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, SUMMARY 

The presence of glucosamine-6-phosphate  deaminase,  which reversibly degrades 
glucosamine 6-phosphate  into fructose 6-phosphate and  ammonia ,  has been established 
in the  connective tissue developed by the subcutaneous  implanta t ion  of cot ton pellets. 
Some of the propert ies of this enz~ane are described. I t  is observed tha t  carrageenin is 
wi thout  any  effect on the induct ion of the enzyme during the development  of the 
granulomata .  Pharmacological ly high doses of cortisone, however,  inhibit  the glucos- 
amine-6-phosphate  deaminase ac t iv i ty  both in ordinary  g ranu lomata  and in those 
induced by  carrageenin.  

INTRODUCTION 

Two of the impor tan t  cons t i tuents  of granula t ion  tissue are collagen and  mucopoly- 
saccharides. In view of the recent  suggestion by  WOOD 1 tha t  mucopolysacchar ides  are 
concerned with  the  nucleation and  growth of collagen, invest igat ions have been under-  
t aken  to s tudy  the  biosynthesis  of mucopolysaccharides dur ing the development  of 
connect ive  tissue. 

In earl ier  reports  ?" 3 from this tabora toryevidence  was presented showing tha t  the 
ra te  of synthes is  of mucopolysaccharides in granula t ion  tissue of rats  was most  act ive 
48-72 h af ter  subcutaneous  implan ta t ion  of cot ton pellets. Pre l iminary  studies indica- 
ted  the  presence of the  enzymes  involved in the synthesis  ot "ac t ive  su lpha te" ,  glucosa- 
mioe  6-phosphate ,  uridine diphosphoglucose, uridine diphospho N-acety l  glucosamine 
a'ad ur idine diphosphoglucuronic acid. Evidence of a synthesis  in  vitro of chondroi t in 
su lpha te  and hyaluronic  acid was also presented. Subsequent ly ,  the  presence of the 
"ac t ive  su lpha te"  synthesiz ing enzyme sys tem was confirmed and its propert ies 
~tud ied  4. BOLLET AND SHUSTER 5 demons t ra ted  the presence of fructose-6-phosphate 
g lu tamine  t ransamidase ,  whicb :~reversibly synthesizes glucosaxnine 6-phosphate  from 
fructose 6-phosphate  and  glutamine,  in the  cul t iva ted  connective tissue. 

The present  paper  presents  the da t a  which establish the  presence of glucosamine- 
6-phosphate  deaminase  in the developing connect ive tissue. A s tudy  has also been 
made  of the effects of carrageenin and of adminis t ra t ion  in  vivo of cortisone on this 
enzyme.  
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MATERIALS AND METHODS 

Glucosamine  6-phosphate  and  N-ace ty l  g lucosamine  6-phosphate  were p repared  
according to the  me thods  described in an earl ier  paper  ~. 

Cortisone ace ta te  for inject ion was  o b t a i n e d  from Glaxo Labora tor ies  (India) 
and  carrageenin  was the  p roduc t  of Seap lan t  Chemical  Corporat ion (U.S.A.).  

The subcu taneous  co t ton  pellet  i m p l a n t a t i o n  technique  employed  for the  in- 
duc t ion  of connect ive  t issue in ra ts  was the  same as t ha t  descr ibed in an earlier 
communica t i on  4. 

Pro te in  was measu red  b y  the  m e t h o d  of WARBURG AND CHRISTIAN 7. 
Fruc tose  6 -phospha te  was de t e rmined  b y  ROE'S resorcinol m e t h o d  s and  glucos- 

amine  6-phosphate  b y  the  m e t h o d  of LEVY AND MCALLAN 9 as modif ied by  PATTABIRA- 
MAN AND BACHHAWAT 6. 

