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Summary 

Gammacarboxyglu tamic  acid (Gla) is an abnormal  amino acid, which occurs in a number of proteins. It 
was discovered about 10 years ago in the four vitamin K-dependent blood clotting factors and it could be 
demonstrated that Gla is formed in a post-translational modification step, which requires a carboxylating 
enzyme system (carboxylase) and vitamin K. Since at the time of this discovery the earlier mentioned clotting 
factors were the only proteins known to be synthesized in a vitamin K-dependent way, it has been assumed for 
many years that the blood clotting system was unique in this respect. Recently it has been demonstrated, 
however, that vitamin K-dependent carboxylase is not restricted to the liver (the place of synthesis of the 
clotting factors) but that it is also present in other tissues such as lung, kidney, spleen and testis. Moreover, 
numerous Gla-containing proteins have been detected, although in most cases their function is not wholly 
understood. It seems that (like for instance the glycosylation) the vitamin K-dependent carboxylation is a 
normal post-translational modification, which is required for the correct function of a certain class of 
Ca2+-binding proteins. 

I. Introduction 

In the 1930s, when studying the effects of a cho- 
lesterol-free diet on chickens, Dam noticed that 
after some weeks the animals developed a hemorrhag- 
ic diathesis. This hemostatic defect could not be 
counteracted by adding purified cholesterol to the 
food, but turned out to be related to the deficiency 
of a fat-soluble vitamin, which was called: vitamin 
K(1) .  

Since 1921 a hemorrhagic disease in cattle was 
known in the U.S.A. and Canada. This bleeding 
symptom was found to be caused by feeding the 
animals improperly cured sweet clover hay. The 
coumarin derivatives in the hay, discovered by 
Campbell  and Link (2, 3), are antagonists of vitam- 
in K. They are not active in this respect in the flesh 
plants, because there they are bound to glycosides. 
In the following years a number of substituted 4- 
hydroxycoumarins have been synthesized and now- 

adays some of them are frequently used as anti- 
coagulants in rodenticides (rat poison) and in the 
clinic for the control of thrombogenic episodes (4). 
Recently it has been demonstrated, that the vitamin 
K action is not restricted to the coagulation system, 
but that the vitamin plays a role in the synthesis of 
numerous proteins in man as well as in other orga- 
nisms (5, 6). 

II. Vitamin K and the formation of  gammacar- 
boxyglutamic acid residues 

II.1. Discovery of gammacarboxyglutamic acid 

After the discovery that vitamin K was essential 
for the synthesis of a number of proteins, involved 
in blood coagulation, it lasted more than 30 years 
before people started to realize at what stage of the 
protein synthesis vitamin K is involved. A real 
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breakthrough came in 1963, when Hemker et al. 
postulated that blood from patients receiving oral 
anticoagulant therapy contains a mixture of nor- 
mal and abnormal prothrombin (7). The abnormal 
prothrombin was called 'Protein Induced by Vitam- 
in K Antagonists' or PIVKA, and it was regarded as 
a precursor of prothrombin. The hypothesis was 
based on kinetic experiments which demonstrated 
in the patient plasma the presence of a competitive 
inhibitor of the activation of clotting factor X. The 
abnormal prothrombin was subsequently identified 
immunochemically in the plasma of dicoumarol- 
treated patients (8, 9) and cows (10). It was shown 
to be similar to normal prothrombin with respect to 
its molecular size, its number of sialic acid residues, 
its amino acid composition after acid hydrolysis 
and its antigenic activity (11). However, in the pres- 
ence of Ca 2+, the electrophoretic migration rate of 
abnormal prothrombin was different from that of 
normal prothrombin. It turned out, that whereas 
prothrombin strongly binds Ca 2+, the abnormal 
prothrombin lacks this ability (12, 13, 14). 

In the year of 1974 it was reported independent- 
ly by two groups (15, 16) that the calcium-binding 
sites in normal prothrombin were gammacarboxy- 
glutamic acid (Gla) residues, and that these residues 
were normal glutamic acid (Glu) residues in ab- 
normal prothrombin (Fig. 1). Similar observations 
were made for other vitamin K-dependent proteins 
and from that time on, the abnormal dicoumarol- 
induced proteins were designated as descarboxy- 
proteins. Until now the only known physiological 
significance of Gla residues is related with their 
binding of Ca 2+. This is illustrated by the enhanced 
activity of the vitamin K-dependent clotting factors 
in the presence of Ca 2+ and phospholipids (17). 
Furthermore vitamin K-dependent proteins are in- 
volved in the transport of calcium from the egg shell 
to developing chicken embryos (18) and in the de- 

H H 
I I 

H 2 N  - C - C O O H  H 2 N  - C - C O O H  
I I 

H - C - H  H - C - H  
I I 

H-  C -  H H -  C-COOH 
I I 

COOH COOH 

Fig. 1. The structures of glutamic acid (left) and gammacarbox- 
yglutamic acid (right). 

position of calcium in the bone matrix of the human 
fetus (19). 

H.2. The vitamin K-dependent post-translational 
modification 

All vitamin K-dependent proteins discovered up 
till now belong to what are called the secretory pro- 
teins. These are proteins that are excreted into the 
extracellular fluid after their maturation has been 
completed. The mechanism by which these proteins 
are synthesized has been elucidated by the work of 
Blobel and Dobberstein (20, 21), Meyer et al. (22) 
and MacGillivray et al. (23), and it is explained in 
Fig. 2. Protein synthesis starts with the binding of 
the m-RNA to a ribosome. When the m-RNA is 
coded for a secretory protein, the first amino acids 
which are linked together are not similar to the 
N-terminal region of the protein to be formed. In- 
stead they form the 'signal sequence', which is a 
strongly hydrophobic peptide chain, composed of 
15-30 amino acids. This signal sequence is recog- 
nized by the cytoplasmic 'signal recognition parti- 
cle', which binds to the ribosomal complex. As a 
result of this binding any further synthesis of the 
secretory protein is blocked. A second protein, de- 
signated as 'docking protein' is located on the outer 
side of the endoplasmic reticulum, and it is able to 
bind to the inactivated ribosomal complex. The 
result of this binding is, that the ribosomal protein 
synthesis is re-started. The hydrophobic signal se- 
quence on the N-terminal side of the growing pep- 
tide chain will easily penetrate into the phospholip- 
id membrane of the endoplasmic reticulum, thus 
facilitating the transport of the growing peptide 
chain to the inner side of the endoplasmic tubular 
system. Here are located the enzymes involved in 
post-translational modifications such as the glyc- 
osylating enzymes and also the vitamin K-depend- 
ent carboxylase. In one of the post-translational 
steps the signal peptide is cleaved from the maturat- 
ing protein by a highly specific 'signal peptidase'. 
After all required modifications have been per- 
formed, the protein is transported through the tub- 
ular system to be excreted into the extracellular 
fluid. 

Up till now these signal sequences were found in 
all secretory proteins examined, except albumin 
which seems to contain an 'internal' signal se- 
quence. Only a small fraction of these proteins con- 
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Fig. 2. The synthesis of a secretory protein; l : formation of the initiation complex; 2: synthesis of the signal sequence; 3: recognition of 
the completed signal sequence by signal recognition particle, stop of proteins synthesis; 4: binding to the endoplasmic reticulum via the 
docking protein, restart of protein synthesis; 5: postribosomal modifications on the growing peptide chain; 6: removal of the signal 
peptide by signal peptidase; 7: termination of protein synthesis, excretion of the mature protein via the endoplasmic tubular system. 

tain Gla  residues, however.  M o r e o v e r  in v i tamin 
K-dependen t  prote ins  the Glu residues are ca rboxy-  
lated at a number  of  dist inct  posi t ions  only, whe- 
reas o ther  Glu residues remain  uncarboxy la ted .  
The  mechan i sm tha t  is responsible  for  this selection 

is still obscure at this moment .  

lI.3. In vi t ro vitamin K-dependent carboxylating 
enzyme systems 

W h e n  c o m p a r i n g  the s t ructures  of  Glu and Gla 
(Fig.  l)  it seems obvious ,  tha t  v i t amin  K is involved 
in a c a r b o x y l a t i o n  react ion,  and  it was shown by 
Esmon  et al. that  the hepat ic  pos t -mi tochondr i a l  
superna tan t s  f rom v i tamin  K-def ic ient  rats were 
able  to i nco rpo ra t e  14COz into an endogenous  sub- 
s trate  (24). NaHI4CO3 could  be used as a CO 2 do-  
nor  and the inco rpora t ion  was dependent  on the 
a d d i t i o n  of  v i t amin  K. This  system direct ly  mea-  
sures the v i tamin  K - d e p e n d e n t  step and it is highly 

preferab le  to ear l ier  systems,  in which the genera-  
t ion of  coagu la t ion  act ivi ty  was measured  (25, 26). 

