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ABSTRACT. Metal ions, such as Ga and Mr#", are necessary for the generation of cofactor activity
following reconstitution of factor VIII from its isolated light chain (LC) and heavy chain (HC). Titration
of EDTA-treated factor VIII with M+ showed saturable binding with high affiniti{{ = 5.7 + 2.1 uM)
as detected using a factor Xa generation assay. No significant competition betwiéean@art* for
factor VIII binding (Ki = 4.6 mM) was observed as measured by equilibrium dialysis using2Ca?*

and 8uM factor VIII in the presence of 81 mM Mn?*.

The intersubunit affinity measured by fluorescence

energy transfer of an acrylodan-labeled LC (fluorescence donor) and fluorescein-labeled HC (fluorescence
acceptor) in the presence of 20 mM Rin(Ky = 53.0+ 17.1 nM) was not significantly different from the
affinity value previously obtained in the absence of metal iKpn= 53.8+ 14.2 nM). The sensitization

of phosphorescence of Thbound to factor VIII subunits was utilized to detect Mrbinding to the
subunits. MA* inhibited the phosphorescence of*Thbound to HC and LC, as well as the HC-derived
Al and A2 subunits with a relatively wide range of estimated inhibition constant valieslues=
169-1147 uM), whereas C&# showed no effect on Pt phosphorescence. These results suggest that
factor VIII cofactor activity can be generated by Rrbinding to site(s) on factor VIII that are different
from the high-affinity Ca" binding site. However, like Ca, Mn2* did not alter the affinity for HC and

LC association. Thus, Mr appears to generate factor VIII cofactor activity by a similar mechanism as
observed for Ca following its association at nonidentical sites on the protein.

Factor VIII, a plasma protein that participates in the blood

Factor VIl is inactivated by EDTA, which facilitates

coagulation cascade, is decreased or defective in individualsdissociation of the HC and LG5( 8). Factor VIII can be

with hemophilia A. Factor VIII functions as a cofactor for

reconstituted by combining the isolated subunits in the

the serine protease factor IXa in the surface-dependentpresence of Cd or Mn?t (12—14). In addition, the presence
conversion of zymogen factor X to the serine protease, factor of low levels of Cud or Ci#* stimulate this effecti(1, 15).

Xa (1, 2). Deficiency of factor VIl causes marked reduction
of factor 1Xa activity and in subsequent rates of factor Xa
generation.

Factor VIl is synthesized as an300-kDa single chain
precursor proteing, 4) with domain structure AAA2—B—
A3—C1-C2 (5). Factor VIl is processed to a series of
divalent metal ion-linked heterodimeré—<8) by cleavage
at the B-A3 junction, generating a heavy chain (HC)
minimally represented by the AIA2 domains, and a light
chain (LC) consisting of the A3C1-C2 domains. Metal
ions play an important role in regulating factor VIII structure
and activity. The A domains of factor VIII share homology
with the A domains of factor V and the copper-binding
protein, ceruloplasmin9j. One mole of copper has been
identified in factor VIII (10, 11).
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Thus, it was thought that the linkage of HC and LC by a
metal ion (C&", Mn?", or C&") formed an active hetero-
dimer. This interpretation was consistent with studies
examining the reconstitution of factor Va from isolated
subunits by C& or Mn?* (16, 17). We recently evaluated
metal ion-dependent and -independent association of factor
VIII chains (18). In the absence of metal ion, LC and HC
combine to form an inactive heterodimer as demonstrated
by fluorescence energy transfer. Canas little effect on
intersubunit affinity yet it converts the inactive dimer to an
active, although low specific activity, form. In contrast,Cu
enhances the intersubunit affinity100-fold but yields a
dimer that lacks activity. However, the presence of both metal
ions results in a high intersubunit affinity and yields a high
specific activity factor VIII. A recent study on the role of
C&" in factor VIl indicated that C& binding to both factor
VIII subunits was required for the generation of cofactor
activity (19). These studies also demonstrated that a local
conformational change in response t¢Qainding correlates
with formation of the active cofactor.

Although Mr?t seems to affect the reconstitution of factor
VIII activity in a manner similar to that observed for €a
little quantitative information is available on the interaction
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of Mn2" with factor VI (subunits). Furthermore, the
characterization of Mit binding to factor VIII would help 153
to clarify the mechanisms by which selected divalent
metal ions modulate cofactor activity. In the current
study we demonstrate that, similar to®CaMn?" possesses

a high-affinity binding site for factor VIl that does not
influence the affinity of the HC and LC in the factor VIII
heterodimer. However, several lines of evidence show that
the metal ions occupy nonidentical sites, suggesting that
occupancy of either type of site(s) by the respective divalent
metal ion drives a conformational change that yields the
active cofactor.

