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Plasma contact activation: A revised hypothesis 

A L V I N H S C H M A I E R * 

Divis ion of H e m a t o l o g y and O n c o l o g y , Depa r tmen t of Internal M e d i c i n e and Pa tho logy , 
Univers i ty of Mich igan , Ann Arbor , M I 4 8 1 0 9 - 0 6 4 0 , U S A 

A new hypothesis for activation of the contact system of plasma proteolysis 
(i.e., the plasma kallikrein/kinin system) is presented. Kininogens have a 
multiprotein receptor on endothelial cells which consists of at least cytokeratin 
1, urokinase plasminogen activator receptor, and gClqR. When contact 
proteins (high molecular weight kininogen followed by prekallikrein) assemble 
on the kininogen receptor on endothelial cells, an endothelial cell membrane 
cysteine protease is expressed to activate prekallikrein to kallikrein. On 
endothelial cells, prekallikrein activation is independent of factor XHa 
activation. Activation of prekallikrein on endothelial cells results in kallikrein 
cleaving its receptor high molecular weight kininogen to liberate bradykinin. 
Bradykinin liberation stimulates release of tissue-type plasminogen activator 
from endothelial cells. Kallikrein formation also results in kinetically 
favorable pro-urokinase activation on endothelial cells with subsequent 
plasminogen activation. In addition to stimulating cellular fibrinolysis, 
kininogens contribute to the constitutive anticoagulant nature of the 
intravascular compartment. Kininogens block calpain 's participation in 
forming the heterodimeric complex of platelet integrin Ot /^jSj . Kininogens also 
block thrombin from binding to the thrombin receptor(s) on platelets. Last, 
kininogens prevent thrombin from cleaving protease activated receptor 1 after 
arginine4]. These combined data indicate a biologic system for activation of 
the plasma kallikrein/kinin system and physiologic consequences as result of 
this activation. 

Key terms: antithrombin, bradykinin, contact activation, cytokeratin, factor 
XII, fibrinolysis, kininogen, kinins, prekallikrein, thrombin 

I N T R O D U C T I O N 

The contac t sys t em of p l a s m a pro teo lys i s , 
w h i c h is t h e p l a s m a k a l l i k r e i n / k i n i n 
sys tem, has been v iewed as a b iochemica l 
pa thway w h o s e b io log ic role needs further 
c lar i f ica t ion . T w o aspec t s of this sys t em 
have served to obfuscate unde r s t and ing and 
brand the sys tem as un impor t an t . The first 
c o n f o u n d i n g a s p e c t is t h a t a l t h o u g h 
def ic iencies of its cons t i tuen t s , factor XI I 

( F X I I ) , p r e k a l l i k r e i n ( P K ) , a n d h i g h 
m o l e c u l a r w e i g h t k i n i n o g e n ( H K ) , g ive 
s t r ik ing p r o l o n g a t i o n of su r face -ac t iva ted 
c o a g u l a t i o n a s s a y s , p a t i e n t s w i t h t h e s e 
p r o t e i n d e f i c i e n c i e s d o n o t b l e e d . T h e 
second con found ing aspec t is tha t the in 
vivo ac t iva tor(s ) of this sys tem has not been 
ident i f ied . C o n t a c t s y s t e m p r o t e i n s h a v e 
b e e n k n o w n o n l y t o a c t i v a t e w h e n 
a s s o c i a t e d w i th an a r t i f i c i a l , n e g a t i v e l y 
c h a r g e d s u r f a c e s u c h a s g l a s s , k a o l i n , 
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c e l i t e , etc, h e n c e t h e n a m e " c o n t a c t 
s y s t e m " . A l t h o u g h a n u m b e r of b io log ic 
s u b s t a n c e s , a c i d i c p h o s p h o l i p i d s , 
cho les te ro l sulfate, sulfa t ides , gout crys ta ls , 
etc, h a v e b e e n s h o w n t o f u n c t i o n a s 
n e g a t i v e l y c h a r g e d s u r f a c e s , n o n e a r e 
conv inc ing to se rve as the s ingle in vivo 
surface for phys io log i c ac t iva t ion of this 
sys tem. T h u s a m o r e cogen t m e c h a n i s m for 
a c t i v a t i o n of t h i s s y s t e m n e e d s to b e 
d i scovered . 

F o r t h e l a s t t w e n t y y e a r s m o s t 
inves t iga tors in the field have accep ted the 
not ion that the ini t ia t ion of ac t ivat ion of the 
s y s t e m r e s u l t s f r o m F X I I b i n d i n g to 
negat ive ly charged surfaces to au toac t iva te 
(37 , 54) . Fac to r X I I ' s au toac t iva t ion leads 
to P K ac t iva t ion and kal l ikre in format ion 
amplif ies further F X I I ac t iva t ion . The rate 
of i n i t i a t i o n a n d a m p l i f i c a t i o n of t h i s 
s y s t e m i s a c c e l e r a t e d b y H K a n d a n 
a r t i f i c i a l s u r f a c e . A m p l i f i c a t i o n of t h i s 
s y s t e m ' s ac t iva t ion by kal l ikre in is at least 
1000- fo ld fas te r t han the a u t o a c t i v a t i o n 
p h e n o m e n a ( 4 8 ) . A c t i v a t i o n of t h e 
z y m o g e n s F X I I and P K resul ts in e n z y m e s 
t h a t c o n t r i b u t e to f a c t o r X I a c t i v a t i o n 
( c o a g u l a t i o n ) , c o m p l e m e n t a c t i v a t i o n , 
b r a d y k i n i n l i b e r a t i o n , f i b r i n o l y s i s a n d 
g ranu locy t e ac t iva t ion . Unfor tuna te ly , the 
p o t e n t i a l i m p o r t a n c e of t h i s s y s t e m to 
m e d i a t e b i o l o g i c r e s p o n s e s h a s b e e n 
o v e r s h a d o w e d by the un t enab le explana t ion 
for how this s y s t e m ' s ac t ivat ion is ini t ia ted. 

