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ABSTRACT: The kinetic mechanism of pyruvate phosphate dikinase (PPDK) from Bacteroides symbiosus 
was investigated with several different kinetic diagnostics. Initial velocity patterns were intersecting for 
AMP/PPi and ATP/Pi substrate pairs and parallel for all other substrate pairs. PPDK was shown to catalyze 
[14C]pyruvate e phosphoenolpyruvate (PEP) exchange in the absence of cosubstrates, [14C]AMP e ATP 
exchange in the presence of Pi/PPi but not in their absence, and [32P]Pi e PPi exchange in the preseuce 
of A T P / A M P  but not in their absence. The enzyme was also shown, by using [ap-180,P,P-1802]ATP and 
[ P Y - ' ~ O , Y , Y , ~ ' ~ O ~ ] A T P  and 31P N M R  techniques, to catalyze exchange in ATP between the a@-bridge 
oxygen and the a-P nonbridge oxygen and also between the &-bridge oxygen and the p-P nonbridge oxygen. 
The exchanges were catalyzed by PPDK in the presence of Pi but not in its absence. These results were 
interpreted to support a bi(ATP,Pi) bi(AMP,PPi) uni(pyruvate) uni(PEP) mechanism. A M P  and Pi binding 
order was examined by carrying out dead-end inhibition studies. The dead-end inhibitor adenosine 5'- 
monophosphorothioate (AMPS) was found to be competitive vs AMP, noncompetitive vs PPI, and uncom- 
petitive vs PEP. The dead-end inhibitor imidodiphosphate (PNP) was found to be competitive vs PPi, 
uncompetitive vs AMP, and uncompetitive vs PEP. These results showed that A M P  binds before PPi. The 
ATP and Pi binding order was studied by carrying out inhibition, positional isotope exchange, and alternate 
substrate studies. The dead-end inhibitor adenylyl imidodiphosphate (AMPPNP)  was shown to be non- 
competitive vs Pi, which ruled out an ordered mechanism in which Pi binds first. The positional isotope 
exchange rates observed with [cu/?-180,P,P-1802]ATP as a function of Pi concentration followed a normal 
saturation curve, eliminating an ordered mechanism in which ATP binds first. The initial velocities of the 
PPDK-catalyzed reaction of Pi and of the two alternate substrates arsenate and thiophosphate were measured 
as a function of ATP concentration. A Lineweaver-Burk plot of these data indicated a random mechanism. 
Product inhibition studies were carried out by using initial velocity and equilibrium isotope exchange 
techniques. The results from these studies indicate that the ATP/Pi  and AMP/PPi  binding steps are at 
steady state and that A M P  forms an abortive complex. Two possible chemical mechanisms are described, 
one of which involves the intermediacies of a covalent pyrophosphoryl-enzyme and a covalent phospho- 
ryl-enzyme and the other of which involves the intermediacies of ADP and a covalent phosphoryl-enzyme. 

E r u v a t e  phosphate dikinase (PPDK) catalyzes the rever- 
sible phosphorylation of pyruvate and inorganic phosphate by 
a single molecule of ATP: pyruvate + ATP + Pi e PEP + 
AMP + PPi. The enzyme has been found in the amoeba 
Entamoeba histolytica (Reeves, 1960), in the leaves of C4 
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plants (Hatch & Slack, 1968), and in a variety of bacteria 
(Evans & Wood, 1968; Reeves et al., 1968; Buchanan, 1974; 

' Abbreviations: PPDK, pyruvate phosphate dikinase; PEP, phos- 
phoenolpyruvate; NMR, nuclear magnetic resonance; HPLC, high- 
pressure liquid chromatography; SDS-PAGE, sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis; FPLC, fast protein liquid chroma- 
tography; TLC, thin-layer chromatography; HEPES, N-(2-hydroxy- 
ethyl)piperazine-N'-2-ethanesulfonic acid; PIPES, piperazine-N,N'-bis- 
(2-ethanesulfonic acid); EDTA, ethylenediaminetetraacetic acid; AMPS, 
adenosine 5'-monophosphorothioate; PNP, imidodiphosphate; AMPPNP, 
adenylyl imidodiphosphate; PIX, positional isotope exchange; Tris, tris- 
(hydroxymethy1)aminomethane; TCA, trichloroacetic acid: AMPPCP, 
adenylyl methylenediphosphate; AMPCPP, adenosine 5'-(a,/3- 
methylenetriphosphate). 
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Scheme I 
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Benziman & Palgi, 1970). The metabolic function of PPDK 
varies with the type of organism in which it is present. In 
Acetobacter xylimum, in Propionibacterium shermanii, and 
in C4 plants it functions in the direction of PEP formation while 
in Bacteroides symbiosus and E. histolytica where pyruvate 
kinase is absent, PPDK functions in the direction of ATP 
synthesis. 

Previous studies of the amoeba and bacterial dikinases have 
shown that the overall reaction involves three phosphoryl- 
transfer steps which culminate in the transfer of the y-phos- 
phoryl of ATP to Pi and the transfer of the @-phosphoryl of 
ATP to pyruvate (Evans & Wood, 1968; Reeves et al., 1960). 
Recent stereochemical studies carried out by Cook and 
Knowles (1985) have shown that the y-phosphoryl group of 
ATP undergoes a single displacement during the course of its 
transfcr to Pi while the 0-phosphoryl group undergoes two 
displacement reactions during its transfer to pyruvate. These 
results are consistent with the reaction mechanism previously 
proposed for the P. shermanii enzyme (Milner & Wood, 1976) 
and for the B. symbiosus enzyme (Milner et al., 1978). Ac- 
cording to this mechanism an active site histidine residue is 
pyrophosphorylated by ATP (Goss et al., 1980; Spronk et al., 
1976; Phillips & Wood, 1986). The pyrophosphorylated 
histidine residue migrates to a second reaction site where the 
terminal phosphoryl group is transferred to Pi. The phos- 
phorylated histidine residue then migrates to a third site where 
the phosphoryl group is transferred to pyruvate. The three 
partial reactions of this nonclassical tri uni uni mechanism are 
illustrated in Scheme I. Our own investigations of the B.  
symbiosus enzyme have required us to repeat and extend many 
of the original kinetic studies. The results from our studies 
are described in this paper and are interpreted as evidence 
against the tri uni uni mechanism and in support of a bi- 
(ATP,Pi) bi(AMP,PPi) uni(pyruvate) uni(PEP) kinetic 
mechanism. Furthermore, the consequence of our findings in 
relation to the consideration of possible chemical mechanisms 
of the catalyzed reaction is described. 

