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ABSTRACT: Prothrombin activation to thrombin is a key control reaction in blood coagulation. During
the process, prothrombin is sequentially cleaved at two peptide bonds (Arg323-Ile and Arg274-Thr) by
factor Xa to generate meizothrombin and then thrombin. Phosphatidylserine (PS)-containing membranes
from platelets are believed to facilitate this two-step process. Using fluorescence energy transfer (FRET),
we determined the distances of closest approach between a specifically located C-terminal fluorescein of
a double mutant bovine prothrombin (P(S528A, G581C)-FM) or meizothrombin (M(S528A, G581C)-
FM) and phosphatidylethanolamine-N-rhodamine B (PE-Rh; 0-8.7 mol %) contained in membranes
composed of PS (25 mol %) and phosphatidylcholine (66.3-75 mol %). Plots of the energy transfer
efficiency as a function of membrane concentration, at six PE-Rh surface densities, were analyzed globally
to obtain dissociation constants and binding stoichiometries as global parameters and saturating energy
transfer efficiencies characteristic of each surface density. From the global analysis, the dissociation
constants were estimated to be 0.32( 0.10 and 0.28( 0.12µM with stoichiometries of 42( 12 and 44
( 9 lipid/protein for prothrombin and meizothrombin, respectively. The distance of closest approach
was obtained from the dependence of the saturating energy transfer efficiency on the acceptor (PE-Rh)
surface density. With the assumptions ofκ2 ) 2/3 andn) 1.4, the distances were 94( 3 Å for prothrombin
and 114( 2 Å for meizothrombin. Since both prothrombin and meizothrombin behave in solution as
oblate ellipsoids of revolution with a long axis of 120 Å, our FRET measurements suggest that binding
to PS-containing membranes induced tighter folding of the prothrombin molecule but not of the
meizothrombin intermediate. This observation is consistent with our hypothesis that membrane binding
plays an essential role in the sequential alignment of the bond Arg323-Ile in prothrombin and Arg274-
Thr in meizothrombin with the active site of the membrane-bound prothrombinase in the two-step thrombin-
generating process.

Thrombin is the central regulatory enzyme in the blood
coagulation process. This key serine protease and regulatory
molecule circulates in blood as an inactive zymogen,
prothrombin (II). Activation of prothrombin to thrombin is
accomplished physiologically by the prothrombinase com-
plex, composed of factor Xa, factor Va, Ca2+, and a negatively
charged phospholipid membrane surface, which is probably
supplied,in ViVo, by platelet membranes (Mannet al., 1988).
In this complex, factor Xa serves as a serine protease to
cleave two peptide bonds in prothrombin. This leads to two
possible prothrombin activation pathways. One involves
initial cleavage at Arg323-Ile to expose the active site of
the protease domain of prothrombin. This gives rise to
meizothrombin as the active intermediate. The other in-
volves initial cleavage at Arg274-Thr to release the inactive
protease domain, prethrombin 2, from the membrane-bound
N-terminal portion of prothrombin, fragment 1.2. Previous
studies have suggested that association of prothrombin and
factor Xawith factor Va on PS-containing membranes directs
prothrombin activationViameizothrombin as the intermediate
(Krishnaswamyet al., 1986, 1987; Armstronget al., 1990).

Since these studies employed factor Va in the presence of
membranes, it is unclear whether factor Va or the membrane
or both are required to direct the activationVia the meizo-
thrombin pathway. According both to a proposed model of
prothrombin structure (Arniet al., 1994) and to light
scattering data obtained from native bovine prothrombin (Lim
et al., 1977), prothrombin in solution is an elongated
molecule with an overall length of about 120 Å. Meizo-
thrombin in solution was found to have an overall molecular
dimension and shape similar to prothrombin in solution (Pei
et al., 1992). In the presence of calcium ion, prothrombin
and meizothrombin bind to phosphatidylserine (PS)1-contain-
ing membranes mainlyVia the Gla domain contained in the
N-terminal fragment 1 region. The long axis of both proteins
appears to be roughly perpendicular to the membrane surface
with the protease domain located far from the surface (Lim
et al., 1977; Armstronget al., 1990). Similar protein-
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membrane interactions occur in some other vitamin K
dependent coagulation proteins, such as factor Xa (Husten
et al., 1987), factor IXa (Mutucumaranaet al., 1992), and
protein C (Zhang & Castellino, 1994). When bound to a
PS-containing membrane, meizothrombin appears to have
interdomain interactions and secondary structure more similar
to soluble as opposed to membrane-bound prothrombin (Pei
et al., 1992). A pre-steady-state kinetic analysis suggested
that association of prothrombin with PS-containing mem-
branes enhanced the rate of cleavage by the prothrombinase
at Arg323-Ile but not at Arg274-Thr (Walker & Krish-
nawamy, 1994). These observations all suggest that con-
formational differences between membrane-bound and so-
lution prothrombin and meizothrombin may be crucial to the
role of activated platelet membranes in blood coagulation
(Peiet al., 1992; Lentzet al., 1994; Wu & Lentz, 1994).
Phosphatidylserine is located in the inner leaflet of resting

platelet membranes. Upon platelet activation, PS appears
in the outer leaflet of released platelet membrane vesicles
(Stuartet al., 1995), which in turn accelerates the process
of blood coagulation (Kalafatiset al., 1994). To test the
hypothesis that membrane-induced protein conformational
changes might serve to enhance the rate of prothrombin
activationVia meizothrombin, we performed fluorescence
resonance energy transfer (FRET) experiments to compare
the structure of prothrombin and meizothrombin upon
binding to PS-containing model membranes. FRET has been
used successfully to determine the topography of various
membrane-bound coagulation proteins (Armstronget al.,
1990; Hustenet al., 1987; Isaacset al., 1986; Luet al., 1989;
Mutucumaranaet al., 1992). Using a previously constructed,
specifically labeled fluorescent prothrombin (P(S528A,
G581C)-FM; Chenet al., 1996), we generated a fluorescent
labeled meizothrombin (M(S528A,G581C)-FM). We showed
that the fluorescence intensity of M(S528A,G581C)-FM, but
not P(S528A,G581C)-FM, decreased 2% when associated
with membrane, consistent with previously suggested dif-
ferences between the membrane-bound conformations of
these two proteins (Peiet al., 1992). In addition, energy
transfer from the protein C-terminus to the membrane surface
was more efficient for prothrombin than for meizothrombin.
Using an estimate for the Fo¨rster distance of 52.5 Å, the
distances from the protein C-termini to the membrane surface
were calculated to be 94( 3 Å for prothrombin and 114(
2 Å for meizothrombin. This suggested that the prothrombin
molecule was about 20% more compressed than meizo-
thrombin when bound to a PS-containing membrane in the
absence of factor Va. Although we do not rule out what
must be important contributions of factor Va to prothrombin
activationin ViVo, our data are consistent with the hypothesis
that binding with a PS-containing membrane helps align the
bond Arg323-Ile in prothrombin and subsequently the bond
Arg274-Thr in meizothrombin with the factor Xa active site
during the two-step thrombin generation process. The
sequential alignment of appropriate peptide bonds with the
factor Xa active site may help direct prothrombin activation
Via meizothrombin instead of prethrombin 2.

