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Summary. During  hepa t i c  f ibrogenesis  induced  b y  l ong , t e rm  admin i s t ra t ion  of th ioace tamide ,  the  synthes is  of 
chondro i t in  4, 6-sulfate and  hyaluronic  acid was s t rongly  enhanced ;  t he  fo rma t ion  of h e p a r a n  sulfa te  compr is ing  a t  
least  70% of t o t a l  l iver GAG synthes i s  and  of a kera tan-su l fa te - l ike  f rac t ion  was s t imu la t ed  1.7fold. F o r m a t i o n  of 
de rma tan - su l f a t e  in l iver could n o t  be  de tec ted .  

Chronic liver in ju ry  is associa ted wi th  a progress ive  
accumula t ion  of the  c o m p o n e n t s  of hepa t ic  connec t ive  
t issue including collagen, g lycosaminoglycans  (GAG) and  
s t ruc tu ra l  g lycoprote ins  z-4. The excessive depos i t ion  of 
collagen is a t t r i b u t e d  to  b o t h  an increased synthes is  5, ~ 
and  a d iminished  ra te  of deg rada t i onL  Al though  ear ly  
au to rad iograph ic  and  b iochemica l  s tudies  d e m o n s t r a t e d  
t h a t  the  in vivo incorpora t ion  of (asSO4)2- in to  GAG is 

The proportional rates of synthesis of specific types of hepatic GAG 
during the development of liver cirrhosis 

Duration Percentage of total GAG synthesis 
of liver Heparan Chondroitin Hyaluronic 'Keratan 
injury sulfate q- 4-sulfate -I- acid sulfate' 
(months) heparin ehondroitin 

6-sulfate 

0 90.0 9.5 0.2 0.3 
1 86.2 12.8 0.7 0.4 
2.5 87.6 10.4 1.6 0.3 
5 87.7 10.8 1.2 0.3 
7 85.3 12.0 2.3 0.4 

Liver slices were incubated as described in figure 1. The rates of 
incorporation of (laC)-glucosamine into individual GAG were 
assayed (figure 2) and expressed as percentage of the incorporation 
into total GAG. ' 
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Fig. 1. Synthesis of total hepatic GAG during the development of 
liver cirrhosis. Male rats received water containing 0.03% {w/v) 
of thioacetamide for a total of 7 months. Control rats were housed 
similarly but thioacetamide was omitted from the drinking-water. 
1, 2.5, 5 and 7 months after the beginning of treatment, the animals 
were sacrificed and slices of their livers incubated for 6 h at 37 ~ in 
medium containing 2.5 [xCi of D-(1-14C) glueosamine. Thereafter the 
slices were washed in cold acetone and total GAG isolated from the 
proteolysed material and its radioactivity determined. Together with 
the treated rats, one control rat liver was analyzed identically for the 
synthesis of GAG. Each point represents the mean 4- SD of 3--6 
experiments. 0 months gives the mean -4- SD of all control experi- 
ments performed together with the treated livers. 