>

Absorbance X 10° at 263 nm

MATERIALS AND METHODS M (uM)

ReagentsRecombinant factor VIII preparations (Koge-
nate) were a gift from Dr. Lisa Regan of Bayer Corporation
(Berkeley, CA). Purified recombinant factor VIII was also
a generous gift from Debra Pittman of the Genetics Institute
(Cambridge, MA). Phospholipid vesicles containing 20% PS,
40% PC, and 40% PE were prepared using octylglucoside
as described previousl2Q). The reagenta-thrombin, factor
IXaps, factor X, and factor Xa (Enzyme Research Labora-
tories, South Bend, IN); hirudin, phospholipids, MaGind
TbCl; (Sigma, St. Louis, MO); the chromogenic Xa substrate 0 . . .

S-2765 (-a-benzyloxycarbonyl-D-arginyl-L-glycyl-L-argi- 0 50 100 150
nyl-p-nitroanilide-dihydrochloride; DiaPharma, West Chester, EGTA (uM)

OH); “Ca (Amersham-pharmacia Biotech, Piscataway, NJ); Figure 1: Determination of the affinity of M# for EGTA using
and 5,5-dibromoBAPTA (Molecular Probes, Eugene, OR) 5,5-dibromoBAPTA. (A) Detection of MA" binding to 5,5
were purchased from the indicated vendors. dibromoBAPTA. Mrf™ was incrementally added to 5;8ibromo-

Preparation of Factor VIIl and Subunitssactor VIII BAPTA (0.75uM), and the absorbance at 263 nm was measured.

. . The line was drawn from the curve fit as described in Materials
(Kogenate) was dissolved in 20 mM HEPES, 0.3 M KCl, 5,4 vethods. The dissociation constant for 5HromoBAPTA

and 0.01% Tween-20 (pH 7.2), further concentrated using aand Mr#* binding from the curve fitting was determined as 0.0095
CentriPlus concentrator (Millipore, Bedford, MA), dialyzed u«M. (B) Competition of M#+-5,5-dibromoBAPTA binding using
into the same buffer, and stored aB80 °C. Factor VIII EGTA. EGTA was incrementally added to a solution containing
LC, HC, A1, and A2 subunits were isolated from factor VIl 5,3-dibromoBAPTA and MA" (5 M each), and the absorbance

) . . - at 263 nm was measured. Each point represents the average value
as previously describe), dialyzed into 10 mM MES, o yriplicated experiments. The line was drawn from the curve fit

0.3 M KClI, and 0.01% Tween-20 (pH 6.5) and stored at as described in Materials and Methods. The dissociation constant
—80 °C. for EGTA and M+ was determined to be 0.12V.

Preparation of MA*—EGTA Buffer with Specified Free
Mr?t. A Mn2*—EGTA buffer with free Mi@™ concentrations
ranging between AM and 20 mM in the presence of 5 mM
EGTA was made based upon the appakgrfor the M —
EGTA complex. The apparery for the Mr#*—EGTA
complex in 10 mM MES and 0.3 M KCI (pH 6.5) was
obtained experimentally using 5;8ibromoBAPTA as a tMn. — [Mn2+] _
probe @2). A two-step method was employed based on the !
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I
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set of assigned parameters the NewtBaphson method was
used to solve the free Mhconcentration= [Mn?*]) based
on the following equation:

tBrB,[Mn?*] ~ tEGTA[MNn?"] o
IMn®]+Kg  [Mn*T] + K¢

procedure performed by Linse et a23f. In the first step, (1)
the affinity of 5,5-dibromoBAPTA for Mr#* was determined
by titration of a fixed concentration of the probe (0/19) where Kg is the dissociation constant for 5@ibromo-

with the metal ion and was added in uM increments, BAPTA—Mn?" binding, andKg is the dissociation constant
and absorbance was monitored at 263 nm (Figure 1A). Thefor EGTA—Mn?* binding. Subsequent determination of the
Kq for 5,5-dibromoBAPTA-Mn?* hinding Kg) was esti- Kg or Kg was done by iterating the variable parameters until
mated by subsequent curve fitting (see below; total EGTA the minimum error square sum (ESS) was found using the
concentration= 0). The second step of the procedure equation below. This procedure is based on numerical
examined competition (monitored at 263 nm) of the'5,5 evaluation of the first and second derivatives of ESS with
dibromoBAPTA-Mn?" complex (5 uM) with variable respect to each parameter.

concentrations of EGTA (Figure 1B) to estimate #efor

the Mr?"—EGTA complex Kg). The changes in the con-  AbPSaicuiated, =

centrations of total 5,5dibromoBAPTA (tBrB), total Mr¢* [Mn2+] tBrB,
(tMn2*), and total EGTA (tEGTA because of the change AMAX — (AMAX — AMIN)—— BB 2)
in volume at titration poini were corrected, and for each [Mn*'] + Kg )
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whereAMAX s the absorbance of 3;8ibromoBAPTA in binding model (nonidentical and independent sites) using the

the absence of metal ioAMIN is the absorbance of Mh- equations

saturated 5,5dibromoBAPTA AbSaiculated, iS the calculated

absorbance at point, and Absneasured, IS the measured Frae [TB%]

absorbance at poirit Phosphorescen¢e) = ————— (4)
Kyt [Thb™']