Preparation of  the enzyme 

Prote ins  were usua l ly  ex t r ac t ed  f rom the  connect ive  t issue b y  gr ind ing  in a m o r t a r  
at  o ° wi th  an equal  weight  of ana ly t i ca l  g rade  sand and wi th  twice the  vo lume  of 
,~.o5 M Tris buffer (pH 7-4) con ta in ing  0.5 M KCI. The  mix tu re  was then  cent r i fuged a t  
IO ooo "~.~ g a t  o ° for 20 rain. The  s u p e r n a t a n t  fluid was used as the source of enz3ane. 

E n z y m e  assay  was pe r fo rmed  as follows: The  react ion m i x t u r e  for the  rout ine  
es t imat ion  of g lucosamine-6-phospha te  deaminase  ac t iv i ty  conta ined  the  following in 
a vo lume of o.2 ml :  0.2/~mole of g lucosamine  6-phosphate ,  0.o2 t~mole of N-ace ty l -  
g lucosamine  6-phospha te ,  IO t~moles of Tris  buffer  (pH 8.o) o . I / , m o l e  of Mn 2+ a n d  the  
enzyme  prepara t ion .  Af te r  incuba t ion  a t  37 ° for I h, the  a m o u n t  of g lucosamine 
6-phospha te  left u n d e g r a d e d  was de te rmined .  A reagent  b l a n k  was  run  in all cases 
in which the enzyme  was added  a f te r  the  incuba t ion .  

E n z y m i c  fo rmat ion  of g lucosamine  6 -phospha te  was  d e t e r m i n e d  as follows: 
The react ion mix tu r e  con ta ined  the  following in a vo lume  of o.2 ml :  5 /*moles  of 
fructose 6-phosphate ,  20/~moles of (NH4)zCO a, o . o z / , m o l e  of N-ace ty l  g lucosamine  
6-phosphate ,  50/*moles of Tris  buffer  (pH 8.0) a n d  the  e n z y m e  p repara t ion .  Af te r  in- 
cuba t ion  a t  37 ° for I h, the  react ion was  s topped  b y  the  add i t ion  of sod ium t e t r a b o r a t e  
solution and  the  g lucosamine  6-phosphate  formed was assayed.  A b l ank  was run in all 
cases in which the e n z y m e  was added  a f t e r  the  incubat ion .  

When  the  fo rmat ion  of fructose 6 -phospha te  was measured ,  the  a m o u n t s  of 
variotL~ componen t s  of the  assay  m i x t u r e  were  increased fivefold to increase the  
accuracy  of the  de te rmina t ion .  

RESULTS 
Properties 

Effect of  enzyme concentration: As can be seen f rom Fig.  i ,  the  ra te  of degrada t ion  
of g lucosamine 6 -phospha te  by  the  enzyme  was l inear  up  to a prote in  concent ra t ion  of 
abou t  600/*g. 

Effect of pH 
Fig. 2 shows the  react ion veloci ty  as a funct ion of p H .  I t  was  found t h a t  the  

e n z y m e  was ac t ive  over  a b road  p H  range  wi th  m a x i m u m  ac t iv i ty  a t  p H  8.0. The 
enzyme  f rom o ther  sourcese, l0 s tud ied  showed a p H  o p t i m u m  of 8.5. 
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Effect of metal io::s 

It was  s h o w n  in an earl ier  report  6 that  the  brain  g l u c o s a m i n e - 6 - p h o s p h a t e  
d e a m i n a s e  w a s  a c t i v a t e d  by  d i v a l e n t  m e t a l  ions,  Mn 2+ and Hg ~-+ be ing  the  m o s t  
e f fect ive .  H e n c e  a s t u d y  was  u n d e r t a k e n  of  t h e  effect  of m e t a l  ions  on the  c o n n e c t i v e  
t i s s u e  g l u c o s a m i n e - 6 - p h o s p h a t e  d e a m i n a s e  a n d  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  I .  
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Fig.  I. E f f e c t  o f  e n z y m e  c o n c e n t r a t i o n  o n  t h e  
d e g r a d a t i o n  o f  g l u c o s a m i n e  6 - p h o s p h a t e .  F o r  

a s s a y  c o n d i t i o n s  see  t e x t .  
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Fig .  z. E f f e c t  o f  H + ion  c o n c e n t r a t i o n  o n  t h e  
e n z y m e  r e a c t i o n .  For  a s s a y  c o n d i t i o n s  see  t e x t .  

