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ABSTRACT. Factors \jand X, (FVaand FX, respectively) assemble on phosphatidylserine (PS)-containing
platelet membranes to form the essential “prothrombinase” complex of blood coagulation. The C-terminal
domain (C2) of F\{ (residues 20372196 in human FYj contains a soluble phosphatidylserine (C6PS)
binding pocket flanked by a pair of tryptophan residues 2%®f@and TrF4 Mutating these tryptophans
abolishes FY¥ membrane binding. To address both the roles of these tryptophans in C6PS or membrane
binding and the role of the C2 domain lipid binding site in regulation of Edfactor activity, we expressed
W(2063,2064)A mutants of the recombinant C2 domain (F¥2) and é a B domain-deleted factor V

light isoform (rFVap) in Hi-5 and COS cells, respectively. Intrinsic fluorescence showed that wild-type
rFVa2>C2 binds to C6PS and to 20% PS/PC membranes with appégerdlues of 2.8«M and 9 nM,
respectively, while mutant rE)C2 does not. Equilibrium dialysis confirmed that mutant gF€2 does

not bind to C6PS. Mutant rE¥ binds to C6PSKq ~ 37 uM) with an affinity comparable to that of
wild-type rFVaz (Kq ~ 20 uM), although it does not bind to PS/PC membranes to which wild-typeaFV
binds with native affinity Ky ~ 3 nM). Both wild-type and mutant rE¥ bind to active site-labeled FX
(DEGR-Xy) in the presence of 400M C6PS with native affinity K4 ~ 3—4 nM) to produce a solution
rFVao—FXa complex of native activity. We conclude that (1) the C2 domain PS site provides altbut

KT of the free energy of F¥membrane binding, (2) tryptophans lining the C2 lipid binding pocket are
critical to C6PS and membrane binding and insert into the bilayer interface during membrane binding,
(3) occupancy of the C2 lipid binding pocket is not necessary for C6PS-induced formation of the FX
FVa complex or its activity, but (4) another PS site onFdbes have a regulatory role.

Thrombin-activated coagulation factor V is an essential FV,and FX interact weakly in solution(l) but somehow
component in the “prothrombinase” complex, which activates bind with aKy of ~3 nM on a PS-containing membrari).
the zymogen prothrombin to thrombin. This complex consists Because protein interactions are difficult to characterize on
of enzyme factor X (FXy), factor V, (FVy), calcium ions, a membrane surface, it is difficult to know whether the
and a phosphatidylserine-containing membrane surface ( increased affinity seen in the presence of membranes is due
2). Factor \4is a heterodimer3) composed of a heavy chain  to a reduction in reaction dimensionality (two versus three
(FV4HC; Al and A2 domainsM; = 94 000 in bovineM;, dimensions) or to a surface- or lipid-induced change in either
= 105 000 in human) and a light chain (FYC; A3, C1, FVa, FX, or both. Use of C6PS has allowed us to circumvent
and C2 domaingdyl, = 74 000 or 71 000)4, 5). Heterogene-  the complication of examining proteins on a membrane
ity of the light chain is seen in both bovine and human factor surface. C6PS binds to two sites on F43) and to four
V. (4—6) and is due to alternative glycosylation at A%# sites on F\ (14). One of the sites on FXallosterically
in the C2 domain¥). The species that is glycosylated at regulates this enzyme’s conformation, aggregation state, and
Asr?18lis termed factor \; (FVai), while the species lacking  activity (15—17). It may also be that C6PS binding to one
glycosylation at that position is factorMFVap).t FVa2 binds or more sites on Fyregulates either cofactor activity or the
somewhat more tightly than RYto PS-containing mem-  interaction of F\{ with FX, (10, 14). Support for this
branes 8, 9). In addition, F\4,, but not F\4;, binds with
high affinity to FX; in the presence of a soluble form of PS 1 Abbreviations: rF\, expressed recombinant light isoform of B

; domain-deleted factor ¥ rFV-C2, expressed recombinant, nongly-
(C6PS) 10). For this reason, all work reported here was cosylated C2 domain of human factor,;,\C6PS, 1,2-dicaproys$

performed with F\{. glycero-3-phospha-serine; PS, phosphatidylserine; DOPS, 1,2-dioleoyl-
snglycero-3-phospha-serine; DOPC, 1,2-dioleoydfglycero-3-
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hypothesis is derived from the observation that C6PS triggersovernight to a white powder. The resulting dry powder was

tight binding of FV42 to FX5 (Kqg ~ 2 nM) in solution to
yield a fully active complex10). We do not know whether
this regulation is accomplished solely by binding of C6PS
to FX, or if binding to FV, is also required.