The  v i tamin  K-dependen t  enzyme system which 
had been detected in the liver homogena tes ,  ap-  
peared  to be loca ted  in the mic rosomal  f rac t ion and 
it was mainly  concen t ra ted  at the luminal  side of the 
rough  mic rosomal  membrane  (27, 28). Ca rboxy lase  
could  be ex t rac ted  f rom these membranes  with the 

aid of  several  non- ionic  sur fac tants  and  bile salts 
(29-31).  Since then the v i tamin  K-dependen t  car-  
boxy la t i on  has been s tudied most  extensively in 
liver mic rosomal  p repara t ions  ob ta ined  f rom vi- 
t amin  K-def ic ient  or war fa r in - t rea ted  rats and  f rom 
war fa r in - t rea ted  cows (32, 33). Its main  character is-  
tics are summar ized  in Table  1. 

W h e n  we s tar ted  with the bovine  system, it was 
known that  dur ing  warfar in  t r ea tment  of the cows, 
non -ca rboxy la t ed  c lo t t ing factors  (desca rboxyfac -  
tors)  appea r  in their  b lood  p lasma  in concent ra -  
t ions s imilar  to those of  the no rma l  c lot t ing factors 
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Table 1. Properties of vitamin K-dependent carboxylase. 

Absolute requirements: 
vitamin K quinone + reducing agent (NAD(P)H or DTT) 
or vitamin K hydroquinone 

02 
CO2 
carboxylatable substrate (endogenous and /o r  exogenous) 

Stimulators 
DTT 
pyridoxalphosphate or Mn 2+ 
ketones or DMSO 

I nhibitors 
chloro-K 
2,3,5,6-tetrachloro-4-pyridinol 
coumarin anticoagulants 
sulphydryl reagents 
CN 

Abbreviations: DTT, dithiothreitol; DMSO, dimethylsulphox- 
ide; chloro-K, 2-chloro-3-phYtYl-l,4-naphto-quinone. 

in untreated animals (10, 34). This is in contrast to 
the situation in the rat, where warfarin causes a 
decrease of the vitamin K-dependent proteins in 
plasma, but where no descarboxyfactors can be 
detected (35). Therefore it was unexpected, that the 
treatment with warfarin caused an accumulation of 
endogenous substrates for carboxylase in bovine as 
well as in rat liver (36). We have compared the 
warfarin-induced accumulation of endogenous he- 
patic substrates in a number of species (Table 2) and 
no substantial differences were found. When the 
plasma concentration of the normal vitamin K-de- 
pendent clotting factors is arbitrarily defined as 

1 U/ml, the plasma concentration of descarboxy- 
prothrombin was <0.1 U / ml in the rat, 0.8 U / ml in 
the cow and had intermediate values in the other 
species. In all cases the amount of normal pro- 
thrombin was <0.2 U/ml. So it seems that there is 
no relation between the accumulation of exogenous 
substrate in the cell and the amount of excreted 
descarboxyproteins in plasma. 

In an attempt to explain this phenomenon we 
have put forward the following hypothesis. In a 
normal liver all prothrombin precursors are car- 
boxylated as soon as they become available. When 
carboxylase is inhibited, however, the uncarboxy- 
lated precursors accumulate (for instance because 
they are complexed to carboxylase without being 
carboxylated). This accumulation cannot continue 
indefinitely and at a certain intracellular concentra- 
tion (for instance when all enzyme molecules are 
saturated with the substrate), the precursors are 
excreted in their non-carboxylated form. The 
amount of excreted descarboxyprothrombin will 
than depend on the half-life time of the prothrom- 
bin precursors in the liver. In this view it is to be 
expected, that in the r a t -  where no descarboxypro- 
thrombin is found in plasma the intracellular 
turnover of prothrombin is fast enough to prevent 
the accumulation of substrate to a level at which a 
substantial excretion into the extracellular fluid oc- 
curs. In the cow, on the other hand, the intracellular 
breakdown of prothrombin precursors is expected 
to be slow and after an initial accumulation of these 
proteins, they are excreted as descarboxyproteins 
with a similar rate as are the normal proteins in the 
non-inhibited systems. 

Table 2. Effect of warfarin in various species. 

Species Hepatic carboxylase Endogenous substrate Ratio b /a  Plasma descarboxy- 
(dpm.mg l.min ]) (dpm.mg t) prothrombin (U.ml J) 

Cow 3125 7318 2.3 0.8 
Goat 1312 3469 2.6 0.5 
Horse 986 4813 4.9 0.5 
Dog 3309 12650 3.8 0.2 
Pig 1222 2954 2.4 0.4 
Guinea pig 1050 3827 3.6 0.4 
Rat 2862 9416 3.3 <0.1 

The various animals (4 10 from each species) were treated with warfarin: rats 18 hr, dogs 4 days and the others 6 days. The animals were 
subsequently sacrificed and solubilized microsomes were prepared from their respective livers. The amounts  of carboxylase and 
endogenous substrate are measured and quantified as described earlier (36). Descarboxyprothrombin was measured in BaSO4-adsorbed 
oxalate plasma using Echis carinatus venom (37). The data in this table are the means of at least 4 different animals from each species. 



11.4. The relation between carboxylation and 

epoxidation 

In the liver vitamin K is partly present in the form 
of its 2,3 epoxide (34). The enzyme responsible for 
the conversion of vitamin K into the epoxide is 
called epoxidase; it is located in the liver microsom- 
al fraction as is carboxylase (39). The hydroqui- 
none form of vitamin K is the substrate that is 
converted by epoxidase and the epoxide oxygen is 
generated by molecular oxygen. The epoxide can be 
reduced again to vitamin K by vitamin K epoxide 
reductase (40-42). The reduction of vitamin K qui- 
none, which precedes the epoxidation reaction is 
carried out by NAD(P)H dehydrogenase (DT-dia- 
phorase, 43, 44) and /or  vitamin K reductase. It is 
not yet sure whether the reduction of vitamin K 
epoxide and that of vitamin K quinone is carried 
out by the :same enzyme or by two different reduc- 
tases (42, 45). In this way vitamin K quinone is 
reduced to the hydroquinone, which is converted to 
the epoxide, whereas the epoxide, on its turn, can 
be reduced to vitamin K hydroquinone (possibly 
via the quinone). This course of events is called the 
vitamin K cycle (Fig. 3). The reduction of the epox- 
ide is inhibited by coumarins and this seems to be 

Glu Gla 

o .  o 

CH3 carboxylase ~ OH3 

OH 0 

vitamin KH2 vitamin KO 

/ 
o 

vitamin K 

Fig. 3. The vitamin K cycle. Coumarin derivatives inhibit steps l 
and 3. Chloro-K and 2,3,5,6,-tetrachloro-4-pyridinol inhibit 
step 2. The following abbreviations are used: Glu, glutamic acid; 
Gla, gammacarboxyglutamic acid, KH2, vitamin K hydroqui- 
none; KO, vitamin K epoxide. 
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the biologically important action of these anticoag- 
ulants (17). 

The biological function of the vitamin K cycle 
might be the constant generation of vitamin K hy- 
droquinone, which is used in the carboxylation 
reaction. In this concept the carboxylation reaction 
is in some way coupled to the formation of vitamin 
K epoxide and several arguments have been put 
forward to support this hypothesis. Many require- 
ments for the optimal function of epoxidase and 
carboxylase are similar (40), the subcellular loca- 
tion of both enzymes is the same (46) and it has been 
postulated that both reactions proceed via vitamin 
K hydroperoxide (47, 48). Furthermore it was 
demonstrated that the formation of vitamin K ep- 
oxide is elevated in rat livers, containing increased 
levels of endogenous substrates for carboxylase 
(39). Although the carboxylation and the epoxida- 
tion reactions seem to be coupled somehow, it was 
calculated that on a molar base in most cases more 
epoxide is formed than is CO 2 incorporated (49). By 
raising the CO2 concentration equal amounts of 
vitamin K epoxide and gammacarboxyglutamic 
acid can be formed (50). Thus epoxidation can take 
place without carboxylation. On the other hand, 
carboxylation without epoxidation has never been 
demonstrated and the concept, that both events are 
coupled in some way has generally been accepted at 
this time. 

