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The Prothrombinase Reaction: “Mechanism Switching” between Michaglenten
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ABSTRACT. Kinetic properties of prothrombinase were investigated as a function of composition and structure
of the membrane component. The kinetic properties were quite diverse, giving linear or nonlinear Eadie
Hofstee plots and substrate concentrations at half-maximum velocitys)[tBht varied from 5 to more

than 200 nM. This reaction might be described as a “catalytic system” in order to distinguish it from
standard models that have been developed to describe the kinetics of soluble enzymes. The latter do not
anticipate a key feature of prothrombinase and probably other membrane-bound enzymes, which is the
presence of reaction steps that do not contain an enzyme (E) term. At least four kinetic mechanisms can
arise from a logical series of steps that may occur during the prothrombinase reaction. All of these
mechanisms appeared to contribute to reaction properties under some conditions. In some cases, one
mechanism dominated at low substrate concentration and another at high substrate concentration. This
change in the course of a titration was referred to as “mechanism switching”. Only membranes of low
phosphatidylserine (PS) content displayed Michadlienten behavior. Transfer of substrate from the
membrane surface to the enzyme was not important so that the enzyme was involved in capture of substrate
directly from solution. As PS content increased, transfer of substrate from the membrane surface to the
enzyme occurred. Inthese cases, multiple mechanisms contributed to the reactiorKgcethdtapparent

Kwm, properties that describe an enzyme active site, were not appropriate, even whenHedsliee plots

were linear. At high PS content, the enzyme captured every substrate molecule that became bound to the
same vesicle. Reaction velocity was governed entirely by prete@mbrane binding rather than by
enzyme properties. Eadi¢lofstee plots were often nonlinear and¥@fax was less thakca{E:]. A small

impact from collision-limited kinetics was also detected. Small unilamellar vesicles (SUV, 30 nm diameter)
gave higher [§]s values than large unilamellar vesicles (LUV, 100 nm diameter) of the same phospholipid
composition. There appeared to be two bases for this behavior. First, LUV may provide a better
relationship between the phospholipid surface and the enzyme, giving a better substrate binding site.
Second, for membranes containing high PS, the number of substrate binding sites per vesicle contributed
to the enhanced function of LUV. These studies showed that mechanism-switching was important to
prothrombinase reactioim zitro and suggest that various mechanisms, generated by the nature of the
membrane, may be an important regulator for prothrombinase behaviowo.

The prothrombinase reaction consists of a membrane- A major concern for prothrombinase kinetic studies is the
bound enzyme (factor VaXa) that acts on a substrate role of substratemembrane binding and whether the
(prothrombin) that also interacts with the membrane [re- substrate arrives at the enzyme from the population in
viewed in Nelsestuen (1984a)]. These circumstances offersolution or that on the membrane surface. While a direct
a number of possible routes that the substrate may take inrelationship between prothrombimembrane binding and
binding to the enzyme, or which the product may take in prothrombinase kinetics has been reported (Nesheim et al.,
leaving the enzyme. Several steps do not conform to the 1984), a single phospholipid composition was used, making
requirements of MichaelisMenten or related kinetic mod-  coincidence possible. Other studies, which varied phospho-
els? lipid composition and prothrombirmembrane binding
properties, found no correlation between enzyme velocity
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! Michaelis-Menten behavior is defined broadly to include any directly from the substrate population in solution. Direct

situation where substrate titration can be characterized by a constan o .
(.9, K or apparent<y) and Vma. This includes most single and tpart|C|pat|0n of the enzyme in capture of substrate from

multiple substrate situations. A property of these reactions, and Solution provides a steady-state condition that should con-
cooperative enzymes as well, is that enzyme (E) is a component of form to Michaelis-Menten behavior. Indeed, many studies

every reaction step. Prothrombinase, and at least some other membrangs ;
bound enzymes, provide the potential for non-Michaeltenten thave reportedky values for prothrombinase to reach

behavior of a radical type where some reaction steps do not contain aniMportant conclusions (e.g., Giesen et al., 1991b; Govers-
enzyme (E) term. Riemslag et al., 1994; Pusey & Nelsestuen, 1983; Rosing et
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al., 1980; van Rijn et al., 1984). Pusey and Nelsestuen different interactions of substrate and the various phospho-
(1983) restricted the use Bjy to very limited circumstances  lipids may underlay the large variations of prothrombinase
and substantiated mechanistic conclusions that were notbehavior.

dependent on MichaelisMenten behavior. Concerns in- This study was initiated to provide explanations for the
cluded the proper manner of incorporating the membrane theoretically conflicting behaviors of the prothrombinase
component into the reaction description and the frequentreaction. Four distinct kinetic mechanisms were identified
observation of properties that were not explained by simple from a logical series of steps which might contribute to the
or more involved derivations related to Michaeliglenten. prothrombinase reaction. Only one of these mechanisms
For example, nonlinear steady-state kinetic plots are encounconformed to MichaelisMenten behavior. The dominant
tered. Unpublished studies by Abbott (1988) observed that kinetic mechanism was determined by reaction conditions,
“Ku” varied inversely with membrane vesicle size and including membrane composition and particle size, substrate
increased with the number of enzymes per particle. Othersconcentration, and other physical parameters. In some cases,
have observed a similar relationship betwégand particle  one mechanism dominated at low substrate while another
size (Giesen et al., 1991b). While Smoluchowski theory, dominated at high substrate concentration. This process,
describing the rate constant for collision of particles in referred to as “mechanism switching”, appeared to be the

solution eon), could produce some of the unexplained basis of some of the most complex behavior of prothrom-
behaviors (Abbott, 1988; Giesen et al., 1991b), Abbott (1988) pinase.