O v e r t e n y e a r s a g o , m y l a b o r a t o r y 
deve loped a w o r k i n g hypothes i s to serve as 
an a l t e r n a t i v e to t h e f a c t o r X I I 
au toac t iva t ion p h e n o m e n a for the ini t ia t ion 
of ac t iva t ion of con t ac t sy s t em p ro t e in s . 
W e reasoned that in vivo it is the assembly 
of a m u l t i p r o t e i n c o m p l e x of c o n t a c t 
sys tem pro te ins on cell recep tors that a l low 
for l o c a l i z a t i o n a n d a c t i v a t i o n of t h i s 
sys tem. In order to p rove that hypo thes i s , 
we sought to accompl i sh three th ings : First , 
d e t e r m i n e if t h e r e is a r e c e p t o r for t h e 
major cofac tor of this sys tem, HK, on cel l 
m e m b r a n e s . S e c o n d , s h o w h o w t h e 
a s s e m b l y o f c o n t a c t p r o t e i n s o n c e l l 
m e m b r a n e s t h r o u g h H K r e s u l t s in 
ac t iva t ion of the z y m o g e n s P K and FXII . 
Thi rd , d e m o n s t r a t e if the re are impor tan t 
b io logic act iv i t ies assoc ia ted wi th contac t 

p r o t e i n a s s e m b l y and a c t i v a t i o n on cel l 
m e m b r a n e s . 

CHARACTERIZATION O F T H E MULTIPROTEIN 

KININOGEN RECEPTOR ON ENDOTHELIAL CELLS 

I n i t i a l i n v e s t i g a t i o n s to d e t e r m i n e t h e 
kininogen receptor were spent characterizing 
the ability of kininogens to bind to various 
cells in the in t ravascu la r c o m p a r t m e n t . The 
s t u d y by G r e e n g a r d a n d G r i f f i n f i r s t 
d e m o n s t r a t e d H K b i n d i n g to a c t i v a t e d 
pla te le ts requi red Z n 2 + (10) . W e fo l lowed 
wi th the d e m o n s t r a t i o n the H K b inds to 
uns t imu la t ed p la te le t s in the p r e s e n c e of 
Z n 2 + (15) . Add i t iona l s tudies from mul t ip le 
l ab o r a to r i e s h a v e s h o w n tha t k i n i n o g e n s 
also b ind to g ranu locy te s and endothe l ia l 
cel ls in the p resence of Z n 2 + (14 , 46 , 50) . 
H o w e v e r , the ro le of zinc ion was not jus t 
to assoc ia te wi th the l ight chain of H K (9) . 
Ra ther , it was essent ia l for the express ion 
of t h e k i n i n o g e n r e c e p t o r b e c a u s e l ow 
m o l e c u l a r we igh t k i n i n o g e n ( L K ) , which 
does not have H K ' s l ight cha in , requi red 
Z n 2 + as well for b ind ing to p la te le ts (36) . 

Investigations also revealed that kininogen 
m u s t b e b i n d i n g to a p h y s i c o c h e m i c a l 
s t r u c t u r e . T h e k i n i n o g e n b i n d i n g s i t e , 
putative receptor, on endothelial cells appears 
to be a structure that can be regulated. First, 
t reatment of endothelial cells with metabol ic 
inhibi tors to aerobic and ae rob ic m e t a b o ­
l ism and the hexose m o n o p h o s p h a t e shunt 
abol ish the abil i ty of H K to b ind to cel ls 
(18) . C y c l o h e x i m i d e has no effect on HK 
b i n d i n g to e n d o t h e l i a l c e l l s . S e c o n d , 
t empera tu re or the b radyk in in s equence in 
k i n i n o g e n s c o n t r i b u t e s t o t h e l e v e l of 
k in inogen b ind ing to endothe l ia l cel ls (18, 
19, 5 5 ) . T h i r d , b r a d y k i n i n t r e a t m e n t of 
endo the l i a l ce l ls resu l t s in inc reased H K 
a n d L K b i n d i n g a n d t h i s p a t h w a y is 
m e d i a t e d by p r o t e i n k i n a s e C a n d t h e 
e n d o t h e l i a l c e l l B l b r a d y k i n i n r e c e p t o r 
(55) . Four th , heavy chain and L K have a 
C a 2 + r equ i r emen t for phorbo l 12-myr is ta te 
13-aceta te 4-0 me thy l e ther up- regula t ion 
of t h e i r e n d o t h e l i a l c e l l b i n d i n g s i t e , 
w h e r e a s H K d o e s n o t ( 5 5 ) . F i f t h , 
a n g i o t e n s i n - c o n v e r t i n g e n z y m e inh ib i to r s 
po ten t ia te the effect of b radyk in in on u p -
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r e g u l a t i n g t h e H K b i n d i n g s i t e o n 
endothe l ia l cel ls (55) . Las t , w h e n H K binds 
to endothe l ia l ce l l s , it ini t ia tes a ser ies of 
events that a l low for an endothe l ia l cel l -
assoc ia ted e n z y m e to ac t iva te P K bound to 
H K (38) . Th i s last ac t ion will be d i scussed 
in d e t a i l b e l o w . T h u s , b r a d y k i n i n u p -
regula tes k in inogen b ind ing on endothe l ia l 
c e l l s a n d k i n i n o g e n c a n i n f l u e n c e 
b r a d y k i n i n f o r m a t i o n ( 3 5 ) . T h e s e d a t a 
i n d i c a t e t h a t t h i s s y s t e m is t i g h t l y 
cont ro l led in an au tocr ine- l ike manner . 

The c o m b i n e d informat ion g iven above 
i n d i c a t e d t h a t t h e r e m u s t b e a 
phys i cochemica l k in inogen recep tor (s ) on 
e n d o t h e l i a l c e l l s . U s i n g an H K aff ini ty 
co lumn , the first b ind ing prote in repor ted 
to be isolated from endothe l ia l cell lysates 
was a 33 k D a prote in which upon a m i n o -
t e r m i n a l s e q u e n c i n g w a s i d e n t i f i e d as 
g C l q R , a k n o w n r e c e p t o r fo r t h e 
m a c r o m o l e c u l a r c o m p l e m e n t prote in (23) . 
T h i s p r o t e i n o n l y b o u n d H K , no t L K . 
Fur ther , the init ial repor t s tated that Z n 2 + 