EXPERIMENTAL PROCEDURES 

PPDK Purijcation. PPDK was purified from B. symbiosus 
obtained from the American Type Culture Center (14940) and 
from B. symbiosus that was kindly provided by Drs. Nelson 
Phillips and Harland Wood of the Department of Biochem- 
istry, Case Western Reserve School of Medicine. The enzyme 
was purified in essentially the same manner as described by 
Goss et al. (1980) with the exception of the addition of a final 
chromatographic step involving (Pharmacia) Superose-6 FPLC 
chromatography. This step was necessary to remove a protein 
contaminant that was present in the amount of 10-30% of the 
protein of the final PPDK preparation. This contaminant 
displayed both PPDK and myokinase activities. Elution of 
the PPDK from the column was accomplished with 14-15 mL 
of a pH 6.5 buffer containing 20 mM imidazole, 0.1 mM 
EDTA, 0.7 mM 2-mercaptoethanol, and 100 mM KCl (flow 
rate = 0.4 mL/min). The protein contaminant eluted with 
16-17 mL of buffer.* The PPDK prepared in this manner 

migrated as a single protein band on PAGE gels (5% poly- 
acrylamide; 5 mM Tris/38 mM glycine, pH 8.3, running 
buffer) and on SDS-PAGE gels. The specific activity of the 
"pure" enzyme varied from preparation to preparation and 
ranged from 10 to 24 units/mg. 

PPDK Reaction Assays. The overall reaction was monitored 
in the reverse direction (ATP forming) at 340 nm by using 
the lactate dehydrogenase (10 units/mL)-NADH (0.4 mM) 
coupling reaction. The forward reaction (AMP forming) was 
driven to completion with yeast inorganic pyrophosphatase. 
Reaction progress was monitored by carrying out the reaction 
with 14C-labeled ATP, separating the ATP and AMP with 
silica gel TLC [2-propanol/H20/14.5 M N H 4 0 H  (7:2:1) 
solvent], and determining the ratio of [14C]ATP and [14C]- 
AMP with a liquid scintillation counter. The exchange re- 
actions ([14C]AMP F? ATP; [32P]Pi s PPI; ['4C]pyruvate F? 

PEP) were monitored by chromatographic separation of the 
species undergoing exchange and quantitation of their radio- 
label by liquid scintillation counting. The ATP and AMP were 
separated by using either silica gel TLC (vide supra) or an- 
ion-exchange HPLC [4.6 mm X 25 cm Ultrasil AX column; 
0.5 M phosphate buffer (pH 3.5) eluant; 1 mL/min flow rate]. 
The PI and PPI were separated with cellulose TLC [2- 
propanol/20% TCA/30% N H 4 0 H  (72:25:0.25) solvent; 
Hanes-Isherwood spray developer (Hanes & Isherwood, 
1949)l. The PEP and pyruvate were separated with cellulose 
TLC plates and methanol/H,O (85:15) solvent. The exchange 
of [14C]AMP into AMPPNP and AMPPCP was tested by 
using silica gel TLC [2-propanol/H20/ 14.5M NH,OH (7:2:1) 
solvent]. All reactions were carried out at 25 OC. 

Velocity Data Analysis. The initial velocity data obtained 
from kinetic experiments in which the concentrations of two 
of the three substrates were varied while the third was held 
constant were first analyzed by constructing Lineweaver-Burk 
plots. Equations 1 and 2a were employed to computer fit data 
(Cleland, 1979) for which the double-reciprocal plots con- 
formed respectively to an intersecting initial velocity pattern 
and a parallel initial velocity pattern; in these equations, L: = 

(1) 
VAB 

u =  
KiaKb + K,B + KbA + A B  

VAB 
KaB + K d  + A B  

v =  

initial velocity, V = maximal velocity, A = concentration of 
substrate A, B = concentration of substrate B, K, = Michaelis 
constant for substrate A, Kb = Michaelis constant for substrate 
B, and Kia = dissociation constant for substrate A. 

The initial velocity data obtained from the dead-end in- 
hibitor and product inhibition studies were first analyzed by 
constructing Lineweaver-Burk plots. Equations 2b, 3, and 4 
were employed to computer fit (Cleland, 1979) data for which 
the double-reciprocal plots conformed respectively to linear 
competitive inhibition, linear uncompetitive inhibition, and 
linear noncompetitive inhibition; in these equations, K,, = slope 

We briefly investigated the origin and nature of this protein. First, 
the protein was found to migrate as two protein bands (which were 
stained by Coomassie blue with equal intensity) on the PAGE gel and 
SDS-PAGE gel. One of the protein species comigrated with native 
PPDK, and the other migrated faster. The species that comigrated with 
native PPDK was eluted from the PAGE gel and found to possess normal 
PPDK activity and no myokinase activity. The approximate molecular 
mass of the faster migrating species was judged to be ca. 30000 daltons. 
This species was isolated from the PAGE gel and shown to possess 
myokinase activity (ca. 1 unit/mg at pH 6.9) and no PPDK activity. 
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VA 
U =  

Ka(l + Z / & )  + A 

VA 
u =  K, + (1 + Z/Kii)A (3) 

(4) 
VA 

U =  
Ka(l + Z/KiS) + (1 + Z/K,i)A 

inhibition constant, Kii = intercept inhibition constant, and 
Z = inhibitor concentration. The velocities of the exchange 
reactions were calculated from plots of In (1 -j) vs time with 
eq 5 (Boyer, 1959), where a = concentration of radiolabeled 

( a  + b)t  
-In (1 -f) = V e X 7  

exchanging substrate, b = concentration of nonlabeled ex- 
changing substrate, and f = ratio of the specific activity of b 
at  time t and at  t = a. The exchange velocities obtained in 
this manner were divided by the maximum velocity of the 
overall reaction measured in the forward (slow) direction to 
yield the V,,/V,,, values reported in Table 11. 

