in prothrombin (3, 22, 30). Our results indicate that
this is not the case for the effect of PS-containing membranes
on activation. The rate of Arg322-Ile323 cleavage was en-
hanced roughly 10-fold with Pre2 as a substrate (reaction B
in Table 2) relative to that with prothrombin as a substrate
(reaction C). The most dramatic effect of substrate on mem-
brane-enhanced rate enhancement was for Arg273-Thr274

cleavage, which was nearly unaffected or even inhibited by
membranes with prothrombin as a substrate but was enhanced
by 250-fold with MzIIa as a substrate. A 10-fold preference
for MzIIa as a substrate, relative to prothrombin, was reported
for the enhancement of Arg274-Thr275 (bovine numbering)
cleavage by bovine factor Xa with the addition of bovine
factor Va (2). Just as PS-containing membranes and factor
Va seem to have similar effects on channeling, they both
seem to favor the MzIIa intermediate. The exact extent to
which these two cofactors work together to enhance chan-
neling and to direct activation through MzIIa will be ad-
dressed in a later paper.

Even though factor Va is not present in our reaction, both
of the phenomena implied by our observations (channeling
and direction of activation via MzIIa) may have physiological
significance. According to current views of coagulation, a
small amount of thrombin must form on damaged endothelial
cells before platelets and factor V can be activated to produce
the burst of thrombin that will lead to the platelet plug and
ultimately to fibrin to stabilize the clot (35). Our work shows
that exposed PS is sufficient to trigger reasonably efficient
formation of low levels of thrombin in a membrane-localized
fashion.

Effects of Surface Occupancy on Proteolysis.We sug-
gested above that a crowded membrane surface might explain
reduced channeling at 20µM PS/POPC membranes. An
interesting feature of this concept of surface crowding is that
the degree of channeling and thus the pathway of activation
should vary with substrate (prothrombin) concentration. The
anomalous substrate dependence of the rate of factor Xa-
catalyzed thrombin generation at optimal (50µM) and
suboptimal (20µM) lipid concentrations (triangles and
squares in Figure 5B) may reflect such a shift in pathway.
To explain this anomaly, we made the reasonable hypothesis
that f should vary in proportion to the surface concentration
of factor Xa times the surface concentration of free lipid
binding sites available to receive surface-diffusing MzIIa:

In this equation,f([II] ) 1 µM) was taken as 0.51, as obtained
from fitting our data (Table 1); [PL]f and [Xa]b was obtained
as described for Figure 4B. Calculated in this way, the
fraction of MzIIa channeled directly to thrombin varied with
prothrombin concentration, thereby yielding an anomalous
shaped initial rate vs substrate curve (dotted curve in Figure
5B) similar to that observed. We suggest also that the
appearance of MzIIa as a released intermediate at high
prothrombin concentration during prothrombin activation by
the full prothrombinase (36) can be explained by a decrease
in the fraction of channeled MzIIa with increasing surface
crowding at high prothrombin concentration.

CONCLUSIONS

The purpose of this paper was to define the influence of
PS-containing membranes on prothrombin activation in the
absence of factor Va. Our results suggest that PS-containing
membranes contribute to prothrombin activation by (1)
regulating factor Xa via a dramatic increase inkcat/KM

(including a decrease inKM) for Arg322-Ile323 proteolysis,
leading either to MzIIa formation or to Pre2 activation, and
by a substrate-specific increase inkcat/KM for Arg273-Thr274

proteolysis, leading to MzIIa activation, thus, (2) altering the
specificity of factor Xa to favor the meizothrombin inter-
mediate, and (3) channeling the meizothrombin intermediate
back to the active site of factor Xa for rapid conversion to
thrombin (Table 1). The next paper in this series will ask
whether these effects reflect the presence of a membrane
surface or of PS molecules.
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APPENDIX

(A) Analysis of Time Courses of MzIIa, Pre2, and
Thrombin Appearance. (1) Kinetic Model.To extract esti-
mates of second-order kinetic constants for Pre2 and MzIIa

formation from the three data sets that were collected at any
membrane concentration, we modeled prothrombin activation
in terms of the two-step, parallel-sequential activation
mechanism outlined in Figure 1. For mathematical simplicity,
we assumed pseudo-second-order behavior (rate proportional
to substrate times enzyme concentration) for all possible
reactions of prothrombin activation. In the second-order
approximation, the kinetic equations for the appearance and
disappearance of the major species in Figure 1 can be
expressed as