was not requ i red for b ind ing (23) ; a second 
report s ta ted that Z n 2 + was a r equ i r emen t 
for b ind ing (29) . H o w e v e r , there is some 
c o n t r o v e r s y as to w h e t h e r g C l q R is a 
s u b s t a n t i a l p r o t e i n on e n d o t h e l i a l c e l l 
m e m b r a n e s . It has mos t ly been descr ibed as 
a mi tochondr ia l p ro te in in endothe l ia l cel ls 
(8). CD1 l b / C D 18 on g ranu locy tes a lso was 
p r o p o s e d a s b i n d i n g p r o t e i n , p u t a t i v e 
r e c e p t o r , fo r k i n i n o g e n b e c a u s e a 
m o n o c l o n a l a n t i b o d y to t h i s s t r u c t u r e 
par t ia l ly b locked k in inogen b ind ing (51) . 
W e f o u n d t h i s i n t e r p r e t a t i o n u n t e n a b l e 
because in our own s tudies , we found that 
l 2 S I - H K a n d 1 2 5 I - L K b o u n d n o r m a l l y to 
l e u k o c y t e a d h e s i o n d e f i c i e n c y 
g r a n u l o c y t e s , i.e. g r a n u l o c y t e s ab sen t in 
C D l l b / C D 1 8 ( u n p u b l i s h e d ) . M o r e 
r e c e n t l y , t h e u r o k i n a s e p l a s m i n o g e n 
act ivator recep tor ( u P A R ) has been shown 
to b e a k i n i n o g e n b i n d i n g s i t e on 
endothe l ia l ce l l s (6 ) . S ince u P A R is l inked 
to C D l l b / C D 1 8 , it is p o s s i b l e t h a t 
an t ibodies to M a c - 1 that par t ia l ly b locked 
H K b ind ing could have been do ing so by 
interfering wi th express ion of u P A R (52) . 
H o w e v e r , the fact that u P A R is not p resen t 
on p l a t e l e t s i n d i c a t e s t h a t t h i s p r o t e i n 
canno t be a s ingle k in inogen receptor on all 

c e l l s . A d d i t i o n a l b i n d i n g p r o t e i n s m u s t 
exis t . 

W o r k pe r fo rmed in ou r o w n laboratory 
r e v e a l e d t h a t t h e m a j o r p r o t e i n b a n d 
pur i f i ed on a H K aff in i ty c o l u m n f rom 
endothe l ia l cell lysates was 54 kDa which 
on a m i n o acid sequenc ing was identif ied as 
cy toke ra t i n 1 ( C K 1 ) (20 ) . C y t o k e r a t i n 1 
an t igen w a s found on t h e m e m b r a n e of 
endothe l ia l cel ls by laser s cann ing confocal 
m i c r o s c o p y , f low c y t o m e t r y , and d i r e c t 
a n t i - C K l F ( a b ) 2 ' b ind ing . H K specif ical ly 
bound to na t ive or r e c o m b i n a n t C K 1 only 
in the p resence of Z n 2 + . Fur the r , all three 
b ind ing d o m a i n s of H K ( d o m a i n s 3 , 4 and 
5) b locked H K b ind ing to cy tokera t in (17 , 
19, 24) . Las t CK1 ant igen was found on 
p la te le t s and g ranu locy t e s ind ica t ing that 
t h i s p r o t e i n c a n s e r v e a s a k i n i n o g e n 
recep tor on all of these cel ls . H o w e v e r , the 
n u m b e r of C K 1 b ind ing si tes on each of 
these cel ls is not sufficient to accoun t for 
the total n u m b e r of k in inogen b ind ing si tes, 
ind ica t ing that o ther p ro te ins , those above 
as well as poss ib le o thers , m a y serve in a 
m u l t i p r o t e i n a s s e m b l y as t h e k i n i n o g e n 
receptor . It is qu i te u n e x p e c t e d to find CK1 
as a k i n i n o g e n b i n d i n g p r o t e i n , pu t a t i ve 
receptor . Recen t s tudies have indica ted that 
other cy tokera t ins , C K 8 and 18, serve as 
b i n d i n g p r o t e i n s for p l a s m i n o g e n a n d 
t h r o m b i n - a n t i t h r o m b i n I I I c o m p l e x e s , 
r e s p e c t i v e l y ( 2 1 , 2 2 , 5 3 ) . K i n i n o g e n s ' 
mul t ip ro te in recep tor c o m p l e x is shown in 
F igure 1. Last , bo th C K 1 and u P A R ' s link 
to C D l l b / C D 1 8 p r o v i d e p o t e n t i a l 
m e c h a n i s m s for s i g n a l i n g w h e n H K 
a s s e m b l e s o n t h e e n d o t h e l i a l c e l l 
m e m b r a n e . T h e s e po ten t ia l m e c h a n i s m s for 
ce l l a c t i v a t i o n m a y b e i m p o r t a n t w h e n 
contac t pro te ins a s s e m b l e on cel l surfaces . 

C H A R A C T E R I Z A T I O N OF P R E K A L L I K R E I N 

ACTIVATION ON THE E N D O T H E L I A L CELL 

M E M B R A N E 

It is wel l a c c e p t e d tha t t h e ma jo r i t y of 
p l a s m a P K a n d f a c t o r X I c i r c u l a t e s in 
p l a sma in complex to H K (34 , 49) . S ince 
H K serves as the cell r ecep to r for factor XI , 
w e r e a s o n e d t h a t it a l s o s e r v e s as the 
p r eka l l i k r e in b i n d i n g s i te on e n d o t h e l i a l 
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Fig 1. Multiprotein kininogen receptor on endothelial cell membrane. Circulating plasma PK and factor XI are mostly 
bound to plasma HK. The complex between plasma HK and PK or factor XI binds to a multiprotein kininogen receptor on 
endothelial cells which consists of cytokeratin 1 (CK1), urokinase plasminogen activator receptor (uPAR), and g C l q R . 
Factor XII (XII) also binds to g C l q R . 

cel ls ( 1 1 , 38) . P K spec i f ica l ly b o u n d to 
endo the l i a l ce l l s only in the p r e s e n c e of 
Z n 2 + and after b e i n g sa tu ra t ed wi th H K 
(38) . T h e appa ren t Kd for this in teract ion 
was 23 n M , a va lue s imi lar to that seen 
wi th P K b i n d i n g to H K in so lu t ion . P K 
b inding to endothe l ia l cel ls in the p resence 
of a d d e d H K w a s a l m o s t c o m p l e t e l y 
i n h i b i t e d b y a n t i b o d i e s to t h e b i n d i n g 
d o m a i n s for P K on H K and vice versa (38) . 