One of the four C6PS sites on EVYas been identified
with a binding pocket in the C2 domairig). Two Trp
residues located at the mouth of this lipid binding pocket,
Trp?°% and Trg° are required for binding of factor Mo
immobilized PS 19) and PS-containing membrane0).
This supports a model in which the indole side chains of
Trp?%%3and TrE%*occupy the binding pocket, but are forced

dispersed in the appropriate volume of buffer and vortexed
thoroughly to reach the desired concentration. These stocks
were used within 1 day of preparation.

Preparation of Small Unilamellar Vesicle&mall uni-
lamellar vesicles (SUVs) composed of DOPC and DOPS in
an 80:20 molar ratio were prepared by suspending lipids,
dried as described for C6PS, in the desired buffer with
vigorous vortexing and subjecting this suspension to sonic
disruption in a Misonix (Farmingdale, NY) Sonicator 3000
(23). SUV preparations were fractionated by centrifugation
at 70 000 rpm for 25 min in a Beckman (Palo Alto, CA)

out and into a membrane by occupancy of the binding pocket T|.-100 ultracentrifuge Z4). Phospholipid concentrations

by PS (8). It could be that PS occupancy of this pocket

were determined by the analysis of inorganic phosptie (

triggers conformational changes that lead to altered cofactorsuvs were used the day of preparation.

activity or altered interaction with FX Here we address

Isolation of Recombinant Proteing/ild-type and mutant

several questions inspired by this model and by these possiblq,v(2063,2064)A rEV were expressed in COS cells using a

roles of Trg® and TrE%4in membrane binding.
(1) Are the Tr%2and Trp°“residues of the C2 domain

necessary for occupancy of the C2 binding pocket by short-

chain, soluble C6PSM other words, while mutation of
Trp?°%3 or Trp?°%4to Ala did not alter significantly the rF)\
or rFV,>C2 domain conformation2(Q), might there be a

local, Trp-dependent conformation that is needed for creation

of a lipid binding pocket?
(2) Trp residues are known to strongly favor location at

B domain-deleted factor V construct and purified to produce
rFVa2 as previously described). The isolation and purity

of these recombinant proteins are described in detail else-
where @0). The concentration of purified rkY was esti-
mated by measuring the absorbance at 280 nm using an
extinction coefficient By of 1.74 6). Native and mutant
recombinant rFY,-C2 domain constructs were expressed in
Hi-5 cells, and recombinant proteins were isolated using
established methodsl®). The concentration of purified

the interface region of a membrane bilayer and can provide rFV.-C2 was determined by measuring the absorbance at

considerable free energy for binding of Trp-containing
proteins to a membran@Y). Are these Trp residues in the

280 nm using an extinction coefficient of 2.85 that was
calculated on the basis of the amino acid composition of

C2 domain inserted into the membrane upon membrane ry, . c2 (18). Alternative glycosylation of recombinant B

binding?

domain-deleted factor V at Adk¥! results in two glycoforms,

(3) It has been proposed that the C2 binding pocket could rFy,; and rF\4,, that were separated by chromatography on
function as a PS-mediated switch that would trigger changesa Mono S columnT). The recombinant proteins utilized in

elsewhere in FY(22). Is the lipid binding pocket identified

this study, rF\{; and rF\,>C2, are not glycosylated at

in the C2 domain a specific PS regulatory site, occupancy aAsp?!8L The mutant form of rF\, in which TrF%8 and

of which is required for full cofactor actity or for assembly
of the F\4,—FX, complex, or might there be another site on
FVa2 specific for PS that might see as a regulatory site
for assembly or actity of the F\Mj,—FX, complex?

EXPERIMENTAL PROCEDURES

Materials

1,2-Dicaproylsnglycero-3-phospha-serine (C6PS), 1,2-
dioleoyl-snglycero-3-phosphe-serine (DOPS), 1,2-di-
oleoylsnglycero-3-phosphocholine (DOPC), and brain phos-
phatidylserine (PS) were purchased from Avanti Polar Lipids
Inc. (Alabaster, AL). Dansylarginini-(3-ethyl-1,5-pen-
tanediyl)amide (DAPA) was obtained from Haematologic
Technologies Inc. (Essex Junction, VT). [5-(Dimethylamino)-
1-naphthalenesulfonyl]glutamyl-glycyl-arginyl chloromethyl
ketone (DEGR-CK) was purchased from Calbiochem (La
Jolla, CA). All other chemicals were American Chemical
Society (ACS) reagent grade or the best available grade.

Methods
Preparation of Soluble C6PS Stock36PS stocks were

Trp?%%4are replaced with Ala residues, was still able to form
an active rFX—FV, complex when the mutant rEYwas
added in excess to a membrane-based assay and was still
recognized by a C2 domain specific monoclonal antibody
(20). In addition, mutant rFY; added at a roughly 50-fold
excess increased the activity of X the presence of PS-
containing membranes to the same extent seen with wild-
type rFVa2 R0). Finally, the expressed C2 domain with and
without this mutation had similar secondary structures as
revealed by CD spectroscopy. All this suggests that mutation
of Trp?%3 and TrE%“to Ala did not alter significantly the
conformation of rF\{,; or rFV,-C2.