3 9 o  p g  of  e n z y m e  w a s  u s e d  in t h i s  a s s a y .  

T A B L E  1 

E F F E C T  O F  M E T A L  I O N S  O N  G L U C O S A M I N E - 6 - P H O S P H A T E  D E A M I N A S E  A C T I V I T Y  

F o r  a s s a y  see  t e x t .  o. I / , m o l e  o f  each  m e t a l  ion  w a s  a d d e d  a.~. i n d i c a t e d .  

Glm¢osamina 
6-phosphate Metal  ion added d i r .~pp~r~  

( mumoles) 

N o n e  3I .O 
Mn z~ 45-o 
Co2÷ 4 r.o 
H g  =~ 3 4 . o  
Mg a'- 2 8 . o  

It  can  be  s e e n  f r o m  the  t a b l e  t h a t  a l t h o u g h  t h e  e n z y m e  w a s  a c t i v e  e v e n  in t h e  a b s e n c e  
of  a d d e d  m e t a l  ions ,  Mn 2+ a n d  Co 2+ c o n s i d e r a b l y  s t i m u l a t e d  t h e  e n z y m e  a c t i v i t y .  
I t  was ,  h o w e v e r ,  o b s e r v e d  t h a t  the  a c t i v a t i o n  b y  H g  2+ w a s  not  as  p r o n o u n c e d  a~s w i t h  
t h e  bra in  g l u c o s a m i n e - 6 - p b o s p h a t e  d e a m i n a s e .  
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A c!ivatio:: by N-acetyl glucosamine 6-phosphate 

The  ac t iv i ty  of connect ive  tissue g lucosamine-6-phosphate  deaminase  was 
m a r k e d l y  d iminished in the absence of N-ace ty l  g lucosamine 6-phosphate .  Similar  
obserx'ations have  been made  wi th  hog k idney  1° and  brain deaminases  6. 

Effecg of  substrate concentration • 

Fig. 3 shows the react ion veloci ty  as a funct ion of g lucosamine 6-phosphate  
concen t ra t ion  wi th  and wi thou t  N-ace ty l  g lucosamine  6-phosphate .  The Km value 
for g lucosamine  6 -phospha te  was found to be 5-75" xo-4 M. I t  was also found t ha t  the  
~ t x -  of the  enzyme  for g lucosamine 6-phospha te  was cons iderably  decreased in the  
absence of N-ace ty l  g lucosamine  6 -phospha te  as was evident  f rom the higher  Km 
{x.S'xo -3 M) in the absence of N-ace ty l  g lucosamine 6-phosphate .  The Km value  for 
g lucosamine  6-phosphate  was found to  be higher  t han  those repor ted  for bra in  and  
ho~- -kidne.v deaminase  e, a0. 

Re~.ersibility of the reaction 

in the  case of hog k idney  and  bra in  deaminase  6, lo the g lucosamine  6-phospha te  
deaminase  react ion was found to  be read i ly  reversible.  The o p t i m u m  condi t ions  for 
m a x i m u m  synthes is  of g lucosamine  6 -phospha te  are i l lus t ra ted  in Table  I I .  I t  was  
found t h a t  there  was no deaminase  a c t i v i t y  when (NH4)~C0a was o m i t t e d  f rom the 
az-~ax" m i x t u r e  and  t h a t  g l u t a m i n e  did not  replace (NH4)~CO a as the  amino  donor.  I t  
was  also no ted  t h a t  N - a c e t y l  g lucosamine  6-phospha te  powerfu l ly  s t imu la t ed  the  
eng . 'me  ac t iv i ty .  I t  was  fu r the r  observed  t h a t  Mn ~+ a n d  Co ~+ s t i m u l a t e d  the  e n z y m e  
ac t ix i t v  apprec iab ly  and  t h a t  Mg ~+ did not  replace e i ther  Co ~+ or Mn 2+. 