I l l .  Selection of carboxylatable substrates 

In the early studies of carboxylase, the enzyme 
system was invariably obtained from the livers of 
vitamin K-deficient or warfarin-treated animals. 
The hepatic microsomal fraction contained both, 
carboxylase and an endogenous substrate, which 
had accumulated during the in vivo warfarin treat- 
ment (24, 36). This endogenous substrate is readily 
carboxytated upon adding vitamin K to the in vitro 
system. 

The hepatic endogenous substrates in the rat and 
in the cow have been partly characterized. In rat 
liver several prothrombin precursors, each with a 
different PI, could be detected (51,52) but it is not 
sure whether all these precursors are carboxylated 
in vitro. Using antibodies against rat prothrombin 
Swanson and Suttie were able to demonstrate that 
20-25% of the total carboxylated microsomal pro- 
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tein p recursor  poo l  consists of  p r o t h r o m b i n  precur-  
sors (52). The  hepat ic  endogenous  substrates  in the 
cow have been charac ter ized  using highly purif ied 
immobi l ized  an t ibodies  agains t  one of the clot t ing 
factors  II ( p ro th rombin ) ,  IX and X (33). It resulted, 
tha t  21% of  the ca rboxy la t ab l e  mater ia l  consis ted 
of p r o t h r o m b i n  precursors ,  which is in good  agree- 
ment  with the rat  system. Mos t  of the ca rboxy la t a -  
ble proteins ,  however,  were factor  X precursors  
(69%) and only 8% were precursors  of factor  IX 

(Table  3). The  fac tor  X precursor  was analyzed  on 
po lyac ry l amide  gels in S D S  and demons t r a t ed  to 
be a one-cha in  molecule.  Since the p l a sma  fac tor  X 
consists of two po lypept ide  chains, which are l inked 

by disulf ide bridges,  this result indicates that  dur ing 
the m a t u r a t i o n  of fac tor  X a p ro teo ly t i c  cleavage of  
the p recur so r  occurs  af ter  the comple t i on  of  the 

ca rboxy la t i on  reaction.  
A l t h o u g h  the use of  the endogenous  subst ra tes  

for  ca rboxy lase  has several  advan tages  (e.g. the 
correct  subs t ra te  is present  at a site where it can be 
ca rboxyla ted) ,  the d rawbacks  of  this system be- 
came more  and more  clear. I t  is inherent ly  impossi -  
ble, for  instance,  to purify  ca rboxylase  to homoge-  
neity. As soon as the subs t ra te  is removed f rom the 
enzyme,  it is obvious that  no ca rboxylase  act ivi ty 

Table 3. Immunospecific adsorption of carboxylated reaction 
products. 

Sepharoseqinked 
adsorbant 

14CO2 incorporated into 
adsorbed proteins 

dpm % of total 

a. Antiprothrombin 1571 21 
b. Anti-factor X 5163 69 
c. Anti-factor IX 599 8 
d. a + b + c 6584 88 
e. Albumin 22 0.3 

Vitamin K-dependent incorporation of 14CO2 was performed in 
standard reaction mixtures of 1 m1(36). After incubation for I hr 
at 25 ° C Sepharose-bound antibodies (0.4 ml slurry) and Triton 
X-100 (2%, final concentration) were added to the various reac- 
tion mixtures and the tubes were rotated end over end overnight 
at 4 ° C. The Sepharose beads were washed alternately 3 times 
with 1 M NaC1 in 0.1 M acetate buffer, pH 4.0 and with 1 M 
NaC1 in 0.1 M borate buffer, pH 8.0. The adsorbed proteins were 
eluted with 6 M urea in 2% SDS, dialyzed against 0.1 M NaC1 
and counted. The data are expressed as dpm.mg-L Non-ad- 
sorbed reaction mixtures contained 7481 dpm of protein-bound 
14CO2. In all cases it was verified that adding more insolubilized 
antibodies did not increase the amount of adsorbed labeled 
proteins. 

can be measured  anymore .  Secondly ,  kinetic  stu- 
dies may  require  tha t  the subs t ra te  is present  in 
known amount s  or  in excess. Therefore  a search 
was s ta r ted  for pro te ins  or pept ides  that  may serve 
as exogenous  substrates  for carboxylase .  Two lines 

of research have been descr ibed  to solve this p rob-  
lem. The  first exogenous  subs t ra te  for  ca rboxylase  
was repor ted  by Sut t ie  et al. (53), who synthesized a 
pen tapep t ide  which was s imilar  to the amino  acids 
5-9 in bovine d e s c a r b o x y p r o t h r o m b i n  (Phe-Leu-  
Glu-Glu-Val) .  La te r  studies showed,  that  the pen- 

t apep t ide  Phe -Leu-Glu -Glu -Leu  was ca rboxy la ted  
even bet ter  (54). A l though  the Km of  this pept ide  
was ra ther  high (4 mM in the rat  system and 10 mM 
in the cow), it could  be added  in high concent ra -  
t ions because  it was readi ly  avai lab le  and had a low 
molecu la r  weight.  In o rder  to investigate the struc- 
tura l  requi rements  for the ca rboxy la t ab le  sub- 
strates,  numerous  Glu-con ta in ing  pept ides  were 
subsequent ly  synthesized (55), but  their  relative ac- 
t ivi ty was invar iab ly  lower than  that  of Phe-Leu-  
Glu-Glu-Leu .  The  high K m of all these subst ra tes  
indicates  that ,  a l though  they are ext remely  useful in 
the l a b o r a t o r y  practice,  they are bad  subst ra tes  for 
ca rboxylase .  Since the concen t ra t ion  of the na tu ra l  
subs t ra te  in the mic rosomes  is not  in the mi l l imola r  
range,  we have to conclude,  that  up till now these 
studies have not  yie lded an exogenous  subs t ra te  of  
a qual i ty  which is c ompa ra b l e  with that  of the en- 
dogenous  substrate .  Moreover ,  it is clear  that  we 
still do not  know what  the s t ruc tura l  requ i rements  

for a good  subst ra te  are. 
A second a p p r o a c h  was fo l lowed by Soute  et al. 

(56), who t r ied to use highly pur i f ied bovine  descar-  
b o x y p r o t h r o m b i n  in their  ca rboxy la t ing  system. It 
resulted,  that  the intact  molecule  had a high K m (0.4 
mM),  as had desca rboxyf r agmen t - I  ( this is the N- 
te rmina l  deg rada t ion  p roduc t  which is fo rmed  after 
p ro teo ly t ic  d iges t ion  of  d e s c a r b o x y p r o t h r o m b i n  

with t h r o m b i n  and which has a M r of 21 000). Be- 
cause of  this high K m these subs t ra tes  had no prac-  
t ical  value,  but  fur ther  d iges t ion  of  desca rboxy-  
fragment-1 with subt i l is in  resulted in a pept ide  
co r r e spond ing  with the amino  acids 13-29 in des- 
c a r b o x y p r o t h r o m b i n .  This  peptide,  which was de- 
s ignated as f r agment -Su ,  had a low K m (0.001 mM)  
and hence it was a good  subs t ra te  for ca rboxylase  
(Table  4). The  high K m of the two pro te in  substrates  
may be exp la ined  by assuming  that  in v ivo the 
p r o t h r o m b i n  precursors  are ca rboxy la ted  dur ing 



Table 4. The kinetic constants of substrates derived form pro- 

thrombin. 