Preparation of DEGR-X DEGR-X, was prepared by
sequential addition of &L aliquots of DEGR-CK [1 mg/
mL in 0.02 M Tris and 0.15 M NaCl (pH 7.5)] to 1 mL of
~17 uM purified factor X, until there was a complete loss
of enzymatic activity, as monitored by the S-2765 as&ay. (
DEGR-X, was then dialyzed against 20 mM Tris and 0.15
M NacCl (pH 7.5) to remove the free reage@s).

Binding Measurement$he intrinsic fluorescence intensity
was recorded with an SLM 48000-MHF spectrophotometer
(SLM Aminco, Urbana, IL) as described previousli/g].

prepared from measured quantities of 2.5 mg/mL stock The buffer consisted of 20 mM Tris, 150 mM NacCl, and 5

solutions in chloroform. The chloroform was evaporated
under a stream of nitrogen. The lipid was redissolved in

mM CaCl (pH 7.4) filtered through a 0.8 m polycarbonate
filter (white AAWP, 47 mm, Millipore Corp.). Equilibration

cyclohexane, and then the frozen solution was lyophilized between additions of lipids took place for at least 2 min with
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continuous stirring. The total volume added to a sample
during the titration was always5% of the total sample
volume. The buffer without proteins was titrated as a
scattering control.

Titration of DEGR-X, by rFV,, was accomplished as
described previouslylQ) in 1 nM DEGR-X, with 400 uM
C6PS, 20 mM Tris, 0.15 M NaCl, and 5 mM &apH 7.5),
with a 4 min stirred equilibration between rg)additions.
Several intensity readings were averaged after each addition
Controls were performed to correct for dilution, buffer
background, and any small amount of photobleaching. Slits
were closed except during measurements to limit photodeg-
radation.

The response of rEyyand rF\4-C2 intrinsic fluorescence
to membrane addition was fitted to the site binding model
described below using a Marquardtevenberg algorithm
supplied with Sigmaplot (version 4.2, Jandel Scientific, Corte
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of 5 nM FVg,, in 50 mM Tris, 150 mM NacCl, and 5 mM
CaCl (pH 7.5). The fluorescence intensity at the completion
of the reaction (infinite time) was considered to represent
guantitative conversion of prothrombin to thrombin, so the
initial rate of thrombin generation was determined from the
initial rate of fluorescence intensity change normalized to
the intensity once thrombin formation was comple3@)(
Effect of Soluble Lipids on FVa2 Cofactor Agty.
Enhancement of cofactor activit|) by soluble lipids was
measured as described in iefusing the following equation:

(X VPLI(XPL)  r(XgV P (X V)
(X eVIr(X)  r(XgPLF(X,)

3

The ratio on the left is the ratio used experimentally to
evaluateE. Here, r(XoV4aPL) is the rate of prothrombin

Madera, CA). The observed fluorescence response was takefctivation by enzyme in the presence of factaravid lipid,

to be proportional to the fraction of protein bound t
membrane-located binding sites. The observed respBage (
is given as previously describe@)(in terms of the total
concentration of membrane phospholipid added, {PL]

_ Rat— Ro 2 [PL];
Robs= Ry + TP]TF I* = 4[Ph— 1)
where
r=U ek

i
where [P} is the total protein concentratiorR, is the
observed fluorescence of the protein in the absence of lipid,
ARsat (FRsat — Ryo) is the observed change in fluorescence
when all the membrane sites are occupied by protgiis
the effective site dissociation constant, ard the stoichi-
ometry (number of lipids associated with each membrane-
located protein binding site). In the case of C6PS binding to
a single site on FY the concentration of ligand is much
greater than the concentration of protein, and the analysis
simplifies to (L3)

[C6PS]
Robs RO + ARsa‘<d + [CGPS] (2)
whereky is the apparent site dissociation constant.