Factor VIII Activity Titration by Mr#*. HC (100 nM) and
LC (100 nM) were recombined in each Kr-EGTA buffer

Phosphorescen¢E) =
(free Mr?* concentrations betweenidM and 20 mM) at 23 P £ ®) =
°C for 18 h, and resultant factor VIIl activity was measured 753" max1 m2 | respectively, (5)
using the factor Xa generation assay as described below. Ky + [Th**] Ky, + [Th1]

Nonlinear least-squares regression analysis was performed
according to a single-site binding model using the following where [TE'] is free T concentrationKgy, Kg;, and Kg,
equation: are the dissociation constants; aRglax Fmaxu and Fmaxz
represent maximum phosphorescence signals when the sites
A-[Mn?"] are saturated by Pb.
— 3) In a second series of reactions, the factor VIII subunits
Kg+ Mn™] (1-6 uM) were incubated with TbGI(0—2 mM) in the
absence and presence of various concentrations of MnCl
whereA is a constant reflecting maximal activity, aKd is (0—5 mM). Reactions were run for 18 h at 2&. Under
the dissociation constants. these TB' concentrations, the phosphorescence resulting
Factor Xa Generation Assay$he rate of conversion of  from low-affinity binding sites, if any, was<15%. To
factor X to factor Xa was monitored in a purified system evaluate MA*-dependent inhibition of the high-affinity Th

Activity =

(24) according to the method described previoudlg, 9), binding, each phosphorescence value was corrected as
and the activity was expressed as the amount of factor Xa
generated (nM) per minute and converted to the value per Fraxt

nanomolar LC. Fh=F—-F =F

Equilibrium Dialysis Using**Ca. Equilibrium dialysis
was performed as described previousig)( Factor VIII whereFy, Fr, andF, represent the T phosphorescence
(8 uM) in 20 mM HEPES (pH 7.2), 0.3 M KCl, and 0.01%  sjgnal from the high-affinity site, the total b phospho-
Tween-20 was added to one side of the equilibrium dialysis rescence, and the Thphosphorescence from the low-affinity
apparatus with 2M Ca?* containing~2000 Bg**Ca in  site, respectively; and, and Fnaq are the dissociation
the presence of-01 mM Mn*". After a 48-h incubation at  constant and a maximum phosphorescence signal of the low-
23°C, *Ca radioactivity was measured by liquid scintillation  affinity T3 binding site, respectively.
counting, and the amounts of free?Cand factor VIII-bound Mn2+ may inhibit TB* phosphorescence by a competitive
Ca* were calculated. To estimate the inhibition const&®t (  andj/or indirect mechanism(s). From the general model of
for Mn?* on C&* binding to factor VIII, a similar procedure  inhibition as described belov2€), the total phosphorescence

K+ [Tb*]

for the c_alc.ulation of the dissociation constant for A (F) can be calculated.
EGTA binding described above was utilized.
Fluorescence Energy Transféfluorescence energy trans- . o™ Ka > PTH
fer was employed to detect the effect of Mron HC and P (Protein)  + <
LC association according to methods as described previously + *
(18) substituting 20 MM M#&" in place of 25 mM C&'. Mn®* Mn?*
Measurement of M Binding to Factor VIII and lIts lK TK_
Subunits Using TY Phosphorescencevin®™ binding to K, xK, l “

factor VIII and its subunits was measured by detecting
reduction of the phosphorescence signal from protein-bound

Tb™ (29). The proteir=r1_'l_)3+ ion complex was excit_ed at Kiz and Kj; are the dissociation constants for #non
295 nm. Resultant sensmz_ed phospho_rescer_lce der_lved froml’b3+-free and TB*-bound protein (P)E is proportional to
energy transfer from excited aromatic amino acids was the concentration of free Fb-bound protein [P-Tb*] or

fcgrdedBfrom 5205t0 560 anL (bandW|dth 4 nsm) utsmg atln the concentration of free Fb and Mrf*-bound protein
minco-Bowman Series uminescence Spectrometer P—Tb%* —Mn2*]; therefore,

(Thermo Spectronic, Rochester, NY). The phosphorescenc

intensity was recorded by averaging the values from 15 g(phosphorescenge
measurements taken at a 30-ms interval. Each measurement - - o 3t
was monitored for an 80@s duration preceded by a 2(@- k[P —Tb™] + k[P —Tb™ —Mn"]-a = k[P - Tb™]-

PMn*  + TV > PTH M

delay period following excitation. _ a-[Mn?] T
Initially, factor VIII subunits (-6 «M) were incubated a-[Mn?] max Ki, [Tb™]

with various concentrations of Th£0—8 mM) for 18 h at 1+ K = [MnZ'] Mnz]

25°C, and the TB" binding to these proteins was evaluated. Kell+ K + [Tb*]-[1+ K—]

Nonlinear least-squares regression analysis was performed i1 i2

according to a single-site binding model and a two-site [P] < [Mn?"]and [TB*'] (6)
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wherek is a constant, and. is the phosphorescence ratio
reflecting the TB™ and Mr#*-bound complex (PTh3"—
Mn?*) over the TB*-bound complex (PTb®*"). For each
factor VI subunit, two variable ([TH] and [Mr?t])
nonlinear least-squares regression analyses were performe
using eq 6.