MATERIALS AND METHODS

Materials. Bovine brain phosphatidylserine (PS),1 1-palm-
itoyl-2-oleoyl-3-sn-phosphatidylcholine (POPC),1 and phos-
phatidylethanolamine-N-(lissamine rhodamine B sulfonyl)
(PE-Rh)1 were purchased from Avanti Biochemicals (Bir-

mingham, AL) and shown to be greater than 98% pure by
thin-layer chromatography (Lentzet al., 1982). All lipids
were stored in argon-bubbled chloroform. Solvents were
low-residue, HPLC grade. Chemicals were reagent grade
or better. D-Phenylalanyl-L-pipecolyl-L-arginine-p-nitro-
anilide dihydrochloride (S2238)1 was from Chromogenix,
Molndal, Sweden. Ecarin,Echis carinatussnake venom
(ECV), and Taipan snake venom fromOxyuranus scutellatus
were purchased from Sigma Chemical Co. (St. Louis, MO).

As described previously (Peiet al., 1991; Chenet al.,
1996), the active site mutant (P(S528A)1) and double mutant
(P(S528A, G581C)1) bovine prothrombin were purified from
cell culture medium of Chinese hamster ovary cells contain-
ing the cDNA encoding these mutant proteins. Prothrombin
was labeled specifically at the carboxyl terminus with
fluorescein maleimide and characterized as described previ-
ously (Chen et al., 1996). Isolation of native bovine
prothrombin from serum was as described (Tendian & Lentz,
1990). Prothrombin concentrations were determined either
by absorption measurements using an extinction coefficient
at 280 nm of 1.44 OD (mg/mL)-1 cm-1 for prothrombin
(Mann, 1976) or with the bicinchonic acid assay at 560 nm
(BCA kit, Pierce, Rockford, IL). The fluorescein concentra-
tion was determined by measuring the absorbance at 521
nm using an extinction coefficient of 78 OD mM-1 cm-1.
All absorbance measurements were performed at room
temperature on a HITACHI U-2000 double-beam UV/vis
spectrophotometer (Hitachi Instruments, Inc., Danbury, CT).
The mole ratio of the probe/protein was 0.8 for all labeled
prothrombin and meizothrombin used in the experiments.

Generation of Meizothrombin. We covalently linked ECV
to agarose beads (Affi-gel 10, Bio-Rad, Hercules, CA)
following the instructions provided by Bio-Rad. The activity
of the Affi-gel-linked ECV was determined by mixing 20
µL of the ECV-Affi-gel with 60 µL of 0.5 µg/µL native
prothrombin in a buffer of 20 mM Tris-HCl, 150 mM NaCl,
6 mM CaCl2, pH 7.4. The reaction was stopped by
centrifugation to remove the ECV-gel at intervals of 0, 30,
60, 90, and 120 min. The supernatant was then assayed for
thrombin formation by S2238 as described (Chenet al.,
1996).

To generate stable fluorescently labeled and unlabeled
meizothrombin, we activated both P(S528A, G581C)-FM and
P(S528A)1 with fresh ECV-Affi-gel. As a control, native
prothrombin was activated under the same conditions.
Prothrombin (0.34µg/µL) was mixed with1/4 vol of the
ECV-gel in 20 mM Tris-HCl, 150 mM NaCl, 6 mM CaCl2,
pH 7.4, buffer at room temperature to start the activation.
At intervals of 0, 35, 60, 105, and 135 min, the sample
containing native prothrombin was centrifuged to remove
ECV-gel, and the supernatant was assayed with S2238. The
activation of mutant prothrombin was stopped at 135 min
by spinning down the ECV-gel beads. Aliquots from the
supernatants were withdrawn and subjected to SDS-PAGE
(10% acrylamide) under both nonreducing and reducing (3%
2-mercaptoethanol) conditions, with fluorescence being
detected under UV radiation using a FOTO/PREP II fluo-
rescent gel transilluminator (FOTODYNE, New Berlin, WI)
and protein being determined by Coomassie bright blue
R-250 (Sigma, St. Louis, MO). Coomassie gels and
photographs of the fluorescent gels were digitized to obtain
quantitative estimates of the relative amounts of proteins in
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different bands using a HP ScanJet IIcx scanner (Hewlett
Packard, Greeley, CO).
Preparation of Liposomes. Small unilamellar vesicles

(SUV1) composed of PS/POPC/PE-Rh (25/66.3-75/8.7-0)
were made by mixing appropriate PS, PE-Rh, and POPC
stock solutions in chloroform, removing the solvent under a
stream of nitrogen, and dissolving the resulting residue in
cyclohexane. The dissolved lipids were shell frozen and
lyophilized overnight in the dark to yield a dry powder. The
dried lipids were suspended in buffer (20 mM Tris-HCl, 150
mM NaCl, pH 7.4) in a glass vessel and subjected to sonic
disruption for 10 min, in an ice bath and under a stream of
argon, using a Heat Systems ultrasonic (Farmingdale, NY,
Model 350) sonicator. Following sonication, the suspension
was centrifuged at 70 000 rpm for 25 min at 4°C in a
Beckman TL100 (TLA100.3 rotor) centrifuge (Beckman
Instruments, Inc., Palo Alto, CA) to obtain a homogeneous
suspension of vesicles (Barenholzet al., 1977). The top one-
third of the suspension was withdrawn and maintained at
room temperature in the dark until being used within 60 h.
SUVs were estimated by quasi-elastic light scattering (Lentz
et al., 1992) to have diameters in the range of 300-500 Å
(mean) 394 Å), with no clear trend with lipid composition.
Total phosphate concentration in a vesicle sample was
determined by inorganic phosphate measurement (Chenet
al., 1956). Rhodamine concentration was determined by
absorbance measurements using an extinction coefficient at
570 nm of 80 OD mM-1 cm-1, which was determined in
the presence of 40µM SUV by sequential addition of
rhodamine B. The acceptor surface densities (σ, in rhodamine
molecules/Å2) were calculated from the experimentally
determined mole ratios of rhodamine/phospholipid with the
assumption that one phospholipid molecule occupied 70 Å2

of membrane surface area (Huanget al., 1978).
Fluorescence Energy Transfer Measurements. We mea-

sured fluorescence spectra using an SLM 48000 MHF
spectrofluorometer (SLM Aminco, Rochester, NY), equipped
with a 450-W xenon lamp and monochromators in both the
excitation and emission light paths (slits both 8 nm) and
interfaced to a PC. The excitation shutter was closed except
during scans to avoid photobleaching of the sample. All
spectral measurements were carried out at room temperature
in a 1 cm× 1 cm quartz cuvette (Hellma, Jamaica, NY).
The buffer for all the spectral measurements was 20 mM
Tris-HCl, 100 mM NaCl, 5 mM CaCl2, pH 7.4.
To monitor fluorescence resonance energy transfer, we