noted thatk.,/Ky ratios were only about-510% of ke,
making it unlikely that the effect of vesicle size was due to MATERIALS AND METHODS
ke, UNless the reactants had substantial, unexplained be- ) ) )
haviors. In addition, collision-limited reaction should not  Proteéins. Bovine prothrombin, factor X (Nelsestuen,
give linear Eadie-Hofstee or LineweaverBurk plots so that ~ 1984b) and factor V (Pusey et al., 1982) were prepared and
Kw should not apply at all (Martinez et. al., 1996). Extremely guantitated by published methods. Factor Xa was formed
low Ky values (3-6 nM) were obtained when membrane by action pf Russell's Viper Venom on factor X which was
particle size was increased to planar supported bilayers. Thisthen purified as described (Pletcher & Nelsestuen, 1983).
made it unlikely that the enzyme was directly involved in Factor Vawas formed by treatment of factor V with thrombin
capture of every substrate from solution so that substrate mustnder conditions which produced maximum activity. Typi-
be transferred from the membrane surface to the enzymeC@lly, 0.2ug of thrombin were added to 14y of factor V
(Billy et al., 1995; Giesen et al., 1991b). These combined N 30 uL of Tris buffer containing 1 mg/mL bovine serum
properties appear to be in conflict with any single reaction @lbumin at 37°C. After 15 min, the reaction was cooled
mechanism. and stored at OC. Use was completed within 8 h. Factor

Conditions which do produce collision-limited reaction V@ activity was constant during this time period.
kinetics involve situations where many enzymes are attached Phospholipids The phospholipid vesicles used in this
to infinitely large particles such as the surface of phospho- study were the same preparations described in the ac-
lipid-coated capillaries. Both the prothrombinase complex companying paper (Lu & Nelsestuen, 1996). This allowed
(Billy et al., 1995) and factor Xase reaction (Andree et al., the closest comparison of enzyme kinetics and pretein
1994) appear to reach the state of limitation by substrate Membrane binding properties. The membrane compositions
surface collision under these conditions. Collision or included a low level of fluorescent phospholipids that did
transport-limited reactions may be common in many biologi- not appear to influence the enzyme reaction; similar reaction
cal situations as illustrated by another recent study of enzymeProperties were obtained for membranes that contained only
kinetics in intacEschericia coliiMartinez et al., 1992, 1996).  PS and PC.

Another possible basis for vesicle size-dependent behavior Enzyme Velocity MeasurementBrothrombinase activity
of prothrombinase is the nature of the membrane surface.was determined essentially by the procedure of Bakker et
For example, rate constants for dissociation of prothrombin al. (1992) using either a 30 or 60 s incubation. Briefly, the
from supported phospholipid bilayers (Pearce et al., 1992, components of the prothrombinase complex were assembled
1993) have been reported to be far lower than those fromin 0.25 mL of 0.05 M Tris buffer, pH 7.5, containing 2 mM
vesicles (Wei et al., 1982) even though the equilibrium calcium, 0.1 M NacCl, and 1 mg/mL bovine serum albumin
binding constants appeared similar. A number of proteins, (Sigma). Unless indicated, this included limiting factor Va
including blood clotting factor V, show high preference for (0.18 nM), excess Xa (5.1 nM), and the amount of phos-
binding to small unilamellar vesicles (SWpver large pholipid described for the experiment. After-690 min of
unilamellar vesicles (LUV) (Abbott & Nelsestuen, 1987). assembly time, prothrombin, which had been incubated in
An accompanying study shows small differences betweenthe same buffer for at least 30 min at room temperature,
prothrombin binding to LUV versus SUV. The large was added to give the appropriate final concentration. These
differences between dynamic properties of prothrombin times for enzyme assembly were described by Ye and Esmon
interaction with vesicles versus supported, planar phospho-(1995), and both shorter and longer times were examined to
lipid surfaces, may be an extension of this property. Thus, ensure that reaction velocity was stable. In addition, the

amount of Xa was varied to ensure that it was present at

2 Abbreviations: [S]sis the substrate concentration at half-maximum  Saturating levels for all experimental conditions. The reac-
enzyme velocity. This term is used insteadkaf when the reaction  tion was allowed to proceed for 30 or 60 s at 5. A
mechanism is not known and/or may proceed by non-Michaelis  solution of buffer containing 10 mM EDTA (0.75 mL) was

Menten me(_:hanlsms; Suv, smgll unilamellar \{e5|cles Whlch have added to stop the reaction. Thrombin was measured by
measured diameters of 280 nm; LUV, large unilamellar vesicles

produced by extrusion technique and with average measured diameterdlydrolysis of S2288. Th_e assay was at_"EBand contained
of 110-120 nm. 0.1 mL of the prothrombinase reaction in a total of 0.93 mL
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Table 1: Comparison of Enzyme Kinetics and Prothromthitembrane Binding Characteristics

membrane binding propertfes

enzyme propertiés

membrane  SUV Vmad[Slos  surface density of
composition or LUV Nk (M1s?) ki(sh N Kp (nM)  [Slos(nM) curve shape nat[Shs (M~ts1) proth at [S}s(n/u?)
10% PS SuUvV 4.5¢ 108 24 22 1600 174 linear 2 1R 10° 700
LUV 22 x 10 17 560 3900 101 linear 14 24 1C¢° 370
25% PS SUV 1. 10° 1.9 58 108 104 linear 28 20 1C¢ 10000
LUV 6.1 x 10° 1.0 1425 235 44 linear 220 4810 5300
50% PS SUV 1.4 10° 0.15 79 8.3 6.5 nonlinear 36 1k 1¢° 12700
LUV 7.3 x 10 0.09 1600 20 5.6 nonlinear 350 381C° 7900

