
The \ itamin K-dcpcndcnt post-translational modification 
of prothrombm IS the yxrbosylation of a number of glu- 

tamlc acid residues !n the polypeptide to convert them 

into ;,-carbol;qplutamic acid (GLA) residues [I]. GLA ha\ 
also been identified in the vitamin K-dependent coagu- 
lation factor X [2] a5 ~$41 its in protein C 1.31. ;i plasma 

protein of unknown function. and m a protein isolated 
from hone. o5teocalcin [a]. the formation of which also 

appear5 to be vitamin K dependent 151. Low Ic\cl\ 01 

[ “ClGL.4 ha\c been found alicr incuhatlon 01 

~uaH’J(‘O,, with chick cal\aria [4]. thus suggesting that 
llsaucs 0th~ than lI\cr ma> also s~nthcsix GLA-containmg 
potcln\. 

Epoxidativn of phqlloqulnone (K ,). in which K i i\ con- 

\crted lo 11s \tahlc 2.3.epoltide, occurs in liver mlcrosomeh 
!n the prebence of oxy,gcn and reduced pyridine nucleo- 
tides 161. L‘poxidaw activity. which is not inhibited by car- 
bon mono&c and does not appear to bc P-J.SO-lllcdlatcd. 

I\ propel-tlonal to the amount of prothrombin precut-sor 
prcscnt in li\er [6]: inhibitors which block carbo\klation 

alw block cpoxldation [7]. All ebidencc to date suggc\t\ 
that locations where epoxidalion occurs arc sitcs at fi hlch 
carboxylation uill also occur. Epozidation i\ easily 
measured in crude li\er homogenates. ahilc Lltamtn 
K-dependent carbowylatlon is not. In the latter. significant 

now\ (tamin K-dependent fixing of “CO2 into molecule\ 
other than ;,-carbox?plutamIc xxi occurs. which ohwire\ 

1 itamin K-dependent carhouylation. 
Hecauw of the prior- association of the carboxylarc and 

cpoxidase reactions. wc have conducted a survq for K, 
clwxidasc acllvltj 111 homogenates from the t15suc5 of the 

rat. Such Information might revcal likclq location\ of the 
vitamin K-dcpcndent carho*ylatlon reaction. 

Rat\ were purchawd from C‘harles River F-at-m Stncc 

II ha\ been >hown that liber mwox~mes from K-de(icicnt 
ralb gl\c higher level\ of epoxidation than those from nor- 
mal [rats [h]. in most cxpcrnncnts 250-g malt CD l-at< fed 
K-Jcficicnt chow (Tcklad Industrial for X daqs in copro- 

phag> minimiring Loire-bottom cages were used. hftcr 8 
days. prothronibin levels wre reduced to 20 per 0x1 ol 

normal. Plxwitas anti felal li\er here obtained from an 
IX-day pregnant rat. In one experiment. bone and Il\el- 
v,crc obtained from 1 hr ncwhorns; cul\ aria. \crtcbrac and 

long bona wwc scraped clean of soft tissue in a cold room 
dt 3 Ammal\ were killed by a \~ngle blow IO the llcad. 

and after exsanguination through the neck vc~scls. tisauer 
\\crc rapidly romo\cd in the cold. rinsed in cold 0.05 hl 
pc’tasium phosphate bulTer. pH 7.5, containing 0.3 M \,I- 
crosc (PS hull’er). hlottcd. weighed. finely minced. and t hen 
homogenized in 3 \ol. of I’S hull’er with sckcrnl pa\w\ 
on ;I motor driven Potter Elvclijem grinder with ;I Tefon 
peAtIe rotatins at 1000 rev min. The homogenates mr‘l-c 
urcd dit-ectly. When bones were used. the) wcrc minced 
;I\ lint a\ poasiblc: then I ml 01‘ the PS hulTer was added 
for each 500 mg of bone. and the minced bones were bon- 
ogen~w_! :lt top speed for I mln in the microcontnlncl- 01 
;I Vlrtls homo@cnirer \et in Ice. The bon) debris was centrl- 
fuged at 1000 q for 5 min and the supernatant assa~cd. 

Tritiated phylloqu~nonc (K,) \\a\ s~,nthcsircd from trl- 
tinted menadiol sxiium dlphosphatc (Amcrsham-Scarlc~ 

sp. act. 96 CI mole) b! ;I published procedure [Xl. Phyllc)- 
quinonc cpoxldc ~a5 prcparcd chemically from K , LO 1. 
Epoxide formation in homogcnatc~ 11 ah mca<urcd h> 
re\ ersed phnx thin-la! cl- chl-omato:rr;lpti~. uslny paraltin- 
Iniprsgnalcd \Ilicii gsl C; plate\ ;~nd ;I wl\ent g\tcni 01 
acctonc water (92:X) ;I\ ha hccn dcx~-~bcd [Xl. Tctra- 
chloro--l-p!ridinol (4TC’P) \I;IS a gift of the Do\\ C‘hemic,tl 

(‘0 Indianapolis. IN. 