followed quenching of donor (fluorescein) emission by
titrating 100 nM P(S528A, G581C)-FM or M(S528A,
G581C)-FM in a 800µL vol with PS/POPC/PE-Rh SUVs
(7 mM) at titrant intervals of 0, 1, 2, 4, 6, 12, 18, and 38µL
of SUVs. We excited the sample at 480 nm to minimize
the direct excitation of rhodamine and scanned the donor
emission from 490 to 560 nm at 1-nm intervals. The cuvette
contents were constantly stirred, and emission was recorded
after allowing 2 min for equilibration after each addition of
lipid vesicles.
For each set of titrations, four samples were prepared in

parallel. First, the blank (B), which contained 100 nM native
bovine prothrombin or single mutant meizothrombin
(M(S528A)), was titrated with rhodamine-free PS/POPC
SUVs. Second, a sample (A), containing 100 nM native
bovine prothrombin or M(S528A), was titrated with
rhodamine-containing PS/POPC/PE-Rh SUVs. Third, a

sample (D) containing 100 nM P(S528A, G581C)-FM or
M(S528A, G581C)-FM was titrated with rhodamine-free PS/
POPC SUVs. Fourth, a sample (DA) containing 100 nM
P(S528A, G581C)-FM or M(S528A, G581C)-FM was ti-
trated with rhodamine-containing PS/POPC/PE-Rh SUVs.

To compensate for any signal generated by other than the
label fluorophores and, further, to compensate for emission
in the DA sample from directly excited acceptor molecules,
we subtracted the B signal from the D signal and the A signal
from the DA signal. The corrected fluorescein emission
spectra of D or DA were converted from wavelength to
wavenumber and integrated from 18 000 to 20 200 cm-1

(495-555 nm) to obtain an integrated fluorescence intensity
proportional to the relative quantum yield of donor (Qd or
Qda). Assuming that the presence of the acceptor did not
alter the molar absorptivity of the donor and assuming that
the life time and quantum yield of the donor were unaltered
by the presence of acceptor except through the energy
transfer process, we normalized the dilution-correctedQd or
Qda values to the acceptor-free initial value of each titration
to get QD or QDA, the normalized integrated relative
fluorescence intensities of donor in the absence and presence
of acceptor. To compensate for intermolecular energy
transfer between unbound donor- and acceptor-labeled
molecules in solution, we further correctedQDA by subtract-
ing from 1/QDA a line with a slope obtained from regression
of 1/QDA in the linear region (usually the last three points)
of each titration. Further discussion of this correction is
given in the Results (eq 8). The energy transfer efficiency
(E) was then calculated as:

In the case of meizothrombin, further correction was
necessary to compensate for the fluorescence due to meizo-
thrombin des fragment 1 formed during activation of
prothrombin to meizothrombin (see Results). Because of
the very limited amount (∼1 mg) of labeled recombinant
prothrombin available, removal of M(S528A, G581C)-FM
des F1 from M(S528A, G581C)-FM would have been very
difficult, if not impossible, to accomplish. Thus, we
determined from densitometry that MzIIa des F1 constituted
about 30% of the total protein in our meizothrombin
preparation (see Results). Since the labeled MzIIa des F1
no longer contained the membrane-binding domain (Dom-
broseet al., 1979), we assumed that it did not contribute to
the FRET that accompanies binding of protein to membranes.
Thus, we subtracted 30% of the total fluorescence from both
QD andQDA (after correctingQDA for nonspecific FRET) to
obtain data sets to analyze in terms of our binding analysis.
The net effect of this correction was to eliminate the
fluorescence of MzIIa des F1 before calculating theQDA/
QD values used in the treatment of meizothrombin binding.

Modeling and Analysis of Binding Data. To estimate
binding parameters as well as energy transfer efficiencies
for bound prothrombin and meizothrombin, we assumed that
the corrected efficiency of membrane dependent energy
transfer was related to the fraction of protein bound to sites
on the phospholipid membrane:

E)
QD - QDA

QD
) 1-

QDA

QD
(1)
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wherePb/Pt is the fraction of membrane-bound protein out
of the total protein,E0 andE are the corrected energy transfer
efficiencies before and after addition of phospholipids, and
Esat is the corrected energy transfer efficiency when all the
protein is bound to the membrane. With this assumption,
binding can be analyzed in terms of a classical Langmuir,
independent sites, adsorption model. The corrected energy
transfer efficiency at any value of added total phospholipid
can then be expressed in terms of the site dissociation
constant for the binding reaction (Kd), the stoichiometry of
binding (i), the total concentration of protein (Pt), and the
total concentration of phospholipid added (PLt) at each point
in the titration:

In this equation, we assume that the corrected energy transfer
efficiency is zero before addition of any phospholipid. Using
this equation, we fit globally the six data sets obtained for
either prothrombin or meizothrombin. The dissociation
constant,Kd, and the stoichiometry,i, were assigned as the
global variables (i.e., common to all six sets of data in either
case), and theEsat values were local variables (i.e., different
and individually estimated for each data set). A “MULTI-
FIT” nonlinear least-squares regression analysis was con-
structed using the algorithms supplied in the SCoP package
(Simulation Resources, Inc., Berrien Spring, MI). Using the
“MULTIFIT”, we varied Kd, i, andEsat to fit simultaneously
the six observed data sets to eq 3.
Calculation of the Fo¨rster Distance and the Distance of

Closest Approach. The Förster distance (R0) is the distance
at which the efficiency of energy transfer is 50%. It has a
characteristic value for any given fluorophore pair, given by:

whereR0 is in Å andκ2 is a geometric factor that depends
on the relative orientations of the donor and acceptor
transition dipoles (taken as2/3, see Results). For our
situation, fluorescein and rhodamine separated by a protein-
rich environment,n (the refractive index of the environment)
is taken as 1.4,φd is the integrated fluorescence intensity of
the fluorescein in the absence of rhodamine, andJ is the
normalized spectral overlap integral, calculated from ob-
served rhodamine (acceptor) absorption and fluorescein
(donor) emission spectra according to:

where J has units of M-1 cm3, Fd(λ) is the fluorescence
intensity of fluorescein in the absence of rhodamine at
wavelengthλ, andεa(λ) is the molar absorption coefficient
of rhodamine B atλ. Finally, the quantum yield of the donor
in the absence of acceptor,φd, was determined as follows