Statistical Analysis Nonlinear least-squares regression
analysis was performed by Kaleidagraph (Synergy, Reading,
PA) or SiamaPlot (Jandel Scientific, Chicago, IL), and the

parameter values and their standard deviations were obtained.

The best model to fit to the data was determined Ifytast
comparing the sum of squares from each fitting. The
percentage points (probability) for tHedistribution were
calculated using Microsoft Excel.

RESULTS

Equilibrium Binding of MA" to Factor VIII Detected by
Functional AssayEarly experiments show that ¥th as well
as C&", reconstitute active factor VIII from isolated subunits
(12). In a recent reportl9), we quantitated the affinity of
Ca&*" for factor VIII (chains) using a functional assay in the
presence of known concentrations of free?>CaThese
concentrations employed a €aEGTA buffer system in
which the free metal ion was known based upon the
established affinity of Cd for EGTA. Since this information
is not available for the interaction of Mhwith EGTA, the
affinity for this interaction was determined in a two-step
process employing the probe, 5dibromoBAPTA, as

Wakabayashi et al.
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Ficure 2: Equilibrium binding of M@ to reconstituted factor VI
assessed by a functional assay. Mixtures of 100 nM LC, 100 nM
HC, and the indicated amounts of Krwere incubated for 18 h at

23 °C, and reconstituted factor VIII activity was measured by the
factor Xa generation assay as described in Materials and Methods.
Each point represents the average value of quadruplicate samples.
Lines were drawn from the curve fit according to a single-site
binding model (eq 3) as described in Materials and Methods.

Effect of M&" on the Binding of C& to Factor VIII as
Determined by Equilibrium DialysisSince both C& and
Mn?* support the regeneration of active factor VIII to similar
extents, an experiment was performed to determine whether
the metal ions competed with one another for binding to the
protein. Factor VIII (8«M) was reacted in the presence of
20 uM free C&* to yield ~ 0.5 mol C&" bound per mole

described in Materials and Methods. This probe was selectedfactor VIII. This C&" concentration was selected so as to

for its high molar extinction coefficient and high affinity for
Mn?* (Kq = 0.0095uM). However, the accuracy of the
estimation was limited because of the relatively high ligand
concentration used to determine tkg for Mn?*—5,5-
dibromoBAPTA binding. Using this method, ti& for the
Mn?t—EGTA complex was estimated to be 0.ARI. This
value is~40-fold lower than the calculateldy for Ca™—
EGTA binding K4 = 4.66uM) obtained under the equivalent
reaction conditions.

On the basis of the abou&, value for the affinity of the
Mn?t*—EGTA complex, a series of buffers varying in free
Mn?* (0—20 mM) in the presence of 5 mM EGTA were
prepared. Reconstitution of factor VIII from isolated HC and
LC was assessed as a function of free?Mrand resultant
activity was determined using a factor Xa generation assay.
As shown in Figure 2, the extent of factor VIII activity
was saturable with respect to B and peak activity levels
were obtained at submillimolar concentrations of the metal
ion. An estimateKy for the factor VIII-Mn?* interaction
was derived from curve fitting by nonlinear least-squares

maximize the sensitivity for the competitive binding experi-
ment. Subsequently, the reaction mixtures were titrated with
varying concentrations of M, and residual bound Ga
was determined. Up to 1 mM Mh did not cause a
significant reduction in the Ca binding to factor VIII (data

not shown). An estimatel{; of >1 mM for the competing
Mn?* was determined, and this value indicates a much
weaker affinity than the Mt binding affinity obtained by
factor Xa generation assa{{= 5.7 &+ 2.1 uM). This result
indicates that the high-affinity Ga binding site (8.9-18.9
1M, stoichiometry= 1 C&*/Factor VIII, ref19) differs from

the Mr?™ binding site on factor VIII. Interestingly, inclusion

of a saturating levels of both €aand Mr?* did not result

in a significant increase in activity as compared witha¥n
alone (data not shown), suggesting no additive effect of the
divalent metal ions.