aData from Lu and Nelsestuen (1998)alues from this study. The vesicle preparations used for enzyme assay were the same as those used
to determine prothrombirmembrane binding propertiesMidpoint of the linear portion of the plot (Figure 5B).
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Ficure 1: Comparison of prothrombinase kinetics with different
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a Definitions: S, prothrombin; P, product (fragment 1.2 or fragment
1); PL can be either a protein binding site on a vesicle or an entire
vesicle, depending on the situation described in the Mexptal number
of binding sites on a vesicle, number of substrates bound per vesicle;

phospholipids. Prothrombinase kinetics were determined by the m, number of products bound per vesicle. Stefix,= Second order
procedures described in Materials and Methods. Free prothrombinrate constant for association of prothrombin with a binding site on the

concentration is plotted. This was calculated from total prothrombin,
total phospholipid, andKp and N values given in Table 1.
Membranes (5@g/mL) included LUV of 10 {), 25 (©), and 50
(2) percent PS and SUV of 1@j, 25 @), and 50 &) percent PS.

containing 60uM S2288 and 1 mg/mL of bovine serum
albumin. Thrombin concentration was estimated from an
extinction coefficient of 1x 10* Mt cm™ for reaction
product p-nitroanilide) and ak.y of 100/s for thrombin.
Background thrombin activity was determined with reactions

that were treated just as described except that they containe
no factor Va. Thrombin produced under these conditions

was usually negligible and always less than 5% of the

thrombin produced in the presence of Va. Unless indicated,
error estimates report the average and standard deviation for
at least three determinations. If no error bars appear, the
standard deviation was within the dimensions of the symbol.
Velocity is reported as mol of thrombin produced per second

per mol of prothrombinase enzyme.

The maximum rate of product formation per prothrombi-
nase enzyme complek.) was determined under reaction
conditions that had limiting factor Xa. The assay was similar

to that given above except that 0.10 nM Xa, a saturating

level of prothrombin (0.5M), and optimum phospholipid
(20 ug/mL of 10, 25, and/or 50% PS LUV and SUV) were
titrated with factor Va to obtain the maximum velocity at
25 °C. Thrombin produced per second of incubation was
divided by Xa concentration to give valueslqf. Experi-

mental values obtained with different phospholipids ranged

from 16 to 21.4 5. Since different phospholipids can reduce
the apparentmax by virtue of their mechanism, la,;of 21.4
s 1 was used when needed.

RESULTS

Theoretical Description of Steps That Contribute to the
Prothrombinase ReactionFigure 1 shows a general result

membranek_;=dissociation rate constarp = k_1/k;. Whenk;N <

keon, Velocity of substrate binding to a vesictek;(N — n)[S]; velocity

of substrate dissociation from a vesietek_in. If kiN = keor, mechanism

4 applies and velocity expressions differ (see text). Step 2 first

order rate constant for transfer of substrate from the membrane surface
to the enzyme. Forward velocity nk. Although possible, reversibility

of step 2 is not shown. Step R« = rate constant for enzyme catalysis.
Step 4. Product dissociation from the enzyme while still attached to
the membrane. Normally, steady state kinetic properties cannot
discriminate steps 3 and 4 and they can be expressed as a single step.
Step Skiiss= rate constant for product dissociation from the membrane.
dhis is equal tdc-1. Step 1 An alternative mechanism for addition of
substrate directly to the enzyme.

([Slos), varied widely,Vmax differed for some membranes,
and curve shape also varied as a function of both membrane
composition and vesicle size. These kinetic results are
summarized in Table 1, and some results are described in
greater detail below.

Scheme 1 shows a logical series of reaction steps that can
produce these behaviors through four basic kinetic mecha-
nisms. Enzyme velocity is expressed per enzymig), and
the following description is fox1 enzyme per membrane
particle. At at any condition, total reaction velocity may
include contributions from more than one mechanism.

Reaction Mechanism 1. Michaelidlenten Behaior
Requires That All Steps of the Kinetic Mechanism Contain
the Enzyme TermExperimental results are consistent with
Michaelis—-Menten behavior by step.1In this case, reaction
1 is an appropriate description.

S+ E-PL=SE-PL—P+ E-PL (reaction1)

This provides thaKy can be completely unrelated k
for prothrombin-membrane binding. Since the membrane
surface, along with the enzyme, may contribute to the
substrate binding sitedkyy may still vary with membrane
composition. This mechanism should provide no impact of

encountered in study of prothrombinase reaction kinetics. It particle size, unless size is accompanied by different

is apparent thaKy, or the midpoint of substrate titration

membrane surface properties.
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A Michaelis—Menten mechanism can also arise from steps
1-5, if steps 1 and 2 are combined. This can occlg i#

k_1 andkgissn™>> kear These conditions did not appear to apply
to prothrombinase and this mechanism is not discussed in
detail.

Reaction Mechanism 2. Non-Michaetislenten Kinetic
Behavior with S,-PL as the Intermediate When step 2 of
Scheme 1 is rate limiting, enzyme velocity is given by
reaction 2, where PL is a membrane vesicle.

nS+ PL=S:PL— P+ PL (reaction 2)
(steady-state parameters: JS¥ [S][PL]/[S-PL] =
k—llkl = KD; v= ksn; Vmax: Nks<< kcat)

The enzyme is not a component of these steps. In effect,
it is not rate limiting because it is always present in excess.