(Parker and Rees, 1966):

whereφd1 is the quantum yield of P(S528A, G581C)-FM or
M(S528A, G581C)-FM in our buffer (20 mM Tris-HCl, 100
mM NaCl, 5 mM CaCl2, pH 7.4) and in the presence of
sufficient acceptor-free membranes to bind more than 95%
of the protein. φd2, which was estimated to be 0.92 (Weber
& Teale, 1957), is the quantum yield of disodium fluorescein
in 0.1 M NaOH. Qd1 andQd2 are the integrated areas of the
corrected emission spectra of, first, P(S528A, G581C)-FM
or M(S528A, G581C)-FM in the presence of membranes and,
second, disodium fluorescein solution, respectively.A1 and
A2 are the absorbances at 490 nm for P(S528A, G581C)-
FM or M(S528A, G581C)-FM at appropriate phospholipid
concentrations and of disodium fluorescein solution, respec-
tively.
Generally,L is defined as the distance of closest approach

between two parallel infinite planes containing uniformly and
randomly distributed energy donor or acceptor molecules.
Assuming each protein has the same conformation, all
protein-bound donor probes occupy a plane above the
membrane plane. We measureL as the distance of closest
approach between the protein-bound donor and the acceptor
at the membrane surface. According to the theory of energy
transfer between two parallel infinite planes, each with
uniformly and randomly distributed energy donor or acceptor
molecules, respectively (Dewey & Hammes, 1980),L is
given by the expression:

where σ is the surface density of energy acceptor in
rhodamine/Å2, and (QD/QDA)sat was calculated from the
values ofEsat (eq 1). Plotting the (QD/QDA)sat versusσ, we
obtained the slopes and calculated the value ofL with the
determinedR0.

RESULTS

Meizothrombin Generation. Native meizothrombin un-
dergoes autolysis (Doyle & Mann, 1990; Pei & Lentz, 1991)
to form meizothrombin des fragment 1 (MzIIa des F1). To
obtain stable meizothrombin for structural analysis, we
constructed an active site mutant bovine prothrombin
(P(S528A); Peiet al., 1991) and a double mutant bovine
prothrombin with a specific C-terminal fluorescent label
(P(S528A, G581C)-FM; Chenet al., 1996). Both the
unlabeled and labeled recombinant prothrombins with single
and double mutants were characterized as globally native-
like, properly activated, but without activity toward either
itself or S2238,1 which is a synthetic substrate specific for
thrombin (Peiet al., 1991; Chenet al., 1996).
ECV is generally used to generate meizothrombin from

native prothrombin in the presence of excess amounts of a
specific thrombin inhibitor, DAPA1, to prevent meizothrom-
bin autolysis. Since the recombinant prothrombin has no
autolysis activity, we tried to generate labeled and unlabeled
meizothrombin from P(S528A, G581C)-FM and P(S528A)
with ECV1-gel in the absence of DAPA. After 2.5 h

Pb/Pt )
E- E0
Esat- E0

(2)

E)
Esat
2Pt

(PLti + Pt + Kd) -

Esat
2Pt
x(PLti + Pt + Kd)

2 - (4PLtiPt) (3)

R0 ) 9.78× 103(n-4
φdκ

2J)
1/6 (Å) (4)

J)
∫Fd(λ)εa(λ)λ4 dλ

∫Fd(λ) dλ
(5)

φd1

φd2
)
Qd1

Qd2
‚
A2
A1

(6)

( QD

QDA
)
sat

) 1+ πσ
2

‚
R0

6

L4
(7)
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incubation with1/4 vol of ECV-gel at room temperature, all
prothrombin in the reaction was converted to meizothrombin
or, unexpectedly, to MzIIa des F1. We show elsewhere that
the MzIIa des F1 was generated during meizothrombin
preparation by a thrombin-like activity of ECV instead of
by meizothrombin autolysis (Chenet al., 1997).
Shown in Figure 1 are SDS-PAGE gels in which labeled

and unlabeled prothrombin and meizothrombin migrated at
the same positions under nonreducing conditions (lanes 1-4).
Under reducing conditions (lanes 5-8), prothrombin mi-
grated more slowly due to reduction of disulfide bonds.
Meizothrombin, as expected, migrated as fragment 1.2 linked
with thrombin A chain and thrombin B chain (not visible
on the gel). The fluorescent label was previously shown to
be located in the thrombin B chain of the thrombin molecule
(Chenet al., 1996) and thus is not present in lane 5 (reduced
gel of double mutant meizothrombin). The lower band in
lane 1 (the labeled, double mutant meizothrombin) demon-
strates the presence of labeled MzIIa des F1-like peptide in
the reaction. It was impossible to eliminate MzIIa des F1-
like peptide, since halting ECV activation sooner resulted
in incomplete prothrombin proteolysis. Thus, we had to
choose between minimizing the presence of either prothrom-
bin or meizothrombin des fragment 1-like peptide in our
meizothrombin preparations. Since meizothrombin des frag-
ment 1-like peptide should not bind to a membrane, we
allowed ECV catalysis to run sufficiently long to convert
all prothrombin to either meizothrombin or meizothrombin
des fragment 1-like peptide. This resulted in our preparation
containing roughly 28% MzIIa des F1 as detected by
densitometry of Coomassie-stained gels or 32% by quanti-
tation of fluorescence gel photographs. The meizothrombin
des fragment 1-like peptide formed in the reaction was then
taken into account during data analysis as described in
Materials and Methods.
Fluorescence Resonance Energy Transfer from Protein

C-Terminus to Membrane Surface. Fluorescence energy
transfer from protein-bound fluorescein to rhodamine on the
membrane surface was shown by demonstrating a decrease
in fluorescein fluorescence and an increase in rhodamine
fluorescence when P(S528A, G581C)-FM and M(S528A,
G581C)-FM were titrated with rhodamine-labeled mem-

branes. The emission spectra of both donor (fluorescein)
and acceptor (rhodamine) were recorded, as shown in Figure
2, from 490 to 630 nm. Addition of PS/POPC/PE-Rh SUV
to P(S528A, G581C)-FM (spectrum b) decreased the fluo-
rescence peak at 521 nm (spectrum a). As a demonstration
that this decrease resulted from FRET rather than from some
other quenching mechanism, an increase in the fluorescence
intensity of rhodamine is shown as spectrum f in the insert
of Figure 2. Because the decrease in donor fluorescence
could be more accurately followed than could the increase
in acceptor fluorescence, FRET was followed by monitoring
this donor fluorescence decrease.
Prothrombin and Meizothrombin Respond Differently to

Association with Membranes. Previous work from our
laboratory suggested that PS-induced differences between
membrane-bound prothrombin and meizothrombin might be
crucial to the role of platelet membranes in blood coagulation
(Peiet al., 1992; Lentzet al., 1994; Wu & Lentz, 1994). To
compare directly the effect of PS-containing membranes on
these two proteins, we titrated P(S528A, G581C)-FM and
M(S528A, G581C)-FM with PS/POPC (25/75) membranes
in the presence of 5 mM Ca2+. The integrated fluorescence
intensities were determined and normalized as described in
Materials and Methods. Plots of the normalized integrated
fluorescence intensities (QD) of P(S528A, G581C)-FM and
M(S528A, G581C)-FM as a function of lipid concentration
are shown in Figure 3. The normalized integrated fluores-
cence intensities of labeled meizothrombin decreased about
2% in the presence of membranes, reaching a limiting value

FIGURE1: Meizothrombin generation from P(S528A) and P(S528A,
G581C)-FM by ECV-gel. P(S528A) and P(S528A, G581C)-FM
(0.34 mg/mL) were incubated with1/4 vol of ECV-Affi-gel for 135
min at room temperature; 10-µL aliquots of these reaction mixtures
were subjected to SDS-PAGE under both nonreducing (lanes 1-4
at left) and reducing (lanes 5-8 at right) conditions. The upper
panel is the SDS-PAGE gel stained with Coomassie blue; the lower
panel shows the same gel photographed using a fluorescence
transilluminator. Lanes indicated are 1 and 5, M(S528A, G581C)-
FM; 2 and 6, M(S528A); 3 and 7, P(S528A, G581C)-FM; 4 and 8,
P(S528A).