s t imula ted  also dur ing  d e v e l o p m e n t  of liver fibrosis s, ~, i t  
is, however ,  ve ry  ha rd  to q u a n t i t a t e  ra tes  of synthes is  of 
GAG in the  i n t ac t  an imal  and  b y  the  use of 35S as t racer  
as discussed before 1~ For  these  reasons we s tudied  the  
syn thes i s  of to ta l  and  specific t y p e s  of GAG in exp lan t s  
f rom chronica l ly  in jured  l iver a t  var ious  s tages  of fibro- 
genesis. 
Methods. Male Sprague-Dawley  ra ts  (initial b . w t  180 to 
200 g) were  fed wi th  a s t a n d a r d  r a t  d ie t  and  t ap  wa te r  
con ta in ing  0.03% (w/v) of t h ioace t amide  n.  Control  r a t s  
received wa te r  w i t h o u t  th ioace tamide .  1, 2.5, 5 and  7 
m o n t h s  af ter  the  beginning  of t he  t r e a t m e n t  3-6 ra t s  
were  sacrificed, 5 slices of 0.5 m m  th ickness  (80-120 mg 
we t  wt) p repa red  f rom each  l iver  and  incuba ted  sepa- 
r a t e ly  for 6 h a t  37~ in 3 ml  of Dulbeccos  modi f ica t ion  
of Eagles  m e d i u m  conta in ing  2.5 ~Ci (275 nmoles) of 
D-(1-14C)glucosamine-HC1 unde r  95% O3-5 % CO 2 as de-  
scr ibed in deta i l  previouslyl% At  t he  end of incubat ion,  
t he  slices of each liver were  pooled,  washed  in cold 
acetone,  p ro teo lysed  wi th  p ap a i n  and  to ta l  (14C)-labeled 
GAG were isolated.  The fol lowing has  been  descr ibed 
before1~ The source of the  mater ia l s ;  the  quan t i t a t i on  
of the  syn thes i s  of to ta l  GAG; the  ident i f ica t ion  of spe- 
cific t ypes  of GAG and  q u a n t i t a t i o n  of the i r  ra tes  of 
syn thes i s  b y  a c o m b i n a t i o n  of c h r o m a t o g r a p h y  on Dowex 
1 • 2 and  ce ty lpyr id in ium chloride (CPC)-cellulose, en-  
zymat ic  digest ion,  degrada t ion  b y  n i t rous  acid and deter-  
mina t ion  of (14C)-amino-sugars; t he  isolation, character i -  
za t ion and  q u a n t i t a t i o n  of a k e r a t an  sulfate-l ike f ract ion 
f rom the  CPC-soluble mater ia l  and  the  m e a s u r e m e n t  of 
t he  up take  of (14C)-glucosamine b y  cells in chronical ly  
in jured  l iver  slices. The s t a te  of hepa t ic  f ibrosis and  
cirrhosis was  examined  b y  rout ine  histological  procedures .  
Results. The  incorpora t ion  of (l~C)-glucosamine into to ta l  
l iver GAG was increased by  30% 1 m o n t h  a f te r  the  begin- 
n ing  of t h e  t r e a t m e n t  w i th  th ioace tamide ,  reached  i ts  
m a x i m u m  af te r  2.5 m o n t h s  (167 pmoles  [14C]-hexosamine 
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Fig. 2. Synthesis of specific types of hepatic GAG during the develop- 
ment of liver cirrhosis. Slices from chronically injured liver were 
incubated as described in figure 1. Specific GAG were identified and 
their rates of synthesis quantitated by a combination of chro- 
matography on Dowex 1X2, enzymatic digestion, degradation by 
nitrous acid and detection of (14C)-aminosugars. Eachpointrepresents 
the mean -4- SD of 3-6 separate experiments, 0 months shows the 
incorporation into GAGs from control rat liver as described in 
figure 1. HE + HS, Heparin and heparan sulfate; C4S + C6S, 
chondroitin 4- and 6-sulfate; HA, hyaluronic acid; 'KS', keratan- 
sulfate-like fraction. 
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Fig. 3. Time-course of the uptake and incorporation into acid-in- 
soluble material of (14C)-glucosamine by cells in normal and chroni- 
cally injured rat liver explants. Slices were incubated as described 
in figure 1. At the times indicated, the explants were removed, 
washed free of extracellular (x4C)-glueosamine, homogenized and the 
activity in the triehloroacetic acid-soluble (--) and insoluble ( - - - )  
material determined. The points are the mean of duplicate experi- 
ments. Normal liver (V--V, V- - -V) ;  liver treated for 2 months 
(@--O, @---O) and 5 months (A--A, A---A)  with thioaeetamide. 