Lu and Nelsestuen

v/[S]

v

FiIGURe 2: Impact of the collision-limited circumstance (mechanism

This is indicated bw.max < hear K IS mappropr_late, and 4) on enzyme kinetic behavior. The kinetic systems consist of
substrate concentration at half-maximum velocity {E5s particles which each contained many enzymes or binding sites. The
used. Since reaction velocity is determined by substrate-theoretical curves were modified from those in Figures 1A and 1C
membrane binding, steady-state kinetic plots such as Line-of Martinez et al. (1996). (Panel A) Curve shapes for two solutions

weaver-Burk or Eadie-Hofstee depend on this interaction that have identical numbers of enzyme-containing particles but a
2-fold difference in the number of enzymes per particle. At low

substrate concentrations, the enzyme capten@@do of the substrate
that collided with each particle. (Panels-B) Reactions that are
partially limited by collision. The curved lines show the result for
reactions of particles that contain many binding sites per particle,
sufficient to proceed at 15% (panel B), 25% (panel C), and 75%
(panel D) of the collisional limit at the lowest substrate concentra-
tions. The straight lines show the theoretical result for reactions
containing a similar amount of total enzyme that is free in solution
and therefore unaffected by the collisional limit.

and may or may not be linear. Sinkigs nearly proportional
to vesicle surface area, velocity will be proportional ta%
and [S}s will be proportional to 17?, wherer is the radius
of the vesicle.

Reaction Mechanism 3. Non-Michaelislenten Behaior
Where RB-PL Determines ¥ax In this case, the steps in
Scheme 1 combine to those in reaction 3, where PL
represents a membrane particle.

kdissn .
nS+ PL— P PL— mP+ PL (reaction 3)

(steady-state parameters: S [S][PL)/[P-PL];
v= kdissrrn; Vmax: kdiser < kcaa

Once again, kinetic rate plots will be dependent on the
properties of substrate- and produatembrane interaction.

Since substrate and product of the prothrombinase reaction

show nearly identical membrane interaction properties (Lu
& Nelsestuen, 1996), the complexities of {§]Vmax and the
impact of vesicle size on velocity and [g]are similar to
those described for mechanism 2.

Reaction Mechanism 4. Non-Michaetislenten Behaior
That Is Limited by the Rate of Collisions between Substrate
and the Membrane.In this case, velocity is described by
reaction 4.

S+PL-% P+ pL

This process will give velocity that is directly proportional
to [S] so that Eadie Hofstee plots will have a slope of zero,
as shown in Figure 2A.

Mechanism Switching.Reaction 4 is a nonsaturable
process and cannot be continued indefinitely. As the enzyme
or binding sites on the membrane become filled, the reaction
must switch to be rate limited by a saturable mechanism.
The result is curvature of Eadid¢Hofstee plots such as is
shown in Figure 2. These reaction properties have been
described more thoroughly (Martinez et al., 1992, 1996) and
Figure 2 illustrates full and partial impacts of this mechanism
on the general shape of Eadidlofstee plots. Nonlinearity
occurs whenever the collisional limit impacts on a reaction.
Since the collisional rate constamt; = 47wN,Dr/1000,D

(reaction 4)

o

10 20

\% (s'l)
Ficure 3: Theoretical results for mechanism 3 with a switch to
mechanism 1 at high substrate concentration. The straight line shows
the velocity of prothrombin binding to LUV as a function of
prothrombin concentration, at equilibrium. If all substrates bound
to the membrane are converted to product (mechanism 3), this curve
should coincide with enzyme reaction velocity. This line eventually
exceedsk.y (about 20 s1), which is not possible. Thus, the plot
must curve toward an intercept at 20tsThe curved line shows
this general result without a formal solution.

= diffusion constantN,, = Avogadro’s number, and =
particle radius) is proportional to vesicle size, whitg. is
limited by a constant amount of enzyme per particle (one in
this case), reaction velocity at low substrate is proportional
to radius while [S§]s is proportional to 1.

The other mechanisms can also participate in mechanism
switching. An example is provided in Figure 3 where the
kinetic mechanism is described by reaction 2 at low substrate
concentrations but switches to be limited by step 3 at high
substrate concentrations. In effedty is intermediate
betweerks andNk;. Several types of mechanism switching
between these four mechanisms can be proposed. Downward
curvature of EadieHofstee plots (Figures 2 and 3) is a
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common feature of these mechanism switching events. 25 T . T
Experimental Studies: Mechanism |. Michaelldenten

Kinetics The kinetic properties of prothrombinase as-

sembled on membranes of 10% PS conformed to the

Michaelis—-Menten mechanism (reaction mechanism 1).

There was no suggestion that the population of membrane-

bound substrates or products contributed to the reaction. This

was shown by the lack of direct correlation between enzyme

kinetic properties and prothrombimembrane binding L !

properties (Table 1). The lack of close relationship between 0 200 400 600 800

Kp andKy was reported earlier (Pusey & Nelsestuen, 1983; Phospholipid (ug/ml)

van Rijn et al., 1984), and this study extended this to FIGURE4: Summary of activation/inhibition of pro_thrombinas_,e by

individual rate constants. Eadi¢lofstee plots (not shown) different membranes. Velocity of the prothrombinase reaction (

I d did not show th d d sh mol of thrombin produced per second per mol of prothrombinase
were linear and did not show the concave downward SNap€eqnzyme) are shown at various concentrations of SUV of & (

characteristic of mechanism switching. Lack of concave and25% @) PS and LUV of 50 §) and 25% ©) PS. Prothrombin
downward curve shape also suggested that mechanism 4, aoncentration was 0.6M. Other conditions and procedures were

collision-limited reaction, did not contribute significantly to s described in Materials and Methods.