Positional Isotope Exchange Experiments (PIX) .  I8O- 
Labeled ATP. The labeled nucleotide [a/3-'80,/3,/3-'802]ATP 
(1) was prepared in 20% yield (90-95 atom % I8O in the three 
positions) in the following manner. Adenosine 5'-(4- 
morpho1ino)phosphate (Moffatt & Khorana, 1961) (1 56 mg; 
200 pmol) was dried by four evaporations with 2 mL of dry 
pyridine. A mixture of 600 pL of 1 .O M H3P1804 (600 pmol) 
and 150 pL (600 pmol) of tributylamine was dried in the same 
manner. The residue was dissolved in 6 mL of dry dimethyl 
sulfoxide and combined with the morpholidate. Six milliliters 
of water was added to the reaction mixture after it had in- 
cubated at 35 OC for 20 h. The resulting solution was chro- 
matographed on a 5 X 30 cm DEAE-cellulose column using 
a linear gradient of triethylammonium bicarbonate buffer, pH 
7.6 (4 L, 0.05-0.5 M). The [~~/3-'~0,(3,/3,/3-'~0~]ADP (eluted 
at  0.3 M buffer) containing fractions were pooled and con- 
centrated in vacuo. Conversion of this compound to [ao- 
180,/3,/3-'802]ATP was carried out according to literature 
procedures (Midelfort & Rose, 1976). [py-180,y,y,y-1803] - 
ATP ( 5 )  was prepared according to the method of Midelfort 
and Rose (1976). The 31P N M R  signals of 5 showed that the 
ratio of P1804:P01803 was 80:20, which corresponds to ca. 95 
atom % l 8 0  in each of the four positions. 

PIX Reactions. One-milliliter solutions containing the 
substrates and metal ions were equilibrated at  30 OC for 10 
min. The reactions were started by the addition of enzyme 
and stopped by the addition of 0.5 mL of 0.2 M EDTA in 1 
M Tris buffer (pH 8.5) and a few drops of CC14. After the 
reactions were vigorously vortexed and centrifuged to remove 
protein, 0.4 mL of D 2 0  was added to the solution. 31P NMR 
(Cohn & Hu, 1978) was used to observe and quantitate the 
different isotopically labeled species present in the solution. 
The proton-decoupled 31P NMR spectra were taken at 145.81 
MHz on a Bruker WM 360 spectrometer using a 5-kHz sweep 
width. A total of 2000 scans were accumulated with an ac- 
quisition time of 1.64 s. To improve the digital resolution, zero 
filling to 64K was applied prior to Fourier transformation. 

RESULTS 

Substrate Initial Velocity Studies. Initial velocity patterns 
were constructed by plotting the inverse of the initial reaction 
velocity measured at varying fixed levels of one substrate vs 
the inverse of the concentration of the second substrate (the 

concentration of the third substrate was held constant). We 
first examined the initial velocity patterns for the reverse 
reaction (ATP forming) so that we could use the convenient 
LDH/NADH coupled spectrophotometric assay. The patterns 
arising from variation of the concentration of AMP and PP, 
(PEP saturating) were intersecting while patterns arising from 
variation of the concentration of AMP and PEP (PP, nonsa- 
turating) or PPI and PEP (AMP nonsaturating) were parallel. 
The intersecting patterns observed for the AMP/PPi pair 
indicate that AMP and PPI bind to enzyme forms that are 
reversibly connected. The parallel patterns observed for the 
AMP/PEP and PP,/PEP pairs, on the other hand, indicate 
that PEP binds to an enzyme form that is not reverisbly 
connected to those enzyme forms that bind AMP and PPi. To 
check for reversible connection between the enzyme forms that 
bind ATP and Pi, we examined the ATP/Pi (pyruvate non- 
saturating) patterns. These patterns are intersecting, indicating 
reversible connection. The kinetic constants calculated from 
the initial velocity data are summarized in Table I. 

Isotope Exchange Studies. The results from the substrate 
initial velocity studies suggested a bi bi uni uni mechanism 
for the forward reaction (AMP forming). We tested this 
mechanism further by testing the cosubstrate requirement for 
PPDK catalysis of the three isotope exchange reactions: 
[14C]AMP s ATP; [32P]Pi s PPi; [14C]pyruvate 2 PEP. 
The rates of the exchange reactions were measured under three 
different sets of conditions: (1) enzyme plus cofactors, (2) 
enzyme, cofactors, and one cosubstrate/product pair, and (3) 
enzyme, cofactors, and both cosubstrate/product pairs. The 
rate data obtained are shown in Figure 1, and the exchange 
velocities calculated from these data are summarized in Table 
11. Only the [I4C]pyruvate s PEP exchange reaction takes 
place at an appreciable rate in the absence of added cosub- 
strates. The Pi/PPi pair were required for [I4C]AMP 2 ATP 
exchange, and the AMP/ATP pair were required for the 
[32P]Pi s PP, exchangee3 

PIX Studies. According to the PPDK reaction mechanism 
proposed by Wood and co-workers (see Scheme I) cleavage 
of the ATP between the a- and 0-P (partial reaction I) should 
take place in the absence of Pi while cleavage at the &-position 
(partial reaction 11) should require the participation of Pi. The 
results from the initial velocity and equilibrium isotope studies 
reported above indicate that Pi is required for partial reaction 
I as well as 11. However, these results do not distinguish 
between Pi requirement for AMP formation on the enzyme 
and Pi requirement for release of AMP from the enzyme. In 
order to make this distinction, we tested the Pi dependency 
of the a,P-P and &y-P cleavage reactions by testing the ability 
of PPDK to catalyze positional isotope exchange (PIX) in 
[a/3-180,P,@-1802]ATP (1) and [py-'80,y,y,y-1803]ATP (5).4 
As indicated in Scheme 11, reversible cq3-P cleavage accom- 
panied by torsional equilibration of the AMP a - P  oxygen 
atoms will lead to the formation of [a-'80,/3,P-1802]ATP (2). 
If p,y-P cleavage follows (as would be expected if Pi were 
present), [/3y-I80,/3- 180,ap-180]  ATP (3) and [Py- l80,/3- 

180,a- '80]ATP (4) may also be formed. Positional isotope 
exchange in [&-180,y,y,y-1803]ATP ( 5 )  can only take place 
if reversible cleavage of the @,y-P position takes place. Ac- 

The V,,/V,, < 1 for these two exchange reactions. We attribute this 
inequality to product inhibiton. 

This approach is not free of ambiguity. In particular, it is perhaps 
possible that enzyme-bound Pi may somehow be required to allow for 
torsional equilibration of the a-P oxygen atoms of the enzyme-bound 
AMP. Thus, Pi would not only be necessary for A M P  release (molecular 
isotope exchange) but also A M P  C5,-O-P bond rotation (PIX). 
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Table I: Apparent Kinetic Constants for PPDK Determined from Initial Velocity Studies" 

varied substrate changing fixed substrate obsd pattern aPP K m  (mM) aPP Kl (mM) fixed substrateb 
AMP PPI intersecting 0.121 f 0.008 0.20 f 0.003 PEP 

PPI AMP intersecting 0.017 f 0.001 0.028 f 0.003 PEP 
PEP parallel 0.020 f 0.002 PPI 

PEP AMP parallel 0.036 f 0.008 pp, 
PEP parallel 0.06 f 0.02 AMP 

PPI parallel 0.10 f 0.02 AMP 
ATP p, intersecting 0.004 f 0.0004 0.030 f 0.003 pyruvate 
p, ATP intersecting 0.30 f 0.02 2.0 f 0.3 pyruvate 

"All reactions contained 3.5 mM MgCI,, 20 mM NH4CI, and 60 mM PIPES (pH 6.9). bConcentrations were PEP, 2.0 mM; PPI, 0.06 mM; AMP, 
0.05 mM; and pyruvate, 0.5 mM. 