F u r t h e r s t u d i e s w e r e p e r f o r m e d t o 
de t e rmine if w h e n H K and P K as sembled 
on endothe l ia l ce l ls wou ld the P K b e c o m e 
act ivated to kal l ikre in (11) . Us ing mode l s 
f r o m t h e p l a s m a a n d a r t i f i c i a l s u r f a c e 
sys tem, P K is only ac t iva ted on surfaces in 
the p resence of ac t iva ted factor XI I (4 , 12, 
4 3 ) . I n i t i a l s t u d i e s s h o w e d t h a t t h e 
assembly of HK, P K , or kal l ikre in a lone on 
e n d o t h e l i a l c e l l s d id no t r e s u l t in a n y 
s ignif icant amido ly t i c act ivi ty (Fig 2A) . As 
a control for the addi t ion of act ivated forms 
of FXI I for the a s sembly of H K and PK, we 

a d d e d H K f o l l o w e d b y P K a l o n e to 
endothe l ia l ce l ls . T h e a m o u n t of measu red 
k a l l i k r e i n f o r m e d f rom the H K and P K 
assembly a lone was grea ter than that seen 
w h e n z y m o g e n F X I I , a c t i v a t e d F X I I 
( F X I I a , a F X I I a ) , o r H a g e m a n f a c t o r 
f ragment ( F X I I f , (3FXIIa) were added a long 
with the P K (Fig 2 A ) . Fur ther , subs t i tu t ing 
ka l l ikre in at the s a m e concen t r a t ion than 
P K d i d n o t r e s u l t in h i g h e r l e v e l s of 
a m i d o l y s i s ( F i g 2 A ) . T h e s e r e s u l t s 
surpr ised us s ince they ind ica ted that on 
endothe l ia l cel ls there is a P K act iva t ing 
m e c h a n i s m independen t of factor XI I and 
i ts a c t i v a t e d f o r m s . In f ac t , u n d e r t h e 
c o n d i t i o n s of the a s s a y , add i t i on of the 
e n z y m e kal l ikre in resul ted in less measu red 
amidoly t ic ac t iv i ty . 

Fu r the r i nves t i ga t i ons w e r e p e r fo rmed 
to d e t e r m i n e if t h e r e w a s a n y 
c o n t a m i n a t i n g a c t i v a t e d F X I I in t h e 
reac t ion . T h e ambien t t i s sue cu l tu re med ia 
con ta ined less than 0.0001 U/ml act ivated 
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H U V E C + H K + K A L -
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0 

K A L L I K R E I N F O R M E D ( p M / m i n ) 

B 

PK D E F I C I E N T 

FXI I D E F I C I E N T 
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H U V E C + H K + P K + A n t l - F X I I 

H U V E C + H K + P K 

H U V E C + PK 

H U V E C + H K 

| 

K A L L I K R E I N F O R M E D ( p M / m i n ) 

Fig 2. Activation of PK on HUVEC. Panel A: Endothelial 
cell monolayers (HUVEC) preincubated with 200 fjJ of a 
solution containing 2% bovine serum albumin. HK (20 
nM) or buffer then added for 1 h at 37°C; unbound protein 
removed by washing, and 20 nM PK or 20 nM plasma 
kallikrein (Kal) incubated for an additional h. Wells were 
then washed and 0.4 m M S2302 added in absence or 
presence of 20 nM FXII (XII), 3.4 nM cxFXIIa (Xlla) , or 
3.4 nM pFXIIa (Xllf) , as indicated. Data, means ± SEMs 
of 3 experiments. Absence of standard error bars in some 
columns indicates that variation was too little to portray 
visually. Panel B: Endothelial cell monolayers (HUVEC) 
preincubated with 200 pi of a solution conta ining 2 % 
bovine serum albumin. HK (20 nM) or buffer then added 
for 1 h at 37°C; unbound protein removed by washing, and 
20 nM PK incubated for an additional h in absence or 
presence of 0.4 mg/ml of an anti-FXII antibody (Anti-
FXII). In other experiments , HUVEC saturated with HK 
(20 nM) incubated with 50 pi of pooled normal plasma 
(NHP), FXII-deficient plasma, or PK-deficient plasma for 
1 h at 37°C. After washing, 0.4 mM S2302 added and 
hydrolysis monitored for 1 h. Data, means ± SEMs of 3 
exper iments . Absence of s tandard error bars in some 
co lumns indicates that the var ia t ion was too li t t le to 
portray visually. 

FXII coagu lan t ac t iv i ty . In the p resence of 
a neut ra l iz ing concen t ra t ion of an ant ibody 
to FXIIa , P K act iva t ion was to the same 
extent w h e n no an t ibody was presen t (Fig 

2B) . Soybean t ryps in inhibi tor , a kal l ikre in 
inhibi tor , abol i shed the m e a s u r e d act ivi ty , 
but corn t rypsin inhibi tor , an ac t iva ted FXI I 
i n h i b i t o r , d id no t a b o l i s h t he g e n e r a t e d 
kal l ikrein from P K assembled on H K on 
endothe l ia l ce l ls . M o r e o v e r , an an t ibody to 
the PK b ind ing site on H K and a pep t ide to 
c o m p e t e P K b ind ing to H K abol i shed the 
a b i l i t y of P K t o b e a c t i v a t e d o n t h e 
e n d o t h e l i a l c e l l m e m b r a n e . L a s t , w h e n 
normal h u m a n p l a s m a or p l a s m a def ic ient 
in F X I I were i ncuba t ed o v e r endo the l i a l 
ce l l s , ka l l ikre in act ivi ty was demons t r ab l e ; 
n o a c t i v i t y w a s m e a s u r e d w h e n P K 
d e f i c i e n t p l a s m a w a s i n c u b a t e d o v e r 
e n d o t h e l i a l c e l l s . T h e s e c o m b i n e d d a t a 
indica ted that the P K act iva t ion m e c h a n i s m 
w a s d e p e n d e n t o n H K a n d P K a n d 
independen t of FXI I . 