Substrate K m (mM) Vma x 
(dpm.mg E.min I) 

Descarboxyprothrombin 0.4 54 

Descarboxyfragment-1 0.4 74 

Fragment-S u 0.001 174 

Phe-Leu-Glu-Glu-Leu 11 108 

The K m and Vma x were measured in standard reaction mixtures 

(36) and were calculated from the initial reaction rates at various 

concentrations of the substrates. The Vma x is expressed as dpm 

incorporated per rain and per mg microsomal protein. 

the r ibosomal protein synthesis and that after com- 
pletion of the peptide chain its tertiary structure 
causes a sterical hindrance which hampers the car- 
boxylation reaction. A second explanation may be 
that in vivo the carboxylation of prothrombin 
precursors is followed by a second modification 
(e.g. glycosylation) which occurs independent of 
the carboxylat ion reaction and which hampers the 
carboxylation of descarboxyprothrombin.  Finally 
it cannot be excluded that the presence of the earlier 
mentioned signal sequence is a prerequisite for the 
efficient carboxylation of descarboxythrombin. 
This signal sequence is absent in descarboxypro- 
thrombin (which is obtained from blood plasma), 
but may be present in the hepatic substrates. The 
low K m of fragment-Su indicates that sterical ob- 
structions are removed and that it is efficiently rec- 
ognized by carboxylase. It is intriguing that the 
structure of fragment-Su contains the information 
which is required for a good substrate, whereas this 
information is lost in a number of smaller peptides. 
It may thus be expected that further proteolytic 
cleavage of fragment-Su will worsen this substrate 
and hence give us some insight into the structural 
elements that contribute to the recognition of the 
substrate by carboxylase. 

IV. The purification of hepatic carboxylase 

During attempts at purification, carboxylase acts 
as a typical integral membrane protein. Appreciable 
concentrations of detergent are required to solubil- 
ize the enzyme from the microsomes and it remains 
bound to the membrane under conditions which are 
known to remove many peripheral or lumenal mic- 
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rosomal proteins. The detergent that is most fre- 
quently used to solubilize carboxylase is Triton 
X-100, but also others (Lubrol, deoxycholate) may 
be used (30). Since in solution most detergents form 
micelles, even at rather low concentrations, the de- 
tergent-solubilized carboxylase is trapped in these 
micelles, together with many other microsomal 
proteins and it can hardly be purified further. At- 
tempts to partly purify rat carboxylase prior to 
solubilizing the enzyme were reported by the group 
of Suttie (57, 58). The purification consisted of the 
sequential extraction of the microsomal membranes 
with a number of detergents and chaotropic solu- 
tions. This procedure resulted in an increase of the 
specific activity of carboxylase (about 100-fold) but 
this increase was not due to the removal of 99% of 
th contaminating proteins, but to the elimination of 
an inhibitor of carboxylase. Hence this procedure 
can hardly be qualified as a purification of the 
enzyme. 

A partial purification of detergent-solubilized 
bovine carboxylase has been reported by De Metz 
et al., who were able to extract enzyme/substrate 
complexes from the solution with the aid of Sepha- 
rose-bound highly purified antibodies against clot- 
ting factor X (33). Since carboxylase was obtained 
from the livers of warfarin-treated animals, all car- 
boxylase occurred in the form of enzyme/substrate  
complexes and as was mentioned before 60 70% of 
the carboxylatable substrate is a factor X precur- 
sor. Therefore this procedure resulted in the extrac- 
tion of about  60% of the total amount  of carboxy- 
lase. The non-bound microsomal proteins could be 
washed away so that the bound enzyme complex, 
which was designated as Solid-phase carboxylase, 
had been purified considerably. An advantage of 
the insolubilized enzyme is that it is stable, even at 
elevated temperatures. At 37 ° C for instance, the 
carboxylation reaction occurred three times faster 
than at 25 °C and in the presence of an excess of 
exogenous substrate, the reaction rate was constant 
for more than 2 hours (Fig. 4). The Solid-phase 
enzyme can also be frozen as such and it can be kept 
at 80 °C for more than 1 year without any loss of 
enzyme activity. A disadvantge of Solid-phase car- 
boxylase seems to be, that it can hardly be re-solu- 
bilized again. Thus far the only way to do so was by 
allowing the carboxylation reaction proceed in the 
presence of vitamin K hydroquinone (vitamin K 
reductase is removed during the washing proce- 
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Fig. 4. The activity of Solid-phase carboxylase at various 
temperatures. Reaction mixtures contained 0.I ml Solid-phase 
carboxylase slurry (40 gg protein), 0.01 mCi NaH]4CO3, 2 mM 
dithiothreitol, 4 mM Phe-Leu-Glu-Glu-Leu and 0.2 mM vitam- 
in K hydroquinone. The reaction was stopped by adding 1 ml 
trichloroacetic acid (5%) and the various reaction mixtures were 
degassed at elevated temperatures before counting. The carbox- 
ylation reaction was monitored at 15 ° C (o--  o), 25 ° C (©--  0),  
35 ° C (m---m) and 45 ° C (A -A). 

dure), Phe-Leu-Glu-Glu-Leu, NaHCO 3 and a high 
concentration of purified factor X. This procedure 
resulted in the re-solubilization of about 20% of the 
Solid-phase carboxylase. The re-solubilized enzyme 
was recovered in the micelles of the detergent, used 
for solubilizing vitamin K hydroquinone; freezing 
and thawing of the preparation rapidly destroyed 
all enzyme activity. Therefore it seems that, al- 
though Solid-phase carboxylase is useful in many 
types of experiments (see also below), the complete 
purification of carboxylase cannot be achieved via 
this step. 

A real breakthrough in the purification of car- 
boxylase came with the discovery of the detergent 
3-([3- cholamidopropyl]  d imethylammoniol ) - l -  
propane sulfonate or CHAPS (59). Since the criti- 
cal micelle concentration of this detergent seems to 
be rather high, carboxylase can be solubilized from 
the microsomal membranes without micelles being 
formed. Using this detergent carboxylase can be 
fractionated by conventional column chromato- 
graphy (60) and probably also with the aid of high 
performance liquid chromatography. It may be ex- 
pected therefore, that the complete purification of 
carboxylase will be reported in the near future.  

V. Characteristics of carboxylase 

As was discussed above, the complete purifica- 
tion of carboxylase has not yet been reported and 
the only preparation that has been partly character- 
ized with respect to its molecular composition is 
Solid-phase carboxylase. It was demonstrated that 
in the carboxylation reaction this enzyme prepara- 
tion can exclusively use vitamin K hydroquinone 
and not vitamin K quinone or vitamin K epoxide. 
Moreover, during the carboxylation reaction the 
epoxide accumulates in the reaction mixture (61). 
These results prompted us to the conclusion, that 
no reductase was present in this preparation any 
more. 

Left aside the Sepharose bead, the anti-factor X 
and the factor X precursors, Solid-phase carboxy- 
lase consists for 40% of phospholipids and for 60% 
of proteins. The proteins of Solid-phase carboxy- 
lase were eluted from the Sepharose and analyzed 
on polyacrylamide gels (Fig. 5). Moreover we ana- 
lyzed their vitamin K-binding capacity with the aid 
of [3H]vitamin K. It resulted, that Solid-phase car- 
boxylase consists of a small number of distinct 
proteins, but it is not sure which of these proteins 
belong to the carboxylase complex. When the vi- 
tamin K-binding capacity is expressed as dpm per 
mg protein, the proteins in Solid-phase carboxylase 
bound approximately 70 times more vitamin K 
than did the proteins in crude solubilized micro- 
somes. Two vitamin K-binding proteins (45 K and 
30 K) were observed in Solid-phase carboxylase 
(Fig. 5B), whereas on gels containing the crude 
microsomal proteins an additional peak was ob- 
served at 120 K (Fig. 5A). It seems plausible, that at 
least the vitamin K-binding proteins at 30 K and 
45 K are part of the carboxylase complex. 

The phospholipids of Solid-phase carboxylase 
could be identified for more than 95% as phospha- 
tidylcholine (62). When the phospholipids were re- 
moved from the carboxylase complex (e.g. with 
various phosphilipases), the enzyme activity was 
lost completely, but it could be restored by adding 
exogenous phosphatidylcholine. Various other phos- 
pholipids were assayed for their ability to restore 
the carboxylase activity and it was observed that 
several neutral phospholipids were active in this 
respect (Table 5). Negatively charged phospholip- 
ids as well as phosphatidic acid did not restore the 
enzyme activity. The phospholipids in Solid-phase 
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Fig. 5. The binding of[3H] vitamin K to carboxylase. A: Deter- 
gent-solubilized microsomes (0.5 mg protein) were incubated 
with 0.02 mCi [3H] vitamin K (300 Ci/moI) for 2 hr at 25 ° C, 
dialyzed overnight against 0.1% SDS, 0.1 M glycine and 0.05 M 
Tris-HC1, pH 8.0 and analyzed on polyacrylamide gel. Finally 
the gel was sliced and counted. A non-labeled sample was run on 
a parallel gel and stained (top). 
B: Solid phase carboxylase (0.01 mg protein) was incubated with 
[3H] vitamin K, eluted from the Sepharose beads with 6 M urea 
in 2% SDS and analyzed as in A. All samples analyzed on these 
gels contained equal amounts  of carboxylase activity. 
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carboxylase could also be exchanged directly by 
washing the Sepharose beads with a buffer contain- 
ing the phospholipid of choice and cholate. As is 
shown in Table 5 the treatment with various neutral 
phospholipids did not dramatically affect the en- 
zyme activity, but after the exchange with negative- 
ly charged phospholipids, carboxylase activity could 
hardly be detected anymore. So it seems, that neu- 
tral phospholipids are an essential part of carboxy- 
lase, but it cannot yet be concluded whether these 
phospholipids actively take part in the carboxyla- 
tion reaction or merely serve to keep carboxylase 
(especially the hydrophobic parts of the enzyme) in 
the proper conformation. 