Rcactlonr scre run 1n ;111- 1n a total \oIumt’ of I.Oml 

and contaIned: potassium phosphate. pH 7.5. 50 ~~molc<. 
\uc”osc. 750 Itmoles: homogcnatc 01 extract. X00 1’1. 
NADH. 4 ~nnolcs: wnrfwin, 20 11: tritlated K ,. 100 ng 

(10.000 cpm): and 4TC‘P 50/q, when pre\cnt. ,111 rrcx- 
tants except K, were miyed and. after ;I .30-wc ~ncubat~o~~ 
at 37 K, wa\ added and a further 20-mln Incuhatl~,n 
cn\wd. Aflet- lhc second ~ncuhation. I ml satcr wa\ ;~tidcd 
and the K, and its eposide were cxtroctcd Into 6 ml he\- 
ant wpropanol (3:7). I1 could lx \ho\vn that X5 90 pc~ 
cent of the radioactIvIt> present after incubation could hc 

cutractcd f-om the tissues atudicd hq this method. Aliquol\ 
(?mll of the organic phase wrc evaporated to drync~\ 

under NL: the residue wah diswlvcd in 0 I ml ethanol, con- 
tainillg carrw K , and rpoxide; 0.05 ml wmplch wxe \pot- 
ted on l’;‘r~lItin-impregnated Glica gel <; plate\ which \~c’I c 

developed as described above LX]. Al’tel- dtq ~ng. K , and 
cpoklde spota were detected wth an ultraviolet lamp: the! 
v,ere \craped into scmtillation vials to which I ml mcth- 

anal and IO ml Instagel were added, ad the sample\ were 
counted for radioactiwty. Ilnlncuhated complete reaction 
mixtures wrbcd a< control\. 
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Table i. Phylloquinone epoxidase activity in rat tissues* 

Per cent 
K, converted to 

Per cent epoxide in 
Tissue K, converted presence 

homogenate to epoxide of 4-TCP 
-.- 

Fetal liver 19.4 5.6 
Newborn liver 44.5 8 
Adult liver 70 14 
Kidney 8 0.9 
Placenta 22 10 
Spleen 4.8 2.5 
Bone extract 1.2 <0.3 
Heart < 0.3 <0.3 
Peripheral < 0.3 <0.3 

muscle 
Forebrain <0.3 <0.3 
Hindbrain < 0.3 < 0.3 
Pancreas < 0.3 <0.3 
Small <0.3 < 0.3 

Intestine 
Lung 10.3 <0.3 
Skin io.3 <0.3 

* For reaction conditions, see Materials and Methods. 
Conversion is expressed as the percentage of the radioac- 
tivity converted to the epoxide (ratio cpm epoxide 
spot:cpm cpoxidc plus K, spots minus the same ratio from 
a zero time control). All numbers are the average of dupli- 
cate determinations that differed by less than 5 per cent. 

of epoxidase activity in these tissues but may only reflect 
the inability of our assay to detect activity. 

Apart from identifying tissues capable of converting K1 
to its epoxide, it was hoped that this study might reveal 
tissues that synthesize GLA-containing proteins. In pre- 
liminary experiments, GLA-containing protein has been 
identified in kidney cortex, while vitamin K-dependent for- 
mation of radioactive GLA from “C02 has been detected 
in kidney microsomes prepared from K-deficient rats and 
dicoumarol-treated chicks [I I]. The nature of the GLA- 
containing protein(s) is as yet unknown. Vitamin K-depen- 
dent carboxylation may also occur in spleen and placenta. 

Finally. it is interesting to attempt to relate tissue epoxi- 
dase activity to the distribution of K, in rat tissues. It 
has been shown that radioactive K, fed to male rats is 
widely distributed in the animals 1121: the highest concen- 

trations (expressed as dis.~min~mg of tissue) were observed 
in liver and spleen: bone and cartilage. as well as lung. 
each had about two-thirds the concentration of liver while 
kidney had about one-third. Other tissues had lesser co,,- 
centrations. Although the levels of epoxidsse activity do 
not correlate with the concentrations of K, found in the 
various tissues. with the exception of lung. those tissues 
with the highest concentrations of K, are those with 
measurable epoxidase activity. Since there is no reason to 
predict a correlation between tissue epoxidase activity and 
K, concentration. neither the lack of such a correlation 
nor the absence of measurable epoxidase acti\-ity in lung 
is unexpected. Experiments in which lung and liver homo- 
genates were mixed did not show evidence for an Inhibitor 
of epoxidation in lung homogenate. 
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