Inves t iga t ions nex t were p e r fo rmed to 
d e t e r m i n e t h e r o l e , if a n y , f o r F X I I 
a c t i v a t i o n on e n d o t h e l i a l c e l l s . U s i n g 
opt imal Z n 2 + and subs t ra te concen t r a t ions , 
w e f o u n d n o e v i d e n c e f o r F X I I 
a u t o a c t i v a t i o n o n t h e e n d o t h e l i a l c e l l 
m e m b r a n e (44) . P K ac t iva t ion is the initial 
a n d c e n t r a l e v e n t in c o n t a c t p r o t e i n s ' 
ac t iva t ion on endo the l ium. F X I I con t r ibu tes 
to the rate and extent of enzyma t i c activity 
g e n e r a t e d o n t h e e n d o t h e l i a l c e l l 
m e m b r a n e , but not the ini t ia t ion of act ivi ty . 
This point was m a d e by de t e rmin ing the 
kinet ics of P K act iva t ion . In the absence of 
FXI I , the Km (20 ± 8 n M ) and Vmax (12 ± 3 
p M / m i n ) of P K act iva t ion was vir tual ly the 
same as that genera ted in the p resence of 
F X I I (Km = 30 + 4.2 n M ; Vmax = 9.2 ± 2.1 
p M / m i n ) ( 3 8 ) . T h e s e f i n d i n g s on 
endothe l ia l cel ls are jus t the oppos i te from 
that k n o w n to occur on artif icial surfaces 
w h e n a c t i v a t i o n of F X I I i n i t i a t e s t h e 
s y s t e m . F r o m n o r m a l p l a s m a o r F X I I 
deficient p l a sma , P K bound to endothe l ia l 
ce l l s b e c o m e s fully ac t iva t ed wi th in 4-5 
m i n . F u r t h e r , u s i n g p u r i f i e d c o n t a c t 
pro te ins at p l a s m a concen t r a t i ons , the full 
ex tent of ac t iva t ion a lso occur red wi th in 5 
m i n . T h e k i n e t i c s of a c t i v a t i o n of th i s 
system on endothel ia l cel ls great ly exceeds 
FXI I au toac t iva t ion which only resul ts in 
low levels of act ivi ty even after 120 min of 
activation. T h e s e data indicate tha t P K 
a c t i v a t i o n is t h e c r i t i c a l l y i m p o r t a n t 
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m e c h a n i s m for ac t iva t ion of this sys tem in 
a phys io log ic m a n n e r on endothe l ia l cel ls . 

F u r t h e r s t u d i e s w e r e p e r f o r m e d to 
d e t e r m i n e t h e m e c h a n i s m by w h i c h P K 
b e c a m e a c t i v a t e d on e n d o t h e l i a l c e l l s . 
Init ial inves t iga t ions e x a m i n e d the ro le of 
H K . In the absence of added HK, there is 
little c h a n g e in the s t ructure of 85 and 88 
k D a P K b o u n d to endo the l i a l ce l ls when 
incuba ted for 2 h. In the p r e sence of HK, 
bound P K is rapid ly c leaved wi thin 1 to 2 
min to show its heavy cha in (51 kDa) and 
its l ight c h a i n s at 37 and 34 k D a (38 ) . 
T h e s e da ta ind ica te that the p resence of H K 
and P K assembly wi th H K are cri t ical for 
the ac t iva t ion of PK. Inves t iga t ions nex t 
p roceeded to de t e rmine if the ac t ivat ion of 
P K when bound to H K was an enzymat ic 
process . Initial studies determined if serine 
protease inhibitors would block P K activation 
on endothelial cell membranes . Neutralizing 
a n t i b o d y to F X I I a , b e n z a m i d i n e , P M S F , 
soybean trypsin inhibitor, and Pro-Phe-Arg-
c h l o r o m e t h y l k e t o n e d id no t i n h i b i t t h e 
c h a n g e in s t r u c t u r e of z y m o g e n P K to 
kallikrein as shown on S D S - P A G E . T h e s e 
da ta i n d i c a t e d tha t the ac t iva t ion of P K 
bound to H K was not due to FXI Ia , P K 
au toac t iva t ion , or a ser ine p ro t ease (38) . 
M e t a l c h e l a t o r s l i k e E D T A , E G T A , 
o r t h o p h e n a n t h r o l i n e , etc, b l o c k e d P K 
a c t i v a t i o n p r e s u m a b l y by b l o c k i n g H K 
binding to endothe l ia l ce l ls . Al te rna t ive ly , 
ant ipain (100 pJVI), cys te ine , H g C l 2 , D T T , 
2 - m e r c a p t o e t h a n o l al l ful ly b l o c k e d P K 
a c t i v a t i o n . I n t e r e s t i n g l y , c y s t a t i n , n-
e t h y l m a l e i m i d e , i o d o a c e t a m i d e d id no t 
i n h i b i t t h i s P K a c t i v a t i n g e n z y m e ( s ) . 
Fur ther me ta l lop ro tease inhibi tors , T I M P - 1 , 
T I M P - 2 , a n d B B 9 4 w e r e no t i nh ib i t o ry . 
T h e s e c o m b i n e d d a t a i n d i c a t e t h a t a 
pecul ia r cys te ine p ro tease assoc ia ted with 
t h e m e m b r a n e of e n d o t h e l i a l c e l l s is 
r espons ib le for the enzymat i c convers ion of 
PK to ka l l ik re in only w h e n bound to HK. 
T h e s e da ta ind ica te that endothe l ia l cel ls 
have a m e c h a n i s m by which contac t prote in 
assembly a l lows for P K act iva t ion . W e may 
have d i scove red a fundamenta l m e c h a n i s m 
in c e l l b i o l o g y . W e h a v e a l r e a d y 
d e m o n s t r a t e d t h a t H K - r e g u l a t e d P K 
act ivat ion by a cys te ine pro tease actually 
c a n o c c u r on r a t 3 T 3 f i b r o b l a s t s 

(unpub l i shed) . F igu re 3 shows a ca r toon of 
the mul t ip ro te in a s sembly of P K on H K on 
its r ecep to r c o m p l e x on endo the l i a l cel ls 
and the role of P K in F X I I ac t iva t ion . 

D E T E R M I N A T I O N O F B I O L O G I C A L L Y 

I M P O R T A N T ACTIVITIES A S S O C I A T E D WITH 

PREKALLIKREIN ACTIVATION 

Fibrinolysis. 