these results. In agreement with this conclusikyKwy reaction. For vesicles of the same size, the results correlated
values for SUV (1x 10° M~ s71) were less than 2% d€.q with earlier study (Rosing et al., 1980) and showed that
(about 7x 10°). inhibition correlated withKp for prothrombin-membrane

While enzyme is involved in every step of the pathway, interaction. That is, potency of inhibition was greater for
including substrate capture from solution, the membrane maySUV of 50% PS than for SUV of 25% PS. Comparison of
form a portion of the substrate-binding site. Its contribution LUV and SUV differed from this pattern. That is, SUV of
appears to be relatively small and not highly influenced by 25% PS were more potent for inhibition of prothrombinase
charge density of the membrane or iy for prothrombin- than were LUV of 50% PS, despite tighter binding to the
membrane binding. For example, SUV of 10% PS gave a latter. LUV of 25% PS showed very low inhibition. The
Km of 174 nM (Table 1) while membranes of 2% PS gave following results show how these behaviors are well
aKy of 400 nM (Pusey & Nelsestuen, 1983). In the absence described by various properties of prothrombmembrane
of membrane, prothrombinase gav&kg of about 30uM binding and prothrombinase kinetics.

(Rosing et al., 1980). A membrane contribution of only 3 Figure 5A shows that prothrombinase velocity correlated
kcal/mol would be adequate to lower the binding affinity to very closely withnkgssn the velocity of prothrombin (or
0.2 uM (SUV, Figure 3). Low energy contributions may fragment 1) dissociation from SUV of 50% PS. Since
even be made by uncharged membranes where the prothrombinding should be at equilibrium, enzyme velocity also
bin—membrane interaction is virtually undetected by com- equaled the velocity of prothrombin association with a
monly used methodology. vesicle. This suggested that the enzyme captured virtually

This Michaelis-Menten mechanism provided no apparent every substrate molecule that bound to the same vesicle. In
basis for an impact of membrane particle size, per se. this situation, the substrate on the membrane surface would
However, the loweKy displayed for LUV may arise from  be the important precursor to enzyme-bound substrate.
differences in surface properties. For example, the more As expected for this kinetic situation, prothrombinase
planar surface of LUV may provide a more optimum spatial kinetics were determined entirely by the characteristics of
relationship between the membrane and the prothrombinprothrombir-membrane binding (reaction mechanism 2 or
binding site on the enzyme. Alternatively, the slower 3). The results in Figure 5B show that {g]was ap-
dissociation of prothrombin from LUV may suggest another proximately equal to th&p for substrate-membrane bind-
slightly different interaction with prothrombin. ing. As expectedVmax Obtained by extrapolation of this

Reaction Mechanism IIl. Substrate Transfer from the linear portion of the EadieHofstee plot (2.2-36 nM free
Membrane to the EnzymeEarly studies showed that high  substrate concentration) was less tkan However, at very
membrane concentrations inhibited prothrombinase and thathigh substrate concentrations, the velocity curved towggd
this was correlated with equilibrium binding of prothrombin  This was consistent with the approximately 2-fold increase
to the membrane (Rosing et al., 1980). Since there was noin kyissnas the membrane became very crowded with protein
correlation between substrate density on the membrane andLu & Nelsestuen, 1996). At low substrate, a slight curvature
reaction velocity, the important substrate pool was that in of the Eadie-Hofstee plot was expected from a small
solution, not the protein on the membrane (Pusey & contribution by the collisional limit. The value ®../[Slos
Nelsestuen, 1983; van Rijn et al., 1984). High phospholipid (1.0 x 10°) was about 15% df.. (6.7 x 10°), and curvature
concentration reduced the prothrombin in solution (van Rijn should be approximately that shown in Figure 2B. The lack
etal., 1984). This lack of correlation between protein density of greater curvature was also important since it suggested
on the membrane and enzyme reaction velocity was sub-thatk., did not make a larger contribution to the reaction.
stantiated by the studies shown above. However, the In orderto capture virtually every substrate molecule that
following studies suggested that this mechanism and resultingbound to the membrank, must be greater thak.; or kgissn
conclusions were not universal. That is, mechanism switch- Thus,ks should be>0.15 s!. Estimates oks for membranes
ing allowed membranes of high PS content to function by of other compositions (see below) were consistent with this
an entirely different mechanism. value.

The results in Figure 4 compare the ability of membranes The results in Figure 6A show that LUV containing 50%
of various composition and size to inhibit the prothrombinase PS showed a relatively close correlation between enzyme
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FIGURE 5. Prothrombinase assembled on SUV of 50% PS, raté fgure 6:  Prothrombinase assembled on LUV of 50% PS:

limitation by product dissociation. (Panel A) Prothrombinase mechanism switching. (Panel A) The velocity of prothrombinase
reaction velocity was determined as described in Materials and yoaction @) is shown at 500 nM total prothrombin and the

Methods and is plotted as a function of phospholipid concentration.