Association of Factor VIII Subunits in the Presence of
Mn?" as Determined by Fluorescence Energy Transfée
above results indicate that Mfhassociates with high affinity
to nonidentical site(s) as compared with?Cgielding a

regression as described in Materials and Methods, using asomewhat greater specific cofactor activity. WhileeCaas

one-site binding model (eq &4 = 5.7 + 2.1 uM). Because

of the limited accuracy of th&y value for Mrf*—5,5-
dibromoBAPTA, this estimated value may somewhat deviate
from the trueKy for Mn?*—factor VIII association. The
maximum factor VIII activity obtained with a saturating
level of Mr?* concentration was-1.4-fold higher than the
value obtained following saturation by €a(19), and this
observation was compatible with results from an earlier study
(12). Control experiments indicated that final &nconcen-
trations used in the reconstitution of the factor VIII subunits

previously found to have no effect on the interfactor VIII
chain affinity, the effect of M&" on this parameter was not
known. Therefore, the influence of Mhon the association

of HC and LC was determined by a series of experiments
using fluorescence energy transfer between an Ac-LC
(fluorescence donor) and an FI-HC (fluorescence acceptor).
Figure 3 shows the reduction of the relative fluorescence
from acrylodan bound to LC as titrated with fluorescein-
labeled HC in the presence of 20 mM ktnUnlabeled HC
had little if any effect on the fluorescence intensity of Ac-

showed no effect on the factor Xa generation assay (dataLC (data not shown). The estimated affinity as determined

not shown).

by donor fluorescence quenchiny(= 53.0+ 17.1 nM)
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Ficure 3: Donor fluorescence quenching as a result of subunit
reassociation at equilibrium in the presence of 20 mM2Mn

Fluorescence energy transfer experiments were conducted using 100 07 -
nM acrylodan-labeled LC and-B00 nM fluorescein-labeled HC

=

in the presence of 20 mM Mh as described in Materials and 0.6 - Y Saiataanans
Methods. The relative fluorescence value represents a ratio of e o

fluorescence intensity of Ac-LC in the presence of FI-HC divided 0.5 - T o
by the fluorescence intensity of Ac-LC alone. Fluorescence intensity e aahl =R

values were integrated over a wavelength range of480 nm.
Each point represents the average value of six samples. The line
was drawn by curve fitting using the equation as described in
Materials and Methods.

Phosphorescence (Arbirary Units)

0.2
was essentially identical to the affinity values previously ]

obtained in the absence of metal idty & 53.8+ 14.2 nM) 0.1 f

or in the presence of 25 mM €a(Ky = 48.7+ 15.4 nM) 0 & . . . . .
(18). Furthermore, the relative fluorescence at saturation of 0 1 2 3 4 5
Ac-LC by FI-HC in the presence of 20 mM Mh (73.8 + Tb (mM)

2.1%) was indistinguishable from the value we previously Figure 4: Th** binding to factor VIl subunits. The change in
obtained in the presence of 25 MMT{73.5+ 2.0%) and phosphorescence at 53856 nm from TB*-bound HC and LC

differed from that obtained in the presence of a low (open circles and squares, respectively, in panel A) and Al and
concentration of EDTA (79.3: 1.4%) (18). These results A2 subunits (open circles and squares, respectively, in panel B)

S . 5 . were measured following an 18-h incubation with the indicated
indicate that, similar to Cd, Mn®* does not have a physical ¢, centrations of T¥ as described in Materials and Methods. The

effect on the affinity of factor VIII HC for LC, yetyields an  phosphorescence values were normalized on a per micromolar
equivalent interfluorophore separation between labeled resi-protein concentration basis. Each point represents the average value
dues in the HC and LC. from three independent measurements. Lines were drawn from the

P - curve fit according to a single-site binding model (eq 4, dashed
TE** Binding to Factor Vll S_ubunlts and Phosphor_e_scence line) and a two-sitge bindinggmodel (eq 5, gsjolid Iine)( a(l described
from TB*—Factor VIII Subunit Complexedhe sensitized i, materials and Methods.
phosphorescence from protein-boundTvas employed to
further characterize the interaction of Rnwith isolated subunit Kg = 10.7uM), while sites showing more moderate
factor VIII subunits. In this series of experiments, the affinity affinity for Tb3" were identified on A1, HC, and LOKg =
of Tb3" for isolated HC, LC, and the HC-derived Al and 58.5-90.8 uM). Interestingly, TB* showed an inhibitory
A2 subunits was determined. Subsequently, competition of effect on factor VIII activity (results not shown). The
the T phosphorescence by Mthwas examined to obtain  mechanism(s) for this inhibition are not fully understood.
information of the affinity of M&* for the factor VIII However, analyses employing fluorescence energy transfer
subunits (see below). Results shown in Figure 4 demonstratesuggested that the ion promotes dissociation of the factor
that the phosphorescence signals from factor VIII HC and VIII heterodimer (results not shown).
LC (Figure 4A) and Al and A2 subunits (Figure 4B) were  Observed intensities of the phosphorescence signals at
increased in a dose-dependent manner with the concentratiorsaturating concentrations of Tomarkedly differed for the
of Tb3", and this binding was saturable. Some variation in isolated factor VIII subunits examined. These effects were
the number of binding sites, binding affinity, and maximum likely contributed, in part, by the local environment sur-
Tb*" phosphorescence were observed for the factor VIII rounding the TB" binding site. For example, the simple
subunits. Titration of HC, LC, and A2 by tb showed addition of the maximum phosphorescence values from the
binding patterns in which a two-site Thbinding pattern high-affinity sites on Al and A2 (0.62H4 0.14) was
was supported by B-test with high statistical significance substantially less than the phosphorescence value from the
(Table 1,P < 0.01). On the other hand, there was no high-affinity site on HC (1.54). This observation may be a
significant improvement in the goodness-of-fit for a two- reflection of the changes in conformation that occur with
site binding model (eq 5) for A1 (Table B, > 0.05). A cleavage of the HC in yielding the individual A1 and A2
high-affinity Tb** binding site was detected for the A2 subunits 21, 27). Alternatively, the phosphorescence from
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Table 1: Estimated T¥% Binding Parameters on Factor VIII Subunits as Determined by Sensitiz€dPHpsphorescente