0- 0.0 k*- 
A 

30 60 90 12c 
TIME (min)  

C 

-2 -I 0 - 
2 0  40 60 80 

T I V E  ' T i n )  

FIGURE 1: Equilibrium isotope exchange kinetics of the partial re- 
actions catalyzed by PPDK. The experimental conditions are described 
in Table 11. (A) [I4C]AMP s A T P  exchange: (0) no added sub- 
strates, (0) P, and PPI added, and (0) PI, PP,, PEP, and pyruvate 
added. (B) [32P]P, s PPI exchange: (0) no added substrate, (0) 
PEP and pyruvate added, (0) A M P  and ATP added, and (m) AMP, 
ATP, PEP, and pyruvate added. (C) ['4C]Pyruvate s PEP exchange 
(0) no added cosubstrates, (0) P, and PP, added, and (0) AMP, ATP, 
PI, and PP, added. 

cordingly, 5 should be converted to [P-180,y,y,y-1803]ATP 
(6)  (Scheme 111). 

The conversions of 1 to 2, 3, and 4 and of 5 to 6 were 
monitored by 31P NMR. Shown in Figures 2 and 3 are the 
31P N M R  spectra of the [cu(3-180,&&1802]ATP (1) and the 
[/3r-180,y,y,y-1803JATP (5 )  reaction mixtures prior to and 
after the addition of P, and PPDK. The 31P N M R  spectrum 
of our preparation of 1 (Figure 2A) revealed that ca. 70% of 
the nucleotide was actually [cup-180,P,P-1802]ATP while the 

Scheme 11: Products Expected from PPDK-Catalyzed PIX of 

0.B-P cleavage 
[CXP- '~O, /~ ,P - '~O~]ATP (1)" 

0 . 0  
II II II 

0-P-0-P-0-P-0-Ado t 0-P-0-P-0-P-0-Ado 
o ! b  I o ! b  I 

1 2 

B. y-P cleavage 

0 . 0  

1 0-P-0-P-0-P-0-Ado 
I1 II II 
o b b  I 

3 
0 . 0  
II I I  II 
I 

2 - 0-P-0-P-0-P-0-Ado 

o b b  
4 

" 0  = I6O and 0 = I8O. 

Scheme 111: Product Expected from PIX of [Py-'80,y,y,y-1803]ATP 
( 5 )  

0 0 0  
I I  II I I  
I l l  

0-P-0-P-0- P-0 -Ado E 0-P-0-P-0-P-0-Ado 

0 0 0  
5 6 

V a 

II 
I \  

__% A -'ih rjJ L *% j,&!* "4.1" -.w - 
0 1 PPm 

FIGURE 2: N M R  spectrum at  145.81 M H z  of (A) [CXP-~~O,P,P- 
I8O2]ATP (1) and (B) PIX reaction mixture of 1 generated from 
incubation of 230 r g / m L  PPDK with 5 m M  1, 12 m M  PI, 10 m M  
MgC12, 20 m M  NH4CI, and 100 m M  imidazole (pH 7.0) at  30 OC 
for 90 min. 

remainder consisted of [ ~ r p - ' ~ 0 , / 3 - ~ ~ 0 ] A T P  (ca. 20%) and 
[/3,/3-1802]ATP (ca. 10%). The cup - a and /3 - /3r PIX 
reactions of 1 are evident from the 31P NMR spectrum shown 
in Figure 2B. Equilibration of [ C Y / ~ - ~ ~ O , / ~ , P - ~ ~ O ~ ] A T P  should 
partition l80 between the cup-bridge and a-nonbridge positions 
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Table 11: Equilibrium Isotope Exchange Rates Catalyzed by PPDK 
[I4C]AMP s ATP [32P]P, e PP, [14C]pyruvate s PEP 

system vex I vent system V~rivmf system VeyI V?", 

complete" 0.001 completeb 0.000 completec 1.7 
complete" + 14 mM Pi and 0.25 mM 1.7 

complete' + 8 mM pyruvate and 0.25 0.007 completeb + 0.5 mM PEP and 5 mM 0.000 completec + 10 mM Pi, 1 mM 1.7 

0.20 completeb + 0.5 mM AMP and 6 mM 0.06 completeC + 10 mM Pi and 1 
PP, ATP mM PP 

mM PEP pyruvate PP,, 6 mM ATP, and 0.5 mM 
AMP 

complete" + 14 mM Pi, 0.25 mM PP,, 
8 mM pyruvate, and 0.25 mM PEP 

0.25 completeb + 0.5 mM AMP, 6 mM ATP, 0.06 
0.5 mM PEP, and 5 mM pyruvate 

"Complete system contains 1-10 units/mL PDK, 15 mM MgCI,, 100 mM NH4C1, 150 mM imidazole (pH 6.9), 0.5 mM AMP, and 0.5 mM ATP. 
bComplete system contains 1-10 units/mL PPDK, 15 mM MgCI2, 100 mM NH4CI, 150 mM imidazole (pH 6.9), 4 mM Pi, and 2 mM PP,. 
'Complete system contains 1-10 units/mL PPDK, 15 mM MgC12, 100 mM NH4C1, 150 mM imidazole (pH 6.9). 5 mM PEP, and 5 mM pyruvate. 

a P 

m 
0.1 ppm 

FIGURE 3: "P NMR spectrum of (A) [py -180 ,y ,y ,y -180~]ATP (5) 
and (B) PIX reaction mixture of 5 generated from incubation of 230 
pg /mL PPDK with 5 m M  5, 12 m M  Pi, 10 mM MgCI,, 20 m M  
NH,CI, and 100 mM imidazole (pH 7.0) a t  30 'C for 90 min. 

in a 1 :2 ratio and between the P-nonbridge position and By- 
bridge position in a 1:2 ratio. We calculated these ratios from 
the 31P N M R  spectrum of the PIX reactions of 1 at equilib- 
rium (data not shown) taking into account the presence of the 
[Is02]ATP contaminants. Both ratios were determined to be 
1 .O: 1.8, close to the theoretical values. 