FIGURE 2: Energy transfer from fluorescein-labeled protein to
rhodamine-labeled membrane. P(S528A, G581C)-FM was exam-
ined in the presence and absence of PS/PC/PE-Rh SUV (25/74/1).
Spectra consist of the emission of both donor (fluorescein, peak at
521 nm) and acceptor (rhodamine, peak at 590 nm). Corrected
emission spectra are shown for (a) P(S528A, G581C)-FM; (b)
P(S528A, G581C)-FM with 46µM PS/PC/PE-Rh SUVs, and (c)
46 µM PS/PC/PE-Rh SUVs. The inert shows a blowup of the
rhodamine portion of the spectrum, in which spectrumd was
obtained by subtracting spectrum c from b, spectrum e was obtained
by adjusting the intensity of spectrum a to that of spectrum b at
550 nm, and spectrum f was obtained as the difference between
spectra d and e. The spectrum f demonstrates the increase in
rhodamine fluorescence due to energy transfer from fluorescein.
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around a phospholipid concentration of 40µM. In contrast,
there was no such decrease observed in labeled prothrombin
in response to titration with phospholipids. This observation
indicates that the C-terminal probe experienced a slight
change in its environment on binding of meizothrombin to
a PS-containing membrane, while there was no such change
on binding of prothrombin. This result is consistent with
our previous observation that interdomain interactions and
secondary structure were altered in different ways in meizo-
thrombin relative to prothrombin when these very similar
proteins bound to membranes (Peiet al., 1992).
Steady-State FRET Studies with Fluorophore-Labeled

Membranes. We monitored the decrease in integrated
relative fluorescence intensity of P(S528A, G581C)-FM and
M(S528A, G581C)-FM in the presence of increasing con-
centrations of acceptor-containing membranes (Qda). The
acceptor-containing membranes were composed of 0-8.7%
PE-Rh, 25 mol % PS, and 66.3-75 mol % POPC. To
compare the changes of integrated fluorescence intensity
generated from various titrations, we normalized the inte-
grated fluorescence intensity of donor (Qda) obtained at each
membrane concentration with the integrated fluorescence
intensity of donor before addition of membrane for each of
the titrations. Normalized integrated fluorescence intensity
of donor is referred to asQDA and is plotted as a function of
added membrane concentration in Figure 4A.
Wu and Brand (1994) have pointed out that energy transfer

between donor and acceptor groups attached to the same
molecule has two components, namely, intramolecular and
intermolecular energy transfer. In a system such as ours,
which involves interactions between donor and acceptor
groups attached to separate molecules, energy transfer will
always be intermolecular but will still have two components,
saturable and nonsaturable energy transfer. The saturable
component, on which this report focuses, is due to specific
binding interactions of donor-labeled protein to the acceptor-
labeled membranes. Nonsaturable energy transfer occurs

between protein-bound donors and acceptors attached to
protein-free membranes. The unsaturable component led to
a continuous, linear decrease inQDA even when the phos-
pholipid concentration was increased beyond that necessary
to bind all the protein in a sample based on published binding
constants (Peiet al., 1992; Cutsforthet al., 1989; Figure
4A). In order to define the saturable component, we had to

FIGURE 3: Difference in binding of P(S528A, G581C)-FM and
M(S528A, G581C)-FM to PS membrane. P(S528A, G581C)-FM
(b) and M(S528A, G581C)-FM (9) were titrated with PS mem-
branes, which contained no PE-Rh. Corrected emission spectra
were integrated and normalized to obtain relative integrated
fluorescence intensities of the donor (QD) for each titration point.

FIGURE 4: Changes in integrated fluorescence intensities of
P(S528A, G581C)-FM and M(S528A, G581C)-FM as a function
of increasing lipid and acceptor concentrations. P(S528A, G581C)-
FM (circles) and M(S528A, G581C)-FM (squares) were titrated
with membranes containing 0-8.7% PE-Rh, 25 mol % PS, and
66.3-75 mol % POPC. Corrected emission spectra were integrated
to obtain relative integrated fluorescence intensities of the donor
for each titration point. A: Normalized integrated fluorescence
intensities (QDA) at acceptor surface densities of 3.6× 10-4 and
5.1× 10-4 Rh/Å2 for P(S528A, G581C)-FM (b) and M(S528A,
G581C)-FM (9), respectively. The insert shows the data from the
three highest lipid concentrations in all 12 titrations, demonstrating
that the energy transfer between unbound donor- and acceptor-
labeled molecules is a linear function of acceptor concentration. B
and C: Normalized, integrated fluorescence intensities (QDA)
corrected for nonsaturable energy transfer (see Results) as a function
of concentration of PS/POPC membranes containing PE-Rh. Panel
B represents fluorescein-labeled prothrombin titrated at acceptor
surface densities of 2.1× 10-4 (O) and 3.6× 10-4 (b) Rh/Å2.
Panel C represents fluorescein-labeled meizothrombin titrated at
acceptor surface densities of 5.1× 10-4 (0) and 9.1× 10-4 (9)
Rh/Å2.
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correct for the unsaturable component. The ratio ofQDA/
QD for nonsaturable energy transfer in solution is given as a
function of total acceptor concentrations [A] by Fo¨rster
(1959) as:

where [A0] is the critical transfer concentration corresponding
to an average of one acceptor molecule in a sphere of radius
R0, andâ is a constant determined by donor concentration
and theR0 for the pair. Since our situation involves acceptor
molecules distributed randomly on the surface of membrane
vesicles that are distributed randomly in solution, we
expected that the basic functionality of eq 8 should hold but
that â would have to be established experimentally. This
equation indicates thatQD/QDA should be a linear function
of total acceptor concentration [A] at supersaturating mem-
brane concentrations. SinceQD is a constant close to 1 in
all the cases considered here, 1/QDA vs [A] for nonsaturable
energy transfer should be a straight line through the point
(0,1) with a slope ofâ/[A0]. The decrease inQDA with
increasing membrane concentration shown in Figure 4A was
induced by both saturable and nonsaturable energy transfer.
The insert to Figure 4A, which includes the data from the
three highest lipid concentrations of each of our 12 titrations,
demonstrates the linear relationship between 1/QDA and [A].
This linear relationship is as predicted by eq 8 and indicates
that the continued decrease in the donor-integrated fluores-
cence intensity at acceptor concentrations beyond binding
saturation was mainly due to nonspecific energy transfer from
donor-labeled protein to acceptor-labeled membranes to
which the protein was not physically bound. An inner filter
effect would also yield such a linear functionality, although
this should be very minor, since acceptor absorbance was
insignificant (<0.03 at 480 nm).
Using the method described above, we corrected all plots