TABLE II 

CO.'~IDITIONS F OR M A X I M U M  S Y N T H E S I S  O F  G L U C O S A M I N E  b - P H O S P H A T E  

For complete assay system see text. 

Components 

Glucosamine 
6 -phosphate 

Io.nea 
( ml~motes) 

Complete system 20.0 
Minus N-acetylglucosamine b-phosphate 4.0 
Minus ammonium carbonate o.o 
Minus i n  ~+ t z.o 
Minus ammonium carbonate plus 

glutamine o.o 
Minus Mn ~+ plus Mg ~+ iz.8 
Minus Mn 2+ plus Co ~-+ 14.4 

Fovmagion of fructose 6-phosphate 
T h e  effect of increasing the  pro te in  concen t ra t ion  on the  fo rmat ion  of fructose 

6~ph~-phate  is shown in Tab le  I I I .  The  ra te  of fo rmat ion  of fructose 6 -phospha te  was 
propor t iona l  to the  e n z y m e  concent ra t ion .  

Effect o f  carrageenin on the deaminase activity 
Fig.  4 i l lus t ra tes  a compara t i ve  s t u d y  of the  enzymic  act ivi t ies  in g r a n u l o m a t a  

induced b y  o rd ina ry  cot ton  pellets  and  those induced  b y  pellets  conta in ing  carrageenin.  

Biochim. Biophys..4cta, 69 (x963) 464-47x 
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The  . . . . .  t,_ ^~..^~_,,.~ showed *~'~ ,~, , ,~o ,,~, . . . .  .~,, . . . .  t the  e n z y m e  ac t i v i t y  was  m a x i m a l  72 h af ter  t he  
i m p l a n t a t i o n  of e i the r  ca r r ageen in -con ta in ing  or o rd ina ry  co t ton  pellets.  A p p a r e n t l y ,  
ca r rageen in  did not  induce  a n y  acce le ra ted  fo rmat ion  of g lucosamine -6 -phospha te  
deaminase .  

TABLE III  

FOR,MAT[ON OF FRUCTOSE 0-PHOSPHATE 

The assay system consisted of 1 /tmole of glucos~mine 5-phosphate, o.1 Hmole of 2N-acetylglucos- 
a m i n e  6 - p h o s p h a t e .  Io  t l m o l e s  of  T r i s  b u f f e r  ( p H  8 .o) ,  0 .5  / , m o l e  o f  M n  a+ a n d  e n z y m e  a<Id~-d a s  

mentioned in table in a total volume of 0. 5 ml. 

Frl~tose. 
Protein 6-phosphctte 

( t~g) formed 
(mttmoles) 

675 25 ° 
I35o 540 
27oo 85o 

Effect of  cortisone 

To s t u d y  the  effect of cor t i sone on t h e  d e a m i n a s e  a c t i v i t y  in t he  g r a n u l o m a t a ,  
a pha rmaco log ica l ly  h igh  dose (200 m g / k g  body  we igh t  per  day)  was  a d m i n i s t e r e d  
i n t r a m u s c u l a r l y  to ra ts .  T h e  a c t i v i t y  of t he  d e a m i n a s e  in t he  g r a n u l a t i o n  t i ssue  
was  m e a s u r e d  a t  va r ious  i n t e r v a l s  a n d  Figs.  5 and  6 show t h e  resu l t s  ob ta ined .  These  
resu l t s  ind ica ted  t h a t  t h e  cor t i sone i nh ib i t ed  t he  d e a m i n a s e  a c t i v i t y  in b o t h  o r d i n a r y  
g r a n u l o m a t a  and  those  i nduced  by  ca r r ageen in .  

