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Energy transfer provides an arrow in the metabolism of living systems. Direct energetic 
coupling of chemical transformations, such that the free energy generated in one 
reaction is channeled to another, is the essence of energy transfer, whereas the purpose 
is the production of high-energy chemical intermediates. Vitamin K provides a partic- 
ularly instructive example of energy transfer. A key principle at work in the vitamin K 
system can be termed "base strength amplification." In the base strength amplification 
sequence, the free energy of oxygenation of vitamin K hydroquinone (vitamin KH,) is 
used to transform a weak base to a strong base in order to effect proton removal from 
selected glutamate (Glu) residues in the blood-clotting proteins. 

Vitamin  K, the blood-clotting vitarnln (1 ,  
2), serves as an essential cofactor for the 
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carhoxylase that activates the proteins of 
the hlood-clotting cascade (3 ,  4 ) .  

In the ahsence of vitamin K or its asso- 
ciated carhoxylase, blood clotting will not 
take place. In the presence of vltamln H2 
and the carhoxylase, 9 to 12 Glu at the 
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ammo termlnus of each of the hlood-clot- 
ting proteins, factors I1 (prothromhin), 
VII, IX, and X and protelns C ,  S ,  and Z, 
are carboxylated (Ecl. 1 )  (3 ,  4 ) .  The  bone 
proteins matrix-Gla protein and osteocal- 
cin require vitamin K-dependent activa- 
tion (5-7), as does the recentlv described 
protein encoded hy growth arrest-specific 
gene (gas 6)  (6) .  y-Carhoxyglutamlc acld 
is found In marnrnalian rlhosornes as well 
as in protans from other tissues (7).  

Why does nature demand such a many- 
h l d  carhoxylation of the blood coagula- 
tion factors, creatlng the requisite 9 to 12 
y-carhoxyglutamate (Gla)  residues in each 
hlood-clott~ne protein? The  ansLver is two- L, & 

fold. Most prominent, the gerninal carbox- 
\late groups of the nelvlv formed Gla res- 

L .  

idues chelate strongly and selectively to 
calcium (Ca2+,  factor IV),  and C a 2 +  forms 
ion hridges to anionic phosphate head 
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groups at phosphol~pld membrane surfaces 
of hlood platelets and endothel~al cells 
(Scheme 1)  ( 3 ,  4) .  Blndlng at membrane 

0 

, 1 proteinfNH+NH 
, Protein 

membrane '0 0- 

Scheme 1 I 
surfaces is a critical step In the process 
of activating the blood-clotting proteins, 
and Ca2+ is essential for hlood clotting 
(8). 

Introduction of the Gla carboxyl 
groups 1s also helieved to confer structural 
character upon the hlood-clotting proteins 
by Ca2+-mediated lntrachain Gla-Gla 
lnteractlons (Scheme 2). This structure 
could he compared loosely to greatly 
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Scheme 2 

extended disulfide linkages (9 ) .  Interchain 
Ca2+-mediated Gla-Gla hinding may 
also he llnportant for protein-protein 
interactions. 

Carboxylation of amino-terminal Glu 
residues In the blood-clotting cascade pro- 
t a n s  1s a posttranslational event. In pro- 
thrombin, all 10 glutamates from resl- 
dues 7 to 3 3  are carhoxylated; none of 
the remaining Glu residues In prothrom- 
hin is affected (3 ,  4 ) .  Factors VII, IX, 
and X and protelns C ,  S, and Z are 

hlghly homologous to prothromhin in res- 
idues 1 to 40 and, like prothromhin, all 
require Gla-mediated hlnding to Ca2+ and 
melnhrane surfaces for their activation (3 ,  
4 ,  8 ,  9 ) .  

Activation of the blood-clotting pro- 
teins consists, in hrief, of hlnding of the 
protein to anlclnlc phosphollpld mem- 
brane surfaces fc)llowed by cleavage of 
the rymogen to yield the active enryrnatlc 
clottlng factor. The  hlood-clotting cas- 
cade is a highly complex, even hyzantine, 
seuuence of enzvmatlc events conducted 
by a series of trypsln-like serine proteases. 
One  clotting factor is converted to anoth- 
er hy peptide-hond cleavage. Vitamln K 
and ~ t s  attendant carboxvlase serve to ac- 
tivate hoth clotting and anticlotting 
proteins. Promoting the clotting function 
are prothrombin and factors VII, IX, and 
X. A n  ant~clot t ing role is played hy 
activated protein C and protein S, a co- 
factor for protein C .  Protelns C and S 
lend a crucial element of control that 
arrests the clotting process and prevents 
undesirable clot proliferation hevond the 
point of insult.  he exact function of 
protein Z is uncertain, and its role in 
blood clotting is the suhject of continuing 
investigation (10) .  A n  oversimplified dla- 
gram for part of the blood-clotting cas- 
cade, with the vitamin K-dependent 
clottlne factors, is shown In Scherne 3. 
Factor VII is a component of what is 
termed the extrinsic ~ a t h w a v  and reuuires 
tlssue factor, a product of cell damage, f i x  
its activation. The  intrinsic and extrinsic 
pathways are not independent. Factor VII 
participates in the activation of factor IX 
and in the transfi~rmation of factor X to 
factor Xa (1 1 ,  12). Indeed, Mann and 
co-workers have recently proposed that 
it is the hinding of tlssue factor with 
factor VII, fc)llowing cell wall damage, 
that lnltiates the clotting function in vivo 
( I  1 ). 

Binding to phosphol~p~d membrane sur- 
faces organizes the rymogens In the clotting 
sequence to promote cleavage of the proen- 
zymes to their enzyme active fc~rms (Scheme 
3)  (8). For example, lf carhoxylation of pro- 
thromhin does not occur, it ~ 1 1 1  not hind to 
the melnbrane surface with factors Va and 
Xa, conversion of prothromhin to thrornhln 
hy the serlne protease, factor Xa, will not be 
carried out, thromhin u.111 not he at hand to 
cleave fihrinogen to fibrin, and hlood clot- 
ting u ~ l l  not take place. Inhihition of the 
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Pldail-c1i~tri1-i~ se~lucncc call he a COLIFC- 

ilucnce ot  a ilet'icie~-ic~- o t  t - ~ t a m ~ n  K, of the 
presence L)t 111hihitors of the \.ltamln K-cle- 
penilcnt cariicisylasc, o t  rllc presence i)f 1.1- 

talllin K o\;lLlc re i l~~ctase  ~ n h i b ~ t o ~ h ,  such as 
I 1 1 t  tt.artC~~n1l i i ~ l i l  dlcl~l~la~.ii l ,  
01- iit the aiisc~lcc or i l l a l f i ~ ~ ~ ~ t ~ ~ i ~ ~  of any one 
ot  the central ell:\matlc i l o t t l~ ly  hctiirb in 
S c h e ~ n e  3. 