The results for 500 nM total prothrombin concentrati®) @re

phospholipid concentrations given (LUV of 50% PS). The velocity
of prothrombin dissociation from a vesicle)was calculated from

the average and standard deviation for three determinations, andyy . wheren is the molar ratio of prothrombin to phospholipid

those for 250 nM prothrombina() are a single determination. The
velocities of prothrombin dissociation from a vesicle at 230 (
and 500 ©) nM prothrombin were estimated fronkgiss, Wheren

is the prothrombin/phospholipid vesicle ratio d@s,= 0.15 s'L.

vesicles andkgissy was 0.09 sl Also shown is the velocity of
substrate transfer from the membrane to the enzymedlculated
from nkyiss] Ko/ (KstKaissn], Wheren is defined aboveg = 0.13 s
(Panel B) Prothrombinase velocity at constant phospholipid and

(Panel B) Prothrombinase reaction velocity determined at constantyaried prothrombin concentrations. Phospholipid was LUV of 50%

phospholipid (5Q:g/mL of 50% PS-SUV) and varied prothrombin

PS (50ug/mL), and total prothrombin was varied from 34 to 2070

concentrations. Prothrombin concentrations were varied from 70 3\ "The concentration of free prothrombin, [S], was calculated

to 4100 nM. [S] is free prothrombin concentration which was
calculated from total prothrombin, Kp for the prothrombinr-
phospholipid complex of 8 nM, and 80 prothrombin binding sites
per vesicle of 4060 kDa. The straight line line drawn through the
experimental points corresponded to a[S3f 6.5 nM and a&max

of 8.3 s'1. The theoretical straight line plot to the right corresponds
to aKy = Kp = 8 nM andVpax = kear = 20 s 1. The latter is
expected if velocity were limited biga:

velocity and proteirrmembrane dissociation (and associa-
tion) rates at low protein/vesicle ratios. The fit at low
reaction velocity (high phospholipid) was improved if a value
of ks= 0.13 s* was assumed. SindgissnWas about 0.09/

s, aks value of 0.13 provided that only a portion of the

from total phospholipid, total prothrombin, k&, of 20 nM, and
1600 prothrombin binding sites per LUV. The dashed line corre-
sponds to that in Figure 5B and is included to illustrate the large
difference in kinetic properties of prothrombinase assembled on
SUV versus LUV of a single composition.

substrates per vesicle, not their density, was the important
parameter for transfer to the enzyme. Thus, virtually all
features of these reactions were in close agreement with
behaviors predicted from Scheme 1 and its constituent
reaction mechanisms.

It was interesting to note that a major contributor to the
difference between LUV and SUV of 50% PS was the

membrane-bound substrate molecules were captured by thenumber of binding sites per particle, a factor determined by
enzyme. At high protein/vesicle ratios, the rate of substrate vesicle size. This differed from the case of 10%PS, where
binding/dissociation exceeded enzyme velocity. These be-differences between SUV and LUV did not appear to be due
haviors were consistent with the large number of proteins to particle size per se, but to other properties. Thus, there
that bound to a LUV. Thé,was insufficient to converta  did not appear to be a single explanation for an observed
high proportion of substrates before they dissociated from property of prothrombinase, even with respect to the
the membrane. As a result, at high substrate concentrationgnhanced function of LUV.
the reaction switched to be limited by step 3 (Scheme 1). Mixed Mechanisms. At least two mechanisms may
Mechanism-switching in the course of substrate titration contribute to the kinetic properties of protnrombinase when
was supported by observation of highly curved Eadie it is assembled on vesicles of 25% PS. First of all, since
Hofstee plots (Figure 6B). Enzyme saturation before the [S]yswas not greatly different from that for 10% SUV (104
membrane became saturated with substrate should produces 174 nM, Table 1), reaction mechanism 1 probably made
[Slos < Kp. Again, this property was observed ({$l— a major contribution to enzyme kinetics. In addition, the
5.6 nM; Kp = 20 nM, Table 1). close correlation betweér.x andk.,: suggested that reaction
In further agreement with these general mechanisms, LUV mechanism 1, the Michaelidvienten pathway, was domi-
were much less effective on a weight basis than SUV for nant. Lower ability of LUV to inhibit the reaction (Figure
inhibition of prothrombinase (compare Figures 5A and 6A). 7A) could arise from the fact that they show lower {$]
This could be explained by the fact that the total number of and slightly higheKp values (Table 1). As a result, higher
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25 T low substrate concentrations (high phospholipid, Figure 7B).

Thus, the larger number of substrate binding sites on LUV

\ could produce lower ability to inhibit the reaction. Earlier

15+ R - studies may also suggest rate limitation by reaction mech-
\ \ anism 2. That is, Van Rijn et al. (1984) observed that

10 \ 1

20

20

v (s'l)

membranes of 10% PS had a slightly greater maximum
velocity than membranes of 20% PS. This would be
consistent with a small contribution from reaction mechanism
2 for membranes of 20% PS. Results conducted in this study
did not show higheNMma for prothrombinase assembled on
10% PS versus 25% PS. However, the potential for small
degrees of nonlinearity may complicate attempts to obtain
RN highly accurate estimations 0¥max by extrapolation of

10 - L] steady-state kinetic plots.