In these expressions,ka to kd are first-order rate constants
obtained by multiplying the pseudo-second-order constants
(kcat/KM) times the free (for experiments without membranes)
or membrane-bound (for experiments with membranes) factor
Xa concentration present in a reaction mixture during the
activation process. The parameterke is the first-order rate
constant for direct conversion of prothrombin to thrombin,
a process not accounted for by the parallel-sequential model.
It was introduced because the parallel-sequential model failed
to account for data obtained in the presence of optimal

f([II] ) x) ) f([II] ) 1 µM)
[PL(x)]f[Xa(x)]b

[PL(1)]f[Xa(1)]b
(1)

d[II]( t)
dt

) -(ka + kc + ke)[II]( t) (A1)

d[MzII a](t)

dt
) kc[II]( t) - kd[MzII a](t) (A2)

d[Pre2](t)
dt

) ka[II]( t) - kb[Pre2](t) (A3)

d[II a](t)

dt
) kb[Pre2](t) + kd[MzII a](t) + ke[II( t)] (A4)
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concentrations of membranes (see Results). Membrane-bound
factor Xa concentrations were estimated using the method
of Powers and Lentz (34) to solve the linked binding
equations. The binding constants used in these calculations
are compiled elsewhere (7, 9). This set of linear differential
equations has the following set of solutions:

For reactions C and D of Figure 1, this assumption should
be a good approximation since the concentrations of inter-
mediate MzIIa or Pre2 did not build to significant levels.
The pseudo-second-order assumption makes eqs A1-A4 a
set of linear differential equations, which simplifies consider-
ably their solution. Our results show that the assumption of
pseudo-second-order kinetics is a good approximation for
reactions A and B in Figure 1 only well below 1µM
prothrombin, a condition that we violate in our experiments.
This simplifying assumption can be avoided by replacingkx

by the following expressions for any reaction X:

where kcat and KM are the usual kinetic constants in the
Michaelis-Menten formalism and Sx is the substrate of
reaction X. This approach requires that one solve a set of
nonlinear differential equations, which makes the model
mathematically much more difficult. This complication can
be avoided by limiting attention in our calculations to times
for which [S(t)] ∼ [S(0)], i.e., the very initial part of the
reaction. In this case, the approximate linear form shown in
eq A5 obtains, andkx in eqs A1-A4 is still independent of
substrate concentration for any given experiment, maintaining
A1′-A4′ as our solutions.

(2) Global CurVe Fitting. The rate constantskb andkd of
processes B and D (Figure 1) were obtained by direct DAPA
fluorescence assays of Pre2 and F1.2 or MzIIa proteolysis
by factor Xa in the presence of 25:75 PS/POPC LUV (Table
1). By simultaneously matching calculated values to three
data sets (time dependence of MzIIa, Pre2, and thrombin
appearance), we were able to define values forka and kc

(Figure 1) resulting in a best fit to the data. The algorithm
supplied in the SigmaPlot 2000 package variedka andkc to
minimize the sum of squared residuals and fit the calculations
to the observed [Pre2](t), [MzII a](t), and [IIa](t) data.

(B) Relation of DAPA Fluorescence to MzIIa, Pre2, and
Thrombin Formation. (1) Calculation of Expected DAPA
Fluorescence Time Course. Since DAPA binds to all the
proteolysis products of prothrombin, the time course of
prothrombin proteolysis does not monitor any single aspect
of the proteolytic process but rather monitors a complex sum

of events. To model this complex observable, the DAPA
fluorescence intensity was expressed as

which can be rearranged to give

in which F(0) is the measured fluorescence intensity at time
zero,qi/q0 is the fluorescence yield ratio for DAPA bound
to peptidei relative to free DAPA (actually a fluorescence
efficiency ratio),D is the total DAPA concentration,Pi is
the total concentration of peptidei, andFib is the fraction of
peptidei bound to DAPA. In this equation, the sum overi
is over all of the protein species that are present and that
may contribute to the total DAPA fluorescence (i.e., MzIIa,
thrombin, and Pre2). Our experiments to determine fluores-
cence yield ratios, as described below, were performed at
finite concentrations of protein, and these yield ratios were
obtained in ways that correct for background protein
fluorescence. However, we also had to correct for back-
ground protein fluorescence that occurs in kinetic data sets
but not in calculated fluorescence time courses. This was
accomplished by multiplying the measured relative fluores-
cence change (left side of eq B2) by a factorA obtained by
comparing the ratio of DAPA fluorescence at the end of
proteolysis to that at the beginning of proteolysis to the
measured fluorescence yield ratio of thrombin-bound DAPA
to unbound DAPA:

Here, q1/q0 is the fluorescence yield for DAPA bound to
thrombin relative to that of unbound DAPA,F(0) andF(∞)
are the fluorescence intensities at the beginning and end of
proteolysis, andfb(∞) is the fraction of DAPA bound to
thrombin at the completion of prothrombin proteolysis. This
approach makes the approximation that the background
fluorescence due to activation products at the end of
proteolysis will be the same as for the mixture of prothrombin
and activation products present during the activation process.