Mechanism 

tions that  reqi~il-c l ~ ~ ~ i t i n  and a i lenos~ne 
t r iphosi~l la te  (.-ITPI, the  itam am in K-Je- 
pal i lent  carhaaylase r e~ l i~ i r e s  tllc reLh~ccil, 
h\-droLluinone iijrm o t  \ - i r , ~ m ~ ~ - i  K, \7itamin 
KH,,  c~nLl  O1. In  tllc cl>ilrw lit the  c ~ r l - . ~ ) s -  
\ l ~ t i ~ 1 1 1  L ) f  ( 3 1 ~ 1 %  ~ I ~ C I I I I I I I  KEI- 15 ~)siilizeLd t ~ i  
\ r ~ t , ~ m ~ n  K I X I L I ~  (Scheme i). T h a t  trans- 
ti>rmatlon IS cnerpet~cal lv  cuupleLl to anLl 
~1rivc.s tllc carbas!-lation ( 1  3 ) .  T h e  ox>-- 
.enatinn L>f \ . ~ t a ~ n l n  KH. to \-lramin K 
(>xitie call l?c \.ie\ved a> a t~yhr ly  con- 
trolled, partial coml:~~.;tion that  c h a ~ ~ n c l :  
the rea11:ecl energ\- into a c ~ c i - h ~ ~ , e  chemls- 

corcl111p to  the  mechxnis t~c  ,theme t c  lie 
i l c \ ~ e l i i ~ ~ e d  helo\?-. the  ellcrpy :alncil frnm 
the  os\-cen,ltic)n 111dlie~ posil-lc the Zener- 
~1t1on c7t x \-cr)- stroll:< I-.asc 111 orciel- to re- 
move a protoll fro111 GILI (1.3). The  Clu 
ca r l id l l l~~ l  tlle11 ~111iier~oeq ~ a r h o s ~ l a t i o ~ l  to 
\ ~ e l d  the iiesirecl product, G1,1 (5shcmc 31). 
Fri)m another stanLlpiiint, the ~ ) s . i -ye~ la t~c i~ l  
i)f VI~,IIIIIII KH- prnvlcle5 '1 clranlatic local 
increase 111 the l~ii~ielty-~)tl~er\vise J i f f i c~~ l t  
to aic~irn~311cl1 111 vit.0 hcc; i~~se  pH 1s an  
~l l te~ls l t -e  ~ ~ r i i p e r t ~ - .  

In  the cour>e of the s ; l ta l~t ic  secruence. 
termed the .i- tami in K cycle, \.itamin K 1s 
r e d ~ ~ c e d  to \ . i t c ~ m ~ n  KIK hv  a11 enzyme tie- . , 

pe~lilcnt on  the rell~~ceII for111 i ~ f  ~ ~ i c o t l ~ ~ o -  
1-il1ile cdi~l~~cleotiile L~llo,phate [KXD(P)H]  
or a \\-art;ir~n-senslti\.c r c i i ~ ~ c t ~ ~ s e ,  or hot11 
( 3 .  4 ) .  Tile l~y~ l r i ? ,~~~ inc )ne .  t-ltamin KIH:. i. 
t hen  transtorlneil ti) t-1tam111 K os~clc  aa the 
s,~rhoxylation I> eft'ccteJ (Scheme 31). T h e  

i r ~ m i n  K catalytic cycle 1s c o l ~ ~ ~ - l e t e ~ l  by 
reLluctlo~1 of .~ - l t a rn~n  K oslcle to t.itamin K 
111 2 htep hlockecl 13)- \\-arf;lr~n and cllcuinarol 
(Scheme 4). T111.; 11111ihitt1ry ,~c t ion  of war- 
h r ~ n  and illc~1rn,1ri)l f~>rms the ha.1b uf ac- 
tion of those cli~licall\. import,lnt xntlco- 
agula~lts (-3, 4 ) .  

Reactive Intermediates 

ReC1cti\.e i~ l terme~l ia tch  L ~ r o ~ ~ ~ l e  the  key tlo 
a n  u~~c le r s t , - i~~ i l i :  u t  the  I ~ ~ ~ ~ ~ ~ X I I I S I - ~ I  Iot 
act1011 o t  t - i t ~ m l l l  K. To ilcc~iic,  ho\ve\ er, 
t e ~ ~ t ~ ~ t i ~ ~ e l y ,  \\-hilt 111iyht I?c the  reacti\.e 
~llterlneiilate u n ~ l c r ~ o ~ n ~  c;irl3oxyl,1tion 
\\-LI. i3t 1111men~e v,llue in u n r , i t - e l l ~ ~ ~  the  
~ 1 ~ 1 t h  t l l ~ t  allotvs t - i t ,~min  K to  participate 
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111 the  .eem~ngl\-  11n11kcl1- task lif a i s ~ i t ~ n g  
tllc \.I~CIIIIIII K-ilcien~dcnr carl3iisvlasc to 
carry nut it. carlhosylatio~~s. T ~ v o  mecha- 
nistic l>os~~l i i l l t les ,  a tree-rc~Lllcal path  (14-  
1 6 ) ,  anel one in \ -ol \ .~ng a c,~rl-anlon inter- 
mecd~atc ( 1 T ) ,  11a.i~ l>een con~lcicred. 
T h c ~ ~ m o c l ~ e m i c a l  ar:ume~~ts sl lo~t- ( I ; )$  as 
cic~ esperimei~t, i l  stuclles, tha t  tree-radical 
ca r l - . oxv la t~o~~s  arc t l l e r ~ ~ l u c l ~ e m ~ c a l l \ -  un- 
fx.i-orable 13y 10 to 10 kcalimol, i i e p e ~ l d ~ n y  
o n  the  substrate. I11 contrast ,  ca r l~osy lc~-  
t1~)11 of a e x r h C ~ ~ l i o n  i~l termedla te  (E+ 2 )  

corn r - /NH~J;; (2, 

COD 

h~qh ly  fc~\-orahle 111 t he r~~~c~chern icd I  tel-111s. 
T h e  ~?r i )b lc l~l  tritll the carl-anion then Ibc- 
comes hen- \.itamin KM1 can I7e dcploreLl 111 

C O I ~ ~ L I I ~ C ~ I O I ~  \\.1t11 0: to pc'llerate a I-aae o t  
>~~ii^lcient atre~lgth to produce the Glu ilixn- 
1011, \ rhich has ~111 e,tlmatcLl ,econLl pK of 
15 to 2S (K iz the c~clclir~- c o n ~ t c ~ n t I .  