The 31P NMR spectrum of our preparation of 5 (Figure 3A) 
revealed that 7% of the ATP present contained l6O rather than 
l 8 0  in the P , y P  bridge position. This material was also present 
in the equilibrium mixture (Figure 3B). The remainder of the 
ATP in the equilibrium mixture had lSO present either in the 
/3,y-P bridge position (31% of the total ATP) or in the p-P 
nonbridge position (62% of the total ATP). The ATP that 
had lSO in the P,y-P bridge position consisted of 5 and [By- 
180]-ATP while the ATP that had in the p-P nonbridge 
position consisted of 6 and [/3-180]ATP. The [ P Y - ~ ~ O I A T P  
and [/3-1SO]ATP are formed as a result of the rotation (pre- 
sumably while dissociated from the enzyme) of the PPI formed 
from 5 or 6 followed by transfer of the 1603 phosphoryl moiety 
of the PPi during the back-reaction. As expected, formation 
of I80-labeled Pi accompanied the formation of the [p-'80]- 
ATP and [Py-180]ATP. 

Next, we examined the dependency of the PIX rates (viz., 
CUP-'~O - a-l80 and /3-lSO - of 1 on the presence 
of cosubstrates (see Table 111). Addition of Pi to the reaction 
mixture increased both exchange rates equally, increasing them 
to 4% of the maximum velocity of the forward (AMP-forming) 
reaction. In view of the I8O washout that was observed with 
the [ P ~ - ~ ~ 0 , y , y , y - ' ~ 0 ~ ] A T P  (5) the slow PIX rate of 1 is 
probably due to PPi release from the enzyme and subsequent 
rebinding. Not surprisingly, the inclusion of PPI in the reaction 
increased the PIX rate tenfold by providing a pathway to 

Table 111: Rates of PPDK-Catalyzed Positional Isotope Exchange of 
[ c Y P - ~ ~ O , P , P - ~ ~ O ~ ] A T P  (1)" 

p-180 

ATP VPlX/ vca, - PY-180 
enzyme (1) Pi PP, AMP d80 (1 - 3; 

( rg)  (mM) (mM) (mM) (mM) ( 1 - 2 )  2-44) 
0 2.0 10 1 0 0.00 0.00 

40 2.0 0 0 0 0.00 0.00 
40 2.0 10 0 0 0.04 0.04 
40 2.0 10 1 0 0.55 0.50 
40b 2.0 10 0 0 0.00 0.00 
20 1.6 10 1 0 0.82 0.86 
20' 1.6 10 1 1.6 0.36 0.41 

4 - I 8 O  ~ P , X l V E * ,  - 

"The 1-mL reaction solutions contained 10 mM KC1, 10 mM 
MgCI2, and 100 mM imidazole (pH 7.0). 10 units of yeast inorganic 
pyrophosphatase were present. 'The ATP s AMP molecular ex- 
change rate measured under the same conditions by 31P NMR was 
VexJVcat = 0.2. 

recycle the phosphorylated enzyme back to free enzyme. 
Likewise, inclusion of yeast inorganic pyrophosphatase in the 
reaction prevented the PIX by destroying all PPI released from 
the enzyme and thereby drawing all of the enzyme into the 
phosphorylated form. The addition of 1.6 mM AMP to the 
PIX reaction to replace the AMP released from the enzyme 
actually inhibited rather than stimulated the reaction. It was 
later discovered from the product inhibition studies that this 
amount of AMP interferes with ATP binding, and thus, we 
expect that it would also inhibit the PIX rate. 

Substrate Binding Order. The PIX experiments described 
above support a bi bi uni uni mechanism in which ATP and 
Pi must be bound to PPDK before AMP formation can take 
place and in which AMP and PPi must be bound to the 
phosphorylated form of the enzyme for Pi formation. We next 
investigated the order in which the ATPIP, and AMP/PPi 
substrate pairs bind to the enzyme. In the case of the 
AMP/PPi pair this was accomplished by carrying out dead-end 
inhibition studies. Imididodiphosphate (PNP) was utilized as 
a competitive inhibitor vs PPI and adenosine 5'-mono- 
phosphorothioate (AMPS) was used as a competitive inhibitor 
vs AMP. The inhibition patterns that are predicted on the 
basis of random and ordered kinetic mechanisms are listed in 
Table IV alongside the observed kinetic patterns. These data 
suggest that AMP binds to the phosphorylated enzyme before 
PPI does. 

ATP/Pi binding was first examined by measuring the rate 
at which [ap-1S0,P,/3-1802]ATP (1) undergoes PIX as a 
function of the concentration of Pi present in the PIX reaction 
mixture. The data obtained and shown in Figure 4 adhere to 
a normal substrate-saturation curve. This result shows that 
release of ATP from the central complex (E.ATP-Pi) may 
precede the release of Pi and thereby rules out a strictly ordered 
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Table IV: PPDK Dead-End Inhibition Data" 
predicted patternb 

ordered obsd pattern 

inhibitor varied substrate random AMP (first) PP, (first) Kis (mM) Kii (mM) 
AMPS AMP C C C C 0.26 f 0.09 
AMPS PP NC NC UC NC 0.7 f 0.1 2.0 f 0.2 
AMPS PEP uc uc UC uc 0.80 f 0.04 
PNP PP C C C C 0.25 f 0.02 
PNP PEP uc uc UC uc 0.90 f 0.05 
PNP AMP NC uc NC uc 0.62 f 0.05 

Dredicted uatternb 
ordered obsd patttern 

inhibitor varied substrate random ATP (first) P, (first) K,, (mM) K,, (mM) 
AMPPNP ATP C C C C 0.24 f 0.02 
AMPPNP p, NC N C  L C  NC 0.036 f 0.006 0.11 f 0.03 

Fixed substrates: P, (0.5 mM), PP, (0.05 mM), and PEP (0.05 mM) and AMP (0.05 mM) or ATP (0.08 mM) and pyruvate (0.05 mM). All 
reactions contained 10 mM MgCI,, 20 mM NH4C1, and 70 mM PIPES (pH 7.0). bCompetitive inhibition (C), noncompetitive inhibition (NC), and 
uncomDetitive inhibition IUC). 