ofQDA, such as shown in Figure 4A, by subtracting the linear
dependence of 1/QDA on total acceptor concentration shown
in the insert of Figure 4A. This procedure yields the plots
in Figure 4B,C, in which the decrease ofQDA with membrane
concentration reflects only the saturable energy transfer due
to reversible binding of donor-labeled protein to acceptor-
labeled membrane for prothrombin and meizothrombin,
respectively. As can be seen in panels B and C of Figure 4,
the responses of donor fluorescence to increasing phospho-
lipid concentrations and to different acceptor surface densities
(σ) were similar for prothrombin and meizothrombin.
However, for both prothrombin and meizothrombin, the
integrated donor fluorescence intensity decreased to smaller
limiting values upon binding to membranes with a higher
acceptor surface density.
Energy transfer efficiency (E, eq 1) is most conveniently

used to describe the data from an energy transfer experiment.
This is because the energy transfer efficiency is expected to
be proportional to the fraction of protein bound to membranes
containing PE-Rh (eq 2). Using the classical, independent-
sites, Langmuir adsorption model expressed in eq 3, we
analyzed in a global fashion energy transfer titration curves
obtained at six acceptor densities for either prothrombin or
meizothrombin. The globally determined dissociation con-
stants (Kd) and stoichiometries (1/i) for both prothrombin
and meizothrombin are summarized in Table 1, along with

the saturated energy transfer efficiency (Esat) determined at
each acceptor surface density. As can be seen, there was
no significant difference in the membrane-binding parameters
(Kd or 1/i) between prothrombin and meizothrombin, which
agrees with our earlier report that both proteins bind with
Kd ) 0.37µM and 1/i ) 45 PL/site (Peiet al., 1993). On
the other hand, prothrombin displayed more efficient energy
transfer at low acceptor surface densities than meizothrombin
did even at higher acceptor surface densities. The solid lines
drawn through the data in Figure 5 illustrate the fit obtained
at two particular acceptor surface densities by this global
analysis procedure. The values ofEsat determined in this
way were used to assess the distances of closest approach
(L) between donor on the protein and acceptor on the
membrane surface for prothrombin and meizothrombin,
respectively.

Distance of Closest Approach. According to eq 7, the
distance of closest approach (L) of the protein-bound donor

FIGURE 5: Fluorescence energy transfer from P(S528A, G581C)-
FM and M(S528A, G581C)-FM to the membrane surface. Fluo-
rescence energy transfer efficiencies (E) of P(S528A, G581C)-FM
(b) and M(S528A, G581C)-FM (9) as a function of membrane
concentration are compared at acceptor surface densities of 3.6×
10-4 and 5.1× 10-4 Rh/Å2, respectively. Lines drawn through
the data points indicate the best fits obtained from the global fit of
six such titration curves as described in Materials and Methods.

Table 1: Summary of the Dissociation Constants (Kd),
Stoichiometries (i), and Saturated Energy Transfer Efficiency
Values (Esat) at Various Acceptor Surface Densities

Kd (M) 1/i σ (Rh× 10-4/Å2) Esat

Prothrombin
(3.2( 1)× 10-7 42( 12 1.2 0.046

1.6 0.057
1.9 0.075
2.1 0.083
3.1 0.093
3.6 0.144

Meizothrombin
(2.8( 1.2)× 10-7 44( 9 3.6 0.070

5.1 0.080
5.5 0.088
7.5 0.121
9.1 0.129
12.4 0.208

QD/QDA ) 1+ â
[A0]
× [A] (8)
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to the surface-located acceptor is related to the quantum yield
ratio (given, under our conditions, byQD/QDA) for membrane-
bound protein. We convertedEsat values to values of (QD/
QDA)satusing eq 1, and Figure 6 presents plots of (QD/QDA)sat
as a function ofσ, the acceptor surface density in units of
Rh/100 nm2 (or 10-4 Rh/Å2). Linear regression analysis of
these data yielded slopes of 421( 80 and 198( 27 Å2/Rh
for prothrombin and meizothrombin, respectively. Regions
of 95% confidence in these slopes are shown as the areas
between dotted lines in Figure 6. This significant difference
in slopes confirms that prothrombin has a conformation on
a PS-containing membrane different from that of meizo-
thrombin. We assume that the donor molecules on the
protein C-termini and the acceptor molecules on the mem-
brane surface were, for the purpose of calculating the
orientation factor (κ2), nearly randomly oriented, an assump-
tion supported by the polarization values measured for these
two probes, 0.230( 0.004 and 0.235( 0.006, respectively.
This assumption leads to an estimate ofκ2 close to2/3. Since
the polarization values are lower than 0.3 for both donor
and acceptor molecules, the errors inR0 values introduced
by this assumption are likely to be less than 10% (Lackowicz,
1983; Haaset al., 1978). Using measured emission and
excitation spectra,κ2 ) 2/3, andn ) 1.4,R0 was calculated
to be 52.5 Å for both P(S528A, G581C)-FM and M(S528A,
G581C)-FM. Based on thisR0, L was calculated to be 94
( 3 Å for prothrombin and 114( 2 Å for meizothrombin.
To obtain the plots in Figure 6, we had to make several

corrections to the data. Three of these corrections (back-
ground fluorescence, nonsaturable FRET, and normalization)
were straightforward and routine. The fourth was not routine
but was necessitated by the fact that MzIIa des F1 was
unavoidably formed during preparation of meizothrombin,
even meizothrombin prepared from active site mutant pro-

thrombin. Since MzIIa des F1 does not bind to membranes,
we corrected for its contribution by subtracting its fluores-
cence intensity from the observed total fluorescence, as
described in Materials and Methods. It is worth commenting
on the extent to which this correction affects our conclusion.
If this correction had not been made, the slopes shown in
Figure 6 would have been 421( 80 and 127( 27 Å2/Rh,
leading to values of 94( 3 and 127( 2 Å for L of
prothrombin and meizothrombin, respectively. Thus, while
the uncertainty associated with heterogeneity in the meizo-
thrombin preparation can alter the absolute value ofL, this
uncertainty does not affect our main conclusion that the
overall distance from the C-terminus to the membrane for
prothrombin is significantly smaller than that for meizo-
thrombin.