T h e c o n s e q u e n c e s of P K a c t i v a t i o n on 
endothe l ia l cel ls needs to be enumera t ed . 
F i r s t and f o r e m o s t af ter ve ry r ap id PK 
a c t i v a t i o n on H K on e n d o t h e l i a l c e l l s , 
k a l l i k r e i n c l e a v e s i t s r e c e p t o r , H K , to 
l iberate b radyk in in (38) . T h e local b io log ic 
e f fec ts of b r a d y k i n i n on b l o o d p r e s s u r e 
r e g u l a t i o n , p r o s t a g l a n d i n f o r m a t i o n , N O 
formation, superoxide formation, stimulation 
of smooth muscle hyperpolar izat ion factor, 
and tissue plasminogen ac t iva tor l iberat ion 
are impor tan t a lone ( 3 , 7 , 2 5 , 26 , 39 , 4 0 , 
47 ) . Bradyk in in has been demons t r a t ed to 
be the mos t po ten t s t imula to r of t i s sue- type 
p l a s m i n o g e n r e l e a s e a c t i v a t o r in vivo in 
rabbi ts and m a n (3 , 47 ) . Th i s fact a lone is 
an impor t an t con t r ibu t ion to f ib r ino lys i s . 
H o w e v e r , the ka l l i k re in /k in in sys t em has 
b e e n s h o w n to h a v e o t h e r r o l e s in 
f ibr inolys is . P l a s m a kal l ikre in is k n o w n to 
be the mos t favorab le k ine t ic ac t iva tor of 
p r o - u r o k i n a s e ( s ing le cha in u rok inase ) in 
vitro ( 27 ) . G u r e w i c h and his c o w o r k e r s 
( 1 3 , 3 1 , 33) pe r fo rmed an impor tan t series 
of expe r imen t s w h e r e they s h o w e d that H K 
and P K assembly on p la te le t s or endothe l ia l 
cel ls , after the addi t ion of ac t iva ted FXII , 
led to k ine t ica l ly favorab le p ro -u rok inase 
ac t iva t ion . This m e c h a n i s m of s ingle chain 
u r o k i n a s e ac t iva t ion w a s ka l l i k re in , H K , 
a n d c e l l - d e p e n d e n t ( p l a t e l e t , e n d o t h e l i a l 
cel l) after the addi t ion of a P K act ivator , 
i.e. FXI Ia . 

W e a s k e d t h e q u e s t i o n if o u r F X I I -
i n d e p e n d e n t , P K a c t i v a t i o n s y s t e m on 
e n d o t h e l i a l c e l l s a l s o c o u l d r e s u l t in 
k i n e t i c a l l y f a v o r a b l e p r o - u r o k i n a s e and , 
subsequen t ly , p l a s m i n o g e n ac t iva t ion (Fig 
4) . The abi l i ty of HK, PK, p ro -u rok inase , 
or H K + P K a lone to gene ra t e enzymat i c 
activity to c leave a ch romogen ic substrate 
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Fig 3 . Mechanism of FXII activation on endothelial cells. Plasma complex of HK and PK binds to endothelial cell 
multiprotein kininogen receptor. Binding of PK to HK on this receptor allows for expression of an endothelial cell 
membrane cysteine protease (MP) that activates PK to kallikrein (K). FXII (XII) bound to the multiprotein kininogen 
receptor is then activated by kallikrein to activated FXII (Xlla) . Kallikrein cleaves its receptor, HK, to liberate bradykinin 
(BK) and release itself from the membrane. 

for two chain u rok inase was little (Fig 4A) . 
As previously shown, the addi t ion of pro-
u rok inase to endo the l i a l cel ls resul ted in 
m o r e e n z y m a t i c ac t i v i t y w h i c h w a s no t 
p o t e n t i a t e d b y P K a l o n e (1) (F ig 4 A ) . 
However , the assembly of H K and P K along 
wi th p r o - u r o k i n a s e on e n d o t h e l i a l c e l l s 
resul ted in increased two chain u rok inase 
act ivi ty (Fig 4 A ) . Fur the r , th is increased 
activity was not b locked by an ant ibody to 
factor X l l a (38) . Addi t ional studies showed 
that the Km (135 + 81 nM) and Vmax (14.5 ± 
8 nM/min ) of pro-urok inase act ivat ion on 
endothel ia l cells in the presence of HK, PK 
and FXII was the same as that seen in the 
absence of FXI I (Km = 64 + 5 n M ; Vmax = 10 
± 0 . 1 n M / m i n ) (38) . 

S ince the c h r o m o g e n i c subs t ra te for two 
c h a i n u r o k i n a s e h a s a h i g h Km, w e 
per fo rmed s tud ies wi th two cha in u r o k i n a s e 
and its b io logic subs t ra te , p l a sminogen (Fig 
4B) (38) . H K , P K , p l a s m i n o g e n , or p ro -

u rok inase resul t in lit t le hydro lys i s of the 
c h r o m o g e n i c s u b s t r a t e for p l a s m i n o g e n 
(Fig 4 B ) . Fur ther , the a s sembly of H K + 
P K , p l a s m i n o g e n a l o n e , p l a s m i n o g e n + 
pro-u rok inase , or PK, p l a s m i n o g e n , + p ro -
u rok inase on endothe l ia l cel ls a lso has little 
act ivi ty on the p l a smin subs t ra te . Howeve r , 
if we a s semble H K and P K on endothe l ia l 
ce l l s f o l l owed by p l a s m i n o g e n and p r o -
u rok inase is added at the t ime of the adding 
t h e c h r o m o g e n i c s u b s t r a t e , t h e r e is a 
marked increase in the a m o u n t of plasmin 
fo rmed (Fig 4 B ) . T h e gene ra t i on of this 
p lasmin is not inhibi ted by an ant ibody to 
FXII . T h e s e da ta indica te a m e c h a n i s m for 
f ib r ino lys i s i n d e p e n d e n t of F X I I , t i s sue -
type p l a sminogen act ivator , and fibrin. This 
work has a l ready been conf i rmed by s tudies 
f rom a n o t h e r l a b o r a t o r y ( 3 2 ) . F i g u r e 5 
represents a car toon on h o w prekal l ikre in 
a s sembles on endothe l ia l ce l ls to result in 
k i n e t i c a l l y f a v o r a b l e p r o - u r o k i n a s e and 
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Fig 4. Influence of HK and PK on pro-urokinase and 
plasminogen activation. Panel A: Pro-urokinase activation. 
Empty mic ro t i t e r p la te wel ls or wel ls coated with a 
monolayer of endothelial cells (HUVEC) incubated with 
HK (20 nM) or buffer for 1 h. Unbound HK removed and 
cells incubated with PK (20 nM) for another h and washed. 
Pro-UK (20 nM) and 0.6 mM S2444 added to empty wells 
or wells coated with HUVEC, and hydrolysis monitored 
c o n t i n u o u s l y o v e r 75 min at 37°C . In one set of 
experiments, 0.4 mg/ml of a neutralizing antibody to FXII 
a d d e d a l o n g w i t h the P K . F o r m a t i o n of t w o cha in 
urokinase plasminogen activator (TcuPA) determined by 
c o m p a r i n g subs t r a t e hyd ro lys i s on cel ls wi th known 
concentrations of soluble TcuPA. Data, means ± SEMs of 
3 experiments. Panel B: Plasminogen activation. Empty 
microtiter plate wells or wells coated with a monolayer of 
HUVEC incubated for 1 h with 1 | iM plasminogen (PLG) 
before 0.3 m M S2251 was added e i the r a lone or in 
presence of 2 nM Pro-UK. In other experiments, HUVEC-
coated wells incubated for 1 h with 20 nM HK. After 
removal of HK, wells incuba ted with 20 nM PK for 
another h. After removal of excess PK, cells incubated 
with 1 p.M plasminogen (PLG) for a third h. As indicated, 
in one case, 0.4 mg/ml of a neutralizing antibody to FXII 
was added along with the PK. Hydrolysis of substrate 
measu red ove r 210 min at 37°C. P lasmin format ion 
determined using a standard curve made by adding known 
amounts of purified plasmin to S 2 2 5 1 . Data, means ± 
SEMs of 4 independent experiments . Absence of standard 
error bars in some columns indicates that variation was too 
little to portray visually. 