There are set-era1 1111es of e v ~ ~ i e n c e  that 
1e11id credence to the idea that the carl?ox- 
\-l;itlon ~lroceeik throuoh a11 ,111ionic intcr- 
rnecll~lte ( 1 S) ~ 1 1 ~ 1  I, not  a free-railleal reac- 
tion. X,'hen the e ~ l : \ - m , ~ t ~ c  carl>ox)-larion 1s 
carrleil out in rritiated I\-ater, in the pres- 

Vitamin K cycle 

0 ( v~tamin 

(3) 
THO 

coo- COO 

(ELI. 3 ) ( I d  - 2 ~ ' ) .  T111.; esper lme~l t  suppcvth 
the h\-Liotl~esis that a lleg,~ti\.c charpe 1s 
senerated ~t the y-pc~sit io~l of Glu as a 
l:relude tu carl1os1-lation (16 ) .  
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Cyanide Inhibition 

T h e  vit,imin K-ilcpc~ldent c;lrl~osylxtion la  

inl~ibited hy cyaniile ( C N p )  (39, 13-13). 
TI112 oliser\.atlon supports tllc carha~lioillc 
111tcrmeJiatc and ci)nst~tutcs a pivotal p o ~ n t  
in the a r c u m c ~ ~ t .  In early discusalons, 11111i- 
l~it ioil  'y C N p  a f t h e  v~ tami i l  K-depenLlent 
carllos\-l;1.e \\.a; ~ntei-pi-eteii to 111ea11 that a 
metal cofxctor nlifht IT asaociatc~i \ v ~ t h  the 
ci1:yme. Bccauas 0: ia 211 esicntial elelneilt 
of tllc carhoxrlxtiol~,  the in \~c~lvernei~r  of 
vitamin I<-haseLl h ~ - d r ~ q ~ e r o r i i l e  111tcrmrd1- 
ates ill the carl.us!-1,ition icqucnce h,ii loll: 
been cons~ilered (17). T h e  prcss~lce of a 
lllctxl catactor r n ~ g l ~ t  tllen be construed as 
I I I ~ ~ L I ~ ~ I I ~  Fcnton che~nistry,  the r roLl~~ct ion 
of OH rxdlc,ilq, and thence free-raLlical 
chemistry , ~ t  the sul3atr,itc. Xccordiilgly, ~t 
\\-as im13ortant that tllc role of C N -  111 

~nhihi t ing the carbor~1,iae be addl-cased. 
It \\a< a curlous a n ~ l  ~ ~ ~ ~ e s y l a i n e d  feature 

o t  the C N p  11111ihitio11 of tile carI-ox\-l;~~e 
th,it, \vlllle ca rbosy la t io~~  of l : r o t c ~ ~ ~ - l ~ o u n ~ l  
G ~ L I  is inhil?lteii, the pro,iuctlon c>t vita111111 
K oxide c o n t ~ n u c ~  unal~atecl 12.3). Thus,  the  
actlvlty of the enzvme is apparently u11im- 
pa~rec-I, \vhcreas the  ca rbosy la t io~~  ,tep ia 
1:lLlekcd 1.7- the ,idclition of' C N - .  This con- 
clubiloil ~ l e p e ~ ~ ~ l ~  011 the ilo\\- \viilcly accept- 
cil preillise that a sinY1e e~~: \ -me effects both 
ear170sylatl~)1~ ii~ld cpoxiil;it~~)il. 

N n  covalent l ~ i l d  1s fi)r~l~eil tlo C N - ,  as 
~Ie~noilitrateLl 17)- the  abicnce of incorpnra- 
t i ~ j n  of 17CN- into tllc l:el:t~~le ilil3itrate 
(23) :  C N p  ~nhil-i t lon 1, also re\-erlcd 111- 
cli~ilysib i3-7). 

C3ptlinu~n carbL3s)-lase act11-it\- occurs 'it 
p H  7 . 2 .  T h e  p y  H C N  15 9.71. There-  
for*, 1\,11fn C N p  1s aiideil to the  en:>-matlc 
reactic)n nilzture, the  i l ~ ) r n ~ n a n t  spfcies 111 

sL)lution is no t  C N p  hut H C N .  Like CO1, 
HCN 1. a 111lcar t r ia tomli  molecule. so 
H C N  can i~-is~~-iuare itzcli illto tlle active 
..it? 111 place t)f C O ,  anil p o t o n a t e  the  
carbanion at  tlle -y-pt)iiti~iil o t  Glu 
(Sc l~eme  5) ( 3 4 ) .  111 the prese~lcc of H C N ,  

Scheme 5 

p ' G $ i G  

yre,ltzr ii1coryorat1o1-i ot 7 illto the  \ul~strate 
is ol~ser\-cil nzhe11 the carbnxvlatiol-i is iar -  
ricil out 1n T H O  (19) .  This result ~nciicateh 
that the lrncir H C N  112s better acczss to 
t l ~ c  acti\.e slte anti t l x  sul~itratz G l~ i  [hail 

Inhibition by HCN 

doei rhc 11onlun2ar HIO. 
Thih 11112 clt r f a s i ) i l ~ ~ ~ ~  nyens the posi.i- 

1~111t;- tllat C X p  i i  a i t ing  as an  ac~d-base 
inhib1tnr, not a metal coii~l?lzs~~-ig inh~bltc)r  
(24) .  hloht Imporrant, rhii i i ~ ~ ~ d c  of action 

H ? 
,NA 

Scheme 6 

of H C K  is cona~stent  n-it11 tllc i n v o l ~ e m e ~ ~ t  
of '1 carbanlon ~ntermedlate in the ccirbos- 
ylariiin (-74) TI?? H C N  acid-l.ciae mecha- 
111sm alio l:ro~iLles a11 explanation for the 
o b i e r v a t i o ~ ~  that the iarbos~- la t ion step I, 

~nl~ll?iteci 1.1- C N p ,  \\-hereas \ - l t a m l ~ ~  K os1~1e 
t~irmation la  uncurtailc~li. 

Hypothesis 

In an  eftort to uniler~tx11~1 h o ~ \  itailliil KIH? 
call 1.c ti-anstormeci to a strong l?a>e, 11-c 
iie\-eloped the hypothetical scheme ahove 
(Sc l~eme  6 )  (13) .  

l'lta111111 KHz ia moilcrately dciLdic, \vitll 
x flrat ~ o n ~ : x t ~ o n  cc jns t a~~ t  pKll o t  '7.3 ailil a 
secnnii of pKJl nt  111.6. Thus, I  tia am in KIHZ 
can loi1i:c in the s n r y ~ ~ l a t i c  en\-ironment to 
L3i-i)Lluce ec lu i l~ l~ r~um concentrationi i>t ei- 
tllcr the mono- or d i ~ i ~ ~ i o n .  R e ~ i c t l o ~ ~  of the 
, i~anion \\sit11 C3-. \\-ill yield a nerL>s~de 111ter- 
~ileiliate (Sclleme 6 ) .  T h e  peroslLle :anion 
call t1le1-i add tc) the  cnonc to vi\ 2 a dii)x- 
etx-ie that can filrtller rearra~lge by r111g 
oyzning ti) ,i cilall<or~dz ( S i h f m e  6 ) .  T h e  
latter is  esyei tcd  tt) 132 a 7-dry strong 
cal:al-lz o i  1-emor-i~~y a proton irom Cilu to 
cnalile iarl-ox\-latlon (1 -3 ). .ALltei-~~atir-~lv,  
oxv~cnat ln l?  n t  the  mt>i-ioai~ion IcaLls by a 
sinl11ar path to the release of O H p ,  n - h ~ c h ,  
u i~solvatz~i  in the appropriate l-ir-L1ropl~ol~ic 
c~~:vi~la t ic  ei~\. ironment.  can also he expect- 
cil to be a \.err- itronq I-asc (5cheiile 7 ) .  Tllc 