Table V: PPDK Product Inhibition Data" 
product inhibitor varied substrate cosubstrates (mM) obsd patternb Ki, (mM) K,i (mM) 

AMP ATP P, (0.5), pyruvate (0.1) NC 0.012 f 0.006 0.05 f 0.02 
ATP (0.015), pyruvate (0.1) NC 0.10 f 0.05 0.020 f 0.004 

NC 0.04 f 0.01 0.10 f 0.08 ATP Pi (0.5), pyruvate (0.1) 
NC 0.05 f 0.01 0.050 f 0.008 ATP (0.015), pyruvate (0.1) 

ATP AMP NC 0.22 f 0.02 1.7 f 0.1 PP, (0.05), PEP (0.05) 
ATP PP, PPi (0.05), PEP (0.05) NC 0.42 f 0.05 1.50 f 0.02 
ATP PEP PPi (0.05), AMP (0.05) NC 0.46 f 0.08 1.5 f 0.2 

6.3 f 0.6 

AMP p, 
pp,  

p, pp, 

AMP PP, (0.05). PEP (0.05) NC 3.5 f 0.8 
p, PPI AMP (0.05), PEP (0.05) NC 5 f 3  11  f 4  
Pi 

"Reactions contained 10 mM MgCI2, 20 mM NH4C1, and 75 mM imidazole (pH 6.9) or 75 mM K'PIPES (pH 7.0). Reactions run in the 
forward direction (AMP forming) also contained 1 unit/mL yeast inorganic pyrophosphatase with the exception of those reactions in which PP, was 
used as product inhibitor. These reactions contained 5 units/mL pyruvate kinase and 0.1 mM ADP. *Noncompetitive inhibition (NC). 

mechanism in which Pi binds to PPDK after ATP does. Next, 
we tested the ATP analogue adenyl imidodiphosphate 
(AMPPNP) as an inhibitor vs Pi. As indicated in Table IV, 
noncompetitive inhibition was observed. This result eliminates 
a strictly ordered mechanism in which Pi binds to the enzyme 
before ATP binds. In order to show that ATP can bind to the 
free enzyme by this method, we needed a suitable Pi analogue 
to test as inhibitor vs ATP. Although we were unable to 
discover a suitable dead-end inhibitor for this purpose, we did 
succeed in identifying two Pi analogues which serve as alternate 
substrates for Pi, namely, arsenate and thiophosphate. The 
availability of these alternate substrates allowed us to further 
test the ATP/Pi binding order by using the alternate substrate 
kinetic technique described by Radika and Northrop (1984). 
The concentration of ATP was varied against fixed, saturating 
concentrations of Pi, thiophosphate, or arsenate. Reactions 
contained various amounts of ATP (5-100 pM), 0.5 mM 
pyruvate, 5 mM MgC12, 20 mM NH,Cl, 60 mM PIPES (pH 
6.9), and 14 mM Pi (PZP = 0.7 mM), 20 mM thiophosphate 
(PZP = 1.2 mM), or 10 mM arsenate (PZP = 0.5 mM). The 
initial velocity data were used to construct a double-reciprocal 
plot. The K, and V,, values evaluated form this plot are 12.0 
pM and 19.1 pMlmin (phosphate); 13.2 pM and 13.8 pM/  
min (arsenate); and 30.0 pM and 14.9 pM/min (thio- 
phosphate). The observed change in the VIK for the reaction 
of ATP as a result of the change in the cosubstrate suggests 
that ATP/Pi binding is random. 

Product Inhibition Studies. Product inhibition studies were 
carried out to test for rapid equilibrium binding steps and for 
abortive complex formation. Product inhibition was tested by 
measuring the initial velocity of the PPDK-catalyzed reaction 
at varying concentrations of one substrate and constant sub- 
saturating concentrations of the other two substrates. Reac- 

I l 

L 1 1 1 ! l i d  

2 4 6 8 1 0 5 3  
( D ,  1 r r M  

FIGURE 4: Positional isotope exchange of l 8 0  from the @bridge into 
the a-nonbridge position (0) and from the 0-nonbridge position into 
the &-bridge position (0) of [~u/~-~*O,P,P-'*O~JATP (1). One-milliliter 
solutions containing 1.5 m M  [ C U / ~ - * ~ O , & ~ - '  OJATP, 10 mM KCI, 
20 m M  MgCI,, 1 m M  PPi, and varying amounts of Pi in 100 m M  
imidazole buffer, pH 7.0, were incubated in the presence of 20 pg 
of PPDK at 30 OC for 60 min. The exchange rates were determined 
from the 31P N M R  spectra. V,,, is expressed as ymol/min. 

tions contained no product or a fixed level of product which 
was present at ca. Ki, 2Ki, or 3Ki levels. The results from these 
experiments are summarized in Table V and interpreted below. 
Product inhibition was also tested (in the absence of PEP/ 
pyruvate) by measuring the rate of PPDK-catalyzed exchange 
between [I4C]ATP and AMP and between [32P]PPi and Pi in 
the presence of the Pi/PPi pair and the ATPIAMP pair, re- 
spectively. The concentrations of two of the reactants were 
fixed a t  subsaturating levels while the concentrations of the 
other two reactants were varied in constant ratio over a wide 
concentration range. The results obtained from these exper- 
iments are depicted in Figure 5 and interpreted below. 

Exchange Reactions of Substrate Analogues. The ATP 
analogues AMPPNP, AMPPCP, and AMPCPP and the Pi 
analogue methylenephosphonate were used in isotope exchange 
experiments for the pupose of determining the order in which 
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FIGURE 5: PPDK-catalyzed equilibrium isotope exchange. All reactions contained 10 mM MgC12, 50 mM NH,CI, and 75 mM imidazole 
(pH 6.9). (A) 0.05 mM PPi, 0.01 mM [14C]ATP, and 0.75-30.0 mM Pi and 0.05-3.0 mM AMP varied in constant ratio. (B) 0.05 mM AMP, 
1.0 mM Pi, and 0.005-1.0 mM [I4C]ATP and 0.05-10 mM PPi varied in constant ratio. (C) 0.01 mM [I4C]ATP, 0.04 mM AMP, and 0.2-16.0 
mM Pi and 0.05-4.0 mM PPI varied in constant ratio. (D) 0.01 mM ATP, 0.05 mM [32P]PPi, and 0.3-20.0 mM Pi and 0.03-2.0 mM AMP 
varied in constant ratio. (E) 0.01 mM ATP, 0.05 mM AMP, and 0.30-30.0 mM Pi and 0.06-6.0 mM [32P]PPi varied in constant ratio. (F) 
1.0 mM Pi, 0.05 mM AMP, and 0.04-5.0 mM ATP and 0.02-2.5 mM [32P]PPi varied in constant ratio. 