p l a s m i n o g e n a c t i v a t i o n . T h u s , P K 
act ivat ion on endothe l ia l cel ls resul ts in a 
m e c h a n i s m for ce l lu la r f ibr inolys is . Th i s 
pa thway cou ld resul t in the initial levels of 
p lasmin which could subsequent ly amplify 
p ro -u rok inase ac t iva t ion . 

Thrombin inhibition. 

A second b io log ic act ivi ty of k in inogens is 
the i r ab i l i ty to func t ion as inh ib i to r s of 
th rombin ac t iva t ion of p la te le t s . It appears 
t h a t t h e r e a r e m u l t i p l e m e c h a n i s m s by 
which k in inogens funct ion as inhibi tors to 
t h r o m b i n a c t i v a t i o n of p l a t e l e t s (F ig 6 ) . 
The first m e c h a n i s m to be desc r ibed was 
t ha t k i n i n o g e n s i n h i b i t c a l p a i n - i n d u c e d 
p la te le t a g g r e g a t i o n (45) . W h e n p la te le t s 
a r e a c t i v a t e d w i t h t h r o m b i n , c a l p a i n is 
m e m b r a n e - e x p r e s s e d a n d i t s p r e s e n c e 
a l l o w s fo r t h e f o r m a t i o n o f t h e 
h e t e r o d i m e r i c c o m p l e x of o c I I b p 3 in tegr in 
(plate le t g lycopro te in I lb / I I Ia ) to be formed 
to suppor t f ibr inogen b ind ing and platelet 
aggrega t ion ( 4 1 , 45) . Th i s m e c h a n i s m can 
fully accoun t for k i n i n o g e n inh ib i t ion of 
t h r o m b i n - i n d u c e d p l a t e l e t a g g r e g a t i o n . 
H o w e v e r , w h e n t h r o m b i n a c t i v a t e s 
p l a t e l e t s , p l a t e l e t s s e c r e t e the i r c o n t e n t s 
b e f o r e t h e y a g g r e g a t e a n d k i n i n o g e n s 
inhibi t both p roces se s (36) . T h u s another 
m e c h a n i s m ( s ) of k i n i n o g e n inh ib i t i on of 
th rombin act ivat ion of p la te le ts needed to 
be sought . 

Bo th H K and L K have been shown to 
inhibi t oc-thrombin b ind ing to p la te le ts and 
endothe l ia l cel ls (16 , 17, 36) . T h e actual 
locat ion on p la te le ts that t h rombin b inds to 
is not c o m p l e t e l y k n o w n . T h r o m b i n has 
been pos tu la ted to b ind to at least two sites 
on t h e p l a t e l e t s u r f a c e . In d a t a to b e 
p r e s e n t e d b e l o w , it i s r e a s o n a b l e t o 
cons ide r that k in inogens b ind to the first 
c l o n e d t h r o m b i n r e c e p t o r , p r o t e a s e 
ac t iva ted r ecep to r 1 ( P A R I ) to b lock a -
t h r o m b i n f r o m b i n d i n g to t h i s s i t e on 
p l a t e l e t s ( 1 6 ) . O t h e r d a t a s u g g e s t t ha t 
k i n i n o g e n s m a y i n t e r a c t w i t h p l a t e l e t 
g lycopro te in I b - I X - V c o m p l e x or c o m p e t e 
w i t h t h r o m b i n ' s a b i l i t y to b i n d to t ha t 
c o m p l e x ( 2 , 2 8 ) . P r e l i m i n a r y s t u d i e s 
sugges t that g lycopro te in l b may be a zinc 
d e p e n d e n t b i n d i n g s i t e f o r H K ( 2 8 ) . 
H o w e v e r , our o w n s tudies have shown that 
H K b i n d s n o r m a l l y to B e r n a r d - S o u l i e r 
p la te le ts , i.e. p la te le ts def ic ient in pla te le t 
g l y c o p r o t e i n l b ( u n p u b l i s h e d ) . 
A l t e r n a t i v e l y , it has been p r o p o s e d that 
k i n i n o g e n w i t h i ts d o m a i n 3 s e q u e n c e 
LNAENNA m a y s e r v e a s a c o m p e t i n g 
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Fig 5. Mechanism of kall ikrein-mediated cellular fibrinolysis. PK bound to HK becomes activated by an endothelial cell 
membrane cysteine protease (MP). Kallikrein (K) bound to HK proteolyzes HK to liberate bradykinin (BK). Bradykinin 
stimulates the release of endothelial cell t issue-type plasminogen activator (tPA). Kallikrein also activates endothelial cell-
bound single chain urokinase (SuPA) bound to the urokinase plasminogen activator receptor (uPAR) to form two chain 
urokinase plasminogen activator (TcuPA). Two chain urokinase plasminogen activator initiates the conversion of zymogen 
plasminogen (PLG) to plasmin (P) bound to its endothelial cell receptor. 