factor VIII subunits Ka1 (uM) Fmaxt Kaz (uM) Fmaxz F value P value

HC 172+ 16.0 2.12+ 0.05 0.933+ 0.113 4.72 <0.005
90.8+ 15.2 1.544+ 0.15 2408+t 1417

LC 427+ 104 0.405+ 0.032 0.809+ 0.278 15.2 <0.0001
58.5+ 14.1 0.162+ 0.017 14 12°A# 7867

Al 75.5+9.0 0.621+ 0.017 0.31% 0.99 >0.05
75.6 0.31P 75.8

A2 194+ 42.0 0.500+ 0.027 0.42G+ 0.026 11.6 <0.01
10.7+8.3 0.140+ 0.032 615+ 143

a Parameter values were calculated by nonlinear least-squares regression on the data shown in Figure 4 using the equation shown in Materials
and Methods. Thé&-test was performed to compare and identify the better curve fit. The values in the first and second row in each data set were
obtained from the curve fits using the one-site binding model and the two-site binding model, respet8tahdard deviatiorr 10 000.

Table 2: Estimated Mit Binding Parameters on Factor VI protein. Values forKi, and Ki, obtained for the HC and

Subunits as Determined by the Inhibition of Sensitized*Th derived subunits showed marginal differences as compared
Phosphorescente with the values obtained for LC, suggesting relatively weaker
factor VIl subunits  Kua(uM) Kiz (uM) ob competition of TB+. for Mn2* binding with HC derived
He 169+ 40 2514 55  0.554% 0.041 suszinlt; The possmle_ mephamsm of this |nh|.b|t|(')n is that
LC 1814+ 26 583+ 115 0.556+ 0.053 Mn#" binding to the site in factor VIII subunits induces
Al 2974+ 84 475+ 139  0.585+ 0.055 conformational change, which causes both the decrease in
A2 4774140 1147447 0.909+ 0.044 affinity of Tb3t binding and the reduction of specific

aparameter values were calculated by nonlinear least-squares regresphosphorescence from Thbound to factor VIII. Interest-
sion of the data shown in Figure 5 using the equation shown in Materials ingly, Ca&" (up to 10 mM) did not cause any reduction of
and MethodsP a is the phosphorescence ratio of both thé'Ftand phosphorescence from Thbound to factor VIII subunits

+_ i ;
the MrF*-bound subunits over the Thbound subunit, (results not shown), suggesting that?Caas either not an
- effective competitor for TH™ and/or that TB" did not occupy

Tb** bound to HC may be enhanced by additional energy the C&* binding sites in the subunits. This conclusion was
transfer from fluorescence donor residues (e.g., tryptophansupported by an experiment demonstrating the absence of
residues) residing in the contiguous A domains. On the other competition for Ca&‘-bound factor VIII by TB* using
hand, the SmaFmax value (0162) observed for ¥hbound equi"brium dia|ysis (resu|t5 not Shown)_
to the high-affinity site in LC suggested that this site was
removed from any regions of clustered tryptophan residues.
In both the HC and LC, th&q values for the low-affinity  ps+_ppp+ complex divided by the intensity for the
Tb®" binding sites were large (244 mM). Considering b ein-Th2+ complex. Thea values were similar for HC,
that the trivalency of TH" lends itself to potentially higher- LC, and Al (0.5540.585), indicating that M was
affinity interactions with protein as compared with divalent relz;tively effective in the quenching of Th phosphores-
metal ions £8), this observation suggests that the putative o6 Similar affinity values for b sites were identified
role for these sites in specific metal binding may not be using those factor VIII components. The high value

significant. obtained for the isolated A2 subunit (0.909) suggested little

Mn?t Binding to Factor VIII Subunits Detected by (~10%) ; .
_r ~ qguenching of TH phosphorescence by ¥ This
Inhibition of TI#* Phosphorescence from Tb-Factor Vi result may reflect the high-affinity T site identified in