Scheme 7 

L a l : c l ~ i ~ ~  ~ruL11ea with '"0 11x1.c 1:een 
hiqllly effecti\.e in l:robi~~y the mccl~anism 
(25, .?(i]. Llodel csperiments <il,n proviile a 
most useful vel~lcle fcir e x a r n i n i ~ ~ e  rl~c,e 
ideas (25. 27). Both a\-el~ue.; \\-ere uicd to 
explore the r n e c l ~ a ~ ~ ~ s r ~ c  tlL~\v of cvellti and 
the conse~luences tor the osyye11atlo11 o t  
~ i t ~ i i l l ~ i ~  KIH? to vital11111 K osiL1e. 

Model Experiments and Base 
Strength Amplification 

\X7hen a ilonen:ymat~c model fix a l?iolog- 
leal t r a i ~ ~ t ~ o r ~ l ~ a t ~ c )  i c  c ~ o ~ ~ ~ t r ~ c t e ~ i ,  it consti- 
tutes an  effort to ,trik~ ~i\vay the i ~ ~ i i ~ e s s c n t ~ a l  
elements to reveal the dvnamic bioche1111- 
i a l  sequence to estract  the critic~il 
teatllres ,of tllc Uroccsi out.;liie the e~l:r.~iiat- 
ic i11111e~1. .A l~ ioihemlsal  illechaillslil rho~llci 
i~c>t  be co1151dereil to l ~ e  ~ i ~ c a i ~ i i ~ ~ f ~ ~ l l \ -  1111- 

cleritoo~l rliltil ~t ha, hecn rcproLiuccd 111 a 
nonei1:ymatic cl~i.mlc;ll ~iioilcl. T h e  ~1);11 o t  
the moilel >tu,lv is to simularc the biochem- 
ical reactloll in order to illuminate thf 
mrc  hanism. 

In the moilel e x ~ , e r i n ~ e ~ ~ t i ,  n-2 c s a ~ n i n c ~ l  
the rcactir-iry, as a I v w ,  o t  pota<i.lum 2.4- 
~ i i i ~ i z t l ~ ~ - l - a - ~ ~ a p l ~ t l ~ ~ - i x i ~ i c  ~ v i t h  ilier111-l atli- 
pate avubs t r a re  (25.  27) .  Uililzr an  inert 
atmosPhei-e in tc t ra l~~drol ; l ra i~  (THF) at 
1-ooii~ teiiireraturc, no reactinn occurreci he- 
t\vzen thf ~- iq~hthoxi i le  anil ilizthl-l aiiipate 
(Scheme 5). 7112 naphrl~osiclc is  nc~ t  a sui- 
t i c ~ z ~ ~ t l v  <rrong base to effect the Difcli11~a1111 
i i )~ lc l e i l s a r~o~~  c)t J1eth\.l ailipatf to zthvl cy- 
c locentan~~nrc,~rI~os~' la te  ~111dt.r sue11 IIIIIJ 
cilnLiirions. Hc?\~-<\-cr, l7a<sagc cot 1.7 eijui\-a- 
lcnti. c)t'O- liltu the reacr1o1-i mixture , ~ t  ranm 
temperature rapicily T~flLieci the 1)11~1i:c~l 
p1.111111ct. ketcl epcl\;v alcc'hol. t ~ ~ e t h c i -  \\-it11 
the c\iii:ecl prc)i!~~ct, ethvl cycli~pentnnc.~-i- 
ecarl~ox>-late (Scheme S) (25,  27). 

Th~c exyerimcnt can 1.c. uili!er~toi)~i 
t<)llo\vh (Scheme 9). T h e  nayhthosiilz XI- 
1011 LS tcw \\-edk 2 li;1se ti) eftect the Dieck- 

. - 

key inrerm2,11atc, a ~ l c h o r ~ n q  these 111i)lccu- a,liI~~ct t,) thf ~ ~ a p l ~ t h o x i i l e  is formcil 
lar events. i i  the i l i oxc ta~~e  (3chzmr 6). (5cheme C) 1. Tl1c ci-isulny 1-earra~~yzmcnt 
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OH 

Scheme 8 

proceeds r l ~ r o ~ ~ g l ~  t l ~ c  .l~uxctane allci yields a 
srrollplv basic tzrtiar\- alkoxlJe (Sellem2 9 )  
capable of earl-ying out the Diccl<~ilallll ~ 0 1 1 -  

ciensation ot  ,lleth~-l aciipatc to c\-clol>en- 
ra~-ione iarbosvlatz ( 2 5 ,  27) .  

D ~ l r i ~ l g  the  en:ymatlc carlms\-lation nf 
Glu to Gla ,  a C-C I~nd i\ formed rn C O ? .  
T iye the r  \\,it11 the ~ ~ a ~ l ~ t l ~ o s i d c  osidariol~.  
rllc mi)ilcl 1)ieclimann co11~le1-isatio1-i clirect- 
1v li~-il<.; o x v y c n a r i ~ > ~ ~  anLl C-C 1 v n J  forma- 
t lon. T h e  Diccl;ma~-in co11,icniation of ili- 
er111-l a i l ~ l ~ a r c  ca11 1.e \-lcn.eel ai a C-C bond- 

The Bicaxetane Intermediate 

Because the i l i~)setane intermeJ1ate is a CI-it- 
leal pal-t of t l ~ e  prt)pc)ictl mechanistic path- 
IT-av, ~t was eisential tc) establish that a ;li- 
oserane 15 111 tact inr-olrred, especiallv con- 
sidering that there are cat least) t14.o m e c l ~ -  
anist~cally feaLible p a t l ~ i  that call lead to 
eposide fL)rmar~on. Tile c)sygenaric)n i c ) ~ ~ l i l  
1.c ~ntramc)lecular, l:roceeLlin~ throuph the 
Lllosctal-ie or it c o ~ ~ l c l  he ~nrermolecular, one 
peroxiile inrerme;llatz l~elng u.;eil to epoxi- 
dl:? another enonc (Scheme I?). T h e  clue;- 
tlon \!,as resolveJ 171- c,irr\ 111g out the i i ~ o ~ l z l  
osvgenat~on ~iniier a 55:45 atli~ospherc ot 
I + @  anL{ lhO1 (Scl~erne  11 ) (2s ) .  T h e  proci- 