(2) Equilibrium Distribution of DAPA.The fractions of
proteins bound to DAPA at any given time (Fib) were
obtained from the concentrations of activation products (Pi)
present at any time. The dissociation constants describing
the binding of DAPA to all of the prothrombin proteolysis
products (Kdi) are summarized in Table 2. Since the binding
equilibria are linked, an iterative procedure was used to
obtain the linkedFib values (fraction of protein speciesi
bound to DAPA) under any set of conditions as expressed
in the equations:

[II]( t) ) [II] 0e
-(ka+ke+kc)t (A1′)

[MzII a](t) ) [II] 0

kc

ka + kc + ke - kd
(e-kdt - e-(ka+ke+kc)t)

(A2′)

[Pre2](t) ) [II] 0

ka

ka + kc + ke - kb
(e-kbt - e-(ka+ke+kc)t)

(A3′)

[II] a(t) ) [II] 0 - [II]( t) - [MzII a](t) - [Pre2](t) (A4′)

kx )
kcat

x [Xa]

KM
x + [Sx(t)]

= κx[Xa]; κx )
kcat

x

KM
x + [Sx(0)]

(A5)

F ) ∑iqiFibPi + q0Df (B1)

F(t) - F(0)

F(0)
) ∑i(qi

q0
- 1)FibPi(t)

D
(B2)

A )

q1

q0
F(0)fb(∞)

F(∞) - F(0)(1 - fb(∞))
(B3)

Di ) D - ∑iFibPi(t) (B4)

Fib )
Pi + Di + Kdi - x(Pi + Di + Kdi)

2 - 4PiDi

2Pi
(B5)
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whereDi is the concentration of DAPA bound to theith
protein species andD is the total DAPA concentration
(usually 2-5 times the initial prothrombin concentration).
During the time course of prothrombin proteolysis, this
contribution changes since the concentration of each protein
species changes with time. Thus, the fraction of DAPA free
and fraction of each protein species bound to DAPA was
calculated at each time during the reaction course. In this
way, a DAPA fluorescence time course was constructed from
observed time courses of MzIIa, IIa, and Pre2 appearance.
This could be compared to observed DAPA fluorescence
time courses obtained from activity assays and SDS-PAGE
as a test of data sets obtained from amidolytic activity assays.

(3) Determination of qi/q0 Values. For thrombin, the DAPA
concentration (D) was kept constant and protein was added,
with the fluorescence intensity of the DAPA-protein
complex measured after each protein addition being given
as

where F0 is the fluorescence intensity in the absence of
thrombin when all DAPA is unbound,fb is the fraction of
DAPA bound to protein, andD is the total DAPA concentra-
tion.q1 is the relative fluorescence efficiency of DAPA bound
to thrombin, q0 is the relative fluorescence efficiency of
DAPA in solution (taken as 1), andm[II a] accounts for
background from protein fluorescence. The fraction of DAPA
bound is expressed as a function of [IIa] in terms of the usual
quadratic root expression:

whereDt is the total DAPA concentration. In the limit asfb
f 1 (i.e., [IIa] large), this becomes a straight line with slope
m and interceptF∞, the fluorescence of DAPA bound to
thrombin, but free of contributions from background throm-
bin fluorescence. In the absence of background fluorescence,
we may write

Combining the two expressions in eq B8, we obtain the
fluorescence efficiency ratio for thrombin free of the influ-
ence of background fluorescence:

Such a titration could not be performed for Pre2-F1.2,
since Pre2 and F1.2 were difficult to obtain in large
quantities. Thus,Pre2 concentration was kept constant and
different amounts of DAPA were added to the protein
solution in a cuvette. In this experiment, the background
fluorescence from Pre2-F1.2 was constant and was sub-
tracted from the titration data. DAPA was also added to a
second cuvette containing only buffer. The difference in
fluorescence intensity between these two cuvettes (∆F)
showed saturable behavior, such that the fraction of Pre2

bound to DAPA (Fb) and the relative fluorescence yield ratio
could be obtained according to the expressions:

where [Pre2] is the total Pre2 concentration for this experi-
ment, ∆F∞ is the fluorescence intensity difference at a
saturating concentration of DAPA, andm0 is the slope of
the fluorescence intensity versus DAPA concentration in the
protein-free sample.

To determineq2/q0 for the DAPA-MzIIa complex relative
to DAPA in solution, yet a third protocol was needed. Neither
of the first two protocols was practical, since isolation of
MzIIa was carried out at a DAPA:protein ratio of 5:1 in order
to limit MzII a autolysis (33). The approach used was to
measure the fluorescence intensity at a given MzIIa concen-
tration along with the fluorescence intensity (F0) in the
absence of MzIIa. The calculated fractions of DAPA free
and bound under these conditions were used to calculate the
fluorescence due to DAPA-MzII a (F), and this was com-
pared to the fluorescence of the same concentration of DAPA
in the absence of MzIIa (F0). The fractions of DAPA free
(ff) and bound were calculated using published binding
parameters for MzIIa-DAPA binding (33) and eq B2. DAPA
concentration was determined by UV spectrophotometric
measurement [ε1mM

330nm) 4.01 (31)]. The fluorescence yield
ratio for DAPA-MzIIa was obtained as
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F ) F0 + Dfb(q1 - q0) + m[II a] (B6)

fb )
[II a] + Dt + Kd - x([II a] + Dt + Kd)

2 - 4[II a]Dt
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