Overall, the results suggested that reaction kinetics with
25% PS arose from contributions by both reaction mecha-
nisms 1 and 2. The lower [&] value for LUV of 25% PS
may arise for reasons outlined for 10% PS (improved spatial
arrangement of the membrane surface and the enzyme
binding site) or from another contributor to the improved
function of LUV of 50% PS (a larger number of substrate
binding sites per vesicle). While participation by two
mechanisms should produce non-linear Eatiefstee plots,
the differences provided by the contributing mechanisms may
be small and they may give superimposible plots. Curvature
would not be detectable. Thus, although it may occur for
s L. (Panel B) Prothrombinase velocit®) is shown as a function membranes of 25% PS, substrate capture b)_/ the membrane
of the concentration of LUV of 25% PS. The velocity of followed by transfer to the enzyme (mechanism 2) did not
prothrombin dissociation from these vesicles is displaced far above 2ppear to provide a substantial improvement over direct

the portion of the graph shown. The rate of substrate transfer from capture of substrate by the enzyme (mechanism 1).
the vesicle surfacekgiss] ke/(KstKaissn], is shown (). Once again,
n is the ratio of prothrombin to vesicles akgd= 0.13 s

15

v (s'l)

0 200 400 600 800

Phospholipid (iLg/ml)
Ficure 7: Comparison of phospholipid inhibition of enzyme with
protein-membrane dynamics for SUV and LUV of 25 PS. (Panel
A) Prothrombinase enzyme velocii®) was determined at constant
prothrombin (500 nM) and varied phospholipid concentration (SUV
of 25% PS). The rate of prothrombin dissociation from a vesicle
(©) was calculated fromkgissn Wheren is the molar ratio of
prothrombin to vesicles anklissnis 1.9 s1. The rate of substrate
transfer from the membrane to the enzymé \as calculated from
Nkgiss{ Ko/ (KstKaissp], wheren is as described above akgis 1.2

DISCUSSION

concentrations of LUV would be required to reduce solution  This investigation used two approaches which both sug-
concentrations of prothrombin to levels that impact on gested that four kinetic mechanisms were needed to describe
enzyme velocity. Linearity of the EadidHofstee plots prothrombinase reaction kinetics. The simplest approach
(Table 1) was also consistent with reaction mechanism 1.involved comparison of substrate exchange rates from the
As pointed out above, if transfer of substrate from the membrane with enzyme velocity (Figures 5B, 6B, and 7).
membrane surface to the enzyme is important (reaction The second method consisted of traditional kinetic measure-
mechanism 2), EadieHofstee plots should not be linear ments. Animportant outcome was the absence of a simple,
unlessVimax < kear  This did not appear to be the case. universal expression that could describe the prothrombinase
However, other properties suggested some contribution byreaction. Even the basis for improved function of LUV over
substrate transfer from the membrane to the enzyme (reactiorSUV appeared to vary with membrane composition. These
mechanism 2). Figure 7A shows that, while enzyme activity several kinetic mechanisms appeared to explain much of the
for 25% PS did not correlate closely with the velocity of complex behavior of the prothrombinase reaction.
association/dissociation of substrate with the membrane, the Switching between mechanisms has a number of ramifica-
curves at low substrate concentration (high PL concentration)tions. Changes of any experimental parameter may result
became superimposible with theory wherwas assigned a  in a switch of kinetic mechanism or in different contributions
value of 1.2 5. This value agreed with the limiting feature from the various mechanisms. Experiments that involve
of ks that was estimated for SUV of 50% PS (aboke; titrations of substrate, other proteins that compete for
0.15 s1). In addition, [S}s (104 nM, Table 1) was similar  membrane surface binding, temperature, calcium concentra-
to theKp for prothrombin-membrane interaction (108 nM,  tion, ionic strength, number of enzymes per particle, mem-
Table 1). A close correlation between protein density on brane composition, surface properties, fluidity, curvature,
the membrane and reaction velocity, throughout substratesize, or other parameter may encounter mechanism switching.
titration, would be consistent with a reaction that is described Interpretation of results by standard methods that assume a
by reaction mechanism 2. constant mechanism (e.g., Arrhenius plots) may give incor-
Lower efficacy of LUV versus SUV in prothrombinase rect conclusions. An alternative description might be that
inhibition (compare Figure 7 panels A and B) could also be prothrombinase displays “system kinetics” so that models
explained by reaction mechanism 2. While the rate of developed for soluble enzymes do not anticipate critical
prothrombin dissociation from the membrane was much behavior. Inclusion of steps in the reaction pathway that

greater than enzyme velocity, utilization of tlke value
obtained for LUV of 50% PS (0.137% resulted in close

are not enzyme-dependent is a key feature that distinguishes
this reaction, and probably other membrane-bound enzymes,

correlation between predicted and experimental velocity at from virtually all soluble enzymes.
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An important finding for membranes of 50% PS was the molecules that were bound to the vesicle. Since prothrom-
ability of the substrate to be transferred from the membrane binase on 10% PS vesicles displayed Michadlitenten
surface to the enzyme and the product to be transferred baclkbehavior, regional properties of substrateembrane interac-
without dissociation. Results for membranes of 25% PS tion would not be an important factor.
were less clear, partially due to the high efficacy of direct = The enzyme captured only about one-third of the substrate
substrate capture by the enzyme (MichaeNgenten behav-  molecules that bound to SUV of 25% PS. Simple enlarge-
ior). As aresult, membranes of very low PS content bound ment of the surface area should not substantially improve
prothrombin poorly but gaviy values that were not greatly enzyme exposure to substrate, unless other membrane
different from those obtained with membranes of 25% PS. properties were altered. Improved function of LUV may
While transfer of substrate from the membrane surface to have been due to membrane structural properties rather than
the enzyme may contribute to the reaction by membranesparticle size, per se. It is possible that this trend extends to
of 25% PS, the improvement over direct substrate capturesupported planar phospholipid bilayers which display
by the enzyme was slight. However, a contribution of non- values of 3-6 nM (Billy et al., 1995; Giesen et al., 1991b),
Michaelis—Menten mechanism to reaction velocity on comparable to the [g} value of 5 nM for LUV of 50% PS
membranes of 25% PS would make the mechanistic implica- reported here. Théyissn for prothrombin from supported
tions of aKy or apparenKy invalid, despite EadieHofstee phospholipid bilayers contained two components, one of
plots that appeared linear. about 0.5 s! and another of about 0.02's(Pearce et al.,