Scheme IV 
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F; ATP 
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PPDK catalyzes cleavage of the B,r and a,@ bonds in ATP. 
The [14C]AMP F! AMPPNP and [14C]AMP e AMPPCP 
exchange reactions contained 1 mM AMPPNP or AMPPCP, 
1 mM [14C]AMP, 2 units/mL PPDK, 20 mM Pi, 1 mM PPi, 
20 mM MgC12, 100 mM NH,Cl, and 100 mM imidazole (pH 
6.9). After an incubation period of 4 h a detectable level of 
[14C]AMPPNP or [14C]AMPPCP had not formed in the re- 
spective reaction mixtures. The [32P]Pi * PPI (AMP/ 
AMPCPP) exchange reaction contained 2 units/mL PPDK, 
1 mM [32]Pi, 1 mM PPi, 0.1 mM AMP, 3 mM AMPCPP, 14 
mM MgC12, 100 mM NH4Cl, and 100 mM imidazole (pH 
6.9). No detectable exchange had taken place after a 1-h 
reaction period. The [14C]AMP .s ATP (methylene- 
phosphonate) exchange reaction contained 1 unit/mL PPDK, 
1 .O mM ATP, 1 .O mM AMP, 0.5 mM methylenephosphonate, 
8 mM pyruvate, 14 mM MgCl, 100 mM NH4Cl, and 100 mM 
PIPES (pH 7.0). After 2 h of incubation the reaction mixture 
contained no more [14C]ATP than the control reaction (not 

containing methylenephosphonate) contained. 

DISCUSSION 
The results of this study show that the B. symbiosus PPDK 

kinetic mechanism is bi bi uni uni (Scheme IV).5 Three lines 
of evidence are presented in support of this mechanism. First, 
the initial velocity patterns observed for the ATP/Pi and 
AMP/PPi pairs are intersecting, and the initial velocity pat- 
terns observed for the PEP/PP and PEP/AMP pairs are 
parallel (Table I). Second, PPDK was shown to catalyze 
[14C]pyruvate + PEP exchange in the absence of the 
ATPIAMP and Pi/PPi pairs, to catalyze [14C]AMP F! ATP 
only in the presence of the PJPP pair, and to catalyze [32P]Pi 

Recent studies indicate that the P. shermanii PPDK also follows a 
bi bi uni uni mechanism (David Pocalyko and Debra Dunaway-Mariano, 
unpublished data). 
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PP, exchange only in the presence of the AMP/ATP pair 
(Table 11). Third, PPDK catalyzes ap-180 - CY-’~O and /3-i80 - py-lS0 positional isotope exchanges in [~&’~O,p,p- 
1802]ATP (1) and py-180 - p-”O positional isotope exchange 
in [ P ~ - ’ ~ 0 , y , y , y - ’ ~ 0 ~ ] A T P  (5) in the presence but not in the 
absence of Pi (Figures 2 and 3, Table 111). 

The substrate binding order was investigated by carrying 
out dead-end inhibition studies in the case of the AMP/PPi 
substrate pair (Table IV) and a combination of dead-end 
inhibition (Table IV), PIX (Figure 4), and alternate substrate 
studies in the case of the ATP/Pi substrate pair. The results 
obtained suggest that ATP and Pi binding is rapid equilibrium 
or steady state random and that AMP/PPi binding is steady 
state ordered with A M P  binding to the phosphoryl-enzyme 
before PP,. 

Product inhibition and equilibrium isotope exchange studies 
were carried out for the purpose of distinguishing between 
steady-state and rapid-equilibrium AMP/PP, binding and for 
the purpose of identifying abortive complexes. Product in- 
hibition of the forward reaction by PPi was found to be non- 
competitive vs ATP and vs Pi (Table V) ,  which is consistent 
with the observed steady-state ordered addition of A M P  and 
PP, to EP. In addition, since PPI binds to an enzyme form 
(EP-AMP) within the ATP 2 AMP exchange path, PP, was 
expected to cause total inhibition of this exchange, which is 
found in the trend of the data shown in Figure 5C. Product 
inhibition of the forward reaction by A M P  was found to be 
noncompetitive vs ATP and vs P,. Since A M P  binds to an 
enzyme form that, in the absence of PP,, is not reversibly linked 
to the enzyme forms that ATP and Pi bind to, this inhibition 
should be uncompetitive. The noncompetitive inhibition that 
was observed suggests that A M P  bind to E or ESP, to form 
an abortive complex. To test for abortive complex formation, 
AMP inhibition6 of the ATP 2 AMP and Pi F* PPi exchange 
reactions was measured. In both instances total inhibition was 
observed (Figure 5 ) .  

Product inhibition of the reverse reaction by ATP and Pi 
should be noncompetitive vs A M P  and vs PP, if ATP/Pi 
binding is steady state random but uncompetitive if ATP/Pi 
binding is rapid equilibrium random. In each instance non- 
competitive binding was observed (Table V). This result is 
consistent with the steady-state mechanism but also can be 
accommodated by the rapid-equilibrium mechanism if abortive 
complex formation by ATP and Pi is assumed. For the purpose 
of testing for abortive complex formation by ATP and Pi the 
rate of the Pi F! PP, exchange reaction was measured as a 
function of the ATP and Pi concentration increased in constant 
ratio with the concentration of PP,. As indicated in Figure 
5, neither the ATP/PPi nor the Pi/PPi pair caused total in- 
hibition of the Pj .= PPi exchange reaction. This result shows 
that the ATP/Pl binding steps are at steady state. The partial 
inhibition of the Pi sl? PP, exchange reaction observed with 
the Pi/PPi pair may reflect a preferred pathway involving 
initial ATP binding followed by Pi binding. The apparent 
downward curvature of the double-reciprocal plot of velocity 
vs ATP (or PPi) shown in Figure 5 might also be indicative 
of preference for this pathway. 

The kinetic data that we have presented for the B. symbiosus 
are clearly incompatible with the results and conclusions re- 
ported earlier (Milner et al., 1978). At the present time we 
cannot account for the discrepancy.’ It is perhaps noteworthy 

Although Pi and AMP were varied in constant ratio, Pi does not form 
a dead-end complex over the P, concentration range used. ’ Dr. Nelson Phillips has reported to us that he was unable to detect 
any significant ATP ;2 AMP exchange reaction in the absence of PJPP,. 

Scheme V 
EPP*AMP*P, 

AMP, PPi 

E.ATP*P, EP*AMP.PP, EP-pyruvate - E-PEP 
/ 

pyruvate 

E*ADP*PP, 

that the molecular isotope exchange data reported by Andrews 
and Hatch (1 969) for the dikinase from sugar cane are con- 
sistent with data reported in this paper for the B. symbiosus 
enzyme. These workers concluded, as we have, in favor of a 
bi bi uni uni mechanism. 