uct kctn eposl- alcoht)l conslstcci entlrel>- L)t 

a 55:45 lillxrure of t l ~ ~ l a h e l c ~ i  and ,iuubl\- 
Ial~cleJ prnciuct, as establlsl~eii 1 1 1 ~ 1 ~ 5  ,pee- 
tr~3mct1-v (hlS) (28).  T l ~ c  ol~l r -  crosso\-zr, 
11101101abelecl ~roclucr arose from a small 
amount (S.9"o) o t  "'O-l'O In the starting 
gas m~xtu re .  Thereiorc, wirhln the liliiirs of 
es 'crlmz~~tal error, the moilel ~ ) x y g e n a t i o ~ ~  
15 itl-~ctl\- ~ n t r a ~ ~ ~ t ) l z i ~ ~ l d r .  ill;il~cIatilli~ the ill- 

recr anci c s i l u ~ i v c  intzrmeiiiacy t ~ f  the iliox- 
crane 111 the ~)sygenat lnn.  

Scheme 9 160 

O K t  + 2 0 0 

f i~ rmlnr  "~i~rramolzcular carl~os~-lat1on" (2.5, 
2;) .  Eml-t~ci~zd in t l i i ~  moJel 1s a nel\- prlll- 

OH 
clple: h a e  \ t rengt l~  ampllt'~c,ition, the c l ~ e m -  
ical ,inL1 e l iere t lc  t r ; l in~i ;~rmat in~~ of a ~veak  55:45 

17;ise t r  a itr~>l?< h,ise. Scheme 11 

If the oxygenation poceeJs  t l~rough the  
i11~)serane intermcdlarc, the  zposiilc a n J  
O H  croups 111 the rroclucr m u t  'ear a ;!. 

relation to one another.  This re~quircmenr 
n.as confirmed I,!. an  x-ray crvbtal stl-ucture 
shon-mi,' t l ~ e  anticipated ils stereochemical 
01-ienrati~)n nf the two group> in the 1;cto 
epoxy alcohol (Scheme 11)  (25). 

p&zq / Keto epoxy alcohol 1 

Scheme 42 

Energy 

B -  abe > t ~ e n g t l ~  . .  amplll i iarlol~ requires cilerey. 
In t112 mo~lel  react i~)n  (Schern2 51, raising 
the base s t re l~gth  from the pk', = 9 of the  
naPhrhosliie to the p K ,  2 1 o t  tl12 tzl-tlar! 
alkoside require> 16.4 kca1:'mol at  29s  I(. 
How IS that  1'111'1.7~ 1-e,ql1:e31 

T l ~ z  1-lsrue of rllr model esrel-lmc11t 1.. 
t l ~ i t  it 1s possible to f~nci relial-le l~ea r s  of 
fiormatlon for many nf the  ~ntermccliatci in 
the ox\-genation steps (25) .  Thus,  for t l ~ c  
pasent a-naphthol  appsoslmarelv -51 kcal:' 
m ~ ) l  ( E L I .  4) is es t~mated to 1-e a\-allable a.; a 

A H ;  iesti = -52 kcal!mol 

~ O I I S C ~ ~ L L ~ I I C ~  of the nxvqel~atlon. T o  tebt 
t111:. c t )nclu~lon,  the heat of o w - ~ e n a t l o n  of 
the model, 1:otawlum 7,4-dimetl1\-ln,iCh- 
th i~xl~l i ' ,  \1.a,5 ~ l e t e r ~ ~ l l ~ l e i l  calorimetrically m 
~ u l l ~ i l x ~ r a t l o n  n-ltln E. L l .  Xrnett  Li~lil R. 
Flt>\\-er~ (-79, -3c'). Thi, esperlment y ie lJe~l  ,I 

heat of rcactli)n AH, c 7 i  5 4 . 4  kca1,'mnl 
(Eq, 5). Llke\v1,5e, -52.2 l<cLil/mc71 was mea- 

Intermolecular 

L__J l o  
A 

Scheme 40 

i ~ ~ r e ~ l  tor the 11eat o t  t>sygenatii7li of potas- 
sium 7,.3,4-tril?ietl11~l~ia~~l1tliCiside (29, 3C'i. 
Talcen toeet l~er  wlth tl1e lleats o t  deproto- 
natlon of the  startinr napht l~ols  a n 1  p a d -  
L I C ~  alcol~ols,  t h e e  1-'ilues vi.ere then ~ ~ s e d  
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The "0 Connection Between the 
Model and t h e  Enzyme 

Tlle ox\-genat io~~ lit the a - n a p h t l ~ o x ~ ~ i e  n-1t11 
' " 0 ~  (Scl~emes 117 1111~1 11 ) Lle~llCi~~strate~l 
thar a diosetane interme~iiate is directly in- 
~.ol!-ed 111 the mclciel tra~i~torrn,~tic>n (28) .  
That  result ~1ggeat5  thar a >imilarl\- con- 
c e ~ v e ~ l  111teril1eillate mlrht l?e Lietecteii by 
'0 l a h e l i ~ ~ g  esper~ments in the c n z y ~ ~ ~ a r i c  

axygenatlon of 1.itamin KHz (Scheme 14) .  
Tracinq the scheme 111 n . h ~ c h  the !.itamln 
KH- i~ treated \\,it11 "01, the firit .tep i.; the 
attachment uf "0- to the O-1-earing carl3ixn 
(Scheme 14).  Thl.; .;tel? estal>l~shea tliz cru- 
c i d  second C-0 boncl. Dioretane ttorma- 
tlnii oictlrs ancl lea&, I ~ v  rearraiigemznt, 
to the  eposiLle (Sclieme 14) .  T h e  re5ult o t  
tlie seclnence is to senerate ,i tetra11zLlral 
intermeili,~te (Sclieme 14)  at tlie O-hear- 
in? carbon n.ith the  ";O syi2 and the  ''0 
mit t  to the  ellns~L1e. .A cliactereorol-ic rela- 
t ion esi.;ts het~ ' i~een t l ~ z e  c e ~ l l ~ ~ l a l  oxv- 
qens, ro there Cali be cc,mpeting or cnm- 
ple~nent ing chemical and en:ymatii prei- 
erencei fiir t he  loss of  me oxygen rel,~tive 
to the  tither. 

.An esl3eri1lie11t n it11 ' UO; \\-as c a r r ~ e ~ l  
out sollie \ -ex;  asc, 13y S a d i ) n - ~ k ~ .  Schnoes, 
a1ni1 Silttie (32)  to learn the c,rigin of the 
epclxlile ~ l syeen  in vitamin K oside. They 
ol~serveil ii1cc7ryoratic~n c 7 f  an  atclm of "0 
inre> vitamin K osiLle anil illade the 1-erv 
reasoi~al?le , ~ ~ z u m p t i i ~ n  that the ,iildcd "0 
n-a. lncateLl at the epnsiile c\r\-gen l'ilsit~c~n. 
Tl-iii conc l~~s ion  is re;rilil\- cc)ntirmeii 1'7. 
fragi11entatioi-i a ~ ~ ~ i l v s i s  c7t the ma>s bpeitra 
elf 1;iI~eleii ,111d nnlaheleil  tami in K clslde 
(Scheme 15)  i2.5). 

