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The formation of adenosine-3'-phosphate-5'.phosphosulfate in extracts 
of chick embryo cartilage and its conversion into chondroitin sulfate" 

l )ur ing  the last  few ye;us, wc)rk in this  laborat~wv has clari l ied the mechan i sm of sulfate  acti-  
\-aticm 1,2,a. The bioh)gical su l fa te  carrier,  " a c t i v e  su l fa te" ,  identified as adenos ine-3 ' -phosphate-  
.5 '-phosphosulfate,  P . \ I 'S .  is enzvmicalh"  formed in a two-s tep  reac t ion:  

.\'1"1' ~. S ..e APS r I 'P  I ij 

.\1'% i : \ ' I 'P- -+  t ' . \ I 'S  ! - . \ I ) I '  (2) 

PAPS acts  as a sul fa te  donor  ill var ious  sul fa te  accepWr svstenls .  \Vc  wish to report  here tin 
the  syn thes i s  of PAPS in part ich.-free ex t r ac t s  of chick embryt~ ca r t i l age  and its convers ion there  
to chondro i t in  sulfuric acid. In the wh(,le an ima l  and in slices, the  incorpora t ion  of aSS-sulfate 
into ca r t i l age  had previous ly  been s tudied by I)ZIE'~VIA'rKOWSKI 4, I-AYTON 5 and by BOSTR{SM 6 a n d  
his group ~. 

R a d i o a c t i v e  PAPS was prepared  enzymica l ly  frmn rad ioac t ive  sulfate  as described by 
ROBBINS AND ].IPMANN 2. The coiMvles of the t ib ias  and the femurs  of \ s - d a y  old chick embryos,  
weighing  a p p r o x i m a t e l y  i oo mg per chick were, mixed  in a toM mor t a r  with sand and homogenized  
wi th  a pest le  in cMcium anti inagnes ium- l ree  sa l ine -phospha te  solution.  Chondroi t in  sulfuric acid 
was isolated front the boiled cent r i fuged incuba te  I)v alcoiml ~ or cetvl  t r ime thv l  a m m m i m n  
bromide 'a p rec ip i ta t ion  and the residual  a'~S removed by exhaus t i ve  washing.  

First ,  a series of e .xperiments was carr ied out  wi th  car t i lage  ex t r ac t s  and  rad ioac t ive  sulfate.  
F o r m a t i o n  of P.XPaSS toge ther  wi th  small  a m o u n t s  of ApssS was shown t)v r a d i o a u t o g r a p h y  ()f 
paper  electrograpi)s .  The paper  e lectrophoresis  pa t t e r n  shown in Fig. 1 was ob ta ined  wi th  a 
pyr id ine  e lua te  of a charct~al adso rba te  from the incubate .  "l'he 
ac tua l  a n m u n t s  of PAPS formed wi th  the  carrier-free sulfate  
were too smal l  to be de tec ted  t)v ['.V. quenching,  but  are 
ident if ied t)y the posi t ion of the rad ioac t ive  spots.  An uniden- 
tiffed compound  is ind ica ted  by the rad ioac t ive  sp~t below the 
1 'A 1 ~:~sS. 

In fu r ther  exper imen t s ,  incorp~wation of asS()~ ~ into 
chondro i t in  sul fa te  was cd)served, but  only in the presence of 
:VI'P and magnes ium,  as shown in Table  I. Only a s l ight  s t imu-  
la t ion was observed if g lu t amine  was added  (c[.:). t ' T l '  in this  
sy s t em did not  s t i m u l a t e  fur ther  trot indeed r a the r  showed an 
inh ib i to ry  effect, p robab ly  owing to excess of nucleot ide.  A de 
.ovo syn thes i s  of chondro i tm  sulfuric  acid from the cmntmnen t  
pa r t s  was fur ther  ccmfirmed by incorpora t ion  of r ad ioac t ive  
ace t a t e  i n t -  chondro i t in  su l fa te  with this  e x t r a c t . . k s  shown in 
Tab le  II ,  again  only in the presence ~,f ATI', a s izable incor- 
pora t ion  of a ce t a t e  was obta ined.  O m i s s i o n  of ( 'o:\  s igni f icant ly  
reduced the  incorpora t ion  of ace ta te .  In Table  I l l ,  an experi-  
men t  is shown in which, with the same ex t rac t ,  both incorpo- 
ra t ion  of a ce t a t e  and  of sul fa te  in to  ch ,mdroi t in  sul fa te  were 
ob ta ined .  In these  exper imen t s ,  ( 'oA w a s  presen t  in all samples .  