DISCUSSION

Validity of the Method. Fluorescence resonance energy
transfer (FRET) has been applied as a “spectroscopic ruler”
to measure the conformational difference between prothrom-
bin and meizothrombin when bound to a PS-containing
membrane. The distances of closest approach between the
protein C-termini and the membrane surface were estimated
to be 94 Å for prothrombin and 114 Å for meizothrombin.
Obviously, the absolute accuracy of the calculated values
of L depends heavily on the value ofR0, which has to be
estimated from spectroscopic properties of the donor and
acceptor (Wu & Brand, 1994). Although uncertainty in the
value of R0 may cause up to a 10% uncertainty in the
calculation ofL, the slopes of (QD/QDA)satvs acceptor surface
densities in Figure 6 are unaffected by this uncertainty. The
clear difference in the measured slope values indicates that
prothrombin assumes a configuration very different from that
of meizothrombin upon binding to a PS-containing mem-
brane. This result is consistent with a previous report that
meizothrombin and prothrombin are not equivalent substrates
for the pre-steady-state cleavage at R274-T by prothrombi-
nase (Walker & Krishnaswamy, 1994).
The distances we determined are average distances be-

tween the protein-bound donors and acceptors at the outer
surface of the phospholipid bilayer. However, the extent of
FRET could be influenced also by the presence of acceptor
molecules located in the inner leaflet of the vesicle bilayer.
From eq 7, the ratio ofQD/QDA is a function of the fourth
order ofL. The phospholipid bilayers are about 50-Å thick
(Isaacet al., 1986), which is almost equal toR0 for our
donor-acceptor pair. Thus, acceptor chromophores at the
inner leaflet of the vesicle bilayer are about 3R0 away from
the donor at the protein C-terminus. As the acceptors on
the outer leaflet are about 2R0 from donor chromophores,
the contribution from acceptors on the inner leaflet is likely
to be less than one-fifth of the observed energy transfer. If
we were to correct for this effect, our estimates of the overall
lengths of proteins would be about 10 Å shorter than the
numbers we have estimated for both prothrombin and
meizothrombin. Thus, this estimation can alter the absolute
values ofL, but it does not affect the 20% difference in the
overall lengths of prothrombin and meizothrombin when
bound to a PS-containing membrane.
Our FRET measurements utilized different ranges of

acceptor surface densities for prothrombin and meizothrom-
bin. The acceptor surface densities, in units of Rh/10000 Å2,

FIGURE 6: (QD/QDA)sat as a linear function of the acceptor surface
densities (σ). (QD/QDA)sat was calculated fromEsat, the energy
transfer efficiency values at saturating membrane concentrations.
Shown here are the plots of (QD/QDA)sat vs σ prothrombin (b) and
meizothrombin (9) with their linear regressions (s) to give slopes
as 421( 80 and 198( 21 Å2/Rh. Dotted lines are drawn to
indicate the regions of 95% confidence in these slopes of the fitted
lines. The differences in these slopes, and thus in the protrusion
lengths of prothrombin and meizothrombin above the membrane
surface, are thereby seen to be statistically significant.
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were 1.2-3.6 for prothrombin and 3.6-12.4 for meizo-
thrombin. This difference was necessary to compensate for
the substantial difference in the overall lengths of prothrom-
bin and meizothrombin when bound to a PS-containing
membrane. As indicated in eq 7, the efficiency of energy
transfer depends on acceptor surface density as well as on
the distance between donor and acceptor molecules. Because
5% energy transfer efficiency is about the minimum needed
to obtain a reasonably precise donor-acceptor distance
(Dewey & Hammes, 1980), we performed FRET on meizo-
thrombin at the higher acceptor densities partly to meet this
criterion. As discussed by Dewey and Hammes (1980), eq
7 gives the limiting value ofQD/QDA when L . R0. A
smaller ratio of L/R0 requires smaller acceptor surface
densities in order for eq 7 to be valid. Thus, we adjusted
acceptor surface densities for prothrombin and meizothrom-
bin measurements both to optimize the precision of these
measurements and to assure the validity of eq 7.
To generate liposomes with different acceptor surface

densities, we incorporated 0-8.7 mol % PE-Rh with 25 mol
% PS and an appropriate amount of POPC. From our global
analysis, the different amounts of phosphatidylethanolamine
used in different experiments had little influence on pro-
thrombin or meizothrombin binding with membranes con-
taining 25 mol % PS. Smirnov and Esmon (1994) also
reported that the incorporation of up to 40 mol % phos-
phatidylethanolamine into 20 mol % PS-containing mem-
branes did not affect prothrombin activation by the pro-
thrombinase. Although Billyet al. (1995) reported that
incorporation of 20 mol % phosphatidylethanolamine into 5
mol % PS-containing membranes dramatically increased the
assembly of prothrombinase complex and the rate of pro-
thrombin activation, these authors stressed that phosphati-
dylethanolamine contributes to thrombin generation only
when membranes contained less than 10 mol % PS. Since
25 mol % PS was used in all our FRET experiments,
phosphatidylethanolamine likely had little effect on the
protein-membrane interactions we detected.
Comparison with Results in the Literature. The dissocia-

tion constants and stoichiometries determined here for
prothrombin and meizothrombin binding to 25/75 bovine PS/
POPC SUV are similar to the values (0.5( 0.02µM, 51(
8) we have reported at similar ionic conditions for binding
of prothrombin to 20/80 PS/POPC SUV (Cutsforthet al.,
1989). Meizothrombin binding has not been described under
the ionic conditions used here, but in agreement with the
results obtained here, we have shown that it binds to PS-
containing membranes with the same affinity as prothrombin
(Pei et al., 1992). This excellent agreement with results
obtained by a very different method (light scattering) argues
strongly for the validity of the assumptions made in analyzing
the data presented here.
Unlike prothrombin, meizothrombin is an active serine

protease with its active site located in the C-terminal half of
the molecule. Our results show that a fluorescein located
in the catalytic domain of meizothrombin is 114 Å distant
from rhodamine at the phospholipid surface. A crude model
of prothrombin (Arieet al., 1994) would place our fluores-
cein probe at the extreme opposite end of the prothrombin
molecule from theγ-carboxyglutamic residues thought to
be involved in membrane binding (Ratcliffeet al., 1993).
We have reported previously that thermal denaturation
profiles of membrane-bound meizothrombin were similar to

those of prothrombin in solution (Peiet al., 1992). The two
molecules were also reported to have the same hydrodynamic
shapes in solution (Peiet al., 1992). Another FRET
measurement showed that the meizothrombin active site was
71 Å above the membrane surface (Armstronget al., 1990).
This is consistent with our measurement and, in conjunction
with the other results we have quoted, suggests that the active
site of meizothrombin is located roughly two-thirds of the
distance between the C-terminal end of the molecule and
the membrane surface. This agrees with the model proposed
by Arni et al. (1994), in which the three amino acids forming
the active site were located at about three-fifths of the
distance between the N- and C-termini of the molecule (Arni
et al., 1994). Thus, it would seem that membrane binding
does not induce significant changes in the shape of the
meizothrombin molecule, consistent with the report of Pei
et al. (1992).
In contrast to meizothrombin, prothrombin appears to