VI. Postulated mechanisms for the carboxylation 
reaction 

A lot of work has been done to elucidate the role 
of vitamin K in the carboxylation reaction, but at 
this moment  we cannot yet formulate a detailed 
mechanism, which is compatible with all experi- 
ments reported in the literature. Whatever the 
mechanism will be, it will have to explain the fol- 
lowing observations: 
1. At 10 ° C the equilibration rate between CO 2 and 

HCO5 is rather low, at least in the absence of 
carbonic anhydrase. Using a microsomal system 
inthe presence of the carbonic anhydrase inhibi- 
tor acetazolamide, Jones et al. have demonstrat-  

Table 5. The phospholipids in Solid-phase carboxylase. 

Phospholipid added Carboxylase activity (% of control) in 

Solid-phase carboxylase Phospholipid-depleted 
S olid-phase carboxylase 

None 100 5 
Crude microsomal extract 104 70 
Phosphatidylcholine 110 84 
S phyngomyelin 90 50 
P hosphatidy]lethanolamine 50 19 
PhosphatidyIinositol 3 0 
PhosphatidyTtserine 2 0 
Phosphatidy~glycerol 2 0 
Phosphatidic acid 4 0 

Phospholipid-depleted Solid-phase carboxylase was prepared with the aid of phospholipase C (62). The various phospholipids were 
added to the enzyme preparations in the form of mixed micelles with cholate in a 1 : 1 ratio (w/w) up to a final concentration of I rag/ml. 
The carboxylase activities are expressed as a percentage of the non-treated enzyme, which was 115 000 dpm per mg of protein after 1 hr 
incubation at 25 o C. 



26 

ed that CO 2 and not HCO 3 is the active species 
for carboxylation (63). 

2. It has been established by many authors, that 
molecular oxygen is required for the carboxyla- 
tion reaction(64, 65). The reaction mechanism 
should therefore show how oxygen is involved in 
the carboxylation of a glutamic acid residue. 

3. Although it has not yet been proven unequivo- 
cally, there is strong evidence that the carboxyla- 
tion reaction is coupled to the formation of vi- 
tamin K epoxide in such a way that no carboxyla- 
tion can occur without the simultaneous forma- 
tion of the epoxide (see Section II.4). Therefore 
every mechanism that is put forward for the 
carboxylat ion reaction will have to explain the 
concurrent formation of vitamin K epoxide. 

The first ones who formulated a mechanism that 
fulfilled the requirements mentioned above were 
Friedman et al. (65) and Larson et al. (66). Using 
crude microsomal preparations from rat liver and 
/3,7-[3H]Glu-labeled Phe-Leu-Glu-Glu-Leu these 
authors demonstrated,  that the cleavage of the 
7 C - H  bond is dependent on vitamin K hydroqui- 
none and that the amount  of vitamin K-dependent 
hydrogen release exceeds the amount of CO 2 fixed. 
Hence there is a vitamin K-dependent exchange of 
7C-3H with non-labeled hydrogen. It was also dem- 
onstrated, that at saturating CO 2 concentrations 
equal amounts of vitamin K epoxide and gamma- 
carboxyglutamic acid are formed. When the CO2 
concentration was decreased, this ratio shifted to a 
large excess of epoxide. The mechanism that is 
proposed by these authors is explained in Fig. 6. In 
the first step the reduced vitamin K is oxygenated to 
an intermediate, which is probably but not neces- 
sarily a hydroperoxide. This intermediate subse- 
quently activates the -,/-position of glutamic acid 
and is converted into vitamin K epoxide. The acti- 
vated glutamyl residue may be either a carbanion or 
a carbon radical. In the latter case an additional 
mechanism is required to explain the formation of a 
CO2 radical. It  will be clear, that in this view the 
carboxylation reaction occurs in a number of sub- 
sequent steps in which first the 7 C - H  is released 
and in a later stage CO2 is bound to the 'activated'  
7C atom. The data argue against a concerted 
mechanism for the cleavage of the 7 C - H  bond and 
carboxylation. 

A more detailed concept of a reaction mechanism 
was put forward by De Metz et al. (48) who used the 
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Fig. 6. The non-concerted mechanism for the carboxylation 
reaction. Oxygenated vitamin K hydroquinone induces the for- 
mation of a 7C radical. The resulting vitamin K radical may lead 
either to the formation ofa  "yC carbanion (pathway a) or to the 
formation of a CO2 radical (pathway b). In both ways the 
reaction products are a Gla residue, vitamin K epoxide and 
water. 

partly purified Solid-phase carboxylase for their 
experiments. The proposed mechanism is based on 
the observation that in the presence of disodiumsul- 
rite a) the carboxylation reaction is enhanced, and 
b) that under these conditions vitamin K hydroqui- 
none is not converted to the epoxide but to hydrox- 
yvitamin K. This metabolite was detected in the 
reaction mixture with the aid of high performance 
liquid chromatography (HPLC).  The carboxyla- 
tion reaction is thought to occur in two steps. In the 
first step vitamin K hydroquinone is oxidized into a 
hydroperoxide (Fig. 7). This reaction does not ne- 
cessarily take place on the enzyme, because it al- 
ready proceeds when vitamin K hydroquinone is 
solubilized in water. Since, in general, hydroqui- 
nones rapidly form radicals, and since radical sca- 
vengers are inhibitors of carboxylase, it seems that 
the hydroperoxide is formed in the way shown in 
Fig. 7. The role of carboxylase may now be a) that it 
mediates in the proper alignment of the reaction 
components,  and b) that it couples the heterolytic 
cleavage of the peroxide bond to the carboxylation 
of a glutamic acid residue (Fig. 7). The shift of the 
electron pair thus results in the formation of vitam- 
in K epoxide, a Gla residue and water. A similar 
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Fig. 7. The concerted mechanism for the carboxylation reaction. Vitamin K hydroquinone is converted into a hydroperoxide. The 
breakage of the peroxide bond is the driving force for the removal of the 3' C hydrogen, which is replaced by carbon dioxide. Further 
details are explained in the text. 

mechanism may be proposed in which a homolytic 
cleavage of the peroxide initiates the carboxylation 
but, as in the model of Friedman, here too an 
additional mechanism has to be proposed for the 
formation of a CO 2 radical. The stimulation by 
sulfite is thought to occur via a weakening of the 
peroxide bond by a nucleophilic interaction. This 
interaction might stimulate the electron shift and 
thus the carboxylation reaction. At the same time 
the vitamin K-bound oxygen is reduced via a two-e- 
lectron transfer and subsequently protonated to 
hydroxyvitamin K. At limiting CO 2 concentrations 
more vitamin K epoxide and hydroxyvitamin K are 
formed than CO 2 is incorporated. In the 'un- 
coupled' reaction a proton may take the place of 
CO 2, thus giving rise to the exchange of the 3,C 
hydrogen with water and the concurrent formation 
of vitamin K epoxide. 

So at present two alternative theories are opera- 
tive to explain the mechanism of the vitamin K-de- 
pendent reaction. Whereas one theory predicts the 
concerted exchange of the 7C hydrogen by CO2, 
this possibility is excluded by the other one. Up 
till now we cannot decide whether one of the 
proposed reaction mechanisms is correct or that a 
third model has to be developed. 