Determination of the Stoichiometry of Binding of C6PS
to Mutant rF\4>-C2. The stoichiometry of soluble C6PS
binding to mutant rFY,-C2 was determined by equilibrium
dialysis measurements as described previousdy. (

Assay for Prothrombin Agiation in the Presence of C6PS.
The rate of prothrombin activation was estimated from the
time-dependent fluorescence change of DAPA bound to the
activation products. Stopped-flow measurements were per-
formed at 37°C using an SLM-Aminco Milliflow stopped-
flow mixing chamber (Spectronic Instruments, Inc., Roch-
ester, NY) attached to the SLM 48000 spectrofluorometer
as described previously29, 30). Reactions were initiated
by rapidly mixing equal volumes (400L) of the contents
of the two driving syringes to obtain final concentrations in
the observation chamber oM prothrombin, 5«M DAPA,

1 nM factor X, and 0.4 mM C6PS in the absence or presence

o as measured as the initial slope of the rate of change of the

normalized DAPA fluorescence with time. Other terms are
defined analogously. ThgX .V )/r(X,) ratio was determined

as the average from five independent experiments, while
r(XaVaPL)Ir(XoPL) was the average of three independent
measurements. The physical meaning of this expression can
be seen best in the rearranged right-most form. i
VPL)IF(X5V,) ratio gives the effect of phospholipid binding

to both X, and V,, while ther(XsPL)/r(X5) ratio gives the
effect of phospholipid binding to factorXThe ratio of these
two quantities gives the rate enhancement that is specific to
the presence of F¥.

Depth of Tryptophan Residues of the C2 Domain in the
Membrane We have measured the depth of penetration of
Trp?®and Trg%“inside the lipid bilayers using the parallax
method 81). Lipids labeled with bromine at carbons 6, 7,
11, and 12 in the acyl chain were used as tryptophan
guenchers (20 mol % brominated PCs in place of DOPC).
Aliquots of wild-type rF\42>C2 (200 nM) were added to 100
uM vesicle suspensions and the mixtures incubated for 10
min before the tryptophan fluorescence intensity was re-
corded. The fluorescence intensity was measured &C22
with a 48000 SLM spectrofluorometer using an excitation
wavelength of 280 nm. The signal from an identical sample
with the vesicle itself without the protein was used as
background and subtracted from the data.

The depth of the fluorophore (indole moiety of tryptophan)
was calculated according to published methdtis 82):

Ze=Ly + [(—1nC) In(F/F,) — Ly l2L,,  (4)
whereZg is the depth of fluorophore from the center of the
bilayer, L., is the distance of the center of the bilayer from
shallow quencher 1, is the difference in depth between
the two quenchers, ard is the two-dimensional quencher
concentration in the plane of the membrane [molecule per
unit area, (mole fraction of quencher lipid in total lipid)/70
A?. F, and F, are normalized fluorescence intensities of
samples containing quenchers located at known depths in
the bilayer. The area of a PC molecule was taken to be 70
A2 (33) for calculation of the quencher concentration, and
the average bromine distances from the center of the bilayer
were taken to be 10.8 and 6.3 A for the-B Br-PC and
11-12 Br-PC, respectively34).
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Ficure 1. Binding of rFV,; to soluble C6PS. The intrinsic
fluorescence intensities of 0.2M FV,, [wild type (A) and
W(2063,2064)A mutant (B)] in 20 mM Tris, 150 mM NacCl, and 5
mM CaCk (pH 7.5) were measured as a function of C6PS
concentration at 24C to follow C6PS binding. The data were
analyzed according to a simple stoichiometric binding model as

o
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Ficure 2: Binding of C6PS to rFY:-C2. The intrinsic fluorescence

of 0.2 uM rFV,C2 [wild type and W(2063,2064)A mutant (in
the inset)] in the presence of increasing amounts of C6PS was
recorded in a buffer containing 150 mM NacCl, 20 mM Tris, and 5
mM C&* (pH 7.4) at 24°C. The data were fit as described in the
legend of Figure 1. The wild-type protein bound to C6PS with a
Kq of 2.8+ 0.3uM [stoichiometry= 1 (18)], while the mutant did

not bind (see the text).

The importance of these Trp residues to membrane binding
has been previously documented using energy transfer from
Trp to membrane-located dansylphosphatidylethanolamine
(dansyl-PE) 20). Nonetheless, we determined the response
of wild-type or Trp mutant rFY, intrinsic fluorescence to
DOPC/DOPS (8:2) SUVs to document binding in a probe-

described in eq 1 in Experimental Procedures, with parameters givenfree system (data not shown). As expected, wild-typesFV

in Table 1.
RESULTS

Binding of C6PS and Membranes to Mutant and Wild-
Type rF\4,. Figure 1 shows the change in the intrinsic
fluorescence of wild-type (frame A) and W(2063,2064)A
mutant (frame B) rFY: as a result of titrations with C6PS.
The critical micelle concentration (CMC) of C6PS in the
presence of 0.38M human F\4,, which is close to the F¥
concentration (0.2M) used in the experiment presented in

bound tightly Kq = 3 &+ 1.5 nM; stoichiometry= 52 + 5
lipids/protein (average of two determinations)], in reasonable
agreement with our earlier resultsy(~ 1.6 nM) for native
human F\{; using the intrinsic fluorescenc&)( However,

both thesdy values are significantly higher than we reported
for rFVg4, binding to 25% PS membranes using dansyl-PE
to detect bindingk{q ~ 0.3 nM) 0). The difference between
these two results probably represents a probe effect; i.e., there
could be a favorable interaction of the large dansyl probe
with rFV,. By contrast to the wild-type protein, the