I:ig. I. R a d i o a u t o g r a m  of paper  e lec t rogram from asSO, 2_ 
incuba ted  ca r t i l age  ex t rac t .  Two embryos  were homogenized m 
3 ml sal ine t )hosphate  to which l 2 /nno le s  Mg ~ ", l o / r a m i e s  Na- 
: \TI ' ,  1 .5 / ,moles  (:TP, z / (mo le s  g lu tamine ,  2. 7 ml enzyme  and 
z mlSS.%O4= (~oot,c,  carrier-free) were added ;  to ta l  vo lume 
5.3 ml. Incubate*l for z h a t  37 °, Markers  e lec t rographed  on the 
same  paper  s t r ip  are  identif ied in Nos. i and 2 b v [".V. 
quenching ,  as ind ica ted  bv encirc l ing lines. No. 3 represents  
the  r a d i o a u t o g r a m  of e l ec t rogram in c i t r a t e  Imffer ~ of the 

pyr id ine  e lua te  from a charcoal  adso rha t e  of incubate .  
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" Th i s  i n v e s t i g a t i o n  w a s  s u p p o r t e d  by  research g ran t s  from the  CaJacer I n s t i t u t e  o f  t h e  Nat iona l  
I n s t i t u t e s  of Heal th ,  Publ ic  Hea l th  Service and the Life Insurance  Medica l  R e s e a r c h  Fund .  

The following a b b r e v i a t i o n s  are  used:  PAPS. adenos ine-3 ' -phospha te -5 ' -phosphosu l fa te ;  
AI'S, adenosine-5"-phost)hosulfatc;  S, su l fa te ;  ATP, adenosine  t r i p h o s p h a t e ;  AI)P,  adenosine 
d i p h o s p h a t e ;  CoA, caenzvme  :\ ;  UTP, urMine t r i phospha t e ;  and  PP,  py rophospha te .  
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TABLE I 

INCORPORATION OF ~ S O 4  -2 INTO CHONDROITIN SULFATE 

Incubation (37 °) A T P  Mg Glutaminc UTP c.p.m. % 
No. h 5 #molts 6 pmolts I #mole Z ,umole 

I o . . . . . . . .  60 

2 2 . . . . . . . . .  60 
3 2 4 . . . . . . .  405 
4 2 + 2_ . . . . .  4,760 o.6 
5 2 + 4- 4- - - 5,390 0.7 
6 2 + "- - '  r 2,007 0.28 

Condyles from tibias and femurs of 3 chick embryos  broken up in deep-freeze cooled mor ta r  
with quar tz  sand with 6 ml saline, o.oI M phosphate  (pH 7.4). Centrifuged at 6,0oo g (International  
centrifuge) for 1o rain. The superna tan t  was mixed with 1.2 ml carrier-free ~SO4 -2 (6oltc); 
I ml enzyme-SbS mixture  in each sample; final volume, 1.35 ml. 

The enzyme solution and addenda were incubated in stoppered test tubes in a 37 ° water  
bath, and after  incubation dipped for I rain into a boiling water  bath. The heating caused only 
some cloudiness. To the cloudy solution 6 ml water  and 0. 5 ml 1% cetyl t r imethyl  a mmon ium 
bromide 9 were added. The precipitate that  formed was washed io times with 5 ml o.i M NazSO 4. 
From samples 3 and 4, chondroitin sulfuric acid has been extracted with o .9M KCI, purified as 
described by SCOTT 9 and by KODICEK AND LO~WZ I° for paper  electrophoresis, in o. I M phosphate,  
pH 6.8. For counting, the whole precipitate was transferred into planchets and counted in 
Tracerlab scaler. 

TABLE I I  

SYNTHESIS OF CHONDROITIN SULFATE FROM 14C-ACETATE 

If~abaffion (37") A T P  Mg ++ l-Glutamine CoA Cysteine c.p.m. 
No. h 2 #molts 6 #molts 2 #molts x4 units 5 pmoles 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I o 4- 4- + 4- + 80 
2 z + + -- 4- 4- 1,640 
3 2 . . . .  t- + -- -!- 300 
4 2 -~- - -  + + .4- 1,17o 
5 2 + + + . . . .  700 

6 z ,- + + -- + 54 ° 

Condyles from tibias and femurs of four I6-day old chick embryos  were extracted with 5 ml 
phosphate  buffer, o.I M, pH 7.4, as described in Table I. Centrifuged for to rain at  6,000 g in the 
Internat ional  centrifuge and the superna tan t  recentrifuged in the Spinco for 45 rain at IO5,OOO g. 
6 ml of superna tan t  mixed with 0.6 ml r-z4C-acetate (z2 itmoles, 7/tc/Hmole). z ml of enzyme- 
acetate mixture  for each sample in final volume of z.22 ml. 

Chondroitin sulfuric acid was isolated e by precipitation with alcohol; o.2 ml sa tura ted  
solution of sodium acetate was added to each sample followed after  heat ing by 3 volumes absolute 
alcohol. Precipitate was washed I2 times with 5 ml 80% alcohol. 