Subunit ComplexesThe sensitized phosphorescence from the A2 subunit. Reasons for the inability of Rinto

Tb?* bound to the. above factor_VI.II chains a.nd subunits completely displace bound ¥hare not well understood and
was used to monitor the assoc[at|on of Mnwith t'hese. may reflect a combination of effects including association
factor _VIII components. Use of intact factor \_/III in this of Th®* at regions in the protein other than Rtrspecific
analysis was precluded by the apparent capacity 6f gjio5 |ndeed, residual Thbound to protein in the presence
facilitate separation of HC and LC (data not shown). The ot oycess metal ion competitors have been observed in
presence of M#t attenuated phosphorescence, and the extentgqyeral system0, 30).

of this decrease was saturable and dependent upon the

concentration of the metal ion (Figure 5). The inhibition of pscussION

Th3*t-phosphorescence by Mthwas used to estimate the

affinity for Mn?" binding to the subunit, according to the A study of the interactions of M1 with factor VIl
general model of enzyme inhibition (eq 6) described in (subunits) was undertaken to clarify the role of this metal
Materials and Methods. As shown in Table 2, e and ion in generating functional factor VIII following recon-
Ki, values obtained for the subunits varied somewhat but stitution of the cofactor from its isolated subunits. Titration
were within a range from~0.15 to 1 mM. This result  of factor VIII with Mn?* followed by factor Xa generation
suggested that the Mihrdependent mechanism for inhibition assay indicated the presence of a high-affinity site on
of Tb®" binding to the factor VIII subunits was neither a factor VIII (K4 = 5.7 + 2.1 uM), as well as suggested the
simple competitive nor simple indirect mode but rather a presence of lower-affinity sites. Furthermore, Mrfailed
mixed-type inhibition. Comparison of the values ff and to increase the interchain affinity as detected by assessing
Ki2 (Table 2) suggested that Mth binds with somewhat the reconstitution of factor VIII by fluorescence energy
higher affinity to TE" free protein than to T¥-bound transfer. While these results are qualitatively similar to

The curve fitting allows for calculation of a ratio, referred
to as then value, representing the intensity for the protein
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FicURE 5: Inhibition of T+ phosphorescence from factor VIII subunits by MnThe change in phosphorescence at-5386 nm from

Th®"-bound HC (panel A), LC (panel B), Al (panel C), and A2 (panel D) were measured after 18 h incubation with the fixed amount of
Tb3* in the presence of the indicated concentrations ofMas described in Materials and Methods. The phosphorescence values were
normalized on a per micromolar protein concentration basis. Each point represents the average value from three independent measurements.
Lines were drawn by the curve fitting according to the model (eq 6) as described in Materials and Methods. The concentratfons of Th
employed in panel A are 1000, 500, 300, 200, 125, and.closed circles, open circles, closed squares, open squares, closed triangles,

and open triangles, respectively); those in panel B are 500, 250, 150, 125, 100, 62.5, @kid(8l@sed circles, open circles, closed

squares, open squares, closed triangles, open triangles, and closed diamonds, respectively); those in panel C are 600, 3004160, and 60
(closed circles, open circles, closed squares, and open squares, respectively); and those in panel D are 2000, 1000V nlb&aD

circles, open circles, and closed squares, respectively).

properties attributed to €& competition experiments em- in interfluorophore spatial separation of labeled chains as
ploying “*C&" equilibrium dialysis and displacement of assessed by fluorescence energy transfer, it makes no
protein-bound T#" indicated that the Mt binding site(s) contribution to the interchain affinityl®). Effects of M+
in factor VIl is (are) different from the Cd binding site- on the structure and activity of the cofactors have been less
(s). Thus, MiT likely generates factor VIII cofactor activity — well-studied but are presumed to function in a manner similar
by a similar mechanism as observed for?Gaalthough to C&*. Interestingly, cofactor activities regenerated in the
through interaction at nonidentical sites. presence of M# appear somewhat greater§0—100%)
Early studies examining the association of the HC and LC than those observed for €a(12, 16, 31), suggesting that
of factor VIII (12, 13) and the homologous protein, factor the metal ion-dependent changes in conformation correlating
Va (16, 31), indicated the capacity of both &aand Mr?* with formation of active material are similar but not identical.
to facilitate reconstitution of functional protein. Subsequent We also observed in this study that occupancy of the high-
studies using factor Va clarified that the role of’Cavas to affinity Mn?* site in factor VIII was sufficient to generate
markedly increase the interchain affinit¢7 32), as well near maximal levels of cofactor activity. This result differs
as modulate modest conformational changes in the reassocisomewhat from our recent observation on the bhinding éf Ca
ated heterodimer that correlated with the generation of to factor VIII and correlation of activity generation9). In
activity (33). While C&" also appears to alter the conforma- that study, occupancy of the high-affinity sit€;(= 8.9uM)
tion of the factor VIII heterodimer, on the basis of changes yielded an intermediate specific activity that wad0% of
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maximal. Maximal levels of cofactor activity were generated the A2 subunit of factor VIII. Given that this subunit contains
only following C&" binding to both the high and the low critical interactive sites for factor IX&86, 36) and is essential
(K¢g = 4 mM) sites. Thus, subtle differences exist in the for factor VIl function (37, 38), association of residual ¥b
interactions of the metal ions with the cofactor and resultant at important interactive sites could also attenuate cofactor
effects on activity. activity.