Figure 1, was determined previously using quasi-elastic light W(2063,2064)A mutant protein showed no response of its

scattering to be ca. 750M, well above the concentrations

intrinsic fluorescence to DOPC/DOPS membranes. This

used in our titrations. Thus, the effect seen in Figure 1 was could be because the alanine substitutions for%¢@nd

due to monomeric C6PS and not to this lipid in a micellar

Trp?%%4interfered with binding, or because W(2063,2064)A

form. These data were described well by a simple indepen-rFV,, does bind, but binding is invisible because insertion
dent binding site model assuming a stoichiometry of 1 (lines of the Trp residues into a membrane is responsible for the
in Figure 1), yielding effective dissociation constants of 20 fluorescence response (increase) associated with addition of
+ 1 and 374+ 1 uM (average of three determinations) for PS-containing membranes. The latter explanation can be
wild-type and mutant rFY5, respectively. We note that native  eliminated since no energy transfer was observed between
FV, actually binds four C6PS molecules, not orf)( the remaining Trp residues in mutant ri\and the dansyl
However, the data in Figure 1 do not permit an estimate of group of headgroup-labeled dansyl-PE and by the lack of
stoichiometry, so a value of 1 was assigned for consistency competition of W(2063,2064)A rFM with wild-type rFVa,

to both proteins. Assuming a stoichiometry of 4 for wild- binding 0).

type and 3 for mutant rF) would yield numerically Interaction of rF\4-C2 with Membranes and C6P%o
equivalent apparent site dissociation constants and wouldaddress the importance of the Trp residues for the occupancy
alter only the apparent fluorescence change per site. Fromof the C2 domain pocket by C6PS, we titrated wild-type and
these results, we see that elimination of the?¥and TrF’6 W(2063,2064)A mutant rF)}-C2 with C6PS, as shown in
residues from the rim of the putative binding pocket on the Figure 2 and its inset, respectively. The intrinsic fluorescence
C2 domain did not have a large effect on binding of short of the wild-type C2 domain decreased with addition of C6PS,
chain C6PS. This is probably because binding to the C2 siteas previously reported.8). With the stoichiometry fixed at

is similar in affinity to binding to the three sites outside the 1, the effectiveKq was 2.8+ 0.3 uM (average of three

C2 domain. Alternatively, or in addition, it could be because determinations). The fluorescence of mutant (82 did
binding of C6PS to the C2 site is not dependent on thesenot change in response to addition of C6PS (inset of Figure
Trp residues. 2). Again, this could be because the Trp residues are essential
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Ficure 3: Binding of rFV,-C2 to DOPC/DOPS membranes. The
intrinsic fluorescence of 0.2M rFV,-C2 was measured in a buffer
containing 150 mM NacCl, 20 mM Tris, and 5 mM €a(pH 7.4)

at 24°C. Proteins were titrated with DOPC/DOPS (80:20) SUV
membranes. Solid lines through the data show the results of fitting
the data (see Figure 1) to estimat&K@of 9 + 2.5 nM, with a
stoichiometry of 46t 5 lipids/site. The inset shows the titration of
W(2063, 2064)A mutant rF}-C2 with DOPC/DOPS membranes
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for binding of C6PS or because they are essential for the Va2l (1M)
fluorescence response to binding. We turned to a direct Ficure 4: Binding of rFVa,to DEGR-X, in the presence of C6PS.
measurement of binding, equilibrium dialysis3( 14, 18), Binding of rFVa to factor X, was detected by the change in the

i FP. i ; ; fluorescence intensity of a fluorescence probe, DEGR, covalently
to resolve this ambiguity. With this method, we confirmed bound to the active site of factor,XSmall aliquots of rF; [wild

that_<0_._l molecule of C6PS b_ound to r_nutant 2 type (A) and mutant (B)] were added to DEGR{A nM in 5 mM
(variability of the measurement is2%), while 1 molecule  Ca*, 20 mM Tris, 150 mM NaCl, and 400M C6PS (pH 7.5)].
bound to the wild-type protein, as previously report&)( The lines through the data were obtained by least-squares regression