i nco rpo ra t ed /mg  p ro te in  • 6 h, s t imula t ion  b y  77%) and  
con t inued  the rea f t e r  a t  a level e leva ted  by  abou t  40% 
(figure 1). 
The ra te  of syn thes i s  of indiv idual  GAG was ve ry  he tero-  
geneous.  Near ly  90% of the  label incorpora ted  in to  t o t a l  
GAG was found  in a chondro i t inase  ABC-res i s ten t  b u t  
n i t rous  acid-labile f rac t ion  which  con ta ined  p redomi -  
n a n t l y  h e p a r a n  sulfate  (at least  70%) and  far less, if any,  
hepa r in  10. The t ime-course  and  degree of s t imula t ion  of 
t he  syn thes i s  of these  t ypes  of GAG resembled  closely 
t h a t  of t o t a l  GAG syn thes i s  (figure 2). The fo rma t ion  of 
chondro i t in  4- and 6-sulfate  compr ised  10% of to ta l  GAG 
synthes i s  and  was enhanced  by  70% and  nea r ly  100% 
1 and 2.5 mon ths ,  respect ively ,  a f ter  onse t  of chronic  
liver in jury.  Therea f t e r  syn thes i s  r emained  e leva ted  b y  
abou t  70%. A s t rong and  t i m e - d e p e n d e n t  5- to  20fold 
increase in t he  syn thes i s  of hyMuronie  acid became  evi- 
d e n t  dur ing  the  d e v e l o p m e n t  of l iver cirrhosis  (0.2-2.3% 
of to ta l  GAG synthesis) .  The incorpora t ion  of (I*C)- 
g lucosamine into t he  k e r a t an  sulfate-l ike f rac t ion  was low 
(0.3% of t o t a l  GAG synthesis)  and  increased 1.7fold 
dur ing  chronic  hepa t i c  damage  (figure 2). I nco rpo ra t i on  
of t he  i so tope  into d e r m a t a n  sulfate  was no t  de tec tab le .  
The re la t ive  ra tes  of syn thes i s  of specific t ypes  of GAG 
and  the i r  a l te ra t ion  dur ing  progress ion of l iver fibrosis 
are shown in the  table .  
The t ime-course  of t he  u p t ak e  of (14C)-glucosamine b y  
cells in slices f rom n o rma l  l iver and  liver in jured  for 2 and  
5 m o n t h s  w i t h  t h ioace t amide  was no t  d i f fe rent  (figure 3). 
The mos t  charac ter i s t ic  histological  signs were  a ma rked  
i n f l ammat ion  and hepatoce l lu lar  necrosis  dur ing  the  f irs t  
2 m o n t h s  of t r e a t m e n t  wi th  a progressive f ibrosis  there -  
af ter  which  resul ted  af ter  5-7 m o n t h s  in to  a fully devel-  
oped l iver  cirrhosis. 
Discussion.  The ra te  of syn thes i s  of ind iv idua l  GAG in 
normal  and  diseased liver was  found  to  be ve ry  unequal .  
The s t rong  preva lence  of t he  syn thes i s  of h e p a r a n  sulfa te  
which  is n o t  only the  ma jo r  c o m p o n e n t  of r a t  and  h u m a n  
liver GAG *,1. b u t  also p re sen t  a t  the  surface of l iver 
cells xa and  wi th in  l iver mi tochondr i a  1~ m i g h t  be con- 
nec ted  w i t h  some of its p roposed  funct ions  1~, e.g. in t h e  
regula t ion  of cell prol i fera t ion  is. Our failure to  show a n y  
incorpora t ion  of (14C)-hexosamine in to  d e r m a t a n  sulfate  
m i g h t  be due  to  the  i nappropr i a t e  condi t ions  used, or i t  
m i g h t  ref lect  an excep t iona l  me tabo l i sm of th i s  t ype  of 
GAG. D e r m a t a n  sulfa te  c an n o t  be degraded  b y  ra t  l iver 
lysosomes ~7; therefore  its accumula t ion  in c irrhot ic  l iver 
t issues xs indica tes  t he  t r ans i t ion  f rom the  reversible  to  
t he  i r reversible  phase  is. Fu r the rmore ,  r ecen t  s tudies  on 
the  mic rohe te rogene i ty  of d e r m a t a n  sulfate  showing a 
d i sp ropor t iona te  change  of its var ious  subfrac t ions  in 
response  to  liver in ju ry  sugges t  t h a t  the  me tabo l i sm of 
l iver d e r m a t a n  sulfate  m u s t  be under  d i f fe rent  enzyma t i c  
control  x~ Therefore  i t  seems reasonable  to  assume t h a t  
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t he  syn thes i s  of t h i s  t y p e  of hepa t i c  G A G  is u n m e a s u r a b l y  
low, b u t  i t s  q u a n t i t y  g r a d u a l l y  increases  in  l iver  f ibrosis  
as a consequence  of ca t abo l i c  ine r tness  a n d  e x t r e m e  
r educed  t u r n o v e r  ra te .  A l t h o u g h  t h e  ex is tence  of k e r a t a n  
su l fa te  in  l iver  ha s  n o t  b e e n  p r o v e d  so fa r  a, ou r  d a t a  
sugges t  t h a t  n o r m a l  a n d  diseased l iver  is capab le  of 
syn the s i z ing  t h i s  special  t y p e  of GAG. 