T\\-i7 key 1 '1 -apen tn in  the  mas5 Gl'ec- 
trum ot i~i-ilabeleii \.itamii-i K ilxicle were 
touncl ,I[ mas-ti>-cl-iarge raticls (~n,'?) 473 
anci 306. T h e  in;? 306 fraement cnnta111,i 
t he  ciile c l ~ , ~ i n  i\ith the  eporide 0x1-gen, 
and t h ~ s  a\.;ignmellt i i  ct>nfirmeil in tlle 
maac ipectrum cf the  \-it,imln K nslde 
s\nthcricall\- lal~<leil n.lt11 "0 at the  ey- 
oxiiic yos~tlcl11. In the  maxs >yectrum o t  

AH; ,,,~,, = -54.4 kcallmol 

OH 0. 

+ (Me,Si),NH AH j :expt., = -20.6 kcallmol 

AH; (,xpt,=-60 kcal;mol 

Scheme $ 3  

to cnn,truct thermocliem~c,i1 c\-cle.; \-ield- 
i11g -6P l<cal /~~idl  (Sclieil~e 1.3) a11Li - 3 1  
l;c,~l!'miil ta1- the e s ~ ~ e r i m e n t a l  he,its i lf  ox- 

KH?.  ?-itamin KH- (2.5, 3G). K'hen !-ira- 
mi11 K H  1s ox\-uenc~tecl, ~ . i r , i m ~ n  K iixiile is 
the esclu>~!-e p;.re)cluct (ELl S): l ~ t t l e  or no  

ygenation o t  the  3,4-~li1~~etli~ln,ipl1tl1ol 
,inii 7,3,4-trirnetl1~-111aphtliol, respecti!.el\- 
(29 ,  33) .  Thi15, ample e n e q  1s a1~allal~le 
trom the  c>xvuenatii)~~ reactLon to  eiiiiit 
the  ba.e stre11:th am131iticatlcln sequence. 

T h e  esaml3le in Sellerne 13 1s a miiilel 
tar t l ~ c  1-1tarnl11 I<; o ? ; ~ - ~ e ~ ~ a t l i ) n .  \S.l111t cloe. , - 

tl~ermc~chemi.;tr\- yredict for the  osy- 
genat in~l  a t  v1tai11ii-i KHI  t c ~  !.it,~rni~n K 
i>siLlel By u.;1113 e ~ t r a ~ c l l a t i c l ~ l s  c~t  I-eport- 
e ~ l  AWs ,ind 1 H + s ,  \ye i.stimateLl tllat 
the  oxyge~l,~tioi-i c l t  v ~ t a m i ~ ~  1;I-I: ~vi l l  
>-ielJ apyrosim,~tel\-  -62 kcLi l /m~l  (Eel. 6 )  

\ , i tamii~ K 1s 01-serveel. Tlus no~~en:ymatli .  
chem~ca l  i l ~ a ~ l y e  ionstit i~tec a milclel tor the 
ox\-gen~tic~1-i of !.~t,~miil K I T  ti3 1-itamin K 
osiiie t11,it take.; yl;ice at the acti1-e ,ite a t  
the en:vme, and pro!.iclei noi-ien:ymLitic 
Tuplport tor the p r o l ~ ~ ~ s a l  that i i e p r ~ ~ t o ~ ~ a t i o n  
ilt 1- tami in KI-I, at the carbc~s~-1a.e acti~ye 
site is the critical step ill the o s ~ - c e n a t ~ o n  
leading to vitamin K osiile ( 3  i ). 

This mailel osygen,~tii)n reaction (ELI. 8) 
is al.;c? of wff~cie~~tl!-  high \-ielcl and free of 
iiile products that it ~e r~ l l i t t ec i  meclsure- 

AH;(est) = -62 kcallmol i ue~ l t  o t  the heat nf i ) sygena t io~~  of vita mi^^ 
K H ?  to vitami11 K csiLlc ( E q  9) (;I?). T11c 

(25). .-\ 11~~1-11y p e r t i ~ ~ c n t  vitamin K o s y ~ c ~ - i -  
OH 0 atinn, d~~cn!.creLl in moilel esyerimcnt,~ 

(2.5) mrilc pc>s<~l~lc '111 r x ~ ~ e r i m e n r r l  teit + o ,  = (9) 
t h ~ s  value. 

OH In the preicnce c~t  0?, tl-ic nayhthoqni- 
U 

ilil11e i l ~ i ~ l ~ i t ~ ~ i ~  stcite i \  tLi~.oi-eL1 cover that of R = A 

the l ~ a l ~ l ~ t h o l ~ ~ - ~ l r i ~ ~ ~ ~ ~ i i ~ c ) ~ ~ e  t~lrnl  I.!- -I?.! \'. 
Thus, v ~ t a m i n  KHI ib un;tallle 111 air, n-here 
it revert? L l ~ ~ ; i ~ ~ t i t ~ ~ t i ~ - e l ~ -  t ~ )  1~it~ii11111 K (EL]. 
7 ) .  Foc~~siily e~11 the reole c~i anionic inter- 

AH;(expt) = -57.5 kcallmol 

esperimental l-al~le c ~ t  -57.5 kc;il/mol i i  
oi-ilv \li:rl~tl\- lcqs exothermic thLi11 the  citi- 
i t 1  I i f  6 2  l~callmol i.32!. Thu:. 
there is a large ,~maun t  o t  energy a~.ailal?lc 
111 tllc vit , im~n os~-qen~l t ic~l l  sequence to 
1.e uicJ in ge i~e r i l t i~~g  ;I jtl.011: hci\e. T h e  