These results unambiguously demonstrate that*%%pnd to a single-site binding model with best fit; values given in Table
Trp®%%4 are essential for binding of C6PS to the C2 domain

binding pocket. 2), we now asked whether occupancy of this site is required
We asked next whether Ti{5°and Trg°4are needed for  for assembly of the prothrombinase complex and/or cofactor
binding of rFV,>-C2 to a PS-containing membrane. Figure activity. Clearly, binding of F\, to FX, is essential for
3 shows that the wild-type rE¢C2 domain binds with high  expression of cofactor activity. Figure 4 presents isotherms,
affinity to PS-containing membranes. This agrees qualita- obtained in the presence of 4@ C6PS, for the binding
tively with our earlier report 18). However, our current  of wild-type (frame A) and mutant (frame B) riyto FXa.
results indicate that rE¥-C2 binds more tightly to PS-  we have previously shown that the complex formed under
containing membranes than we previously reported. Becausehese conditions has a stoichiometry of 1:1.(RVa),
of this discrepancy, we repeated this titration three times with contains<17 C6PS molecules, and activates prothrombin
two different protein preparations. All experiments were at nearly the same rate as the membrane-assembled complex
consistent and gave an average site dissociation corigtant (10). With the stoichiometry fixed at 1:1, we obtained a best
of 9 &+ 2.5 nM, with a stoichiometry of 46 5 lipids/site  fit description of the data in Figure 4 witky values of 3.1
(the standard error is the average of the regression errorsy 0.4 and 4.0+ 0.6 nM for wild-type and mutant rFy,
obtained from each experiment). Upon revisiting the original respectively. Because C6PS does not occupy the C2 site on
data from our earlier titration, we discovered that the the mutant rF\, these results establish that C6PS occupancy
background scattering had been inadequately taken intoof the C2 site has no effect on the interaction between factors
account, leading to overestimation of th& for this Xaand Vi Thus, the C2 site does not regulate association
interaction (8). No change in the fluorescence of of rFV,,and FX.
W(2063,2064)A mutant rFM-C2 occurred upon addition of The final question posed in the introductory section was
PS-containing membranes (inset of Figure 2). This meanswhether the W(2063,2064)A mutation in the C2 domain
either that the deleted Trp residues are needed for bindingmight alter the activity of the rF¥-FV, complex in the
of the C2 domain to PS-containing membranes or that they presence of C6PS. In the absence of membranes or C6PS,
are needed for the change in fluorescence upon binding tothe prothrombinase activity of 1 nM EXvas 0.25 nM 1}
membranes. This latter explanation was ruled out by the facts-1 (nM FX,)~, but in the presence of 50 nM wild-type or
that a remaining Trp residue in rg¥C2 located close t0o  mutant rF\4, the prothrombinase activity of 1 nMXvas
the lipid binding pocket 18) did not transfer energy to 584 0.4 and 6+ 0.3 nM Il s (NM FX,) L, respectively.
dansyl-labeled phosphatidylethanolamine in DOPC/DOPS Although activity is quite low in the absence of C6PS
SUVs 0). (compare to roughly 170 nM Jk in the presence of either
Functional Significance of Binding of PS to the C2 Pocket. wild-type or mutant rF\, and C6PS; Figure 5), this result
Having established the importance of #§and TrE%“for clearly shows that the W(2063,2064)A mutation in the C2
the occupancy of the C2 binding pocket by C6PS (Figure domain does not impact cofactor activity in the absence of
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200 the observed responses are likely a combination of effects
of C6PS on both rF¥ and FX. This is quite evident in the
systematic errors seen in the plot of residuals given in the
inset of Figure 5. The moderate increase in activity between
~20 and 100uM C6PS probably reflects relatively weak
binding [kq ~ 70uM (35)] to FX,. However, the sharp initial
increase in activity at low C6PS concentrations means that
binding of C6PS to rFY: (Kq ~ 20 uM; Figure 1) has a
—— dramatic influence on activity. This clearly indicates that
1°‘EC§%°S]3[°£M3‘°° 500 binding of C6PS to some site on EVis involved in

1 ! ' regulation of either F\; cofactor activity or binding of F\
0 100 200 300 400 500 to FX,, although the data presented here indicate that this

[CEPS] [uM] site is not the C2 domain site.

Ficure 5: Effect of C6PS on the cofactor activity of wild-type . .
and mutant W(2063,2064)A RYduring prothrombin activation. Penetration of C2 Tryptophans into the Membraiiae

Initial rates of active site formation as monitored by DAPA C2 domain has three Trp residues (PR3 Trp?® and
fluorescence were determined as a function of added C6PSTrp?%8at the top of the lipid binding pocket). Since P9

concentration. Stopped-flow fluorescence measurements werejg roughly 22 A above Tr8%3and TrE%4(22), it is unlikely
performed at 37C at various concentrations of C6PS in a buffer penetrate the membrane interface. We have used the

containing 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, and 5 mM . . L
CaCb. Rgaction mixtures cs)pntaineé AM prothrombin, 5uM fluorescence of Ti{§**and Trg®*to judge their location in