Revision of the PPDK kinetic mechanism from nonclassical 
tri uni uni to bi bi uni uni requires a reconsideration of the 
chemical mechanism of the reaction and the very unique 
catalytic mechanism of the enzyme proposed by Milner et al. 
(1978) and Milner and Wood (1976). There are two rea- 
sonable chemical mechanisms that one can consider for the 
PPDK reaction that are consistent with the bi bi uni uni kinetic 
mechanism, the known regiochemistry of the reaction (viz., 
ATP - PP,, PEP,, AMP,) (Evans & Wood, 1968), and the 
known stereochemistry of the reaction (viz., inversion of 
configuration at the ATP y-P and retention at the p-P) (Cook 
& Knowles, 1985). The first of these (Scheme V, mechanism 
I) is similar to that proposed by Milner et al. (1978) with the 
exception that P, is necessary for pyrophosphorylation of the 
enzyme by ATP and that A M P  release follows rather than 
precedes the reaction of the covalent pyrophosphoryl-enzyme 
with the P,. The second mechanism (11) involves reaction of 
P, and ATP to form ADP and PPI. The ADP is not released 
from the enzyme but instead phosphorylates it, generating 
AMP. 

According to mechanism I ATP a,@ bond cleavage precedes 
P,r bond cleavage while according to mechanism I1 ATP a,@ 
bond cleavage follows Ply bond cleavage. We therefore had 
hoped that a comparison of the a@ - a PIX rate to the /3 - 

PIX rate in [CY/?-’~O,P,&~~O,]ATP (1) would allow us to 
distinguish between these two mechanisms. Unfortunately, 
the two PIX rates (Table 111, Figure 4) were found to be 
equivalent, signifying that the first PIX reaction to occur is 
rate limiting. Thus, we were unable to make a distinction 
between the two mechanisms on the basis of these data. 

Next, we turned to the use of substrate analogues to probe 
the P,y and a,@ bond cleavage steps. Adenylyl imidodi- 
phosphate (AMPPNP) and adenylyl methylenediphosphate 
(AMPPCP) were shown to bind to the ATP binding site with 
high affinity [this work and Milner and Wood (1976)]. If a,p 
bond cleavage preceded P,y bond cleavage, the possibility 
existed that PPDK could catalyze [14CC]AMP s AMPPNP 
or [I4C]AMP .= AMPPCP exchange. We found that no 
exchange took place even when very high levels of enzyme were 
employed. This result could be a reflection of P,y bond 
cleavage preceding, a,p bond cleavage, or it could simply 
reflect the differences in the chemical properties between ATP 
and the two analogues. Adenosine 5’-(a,@-methylenetri- 
phosphate) (AMPCPP) was used to test for P,r bond cleavage. 
PPDK was unable to catalyze [32P]P, s PP, exchange in the 
presence of AMP/AMPCPP. Unfortunately, we do not know 
whether the failure of this exchange reaction to take place is 
a result of the operation of mechanism I or is simply a result 
of the difference between the chemical properties of ATP and 
AMPCPP. Lastly, we tested methylenephosphonate as a 
substitute for PI in the [ I4C]AMP t‘ ATP exchange reaction. 
While methylenephosphoante is not a substrate for PPDK, the 
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possibility existed that it might function in the same manner 
that Pi would if mechanism I were operative. Again we found 
the substrate analogue unable to participate in the exchange 
reaction. 

In conclusion, our studies show that B. symbiosus PPDK 
catalyzes two partial reactions: (1) ATP + Pi + E ~t AMP 
+ PPi + EP and (2) EP + pyruvate F? E + PEP. The first 
partial reaction may proceed via a covalent pyrophosphoryl- 
enzyme intermediate as proposed earlier (Milner et al., 1978), 
or it may proceed via the intermediacy of ADP. At the present 
time studies that may allow us to distinguish between these 
possible chemical mechanisms are under way. 
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ABSTRACT: Whether the human platelet membrane glycoprotein (GP) Ib-IX complex is the receptor for 
ristocetin-dependent binding of von Willebrand factor (vWF) has been examined by reconstitution with 
the purified components using a solid-phase bead assay. Purified G P  Ib-IX complex was bound and orientated 
on the beads via a monoclonal antibody, F M C  25, directed against the membrane-associated region of the 
complex. Specific binding of 1251-labeled v W F  to the G P  Ib-IX complex coated beads was strictly ristocetin 
dependent with maximal binding occurring a t  ristocetin concentrations 3 1 mg/mL. Ristocetin-dependent 
specific binding of '251-labeled v W F  was saturable. The observed binding was specific to the interaction 
between v W F  and the G P  Ib-IX complex since there was no ristocetin-dependent specific binding of v W F  
if the physicochemically related platelet membrane glycoprotein, G P  IIb, was substituted for the G P  Ib-IX 
complex in a corresponding bead assay. Further, neither bovine serum albumin nor other adhesive gly- 
coproteins, such as fibrinogen or fibronectin, specifically bound to the G P  Ib-IX complex in the presence 
of ristocetin. Ristocetin-dependent binding of v W F  to platelets and to G P  Ib-IX complex coated beads 
was inhibited by monoclonal antibodies against a 45 000 molecular weight N-terminal region of G P  Ib but 
not by monoclonal antibodies directed against other regions of the G P  Ib-IX complex. Similar correspondence 
between platelets and purified G P  Ib-IX complex with respect to the ristocetin-dependent binding of v W F  
was obtained with anti-vWF monoclonal antibodies. The combined data indicate that the G P  Ib-IX complex 
is the receptor involved in the ristocetin-dependent binding of v W F  and that the specificity of this interaction 
is identical with that for the ristocetin-dependent binding of v W F  to platelets. 

%e initial event in hemostasis in response to vascular injury 
involves the adhesion of platelets to the exposed subendothelial 
matrix. At high shear flow, the adhesion of platelets becomes 
von Willebrand factor (vWF)' dependent and involves a 

specific vWF receptor on the human platelet membrane 
(Chesterman & Berndt, 1986). In normal circulation, vWF 
does not bind to its platelet receptor. This interaction in vivo 
requires the prior binding of vWF to the subendothelial matrix 
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Abbreviations: EDAC, 1-ethyl-3- [3-(dimethylamino)propyl]carbo- 
diimide hydrochloride; EDTA, ethylenediaminetetraacetic acid; GP, 
glycoprotein; SDS, sodium dodecyl sulfate: Tris, tris(hydroxymethy1)- 
aminomethane; vWF, von Willebrand factor. 
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