A sample of chondroitin sulfuric acid was isolated from the exper iments  shown in Table I I I  
and electrographed. A radioautogram of the electrogram showed the radioactivity si tuated at  
the site of the chondroit in sulfuric acid as developed by staining with toluidine bluO °. 

The t ransfer  of sulfate from PAPAS to chondroit in sulfuric acid is shown in Table IV. The 
addition of ATP st imulated greatly this incorporation into the polysaccharide. UTP gave a 
slightly higher incorporation than ATP. Addition of glutamine did not fur ther  stimulate,  indicating 
tha t  with the energy donor  present in excess, this system appears  to be sa tura ted with glutamine.  

Generally, in these experiments,  extracts  were used obtained by centrifugation in the 
In ternat ional  centrifuge.  However,  it was found tha t  these incorporations are catalyzed by the 
supexaatant  traction after centrifugation a t  IO5,OOO g in the Spinco. The extracts  may  also be 
frozen wi thout  appreciable loss of activity. I t  is concluded, therefore, tha t  the chondroi t in  sulfate 
synthesis  reported here is due to a soluble system without  part icipation of par t iculate  material .  
So far, only extracts  of embryonic cartilage showed significant effects. 
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PARALLEl. SYNTtIESIS OF CItONI}ROITIN SUI.IrATE F'RO,Xl I'IC=ACETATE AND 85.~O 4 -2 
. . . . . . . . . . . . . . . . . . . . . . .  

~"(-acetatr ,'~0~ -* ~ '~O,-2 
f2 ,t~l!}lt's~ I *(7 ¢lt't'/tlt* {2  lt~Iol£s) 

. . . . .  ~ + 

. . . .  i" q -  

C o n d y l e s  f r o m  t i b i a s  a n d  f e m u r s  {}f ({}nr 1 6 - d a y  o ld  c h i c k  e m b r y o s  w e r e  h o m o g e n i z e d ,  a s  w a s  
d e s c r i b e d ,  in 7 m l  p h o s p h a t e  b u | t e r ,  p H  7 . 4 . 3 . 5  m l  e n z y m e  m i x e d  w i t h  o. 3 ml  c o n t a i n i n g  6 H m o l e s  
a s s o ~ - ~  (42 pc )  a n d  a n o t h e r  3.5 ml  e n z y m e  s o l u t i o n  m i x e d  w i t h  o. 3 m l  c o n t a i n i n g  6 / ~ m o l e s  
l~ (7 -ace ta te  (4 z / lc) .  E a c h  s a m p l e  c o n t a i n e d  ~ ml  e n z y m e - i s o t o p e  m i x t u r e ,  - /~mol{~s A T P ,  6 / l m o l e s  
M g  '+ ,  z / ~ m o l e s  g l u t a m i n e  a n d  ~4 u n i t s  {'{}:\ in a t o t a l  of  1.3z m l  a n d  w i t h  31"  ~o ~ c o u n t s  p e r  
s a m p l e .  { ? h o n d r o i t i n  s u l f u r i c  a c i d  w a s  i s o l a t e d  as  in T a b l e  I I .  In  t h i s  e x p e r i m e n t  a l l  s a m p l e s  
w e r e  c o u n t e d  in g a s  t tow c{}unter  ( N u c l e a r } .  

"I ' : \I31.E IV 

StILl'ATE TRANSFER FROM PA[}36S TO CHONDROITIN SULFATE 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Incubation ( ~7 ~) l~.4f,~z S .'17"1" {'TI' ~.p.m. I % 

o - - 8 o  

z - 34 ° 2{}o ~ • 7 
2 t - i  ~,oo 52o  3.4 
2 ~ ~}7 ° 5{} ° 4 
' 7 ~ .55{) 47 {} 3 

E n z y m e  p r e p a r a t i o n  f r o m  t h r e e  c h i c k  e m b r y o s ,  a s  in t h e  p r e v i o u s  e x p e r i m e n t s .  } ' ; x t r a c t e d  w i t h  
0. 5 ml  s a l i n e - p h o s p h a t e  s o l u t i o n  a n d  c e n t r i f u g e d .  T h e  s u p e r n a t a n t  w a s  m i x e d  w i t h  {}.25 m l  PAPa~S  
a n d  l ml  i m m e d i a t e l y  heat t~d ( z e r o - t i m e ) .  l {ach  t u b e  c o n t a i n e d  i ml  e n z y m e  in 1.35 m l  t o t a l  
a n d  i 5 , o o o  c o u n t s .  P r e c i p i t a t i o n  w i t h  N a a c e t a t e  a n d  3 v o l u m e s  of a l c o h o l ,  io  w a s h i n g s  w i t h  
8 o %  a l c o h o l  a s  in T a b l e  I I .  
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