DAPA, and 1 nM FX, along with either 5 nM wild-type rFy the bilayer, using quenching of Trp fluorescence based on
(®) or 5 nM mutant rF\;; (O). Lines drawn through the data result  the parallax method3{). We used two dibromo lipids (67
from Ieas_,t-squares regression_ of the datato a hyperbc_)la (solid linegnd 1+12 Br-PC) as quenchers, with the results shown in
for the wild type and dashed line for the mutant). The inset shows Figure 6. Trp fluorescence was quenched more by thé 6
the residuals from these regressions, using the same symbols. Br-PC than by the 1212 Br-PC, suggesting that the PP
and Trp%“residues are closer to;@nd G in the lipid acyl

lipid. Both wild-type and mutant F) support the same  chain than to @ and G Using published equation81)
prothrombin activating activity at saturating Edoncentra-  as described in Experimental Procedures (eq 4), we estimated
tions, but in the presence of 25% PS membranes, a 10-foldfrom these results that the indole moiety of one or both of
higher concentration of mutant rEMs needed to elicit the  the Trp63 and Trg% residues is located-9 A from the
same activity from FXas from wild-type rF\{; (20). This center of the bilayer, and thus penetrates the interface region
could be because of a difference in the interaction betweenof the bilayer.
wild-type and mutant Fyand factor X in the presence of
the membrane or to the difference in membrane binding of DISCUSSION
these two forms of F¥. The presence of a membrane makes ) )
it difficult to distinguish between these two possibilities. !N this paper, we set out to address three questions that
C6PS triggers assembly of a fully active £V¥FXa complex relate to the mechanism and functional consequences of
in the absence of a membrank7). Because of this, FY binding of FV, to membranes. These questions have been
cofactor activity is best described in terms of the enhance- answered in the Results, and here we comment on the
ment of FX, activity due to the presence of the cofactor, in insights these answers offer about the mechanism of mem-
the presence of C6P24). Table 1 contains the cofactor brane binding and regulation of BV
activities of native, recombinant wild-type, or mutant &V Membrane Binding Mechanisi/e pointed out previously
obtained by the assay described in Experimental Pro-that most of the free energy of binding of rekMo a PS-
cedures, and these are all equal within experimental un-containing membrane is provided by binding of the gV
certainty. Clearly, cofactor activity was unaffected by the C2 domain 20). However, this initial analysis was made
W(2063,2064)A mutation. using a membrane-located fluorescent lipid probe, dansyl-

Next we consider the variation in prothrombinase activity PE. Because probe molecules can perturb the events being
in the presence of both wild-typ®@} and W(2063,2064)A  examined, we judged it wise to reexamine, using a probe-
mutant O) FV4, with addition of increasing concentrations free measurement, the extent to which the #&2 domain
of C6PS (Figure 5). The results in Figure 5 show that both might contribute to binding of whole rEy. The difference
the wild-type and mutant W(2063,2064)A FVa2 behave in the standard free energieRT In Ky) of rFV,-C2 and
nearly identically as a function of C6PS concentration. The rFVg, binding to 20% PS membranes, as determined here
lines through these data show the result of fitting them to a using intrinsic Trp fluorescence, is very smaNAGping ~
hyperbola (the expected response if the effect of C6PS on650+ 340 cal/mol, i.e.;~1 & 0.6 KT). Our previous estimate
activity was caused by simple, single-site binding to either of this quantity was~1800+ 130 cal/mol, i.e.,~3 + 0.2
FXa or FVa), yielding effectiveKy values and saturation kT (20), with the difference in the estimates apparently
values for wild-type [4.6+ 0.4 uM, 170+ 3 nM lla s! attributable to the dansyl-PE probe. Both estimates suggest
(nM FXy) 1] and mutant [4.5+ 0.4 uM, 164 + 3 nM lla that lipid binding sites outside of the C2 domain make little
st (nM FXy ™Y rFV 4. Clearly, the mutant and wild-type or no contribution to the thermodynamics of membrane
proteins behaved identically, within experimental uncertainty, binding. While the free energy of PS association with other
in their responses to C6PS. However, careful examination sites may be insufficient for membrane binding, ever31
of the fits of the single-site binding model to these data KT can suffice to trigger protein conformational shifts that
reveals that this model is not an adequate description, sinceare important for function.