20 K.  Becker, Z. ges. exp. Med. 144, 222 (1967). 
21 F. Hutterer, E. Rubin, E. J. Singer and H. Popper, Cancer Res. 

2L 206 (1961). 
22 K. Murata, M. Okudaira and K. Akashido, Aeta derm.-vener., 

Stockh., suppl. 73, 157 (1973). 
23 K. Sakakibara, M. Saito, M. Umeda, K. Enaka and Y. Tsukada, 

Nature 262, 316 (1976). 

D u r i n g  chron ic  l iver  i n j u r y  t he  syn thes i s  of specific G A G  
increased  d i s p r o p o r t i o n a t e l y  (figure 2, tab le) .  However ,  
t h e  degree  of s t i m u l a t i o n  was m u c h  lower  t h a n  d e m o n -  
s t r a t e d  p rev ious ly  b y  t he  in v ivo  i n c o r p o r a t i o n  of 
(3~SO4)2- 20. The  fac tors  con t ro l l ing  t h e  f o r m a t i o n  of G A G  
in  ch ron ica l ly  i n ju red  l iver  are n o t  known.  The  c h a n g i n g  
p o p u l a t i o n  of cell t ypes  d u r i n g  f ibrogenes is  21 in p a r t i c u l a r  
t h e  increased  n u m b e r  of m a s t  cells a2 a n d  t he  ab i l i t y  of t h e  
h e p a t o c y t e  to  syn thes ize  col lagen ~ necess i t a t e  ce l l - type  
d i f f e r en t i a t ed  s tud ies  of G A G  s y n t h e s i s  in l iver.  F u r t h e r -  
more ,  i t  r e m a i n s  t o  be  e s t ab l i shed  w h e t h e r  t he  a u g m e n t a -  
t i o n  of G A G  syn thes i s  is a f e a tu r e  of p a r e n c h y m a l  
r egene ra t i on  d u r i n g  chron ic  i n j u r y  r a t h e r  t h a n  a disease 
specific p h e n o m e n o n  10. 

M n  2+ e l e c t r o n  s p i n  r e s o n a n c e  s t u d i e s  o n  A T P  p h o s p h o r i b o s y l t r a n s f e r a s e  f r o m  E.  c o i l  ~ 

A. R .  Teba r ,  A. Ba l l e s t e ros  a n d  J.  Sofia 

Instituto de Catdlisis y Petroleoqutmiea, C. S. l .  C., Serrano, 119 Madrid-6 (Spain), 11 February 1977 

Summary .  E S R  b i n d i n g  s tud ies  of Mn ~+ w i t h  each  of t h e  s u b s t r a t e s  a n d  p r o d u c t s  sugges ts  t h a t  s u b s t r a t e  br idge  
complexes  are  fo rmed  in t he  reac t ion .  This  p r ed i c t i on  is conf i rmed,  c o m p a r i n g  Mn *+ + A D P  a n d  Mn ~+ + A D P  + 
e n z y m e  spec t ra .  

A T P  p h o s p h o r i b o s y l t r a n s f e r a s e  (EC. 2 .2 .2 .17)  is t h e  f i r s t  
e n z y m e  of t h e  h i s t i d ine  b i o s y n t h e t i c  p a t h w a y ,  a n d  i t  is 
a l los te r ica l ly  i n h i b i t e d  b y  t h e  end  p roduc t ,  h is t id ine*.  I t  
ca t a lyses  t h e  revers ib le  r eac t ion  of A T P  a n d  p h o s p h o -  
r i b o s y l p y r o p h o s p h a t e  ( P R i b P P )  to  yield phos pho r ibosy l -  
A T P  ( P R i b A T P )  a n d  p y r o p h o s p h a t e  2. T he  r eac t ion  re-  