undergo substantial conformational and shape changes upon
binding to a PS-containing membrane. Membrane-induced
changes in secondary structure have been demonstrated (Wu
& Lentz, 1991). Thermal denaturation studies showed that
the conformational change involved alterations both in
domain structures and in interdomain interactions between
fragment 1, fragment 2, and prethrombin 2 (Lentzet al.,
1991, 1994). Using quasi-elastic light scattering (QELS),
Lim et al. (1977) estimated the lengths of these three domains
as 38, 30, and 45 Å. Thus, the overall length of prothrombin
in solution should be about 113 Å, the sum of the lengths of
its three domains. This is consistent with the estimate (120
Å) of Arni et al. (1994). Our estimation of a 94 Å distance
of closest approach from fluorescein at the C-terminus of
prothrombin to rhodamine at the phospholipid surface
suggests that binding with PS membranes induces the
prothrombin molecule either to “fold up” or to tilt with
respect to the bilayer normal, while the meizothrombin
molecule does not. Given the very similar stoichiometries
of binding of prothrombin and meizothrombin to a PS-
containing membrane surface (Peiet al., 1992; Table 1 of
this work), both molecules seem to cover a similar surface
area of the membrane, approximately 20 lipid molecules in
the contacting leaflet. If we view prothrombin as an oblate
ellipsoid of revolution with a minor axis of 20 Å radius
(Österberget al., 1980), it would cover roughly 20 lipid
molecules if bound in an orientation with the long axis
perpendicular to the membrane surface. This suggests that
prothrombin and meizothrombin do not differ substantially
in their tilt relative to the membrane surface, rather both seem
to bind roughly perpendicular to the surface. Thus, pro-
thrombin seems to “fold up” internally to achieve the shorter
fluorescein-to-rhodamine distance that we have measured
relative to that of meizothrombin. This is consistent with
the observation that membrane binding alters substantially
interdomain interactions within the prothrombin molecule
(Lentz et al., 1991, 1994) but probably not within the
meizothrombin molecule (Peiet al., 1992).
Hypothesis for the Functional Role of Membrane-Induced

Different Conformations of Prothrombin and Meizothrombin.
A hypothetical model is proposed in Figure 7 to suggest the
role that these membrane-induced conformational changes
may play in the two-step thrombin generation process. We
have measured a 20% difference between prothrombin and
meizothrombin in the distance from the C-termini of these

Substrate Changes during Prothrombin Activation Biochemistry, Vol. 36, No. 15, 19974709



two proteins to the membrane surface. This suggests that
binding to PS-containing membranes induces tighter folding
of the prothrombin molecule but subsequent extension of
the meizothrombin intermediate. Our previous prothrombin
thermal denaturation studies suggested a membrane-binding-
induced substantial linkage between the fragment 1, fragment
2, and prethrombin 2 domains and involved a direct
interaction of fragment 2 with the membrane (Lentzet al.,
1994). In the context of the current results, this might
suggest that fragment 2 acts as a hinge in modulating the
configuration of the membrane-bound substrate and inter-
mediate. Since the active site of membrane-bound factor
Xa is 61 and 69 Å above the membrane surface in the absence
and presence of factor Va, respectively (Hustenet al., 1987),
the membrane-binding-induced structural difference between
the substrate and the intermediate suggests that membrane
binding may help to sequentially align the bond Arg323-Ile
in prothrombin and Arg274-Thr in meizothrombin with the
factor Xa active site in the two-step thrombin generation
process. This suggestion is in agreement with the previous
observation that membrane binding increased about 60-fold
the pre-steady-state rate of cleavage at Arg323-Ile, while
binding increased only about 5-fold the rate of the second
cleavage at Arg274-Thr (Walker & Krishnaswamy, 1994).
Thus, we suggest that the membrane-induced structural
changes demonstrated here are crucial in directing prothrom-
bin activation to thrombinVia the meizothrombin rather than
the prethrombin 2 intermediate. Papers by Krishnaswamy
et al. (1986, 1987) suggested that the association with factor
Va on PS-containing membranes was crucial for prothrombin
activationViameizothrombin as the intermediate. However,
since both PS-containing membranes and factor Va were

present in the kinetic experiments performed by Krish-
naswamyet al., it remains uncertain whether factor Va or
PS-containing membranes are responsible for directing the
pathway of prothrombin activation. Our results suggest that
PS-containing membranes produce structural changes in
prothrombin and meizothrombin that could at least partially
explain the kinetic results of Krishnaswamyet al. Interac-
tions of substrate and/or enzyme with factor Vamay provide
additional effects that direct the selection of the prothrombin
activation pathways. PS-induced changes in factor Xa

activity (Koppakaet al., 1996) could also have effects on
the selection of the activation pathway.
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Österberg, R., Sjo¨berg, B., Österberg, P., & Stenflo, J. (1980)
Biochemistry 19, 2283-2286.

Pei, G., & Lentz, B. R. (1991)Blood Coagulation Fibrinolysis 2,
309-316.

Pei, G., Baker, K., Emfinger, S. M., Fowlkes, D. M., & Lentz, B.
R. (1991)J. Biol. Chem. 266, 9598-9604.

Pei, G., Laue, T. M., Aulabaugh, A., Fowlkes, D. M., & Lentz, B.
R. (1992)Biochemistry 31, 6990-6996.

Pei, G., Powers, D. D., & Lentz, B. R. (1993)J. Biol. Chem. 268,
3226-3233.

Ratcliffe, J. V., Furie, B., & Furie, B. C. (1993)J. Biol. Chem.
268, 24339-24345.

Schagger, H., & Jagow, G. V. (1987)Anal. Biochem. 166, 368-
379.

Smirnov, M. D., & Esmon, C. T. (1994)J. Biol. Chem. 269, 816-
819.

Stryer, L. (1978)Annu. ReV. Biochem. 47, 819-846.
Stuart, M. C. A., Bevers, E. M., Comfurius, P., Zwaal, R. F. A.,
Reutelingsperger, C. P. M., & Frederik, P. M. (1995)Thrombosis
hemostasis 74, 1145-1151.

Tendian, S. W., & Lentz, B. R. (1990)Biochemistry 29, 6720-
6729.

Walker, R. K., & Krishnaswamy, S. (1994)J. Biol. Chem. 269,
27441-27450.

Wu, J. R., & Lentz, B. R. (1991)Biophys. J. 60, 70-80.
Wu, J. R., & Lentz, B. R. (1994)Thrombosis Hemostasis 71, 596-
604.

Wu, P., & Brand, L. (1994)Anal. Biochem. 218, 1-13.
Zhang, L., & Castellino, F. J. (1994)J. Biol. Chem. 269,
3590-3595.

BI961441R

Substrate Changes during Prothrombin Activation Biochemistry, Vol. 36, No. 15, 19974711