OH 
Vitamin KHz; - vitamin K oxy~e1~~tion-car1~c1sv1~1t1oi~ iyclc 

1. a prillle t rample  oi energy t r , lnduct ic~i~.  
Tllc energy 9aine~1 in the i l sygenat i i l~~ 
\vorl<. to etiect ac~il-l>,rse c11emi;trv and tc, 
:ellerare ;i 11igl-i-cnzr:~, reactive carb;ii-ila~~ 
illtel-llleL1l~itc. Scheme 14 



tllnt mc>lcculc, tl-ie in/,' 326 peal; 113.; heel1 
replL2ceJ 11y its "0 counterpart a t  lii/? .3L?8. 
\v11crc;1> the in/< 42 3 peak is nnc l~a l~gc i l .  
Lil;cn-~se, 111 tllc m,lis spectrum of tllc 1-i- 

taml11 I; oxiile prociuct 111 \ v h ~ i l ~  tl1e vita- 
mill K-~ley?e1-iLle1-it eln:ymL2tic carl?i>svla- 
t ~ o n  \ \ -L~s c~21-ricLl out ~111Ller a11 a t ~ l ~ < ) q p l ~ c r e  
ot "0:, tllc in/: 1G6 1:e.k 1.; replaced bv a 
p a l \  at in:? 3114 a~ncl the  ~ J I / <  11.3 peak is 
u n i l l a ~ ~ q c d  ( 2 6 ) .  Thercfilre, t he  "0 cioe< 
i ~ ~ d e e , l  c-icilll?\ the  cyor idc  yo.;it~i>~-i in 1.i- 
ta111i11 K coxiLle ~sk>lated frc>~n the  csperi- 
~l le l l t  \\'it11 the iarbiosylase ~111~4er "C7-. 
T11e ~ ~ e g l ~ y l , l e  le\ el c ~ t  the  in/< 3L16 peal, ill 
tl-ie " ~ 7  mass spectrum ~ni i l ia tes  that tlhe 
cpilxiiie ilx17gen is t u l l ~  rul-stit~~tcci \v i t l~  
'T3. 

T h e  "0, 1al:cllng csl?crime~-it proves to  
he o t  111y111\- qigl-iif~cnl-it mcil-ia~-ii>tii im- 
port ( 2 5 .  26 ) .  Ife~11c esamines the  parent 
LOII ~ 1 ~ i t ~ r  ill/: \ - a i ~ ~ e i  0 f 4 6 6 ,  467, allil 
46s  111 tllc 111,l.i spectrum of nlniabclc~l 
\ - i r a m ~ n  K osiile, the ratio ut' peak 111te11- 
sltlei 1.; 11717:34: 6.  These reii l t~\,e 1llte11~1- 
tie. are entlrel1- appropriate t ~ r  the  natural 
, ~ b ~ i ~ l i i a ~ l c e  le\.el. ilt one a n J  tivo atom.; nt 
"C in \ .~tami~-i  I; uslile. \ v h ~ c l ~  has 31 C 
atoms. (For CilH4e,13;, the  calinlateil rn,lsq 
ratios ar t  117?:34.1:6.3 for tlhe parent ioln 
cluster a t  peak. at rn/? v ~ l ~ l e s  of 466, 467, 
c~ ln i I  468) .  

In c ~ ) ~ l t r a s t ,  the \.itL2111111 I; osiile ~suia teJ  
h-elm the e~~ :ym,~ t i c  "'~7: experilllellt shil~vs 
the p ~ r e n t  ion cluster in the ~ n t e n \ l t ~  rL2tlo 
1119: 35 : 21 t ~ ) r  the 111,255 pealis ~t 7n:'i. values 
of 465, 469, ~ i ~ ~ i l  17C7 (26) .  LT:hlle the hl' 
(parelnt 1011) i 1 y?e,lk at ni:'i. 169 1.; com- 
pletely normal 111 illtellsit\- relative re) tile 
parel~t  peak at ~ i d e  46S, the h l +  + 2 at 
~ r i / z  17G is f c ) ~ ~ r  time. mi>re intense rlla1-i tllc 
ialculateil \.aluc (26) .  Thu., a >econd ,?tom 
o t  -'C7 111u.t be prehent ill one elf the iar- 
I?<)1lYl c)sygelli. 

,ii)c'r i'ol'l.eitill,e the intel~qitl i>f the ill:? 

47? peak for tllc 6% Increment due to 
l l a t ~ ~ r a l  a l l~~ndance  "C, n-e canilude t11,lt 
the v ~ t , l m ~ n  K osicle prodnct trom the  c11- 
zamL2t~c " ~ 7 -  csperlmellt contcllns - 1 S 0 o  of 
a sccoi-iJ ~ t i l m  ot  '"3. Follo\ainr: tills anal- 
\-s~c, \re l1~21-t. carr~eil out "0, iClheli~lg es-  
y e r i m e ~ ~ t s  \virh tl-ic carl.k>s\-l~sc 111 a rat 111-cr 
111~cril~ilmal prep~iratioi~ c i ~ ~ J  ti~lcl. In the 

course of 12 trlalq. 1; I 1 . 4 ' ~  (sta11ela1-~4 
Llc\-~at~on) i11corporatii)n nf a ,~eiol-iiI atom 
of ' q ~ 3  into tllc p r i > J ~ ~ c t  \ - I ~ ~ ~ ~ I I I I I  K cls~ile 
(26 ,  31 .  3-2, 34) .  

T h e  \-itL2m~n K-iley:e~~iicl-it c , l r l~>syia~e 
1.; 'ect \~ien-eLi as a i l l o ~ y ~ e n a i t .  T h e  1: 5 
ratio L>t d ~ . c r ~ m ~ ~ - i a t ~ ~ > ~  hctn-een tl-ic two 
il~;ister0t01?1i ilsygelli 1' te~?tat~\.eiy ascr~l?cLl 
ti' e~n:\-matic aqslstanie that result. 111 yrcf- 
erentiai rcmo\-a1 ot  the i i l  usygcn (Scheme 
1 1  <111Ll Eq. 1C). 

IE0, 
* 

Rat liver 
rnicrosomes 

U'llen the t1n:\-matic os\-.ennt~c)l-i \\.,~s ciln- 
iluiteii 111 its entirety 111 9 5 5  e11rlcheLi 
H1"O (77% cnricl~eci after r n i s i ~ ~ y  \vltll tl-ic. 
li\-cr ~ l ~ ~ c r o ~ ~ > ~ l ~ e q ) ,  ~ n l y  ll'h i ~ ~ i ( > r p o r ~ ~ t ~ ~ ) ~ ~  
of '"0 into the v i t a m ~ n  K ios~ile proiluct n'll 
oI3served (26 ,  34).  Therefore, ~ncorynrat~oln 
o t  the .econJ atilm ilf "0 111to \-it,lm~n K 
uxiile 1.; '1 dlrect i o ~ l i e i j ~ ~ e ~ ~ c e  of the axy- 
gel-iat~on o t  the ~illnircci \-itamln KHz at tile 
actir-e site of the carllox\-lase (Sc l~eme  14) 
al-iil not o t  aLl\,elnt~t~ou. e x c l ~ a l ~ ~ e  \\-1th 
14. "13. 