Disparate effects of Mif and C&* on the structure of The ligands for the coordination of &aare usually
factor VIII and isolated subunits have been observed. While carboxyl oxygen atoms from acidic amino acid side chains
C&" showed no detectable effect on the secondary structure(39). While Mn?*—ligand complexes are relatively weaker
of factor VIII or isolated HC and LC34), modest changes  in general than those formed with other metal ions, they are
in HC and LC were observed in the presence ofM(15). typically stronger than those formed with Tar Mg?* and
Furthermore, marked differences in thermal denaturation are coordinated by carboxyl oxygen atoms from acidic amino
profiles of factor VIII LC were detected using extrinsic acids plus imidazole nitrogen atoms from His residus. (
fluorescence of the protein-bound, apolar probe, bis-anilino- Opservations that M and C&" did not compete with one
naphthalsulfonic acid in response to the ioa$§)( While another in binding factor VIl suggests that coordination of
Mn?2* showed a low intensity, biphasic thermal transitida (  the former ion involves residues other than solely acidic
values of 47 and 59C), C&* yielded a sharp, single-phase amino acids. One interesting possibility is that, according to
transition. This latter response was similar to the single-phasethe ceruloplasmin-based factor VIII homology modél)(
thermal transition observed for LC in the absence of metal three His residues (H99, H161, and H314) reside in close
ions (Tm values of 50.5 and 53C in the absence and proximity to the putative Cd binding site (9) based in
presence of Cd, respectively). Thus, it is tempting to  part on the data obtained for a homologous region in factor
speculate that these structural differences may give rise tov (residues 94110) @2). Thus, it is interesting to speculate
the altered activity values observed in the reconstituted that Mr?* is coordinated by these His residues and the acidic
cofactors. amino acids from this region (residues 1BR4). If so, it

Tbh3" is a trivalent metal ion of the lanthanide series. Since would suggest that Ga and Mr#+ affect the same region
the effective ionic radius of T (0.92 A) is similar to that  of the cofactor through nonidentical but adjacent sites, and
of C&* (0.99 A), this metal ion has often been used for this interaction would represent a key role in the generation
probing the C#& binding site £8). Interestingly, we observed  of cofactor activity. Furthermore, a shared site that is
that in the case of factor VIII, Ca (>10 mM) did not show  occupied by either Ca or Mn?** is also consistent with
significant inhibition of TH* phosphorescence on factor VIl observations that there is no additive effect when cofactor
subunits, while TB" did not compete with C& for factor activity in measured in the presence of bott# Cand Mr?+.

VIl binding as judged by equilibrium dialysis. However, |, symmary, the above results, taken together with our
Mn2" inhibited the TB" binding to factor VIl subunits by earlier studies on the roles of metal ions in factor VIl

a mixed-type inhibition pattern with somewhat greater 1g 19) suggest the following model. The single Cu ion
contribution from the competitive element as compared with jgentified in factor VIl appears to facilitate subunit associa-
the indirect element. Values for the affinity of Finwith ~tion and maintain the heterodimer structure. However, this
the isolated chains and subunits of factor VIII obtained by jon, js auxiliary to activity generation. Gaand Mr?* likely

this T*"-competiton approach (based &nvalues) were jnteract at multiple, nonidentical but possibly spatially
significantly greater than the high-affinitfs values deter-  agjacent sites within the heterodimer. While these interactions
mined for the intact heterodimer using the functional assays. qo not affect the interfactor VIII chain affinity, their
This disparity may indicate that the high-affinity site requires association appears to differentially alter heterodimer struc-
association of HC and LC and is not manifested on the yre yielding active cofactor conformations.

isolated chains. Alternatively, association offTimay alter
the conformation of the subunits thereby affecting?Msite-
(s) and reducing the affinity for the metal ion.

Although TF* was of some utility in characterizing We thank Dr. Lisa Regan of the Bayer Corporation and

interactions of MA" with various factor VIII subunits, its L . ! .
applications were limited to structural assays. This is becau:seDebble Pittman of the Genetics Institute for the gifts of

low («M) concentration of T®" inhibited factor VIII activity. \rﬁ/colgr: ;:l?:tahnu dm,igrzzcgar\r:/r::l.a\avde ?:IZ?ritg-TnknDézlg ?(?r]lgrs
The mechanism for inhibition likely resulted from dissocia- _ ' . . . . . e

tion of the factor VIl HC and LC as suggested by assistance in experiments involving radioisotopes.
fluorescence energy transfer studies. This result could derive
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