b i n d i n g s i t e for oc- thrombin b i n d i n g to 
g l y c o p r o t e i n - I b - I X - V c o m p l e x ( 2 ) . 
G l y c o p r o t e i n l b c o n t a i n s t h e s e q u e n c e 
NAEN at r es idues 223 -226 which is wi thin 
24 a m i n o ac id s of a s e q u e n c e w h i c h is 
known to inhibi t t h rombin - induced pla te le t 
aggrega t ion (30) . T h u s , it is poss ib le that 
k in inogen serves as a p seudog lycopro te in 
lb , b ind ing ava i lab le t h rombin and keep ing 
it f r o m a s s o c i a t i n g w i t h t h i s p l a t e l e t 
g lycopro te in . In addi t ion , it is a lso poss ib le 
that k in inogens cou ld b ind to g lycopro te in 
Ib - IX-V at ano the r reg ion and thus interfere 
wi th t h r o m b i n b i n d i n g to p la t e l e t s . Bo th 
m e c h a n i s m s cou ld be opera t ive , but at this 
t ime there is insufficient informat ion to say 
which is ac tual ly occur r ing . 

A third m e c h a n i s m by which k in inogens 
or a d i s c r e e t p e p t i d e f r o m d o m a i n 4 , 
RPPGF, in terfere wi th th rombin act ivat ion 
of p l a t e l e t s h a s b e e n d e s c r i b e d ( 1 6 ) . 

RPPGF p r e s e r v e s t h e e p i t o p e of t h e 
c l e a v a g e s i t e on P A R I a f t e r t h r o m b i n 
a c t i v a t i o n . It d o e s so by p r e v e n t i n g oc-
t h r o m b i n f r o m c l e a v i n g P A R I a f t e r 
a r g i n i n e 4 1 , a c r i t i c a l s i t e for t h r o m b i n 
a c t i v a t i o n of t h i s r e c e p t o r ( 1 6 ) . It is 
incredib ly in teres t ing that the angio tens in 
conver t ing e n z y m e b r e a k d o w n p roduc t of 
b r a d y k i n i n , RPPGF, h a s a d d i t i o n a l 
b i o l o g i c a c t i v i t y t o p r e v e n t t h r o m b i n ' s 
a c t i o n s . In w o r k w h i c h is i n - p r o g r e s s , 
RPPGF d i r e c t l y b i n d s t o p l a t e l e t s t o 
p r e v e n t t h r o m b i n ' s a c t i v a t i o n of t h i s 
receptor . 

T h u s , k i n i n o g e n s ' i n t e r a c t i o n s w i t h 
t h r o m b i n appea r to be mul t i f ace ted . O n e 
may argue that k in inogens may cont r ibu te 
to the cons t i tu t ive an t i coagu lan t na ture of 
t h e i n t r a v a s c u l a r c o m p a r t m e n t . In 
k i n i n o g e n de f i c i en t p l a t e l e t - r i c h p l a s m a , 
2 .5 t i m e s l e s s y - t h r o m b i n is n e e d e d to 
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Fig 6. Mechanisms of k ininogens ' inhibition of thrombin. One mechanism interferes with calpain stimulation of formation 
of heterodimeric complex between integrin cc I I b P 3 . HK or LK blocks calpain which prevents formation of this integrin 
complex. A second mechanism of kininogen inhibition of thrombin activation of platelets is that HK blocks thrombin (I la) 
from binding to thrombin receptor. A third mechanism of inhibition of thrombin-induced platelet activation is that HK and 
fragments of its domain 4 prevent thrombin (Ila) from cleaving P A R I , the seven t ransmembrane thrombin receptor, near its 
amino-terminus. 

a g g r e g a t e p l a t e l e t s than tha t n e e d e d for 
normal p l a s m a (42) . Fur ther , p re l imina ry 
s tudies revea l that the t ime to th rombos i s in 
a m i n i m a l injury m o d e l of the left i l iac 
a r t e r y w a s m u c h s h o r t e r in k i n i n o g e n 
deficient rats than in normal rats (6 ) . 

S U M M A R Y 

In c o n c l u s i o n , t h e r e h a s b e e n a m a j o r 
e v o l u t i o n in u n d e r s t a n d i n g t h e p l a s m a 
contac t sys t em of p ro teo lys i s . K i n i n o g e n s ' 
a s s e m b l y on t he i r m u l t i p r o t e i n r e c e p t o r 
a l l o w s for r e g u l a t e d P K ac t i va t i on in a 
b i o l o g i c e n v i r o n m e n t . O b v i o u s l y , 
r egu la t ion of the r ecep to r and k i n i n o g e n 
and PK b ind ing will modify the associa t ion 
of t h e s e p r o t e i n s and a c t i v a t i o n of th i s 

s y s t e m . O n e n d o t h e l i a l c e l l s , F X I I 
ac t iva t ion is s econdary and ampl i f ies P K 
ac t iva t ion . The i m m e d i a t e c o n s e q u e n c e of 
ac t iva t ion of t h e p l a s m a k a l l i k r e i n / k i n i n 
sys tem is the l ibera t ion of b radyk in in with 
i ts a t t e n d a n t a c t i v i t i e s . F u r t h e r , c o n t a c t 
p r o t e i n s p r o b a b l y c o n t r i b u t e to c e l l u l a r 
f i b r i n o l y s i s a n d t h e c o n s t i t u e n t 
a n t i c o a g u l a n t n a t u r e of the i n t r a v a s c u l a r 
c o m p a r t m e n t . It is a pa r adox that pro te ins 
t h o u g h t to c o n t r i b u t e t o h e m o s t a s i s in 
r e a l i t y c o n t r i b u t e t o p r e v e n t i o n of 
t h rombos i s . In conc lus ion , I want to convey 
to you that I be l i eve that we are at the dawn 
of a new unde r s t and ing of the phys io log ic 
m e c h a n i s m of ac t iva t ion and impor t ance of 
the p l a s m a ka l l ik re in /k in in sys tem. Many 
d i scover ies on the phys io log ic ro le of this 
sys tem still awai t our r ecogn i t ion . 
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