Active Site of Vitamin K 

T h e  presence ot  the addi t~onal  atom of "0 
In 1-itamln K iisicle 1llL2lie~ it pois~hle to a.;k 
i i -h~ch  carbilnyl groul, carlie> the  seconil 
111creme11t (ot  '0 (31) .  Select11.e "0 lal~el- 
111g, inmPlemente~l  nuclear 01-erlla~1ser 
experiments, nllnn.ed the "C nuclear mag- 
netlc resollance (NhIR)  reL2ks correipollil- 
in? to each ot the i,2rh~>nvl i a r b o l ~ i  to bc 
1delntifieL1 fL)r vita111~11 K a11c1 \ , I ~ ~ I I I I I I  K 

Scheme 16 

o s ~ d c  (3 1 ) .  In  but11 mc~lcc~~les ,  the Ion.-tlelil 
carbon\-1 C i i  that adlaccl-it to mcth\-1. \rllile 
tl-ic hlgll-f~cld carbol-iyl I <  aciiaient tn the 
ilile cha11-i. F~lllL>\~-~qq this asqlgnment, s t -  
1cct1r.c l a l ~ c l i ~ ~ i .  \\ it11 "I3 of the ~ n i l ~ v ~ i l u a l  
iarl?011\.1 group.; in \-it,lmin K, ti) ;I 111g11 
Jcgree o t  c~~r ic l - imc l~ t ,  \vai eftcctccl, a< out- 
111le~l in Scl-icme 16, by os1~4at1c~11 o t  the 
~nciivlcl~~al \.itamil-i KH: l-ialt- metllyl ethers 
n-ltll ierlc dlllll1i)llllllll ~ l i t r ~ i t e  111 the prci- 
ence t ) f  H I 1 ' 0  (31 ). 

9 6 O 0  enrichment 
R=- 

OMe 
H,'EO 

C# Ce(NH4)2(N0,), - 
OH 0 

96'0 enr~chment 

Scheme 16 

Esroiure to [lie c,~rl.oxyi,lse in rat liver 
~11~cr~osoilles tllc 1 '~7-isil topo~l~rr labeled 
at tl1e carl.on\-1 nes t  ti) the 111eth\-l group 
resulteil in 17"o loss of the -"C7 1,113e1 as 
iib.er\.ed after hi,' es , lmi~- ia t~o~l  ot  the vit,l- 
mi11 K i>siilc p r i ~ i l ~ ~ c t  (31 ). Parallel treat- 
ment c ~ t  the "~7-1sclto1x~mer lal?eleil 111 the 
carbonvl group aillacent to the s~ i l e  ch,lin 
resulteil in  1no loss ~ ) t  "'0 \virl1111 esperlmen- 
tal error \ - loo)  ai ~ietermlneil by hlS. Tlhe 
r e s ~ ~ l t s  tic)m tl1e.e esyerlments i1ern~)mtrate 
t h ~ t  os\-:enario~l ta1;es place aJlL2cent ti) 
the merhvl group. .Accoi-iiingly, this posl- 
t ~ o n  can I?e designc~teLl the acti1.e slte o t  
\ r~ tami~- i  KH-, (Scheil-ie 17) (-31 ) .  

Active site of vitamin KH, 

Scheme 17 

Active Site of the Enzyme, the 
Vitamin K-Dependent 

Carbsxylase 

CClntlelil (35). Suttle :inJ cc>n~orlier> i 36 ) ,  
and i.thers 11~1\-e eital:lislleJ that the  vltd- 
111111 K-ilepell<l~llt ~al.I?d~\-ldi? 15 LllaCtl\.3t- 
eci treatment n ~ t h  tillhl-ait11.e agenth 
s i ~ c h  a n'-etilyln1ale1mIde and j1-11lerc11- 
ril-e~l:o~ite. 5~1e11 I I I ~ I ~ ~ L I - ~ ~ L C I I I  \\-'I> <ilhcc de111- 
onstrateLl tor the ;$L?L?-fol~l p~ur i f~e~ l  car\ws- 
\-lase 1-7. Xlon-iy c.t Lll. (1.3). These esperi- 
n1e1lts ~ u g e s t  t i ~ ~ l t  there ari. tn.o tl1101. a t  
tile a c r i ~ e  >ire i>t the  carl?osvlase. O n e  thiol 



---. Cys ,-,,*-- 

;, J J ,";;i E~-tscrlt 21: ,,'>: 1,'. K sc i .  9toc;-.e.-l 2,s- 
,y:,;s 99s COT;-,~L,;:. 80. 1 C33 13758. 

5 E 5:'; D?:;:e a i l ,  K F u ~ ~ l t s ~ . ~ ~ a  ?,;nL, 96, 3 , s ~ , ~ ~ n - .  
44 795 1'275; J 5;; S[::I~ ?,,-c C 1,'. , fc~so.-~ 
FP, s o '  Re! 57 197'8: IJ E i\lfslie~n- J A .  

V ramn  K 
hydroqunone 

Carboxylase 
,....am- c y s  NNlll,-, 

0 0 I 0 

'"A OH- ,kH A c  H d s  /"t COO 
0 -1 C 0 0 7 / / 0  COO 

hC 

Scheme l 8  

grl>Lll? is p r ~ t e c t e ~ l  +ylinit 111acti\xtim1 n-it11 
;\'-eth~1~11,llelil1~iie 171- pl-iol- aL1iIit~L>1l of \.ltri- 
mln KHI (35). Bloclanr the i econ~ l  t11it)l 
intertere; nit11 the carl3os1-latiall step. T h e  
latter thii1l ma\ he 111\-c>l\.eil in active-hite 
~ ? L ) I I ( ~ L ~ I ~  to CoI .  

T h e  tirst tlliL>l is ,>t pri.at interest. T h e  
idea c)f base srrencth anil:lit'ic,lti~711, applieJ 
t c  the i t ~ m i n  K carl>c>x\-lati~111, qugqests 
tllat a n.eak l.a.;e 011 the en:yme initiates the 
hahe ~ t r ena t l l  ampllflcatlL>n .;eqLicnce I>\  
ilepr,>toll;itlng \.itamin K H ~  at the active 
;ire L I ~  the carl-.,~\vla.e. \~'i'11 a r1<, 111 the 
ranye from 3.5 t c  9 .2  ( 3 7 ) )  the actl\-e site 

t h ~ o l  is 211 escellent ecln;iiil;lte for this role 
( 3 8 ) .  \X-llen the seqtlence a r n t ~ n ~ l  the actl\-e 
1 t c  l\eco111es i l e i i ~ ~ e J .  this ~ i l e ~ l  CAII 1~ t e ~ r e ~ l  

vinvlogou.; ; l i l i I  chlariLle, \ V ~ L I ~ L ~  react \\.it11 
the acti\.e kite thii~ls 1.v a n  a~lL1~t~on-el imi-  
nation seqiienc? (ELI. 11 ) .  This lio.,lll~lit~ 

11;1s a l x  heell alluiieil tc) h\- Suttie anLl cia- 

\vorl;crc l #s). Other  i l~ll l l~ltorr i ~ t  the e x -  
h i~s~- l ; l c .  5~1cll  <is t i l t  tritl~1c1rl)meth\.I and 
the .Iesmrtllyl andlcqr of vitamin K, ma\- 
< l l 5 L I  t~lll IlltC tl11s clasq. 
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