Another approach to elucidate some details of 

the reaction mechanism was reported by De Metz et 
al. (67), who demonstrated that some organic sol- 
vents (ketones and dimethyl sulphoxide) stimulate 
the carboxylation reaction. The formation of vi- 
tamin K epoxide was stimulated simultaneously 
and the stimulation was independent of the physical 
state (gel or liquid cristalline) of the phospholipids 
in carboxylase. In order to demonstrate the effect of 
the organic solvents we incubated carboxylating 
reaction mixtures in the presence and absence of 
acetone. The enzyme used in these experiments was 
Solid-phase carboxylase, which had been reconsti- 
tuted with a purified phospholipid of a well-defined 
melting point (23 ° C). When the results of these 
experiments are processed in the form of Arrhenius 
plots (Fig. 8) three conclusions may be drawn. The 
first conclusion is that both, in the absence and 
presence of acetone the plots are linear between 10 
and 30 o C, indicating once more that the physical 
state of the phospholipid does not influence the 
carboxylation rate. In the second place it is obvious 
that in case vitamin K hydroquinone is used as a 
coenzyme, acetone decreases the slope of the curve 
and hence the activation energy. Therefore the low- 
er the temperature is, the more pronounced will be 
the effect of acetone. Finally it is clear, that when a 
vitamin K analogue, lacking the long phytyl side- 
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Fig. 8. Arrhenius plots of Solid-phase carboxylase. Solid-phase 
carboxylase was depleted of its natural phospholipids and re- 
constituted with di-Cl4:O phosphatidylcholine (58). The car- 
boxylase activity was measured in the presence of vitamin K 
hydroquinone and in the absence (e e) or presence (O -O) of 
acetone (10% v/v). The carboxylase activity was also meastared 
when vitamin K was replaced by 3-DTT menadiol (vitamin K 
hydroquinone in which the phytyl side-chain is replaced by 
dithiothreitol (68)), in the absence (Am-A) and presence (z~--,a) 
of acetone. 

chain was used as a coenzyme, the activation energy 
of the carboxylation reaction was low, both in the 
absence and presence of acetone. 

These data may easily be explained by assuming 
that the organic solvents facilitate the transport  of 
vitamin K hydroquinone from the detergent mi- 
celles to the carboxylase enzyme complex. In that 
case we would expect a decrease of the amount  of 
vitamin K required for a maximal enzyme activity. 
Since the K m for the vitamin remaines unchanged 
by acetone, this explanation cannot be correct. 
Another explanation might be, that the organic 
solvents interact with the site on carboxylase that is 
responsible for the binding of vitamin K. This site 
will probably have a hydrophobic character, and 
organic solvents might interact with this part of the 
enzyme without changing the K m for the vitamin. 
Since it seems that phospholipids are not involved 
in the stimulation of carboxylase by organic sol- 
vents, this hydrophobic region will probably be 
situated on the protein part of carboxylase. Specu- 
lating, one might ascribe a carrier function to the 
phytyl chain of vitamin K, the function of which is 
analogous to that of the side-chain of biotin and 

lipoic acid: the phytyl chain might serve as a swing- 
ing arm, which remains bound to one site of car- 
boxylase, but which is able to carry the functional 
naphtoquinone group from one site to the next. The 
organic solvents might facilitate that carrier func- 
tion by increasing the mobility of the vitamin. Vi- 
tamin K analogues lacking the long hydrophobic 
side-chain might bypass the carrier function and 
obviously would not be affected by organic sol- 
vents. 

VII. Non-hepatic carboxylases 

It has been thought for many years, that vitamin 
K-dependent carboxylase in liver was the only en- 
zyme system that made use of vitamin K for the 
production of the Gla residues in the vitamin K-de- 
pendent clotting factors. Consequently it was as- 
sumed, that the synthesis of these factors could ex- 
clusively be inhibited by vitamin K antagonists. 
During the last few years, however, a number  of 
investigators has reported the presence of vitamin 
K-dependent carboxylase in non-hepatic tissues, 
such as kidney, spleen, lung and bone (6, 19, 69, 71). 
The importance of these carboxylases remained 
obscure untill now, because we do not know the 
function of the carboxylated reaction products. In 
an at tempt to make an inventory of the carboxylat-  
ing systems in different types of bovine tissue, we 
prepared the microsomal fractions of 20 different 
types of tissue from warfarin-treated cows. The 
presence of carboxylase and endogenous substrate 
were investigated in these preparations and the re- 
sults are summarized in Table 6. In all tissues where 
we were able to detect carboxylase, we also ob- 
served that during the warfarin treatment of the 
animals an endogenous substrate had accumulated 
in the microsomes. These endogenous substrates 
were not present in similar preparations from non- 
treated animals and the non-hepatic substrates 
shared only few (if any) antigenic determinants with 
the hepatic clotting factor precursors (data not 
shown). It is not known whether all non-hepatic 
carboxylating systems are similar to the hepatic 
one. It is also possible, that 'carboxylase '  may be 
subdivided into a number of is•enzymes. In the 
latter case one would expect a certain substrate 
specificity: carboxylase from liver would recognize 
the precursors of the clotting factors, but not the 
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Table 6. Microsomal carboxylase and substrate in tissues from 
warfarin-treated cows. 

Tissue Amount  of Amount  of 
carboxylase substrate 
(dpm.mg I.min I) (dpm.mg I) 

Liver 63 2205 
Testis 132 2867 
Kidney 46 265 
Spleen 44 904 
Lung 40 132 
Thyroid 20 154 
Pancreas 7 135 
Thymus  7 62 
Arteries 39 221 
Veins 0 0 
Brain 0 0 
Leucocytes 0 0 
Heart muscle 0 0 
Skeletal muscle 0 0 
Diaphragm 0 0 
Epiphysis 15 220 

Microsomes were prepared from the various tissues as described 
earlier (36), except for the epiphysis, which was powdered and 
dissolved in 0.5 M EDTA, pH 8.0 before it Was homogenized. 
All reactions were performed under standard conditions in the 
presence of 0.5% CHAPS.  The data are the means of four 
different animals. 
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Fig. 9. The carboxylation of non-hepatic substrates by hepatic 
carboxylase. B.S. was prepared from bovine bone by extracting 
bovine bone powder with 1 M EDTA, pH 8.0 overnight. The 
extract was desalted on a Sephadex G-25 column and thermally 
decarboxylated (72). A.S. was prepared from the microsomal 
supernatant  of bovine arteries, which was dialyzed against dis- 
tilled water and concentrated by lyophilization. The two sub- 
strates were tested under standard conditions in solubilized mic- 
rosomes from cows that had not been treated with warfarin. 
Therefore no endogenous substrate was present in this carboxy- 
lase preparation. Neither B.S. (o-- -o)  nor A.S. (O-- -O)  were 
purified before use. In this figure they are compared with the 
pentapeptide Phe-Leu-Glu-Glu-Leu ( A - - , )  and with no sub- 
strate present (z~ •). Blanc values (minus vitamin K) have 
been subtracted. 

substrates from bone or arteries. We have tested 
this possibility by preparing the substrates from 
bone (B.S.) and arteries (A.S.) and testing these 
substrates in bovine-liver carboxylase. The results 
are shown in Fig. 9 and it has to be concluded that 
both non-]hepatic substrates are carboxylated in the 
liver system. Although this experiment shows, that 
there is no absolute substrate specificity, it does not 
rule out the possibility of quantitative differences in 
the affinity of certain substrates for different en- 
zyme systems. Whether this is the case or not can 
only be found out by purifying a number of hepatic 
and non-hepatic substrates and determining their 
respective K m values in the various carboxylating 
systems. This type of research is in current progress 
in our laboratory. 

Now it has been established, that vitamin K-de- 
pendent carboxylases are found in many non-he- 
patic tissues, the question raises: what are the func- 
tions of tlhe non-hepatic Gla containing proteins 
and what is their physiological importance? At 
present no experimental data are available that may 
help us to answer this question. A number of car- 

boxylated proteins have been detected, some of 
them have even been purified and extensively char- 
acterized, but this information does not necessarily 
lead to the elucidation of their function. A possible 
role for some of these proteins is discussed in the 
last section of this paper. 