qui res  Mg *+2, b u t  as in m o s t  processes  w i t h  p a r t i c i p a t i o n  

of nuc leo t ides ,  M n  *+ can  s u b s t i t u t e  for Mg 2+3. S tudies  
in  ou r  l a b o r a t o r y  w i t h  t h e  E.  coli  e n z y m e  h a v e  d e a l t  
w i t h  c o n f o r m a t i o n a l  changes  a n d  assoc ia t ion-d issoc ia t ion  
processes  ef feeted b y  s u b s t r a t e s  a n d  o t h e r  l igands.  W e  
h a v e  r e p o r t e d  on  f luorescence d a t a  4, assoc ia t ion-  dissocia-  
t i o n  s, s t e a d y  s t a t e  k ine t ics  * a n d  n i t rox ide  spin  labe l l ing  

ESR parameters of aqueous Mn *+ solutions* 

Ligand ~ ' H t  Relative ~YTa i 
(raM) 6 intensity T 

(G) 2~Vl__ (G) 
6 

- 29 346 96 

ADP (0.3) 35 63 97 

ADP (0.15) 40 54 97 
Enzyme (9 mglml) 

ADP (0.15) 
Enzyme (9 mg/ml) 38 68 94 
Histidine (1) 

ADP (0.3) - < 5 - 
PRibPP (0.3) 

ATP (0.3) 52 21 97 

ATP (0.15) 
PRibPP (0.15) 42 62 97 
Enzyme (9 mg/ml) 

* The MnC1, concentration was 0.! raM: in spectra in the presence of 
enzyme it was 0.05 raM. A~ these levels, the relatiwe intensity of the 
Signal is a function of the manganous ion concentration, AHt is the 
peak-to-peak width of the first derivative ESR signal, Yi is the peak 
height, ai is the hyperfine splitting constant. 

of t he  e n z y m e s L  I n  th i s  paper ,  a n  E S R  s t u d y  has  been  
ca r r ied  out ,  in  w h i c h  use is m a d e  of t he  M n  *+ ca t ion  
to  o b t a i n  i n f o r m a t i o n  on  t he  e n v i r o n m e n t  of t he  m e t a l  
d u r i n g  t h e  c a t a l y t i c  reac t ion .  
Materials and methods. A T P  p h o s p h o r i b o s y l t r a n s f e r a s e  
was  pur i f ied  bas ica l ly  accord ing  to  t h e  m e t h o d  of Pa r sons  
a n d  K o s h l a n d  s, as p rev ious ly  descr ibed  6, inc lud ing  a 
S e p h a d e x  G-200 step.  P r o t e i n  was  d e t e r m i n e d  b y  t he  
m e t h o d  of L o w r y  e t  a l . ' ,  w i th  insu l in  s t a n d a r d s .  P R i b P P  
(f rom Sigma) was used  w i t h o u t  f u r t h e r  pur i f ica t ion .  
P R i b A T P  was p r e p a r e d  accord ing  to  K l u n g s o y r  a n d  
K r y v i  10 inc lud ing  a S e p h a d e x  G-10 f ina l  s tep ;  t h e  p u r i t y  
was t e s t ed  w i t h  A T P  phosphor ibosy l t r ans f e r a se ,  us ing  a 
va lue  of 3 i00  M -1 cm -a for  t he  e x t i n c t i o n  coeff icient  of 
P R i b A T P  a t  p H  8.0 a n d  290 n m  u.  
E S R  m e a s u r e m e n t s  were car r ied  o u t  in  a J E O L  J M - P E - 3  
spec t rome te r ,  work ing  a t  23 ~ a n d  a t  X b a n d  (9.53 GHz),  
us ing  a m o d u l a t i o n  a m p l i t u d e  of 4 G a n d  mic rowave  
power  of 6 roW. The  so lu t ions  were  c o n t a i n e d  in  a q u a r t z  
cy l indr ica l  cell, s t a n d a r d  for t h e  J E O L  e q u i p m e n t .  The  
s o l v e n t  was  in  al l  cases 50 inM Tris-HC1 buffer ,  p H  8.0. 
A n a l y t i c a l  g rade  m a n g a n o u s  ch lor ide  was o b t a i n e d  f rom 
Merck.  
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