In this study, substrate transfer from the membrane to the 1992, 1993). The average, about 071 was similar to the
enzyme was characterized by a first order rate conskant, value obtained for 50% PS (0.1% in the accompanying
Expressed on the basis of surface akefor LUV (0.1 s7%) paper (Lu & Nelsestuen, 1996). These results make it
was 4.9x 103 sty 2 and the value for SUV (1.2°%) was possible that supported planar phospholipid membranes gave
2.8x 103st 42 For membranes of 50% PS, the number low Ky or [S]os values due to altered membrane properties
of sites per vesicle was also an important factor in determin- and more extensive use of mechanism 2, transfer of substrate
ing kinetic behavior, giving rise to larger differences in from the membrane surface to the enzyme. This may be a

reaction velocity (although not necessarily ind$jfor LUV situation where alteration of a physical property of the
versus SUV than were observed for membranes of lower membrane, other than composition, resulted in mechanism
PS content. switching. Vesicles and supported planar bilayers may

Michaelis—-Menten behavior requires enzyme participation present quite different prothrombinase kinetics.
in every step of the reaction. This can be achieved by steps The results with membranes of 25% PS indicated little or
1-5, if ks is large so that step 2 is never rate limiting. no inhibition by membrane-bound product, except as it acted
However, aks value of 1.2, estimated for SUV of 25% PS, to displace either enzyme or substrate from the membrane.
would provide for transfer of only about two substrate At Vma, the enzyme converted about one-third of the
molecules from the membrane surface to the enzyme at thesubstrate molecules on the SUV to product. If this product
[S]os value for 10% PSr(= 2, Table 1). Actual velocity at  bound to the enzyme as efficiently as substréfgy should
[Slos was about 10 8. Thus, generation of Michaelis be lowered by this proportion since no additional substrate
Menten kinetics from steps-15 of Scheme 1 required that can be added to the membrane. TKatx was similar to
ks increase dramatically as PS content of the membranethe highest values obtained indicated that membrane-bound
decreased. This seemed unlikely and stef§Stheme 1) product did not compete effectively for the enzyme active
was proposed as the most likely basis for Michaelenten site. This property agreed with reports that fragment 1.2,
behavior. the membrane-binding product of the prothrombinase reac-

Use ofks as a first order rate constant based on the entire tion, is not a highly effective inhibitor of prothrombinase
vesicle ignored potential regional behaviors. Regional effects (Govers-Riemslag et al., 1985).
on a membrane would arise if the enzyme was exposed to An interesting aspect of the various mechanisms outlined
only those substrates that bound in its vicinity and that above was the limited number of situations where Eadie
substrates bound at distant locations would dissociate beforeHofstee plots were linear. Direct participation of enzyme
encountering the enzyme. The lateral diffusion rate of in every step, including capture of each substrate molecule
prothrombin on supported membrane bilayers was estimatedfrom solution, produced mechanism 1 and linear Eadie
to be about 1¢° cn? s7* (Huang et al., 1994). This would Hofstee plots. Situations limited by substrate-membrane
provide randomization of substrate on the surface of LUV binding (reaction mechanism 2) could give linear Eadie
(120 nm diameter) in about 0.25 s. Membranes of 25% PS Hofstee plots in the special case where substrate binding was
or higher that show prothrombin dissociation rate constants characterized by a singké, value. An additional require-
of 1 st or less (at 2 mM calcium) should therefore approach ment for linearity was a homogeneous mechanism throughout
diffusional randomization of substrate and product on the the titration so that enzyme is never rate limiting angx
surface before dissociation. There may be slight regional < k. In contrast, any situation where the membrane
concentrations of product since randomization on the LUV contributed to substrate capture but whegg, equaledk.q
surface may not occur between catalytic evekts € 20 would produce nonlinear EadigHofstee plots. These
s™1). This gradient should be negligible for SUV. The criteria can be used in partial diagnosis of situations where
absence of significant regional behaviors was apparent formembrane capture of substrate contributes to the reaction
membranes of 50% PS where the enzyme captured a higlkinetics.
proportion of substrates that bound to the vesicle. For The combined results of several studies may suggest a
membranes of 10% PS Kassn0f 15—20 st would probably partial correlation between membrane surface properties that
not provide diffusional equilibrium on the LUV surface and produce reducedkgissn and those which provide greater
the enzyme would be exposed to a fraction of the substrateefficiency of substrate transfer from the membrane to the
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enzyme. An accompanying paper showed a small differenceAbbott, A. J., & Nelsestuen, G. L. (1987Biochemistry 26,
in the properties of prothrombin binding to SUV versus LUV~ 7994. _
(Lu & Nelsestuen, 1996). Whil&Kp favored substrate Andree, H. A. M., Contino, P. B., Repke, D., Gentry, R., &
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to a number of other situations where protein components chen, P. S., Toribara, T. Y., & Warner, H. (1958)al. Chem. 28,
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3, transfer of substrate from the membrane to the enzymeDeﬂgefl D., & Bangham, A. D. (197@iochim. Biophys. Acta
with capture of virtually every substrate molecule that was .72 ®<% )

. . : Giesen, P. L. A., Willems, G. M., Hemker, H. C., & Hermens, W.
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prothrombinase assembly occurred whenever factor Xa andgijesen, P. L. A., Willems, G. M., & Hermens, W. T. (1991h)
Va were bound to the same vesicle (Ye & Esmon, 1995). Biol. Chem. 2661379.
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