A second question that has to be answered is: are 
the non-hepatic carboxylases inhibited during the 
treatment of patients with vitamin K antagonists 
(oral anticoagulant therapy)? In most experiments 
reported until now, warfarin is administrated to 
experimental animals in dosages of about 5 mg per 
kg body weight. The dose used for therapeutical 
purposes in man is about 100-fold lower (73) and it 
remains to be demonstrated, that the non-hepatic 
carboxylases are inhibited in vivo by this therapy in 
a similar way as is the hepatic system. Using the rat 
as an experimental model system we have done 
some experiments that may give an answer to this 
question. Warfarin was added to their drinking 
water in a concentration of 2 mg per liter, which 
resulted in a daily intake of 200-250 #g per kg body 
weight. Each successive day 6 rats were sacrificed, 
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blood was taken for a clotting assay and a number 
of organs were excised for the production of the 
microsomal fraction. The results are shown in Fig. 
10. In the liver the accumulation of endogenous 
substrate did not occur at its maximal rate (dotted 
line), indicating that the intake of warfarin was 
marginal. Nevertheless it is obvious, that in all in- 
vestigated tissues the accumulation of endogenous 
substrates starts as soon as the warfarin is given to 
the animals. After 7 days the substrate level had 
increased about  10-fold in all tissues, indicating 
that during the intake of very low amounts of war- 
farin not only hepatic carboxylase is partly inhibit- 
ed but also that under these conditions the non-he- 
patic carboxylases are inhibited to a similar extent. 
Although these results were obtained with rats, 
there is no reason to believe that the situation is 
different in man. w h e n  we regard the inhibition of 
the non-hepatic carboxylases as a side-effect of oral 
anticoalgulant therapy, we have to explain why, 
despite of the fact that coumarin derivatives have 
been used on a large scale for many years, clinical 
symptoms of this side-effect are hardly known (ex- 
cept for chondrodysplasia punctata, the fetal war- 
farin syndrome, which has been documented very 
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Fig. 10. The effect of low doses of warfarin on non-hepatic 
tissues. Rats were treated with warfarin, which was present in the 
drinking water in a concentration of 2 mg/l and its effect was 
demonstrated in the microsomal fractions of various tissues by 
measuring the accumulation of endogenous substrates. After the 
indicated intervals 6 rats were sacrificed and the corresponding 
organs were pooled before the microsomes were prepared. The 
following organs were used: liver (e --e),  lung (©---©), spleen 
(= =) and testis (121-- 121) and they are compared with the liver 
from rats which had first received 1.5 mg of warfarin by an intra- 
peritoneal injection (dotted line). Under these conditions it is as- 
sumed that the accumulation of endogenous substrate occurs at 
its maximal rate. 

well and which is described in Section IX.I).  We 
might assume, for instance, that all vitamin K-de- 
pendent proteins are produced in great excess, so 
that a 90% decrease of their synthesis does not lead 
to clinical symptoms. On the other hand it may also 
be that, because we do not know the function of the 
non-hepatic vitamin K-dependent proteins, less 
conspicuous symptoms have been overlooked. It is 
our opinion, that the best approach of this problem 
will be found in the close cooperation between bio- 
chemists (characterizing the Gla-containing pro- 
reins and speculating about their possible function) 
and clinicians (searching for possible side-effects of 
coumarin derivatives in patients). Only than we 
may come to an understanding of the physiological 
importance of the non-hepatic Gla-containing pro- 
teins. 

VIII. Human carboxylase 

Up till now we have only discussed the vitamin 
K-dependent carboxylase obtained from experi- 
mental animals. It is evident that the importance of 
the data, obtained in these model systems is greatly 
enhanced, when they can be verified in tissues from 
human origin. A first attempt was made by Fried- 
man et al. (74) who prepared carboxylase from 
human placenta. Compared with rat liver carboxy- 
lase the activity of this system was very low, howev- 
er. Carboxylase from human liver was described for 
the first time by Soute et al. (5). It should be real- 
ized, that human tissues are less easily available 
than are tissues from animal origin, and that the 
medical treatment of the donors (administration of 
drugs, the time lapse between the death of the pa- 
tient and the excision of the organs etc.) cannot be 
adapted to optimal conditions for the experiments. 
Therefore conclusions should only be drawn with 
great care. In order to illustrate the presence of 
carboxylase, we prepared the microsomal fractions 
from six human livers, which were compared with 
similar fractions from normal (Fig. 11A) and warfa- 
rin-treated cows (Fig. 11B). The human livers were 
obtained from three donors who had died from 
severe brain damage after various traffic accidents 
(Fig. l lC) and from three donors who had been 
hospitalized for at least one week and who had died 
from various diseases (Fig. l ID) .  It was ascer- 
tained, that none of the donors had received anti- 
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Fig. 11. Comparison of human and bovine liver carboxylase. Carboxylase was measured in the absence ( o - - o )  and presence ( O - - O )  of 
Phe-Leu-Glu-Glu-Leu. Microsomes were prepared from the liver of normal cows (A), warfarin-treated cows (B), human donors who 
had died after traffic accidents (C) and human donors who had died after various diseases (D). For further details see text. 

vitamin K drugs, but nevertheless we found high 
levels of endogenous substrates in the human prep- 
arations. These levels were comparable with those 
in warfarin-treated cows or in vitamin K-deficient 
rats. In order to investigate whether this apparent 
vitamin K deficiency in man is also found in tissues 
f rom normal,  healthy individuals, we prepared car- 
boxylase from human placenta and from the arter- 
ies of umbilical cord. Although the carboxylase 
content in these preparations ranged from 40-60% 
of that in liver microsomes, no trace o f a  carboxy- 
latable endogenous substrate was observed. We 
think, therefore, that the abnormal  high level of 
clotting factor precursors in human liver is a result 
of the condition of the donors at the moment  that 
the livers were obtained. The victims of traffic acci- 
dents, for instance, all suffered from severe brain 
traumas, massive blood loss and diffuse intravascu- 
lar coagulation. After hospitalization it lasted 4-8 
hr before their livers could be taken. Because blood 
loss, a decreased plasma concentration of clotting 
factors and clotting factor activation products 
all have been i'eported to stimulate the de  n o v o  

synthesis of clotting factors (75, 76), it is likely 
that in the livers used for our experiments the syn- 
thesis of clotting factors had been strongly en- 

hanced. It has been suggested that the carboxyla- 
tion reaction might be the rate-limiting step during 
the synthesis of the clotting factors (5) and this 
would explain the accumulation of precursors of 
these factors during periods of increased ribosomal 
protein synthesis. Since there are no further exper- 
imental data available to support this hypothesis, 
other explanations may be given for the high 
amount  of endogenous substrate in human liver. 
On the other hand we may conclude, that the pres- 
ence of vitamin K-dependent carboxylase has been 
convincingly demonstrated in human liver, placen- 
ta and arterial vessel wall and that there are no 
arguments to believe that it would be absent in 
other tissues such as lung, spleen and kidney. 

IX. Possible functions of vitamin K-dependent 
proteins 

At present we know that in many species the 
treatment with anti-vitamin K drugs causes an ac- 
cumulation of non-carboxylated proteins in the 
microsomal fraction of many types of tissue. In the 
liver, for instance, precursors of the vitamin K-de- 
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pendent clotting factors are - at least partly - re- 
tained instead of being excreted in the blood 
stream. This example also illustrates, that the place 
were these proteins are synthesized is not necessari- 
ly the same as where they exert their biological 
function. Therefore we would like to know a) where 
we can find the carboxylated vitamin K-dependent 
proteins, and b) what they are doing there. Unfor- 
tunately, except for the proteins involved in blood 
coagulation, we do not know the functions of these 
proteins and when we try to shed some light on 
these two questions, it should be realized that our 
discussion is thus merely based on speculations. 

Nevertheless we would like to finish this review 
with an overview of what is known and what might 
be expected about the role of non-hepatic vitamin 
K-dependent proteins. Before starting these specu- 
lations, we should keep in mind that up till now the 
only known function of Gla residues is the strong 
and selective binding of Ca 2+. All functions des- 
cribed to the various Gla-containing proteins should 
therefore be dependent on or related with the bind- 
ing or the transport of Ca 2+. 

1X.1. Bone Gla-protein (B. G.P.) 