150 -

100 =

50 =

nM lla/second
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Table 1: Summary of Results with Wild-Type and W(2063,2064)A #4582 and F\i#

Kd¢(membrane) stoichiometry, membrane Kq (C6PS) Ka (FXa) cofactor
protein (nM) (no. of lipids/site) (uM) (nM) activity?
human plasma ¥ 1.6 (7) 26 (7) 14.5: 1 (3) ND* 15+ 1 (3)
rHFVa2 3+1.5(2) 52+ 5 (2) 20+ 1 (3) 3.1+ 0.4 (3) 17+ 1 (3)
rHFVa2 W(2063,2064)A ND NDe 37+1(2) 4.0+ 0.6 (3) 16+ 1 (3)
rc2 9+ 2.5(3) 46+ 5 (3) 2.8+ 0.3(3) NMH NA®
rC2 W(2063,2064)A ND ND¢ ND¢ Nmd NAe

2 Average values and average standard errors from two or three determinations (in parentheses) &Beenined as described by eq 3 in
Experimental Procedure$Binding not detectable! This measurement was not performé#leasurement not applicable.

0.30 =
3 0.25 =
=
]
g 0.20 =
o
3
i 0.15 <

0.10 =

300 320 340 360 380 400
[Wavelength][nm]

Ficure 6: Depth of penetration of T#f3 and Trg%+ into the
membrane. Corrected intrinsic Trp fluorescence spectra 422

of wild-type rFV,zC2 (200 nM) bound to PC/PS SUVs (10M1)
were collected in the absenc®)( and presence of different
quenchers [1112 Br-PC @) and 6-7 Br-PC @)]. Samples were

in buffers containing 20 mM Tris, 150 mM NaCl, and 5 mM€a
and spectra were collected and analyzed as described in Experi
mental Procedures.

We turn now to the mechanism by which the C2 domain
lipid binding pocket mediates membrane binding. Using
C6PS, we have been able to show that?¥%jand TrF°*
are required for occupancy of the C2 domain lipid binding

protein structure, just small local changes. This is consistent
with the observation that C6PS and membrane binding do
not cause a secondary structure change in the C2 domain,
although a small conformational shift is suggested by an

observed change in thermal stabiliti/g].

Role of C2 Domain Lipid Binding in Regulation of
ProthrombinaseOn the basis of the observations that gV
and the W(2063,2064)A rEY mutant are equally active at
saturating C6PS concentrations (Figure 5) and that this
mutation blocks binding of C6PS to the C2 domain (Figure
2), we conclude that C6PS occupancy of the C2 lipid binding
site does not alter FX-FV, complex activity. Because the
W(2063,2064)A rF\, mutation had no effect on the as-
sembly of the rF\,—DEGR-X; complex (Figure 4), the C2
domain lipid binding site seems not to regulate either cofactor
activity or complex assembly. Our previous observation that
the W(2063,2064)A rFY mutation alters the response of
prothrombinase activity to either Bor rFVa, (20) must
therefore reflect only the defect in membrane binding
associated with this mutation. This conclusion is made
possible only by the results obtained here using C6PS to
activate both FXand rF\4,in solution, free of the complica-
tions of a membrane surface. This disconnect between the
roles of PS in membrane binding and in prothrombinase

pocket. Loss of these Trps also obliterates membrane bindingactivity is consistent with previous reports that acidic lipids

(20), which derives almost exclusively from the C2 domain.

other than PS support Evnembrane binding36) and that

These observations suggest three things. First, while replace€ven basic lipid membranes support prothrombin activation
ment of these Trp residues with Ala residues did not produce @s long as they contain a small amount of Bg).(

a measurable shift in rE*C2 domain secondary structure
(20), clearly the loss of these tryptophans altered in a
functionally significant way the local conformation in the
neighborhood of the lipid binding pocket. We suspect that
Trp?°83 and Tr@%* stabilize this pocket by occluding its
opening £2), and that their absence may lead to collapse of
the pocket. Occupancy of this pocket by a lipid molecule
[presumably but not necessarily P$8)] would displace

This leads to the question of whether there is a PS binding
regulatory site elsewhere on EMC6PS binds to three sites
on FV; outside of the C2 domairig, 18). Our results (Figure
5) suggest that one (or more) of these sites is a regulatory
site for either X—V,tight association, Fycofactor activity,
or both. Additional work will be needed to locate and
determine the function of this site, although recent results
show that mutations in the C1 domain of riVhave

these tryptophans. When the binding pocket is occupied by functional consequence88) that may be worth exploring
C6PS, the tryptophans would be displaced into water, leadingfurther.

to the observed loss of intrinsic fluorescence intensig).(
If displaced by a membrane-located lipid, the Trp residues

would penetrate the membrane, leading to the observed

increase in fluorescence intensityg|. Using phosphatidyl-
choline molecules labeled in specific positions in their acyl
chains, we have confirmed that PPg? and/or Tr3%“indole
groups penetrate withi9 A of themembrane center during

association with a membrane. This places the Trp backbone

just at the membrane interface, which would provide much
of the free energy of FY membrane interaction2(),

although occupancy of the C2 domain lipid binding pocket
presumably makes a contribution as well. This model of C2

domain membrane binding presumes no large changes in
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