One of the best documented side-effects of cou- 
marin derivatives is the fetal warfarin syndrome, 
the abnormal  bone growth in the fetus during preg- 
nancy (19). It could be demonstrated that bone 
contains a vitamin K-dependent protein (Bone Gla 
Protein, or osteocalcin), which is synthesized by the 
bone cells (77, 78). Osteocalcin appears in the de- 
veloping bone coincident with the start of minerali- 
zation and reaches its highest concentrations in the 
rapid growing parts of the bone (79, 80). Many 
attempts have been made to relate the 7-carboxyla-  
tion of osteocalcin (and thus its ability to interact 
with Ca 2+) with some function of this protein, but 
as yet no biological role has been unambiguously 
demonstrated. In vitro osteocalcin strongly inhibits 
the precipitation of hydroxyapati te  from supersat- 
urated solutions of calcium and phosphate. When 
the protein would have a similar function in vivo, 
we might expect that it prevents excessive minerali- 
zation in developing bone. Indeed, the previously 
mentioned fetal warfarin syndrome is characterized 
by islands of calcification within what is normally 
the uncalcified growth plate (81). Recently it has 
been reported, that a similar effect could be ob- 

tained by the treatment of new-born rats for 8 
months with warfarin (82). After this period the 
animals.even showed a complete fusion of the prox- 
imal tibial growth plate resulting in a cessation of 
the longitudinal growth. Although it seems highly 
probable that these defects are related to the func- 
tion of osteocalcin, up till now no conclusive evi- 
dence has been given to support  this hypothesis. It 
should also be emphasized, that no skeletal abnor- 
malities have been reported in man even after many 
years of oral anticoagulant therapy. Nevertheless it 
would be interesting to investigate the occurrence 
of a number of bone diseases in patients receiving 
vitamin K antagonists. In this respect it is sugges- 
tive, that it has been reported that in postmenopau-  
sal patients with osteoporosis the loss of calcium 
was found to be reduced 18 to 50% by daily treatment 
with vitamin K (83). 

IX.2. Arterial Gla Protein (A. G.P.) 

It has been shown in Table 6 that there is a 
striking difference between the carboxylase content 
of arteries and that of veins. Bovine arterial vessel 
wall contains a high amount  of carboxylase, whe- 
reas in veins the enzyme could not be detected. 
Similar results were obtained with the arteries and 
veins from human umbilical cord, and the possibili- 
ty cannot be excluded, that arterial carboxylase is 
somehow involved in the process of atherosclerosis, 
which also occurs in arteries and not in veins. In this 
respect it is suggestive, that a Gla-containing pro- 
tein (atherocalcin) has been identified in hardened 
atherosclerotic plaque (84). Whether the product of 
arterial carboxylase, A. G.P., is similar to at herocal- 
cin is not sure at this moment.  

IX.3. Renal Gla-Protein (R. G. P.) 

The occurrence of vitamin K-dependent carbox- 
ylase has been described by several authors. Ob- 
viously one of the most probable functions of the 
carboxylated R.G.P. might be that it plays a role in 
the transport  and /or  excretion of Ca 2+. Recently a 
Gla-containing protein has been described, which 
occurs in renal stones (85). Again, though probable, 
it is not sure whether this protein is similar to or 
related with R.G.P. The function of R.G.P. re- 
mains obscure at this moment.  When the protein is 
involved in the excretion of Ca 2+, it might be ex- 



pected that during anticoagulant therapy (when 
descarboxy-R.G.P,  is formed instead of R.G.P.) 
the Ca 2+ concentration in the kidney is increased, 
resulting in a higher frequency of renal stones. On 
the other hand, R.P.G. might also serve as nuclei 
for the cristallization of calcium salts. In this view 
the inhibition of R.P.G. synthesis would lead to a 
decreased frequency of renal stones. On beforehand 
neither of these two possibilities can be excluded 
and we would like to plead for a statistical analysis 
of the medical records from patients on long-term 
anticoagulant therapy. 

IX.4. Testicular Gla Protein (T.G.P.) 

Vitamin K-dependent carboxylase has been de- 
tected in the testis of several species. Since most of 
the proteins, synthesized in the testis are used for 
the production of sperm cells, we have tried to 
demonstrate the presence of a vitamin K-dependent 
protein in sperm. Washed human sperm cells were 
homogenized in 50 mM EDTA, pH 7.0 and the 
resulting proteins were thermally decarboxylated. 
This procedure converts Gla residues into Glu 
without destructing the rest of the protein. Finally 
this preparation was used as a substrate in bovine 
liver carboxylase. As is shown in Fig. 12, I4CO2 is 
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Fig. 12. The carboxylation of sperm proteins. Fresh human 
sperm cells were washed with 0.15 M NaCI and homogenized in 
50 mM EDTA, pH 7.0. The membrane fragments were spun 
down and the resulting supernatant was dialyzed against dis- 
tilled water, lyophilized and decarboxylated (72). The proteins 
were subsequently dissolved in 0.15 M NaC1 and used as a 
substrate for bovine carboxylase, under similar conditions as 
described in the legend of Fig. 9. The substrate was tested in the 
presence (o-- -e)  and absence (G---O) of vitamin K hydroqui- 
none. Control experiments were: non-decarboxylated substrate 
(m---m) and no substrate (l::::l---n), both in the presence of vitamin 
K hydroquinone. 
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incorporated into at least one of the sperm proteins 
and this incorporation strictly depends on the pres- 
ence of vitamin K. This example not only demon- 
strates, that a Gla-containing protein is present in 
human sperm, it also shows how we may detect 
Gla-containing proteins in other cells or tissues. At 
this moment  it is difficult to speculate about the 
function of T.G.P. O n e o f  the possibilities is that 
T.G.P.  is related to acrosin, a trypsin-like serine 
protease, the known part of which has an amino 
acid homology of about 50% with thrombin and 
which is required for the penetration of the sperm 
chromosomes into the ovum (86). Like prothrom- 
bin, acrosin also occurs in the form of a zymogen 
(pro-acrosin), which probably would contain the 
Gla residues. 

The fact, that also in testis endogenous substrates 
accumulate in vivo during treatment with low doses 
of warfarin demonstrates, that under these condi- 
tions the production of T.G.P. is affected, which 
might influence the fertility of the sperm cells. Most 
patients, treated with vitamin K antagonists are over 
50 years old, and maybe this is the reason why - as 
far as we know - their fertility has never been 
checked. At this moment  we have been informed 
about three patients who were capable of begetting 
offspring after more than one year of continuous 
oral anticoagulant therapy. We would suggest, 
however, to statistically analyze the fertility of large 
groups of patients. 

X. Concluding remarks 

From the moment  of its discovery, people have 
been optimistic about the purification of hepatic 
carboxylase. Since the enzyme is firmly bound to 
the microsomal membranes,  its purification still 
presents serious problems. Unfortunately these 
problems also hamper the final elucidation of the 
mechanism of the carboxylation reaction. 

Vitamin K-dependent carboxylase seems to oc- 
cur in many different types of tissue. It is not known 
whether carboxylase consists of a number of isoen- 
zymes, each with its own substrate specificity, or 
that it occurs in one form in all these tissues. Since 
the vitamin K dependency is universal for all these 
enzyme systems, it was to be expected, that all 
carboxylases are inhibited to the same extent by 
vitamin K antagonist. Nevertheless it might be 
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d e s i r a b l e  to  d e v e l o p  d r u g s  t h a t  spec i f i ca l ly  i n h i b i t  

o n e  t y p e  of  c a r b o x y l a s e  w i t h o u t  a f f e c t i n g  o the r s .  

O b v i o u s l y  t he se  t y p e  o f  i n h i b i t o r s  s h o u l d  n o t  be  

a n a l o g u e s  o f  the  c o m m o n  c o e n z y m e  v i t a m i n  K, b u t  

t h e y  s h o u l d  be a n a l o g u e s  of  the  s u b s t r a t e ,  t he  car-  

b o x y l a t i o n  o f  w i c h  is to  be  i n h i b i t e d .  T h e r e f o r e  it is 

v e r y  p r o m i s i n g ,  t h a t  r e c e n t l y  the  f i rs t  t w o  i n h i b i t o r s  

o f  th i s  t y p e  h a v e  b e e n  s y n t h e s i z e d  (87).  B o t h  i n h i b i -  

t o r s  we re  s t r u c t u r a l  a n a l o g u e s  o f  t he  p e p t i d e  P h e -  

L e u - G l u - G l u - L e u  a n d  t hey  i n h i b i t e d  t he  c a r b o x y l a -  

t i o n  o f  e n d o g e n o u s  a n d  e x o g e n o u s  s u b s t r a t e s  in  a 

l iver  m i c r o s o m a l  sys t em.  W h e t h e r  t he se  i n h i b i t o r s  

p r e f e r e n t i a l l y  i n h i b i t  h e p a t i c  c a r b o x y l a s e  r e m a i n s  

to  be  seen,  h o w e v e r .  
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