D I S C U S S I O N  

This  s t u d y  has  e s t ab l i shed  the  presence  of g lucosamine -6 -phospha te  deaminasc ,  wh ich  
revers ib ly  c leaves  g lucosamine  6 -phospha t e  in to  f ruc tose  6 -phospha t e  a n d  N H  z, in 
the  g l a n u l o m a  p r o d u c e d  by  the  s u b c u t a n e o u s  i m p l a n t a t i o n  of co t ton  pellets .  T h e  
presence  of f ruc tose -6 -phospha te  t r a n s a m i d a s e ,  wh ich  i r revers ib ly  syn thes izes  glucos-  
a m i n e  6 -phospha t e  f rom fructose  6 -phospha te  a n d  g l u t a m i n e ,  h a d  a l r eady  been  demon-  
s t r a t e d  in the  connec t ive  t i ssue  by  BOLLET AND SHUSTER 5. An  ear l ieI  r epor t  f rom th i s  
labora toI3  ~, a long w i th  t h a t  of COMB AND ROSEMAN 1°, sugges ted  t h a t  the  d e a m i n a s e  
p lays  an  i m p o r t a n t  role in the  syn thes i s  of g lucosamine  6 -phospha te .  I t  m a y  be of 
in te res t  to  no t e  t h a t  ev idence  has  a l r eady  been  p r e s e n t e d  f rom this  laboratory,  showing  
t h a t  t h e  r a t e  of i nco rpora t ion  of label led me tabo l i t e s  in to  mucopo lysaccha r ide s  -° 
is rap id  du r ing  the  ea r ly  s tages  of t h e  d e v e l o p m e n t  of connec t ive  t issue.  S tudies  on 
t he  " a c t i v e  s u l p h a t e "  syn thes iz ing  e n z y m e  sys t em also ind ica te  t h a t  the  a c t i v i t y  of 
th is  enz3ane is ve ry  higil du r ing  the  ini t ia l  s tages  of connec t ive  t i ssue  g rowth .  These  
observa t ions ,  coupled wi th  t h e  fact  t h a t  the  deaminase  a c t i v i t y  also increases  
ini t ia l ly ,  s t rong ly  sugges t  a syn the t i c  role for th i s  enzyme.  However ,  LOWTHER AND 
ROGERS t~-t3 have  observed  t h a t  the  n i t rogen  a t o m  of g lucosamine  is de r ived  f rom 
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the  amide  g r o u p  of gluta~'IK-ne. T~e  ~ ~  Vanction of deaminase ,  there fore ,  still  
r e m a i n s  to be a sce r t a ined .  

I n  view of t h e  r e p o r t e d  obs~nr6i0~a r~n~n ~azrageenin  induces  the  f o r m a t i o n  of 
c o n n e c t i v e  t i ssue  w i t h  "ex-plosd~e" ~i0t~vta~ tin. the  p r e s e n t  s t u d y  on t h e  inf luence  of 
c a r r a g e e n i n  on the  develot~rnex~ ,~f aLOe ,_a3e.r~,~_~_.~e a c t i v i t y  is of p a r t i c u l a r  in te res t .  
I t  has  been  shown ~ t h a t  co~-t(m # ~  ~ ~ g  c a r r a g e e n i n  induce  a m a x i m a l  
f o r m a t i o n  of the  " a c t i v e  s u l p h a X e " ~  enzy~ le  s y s t e m  a t  an  ear l ier  s t age  a f t e r  
i m p l a n t a t i o n  t h a n  t h a t  i n d u c e d  ~.-  ~I~ o n d ~ r ~ -  c o t t o n  pel le t .  T h e  p r e s e n t  s t u d y ,  
howeve r ,  does  no t  show a n y  e~eca ,0~I ,~mma~,L~enin on t he  d e a m i n a s e  a c t i v i t y .  I t  is 
poss ible  t h a t  the  inf luence  of c a ~ ~ ~ ,  ~0m t~xe d e v e l o p m e n t  of connec t ive  t i ssue  is 
r e s t r i c t e d  to  i t s  effect on t h e  a c c e l ~ , ~ m ~ d l ~ ~ . ~ A ~  ol~ t he  " a c t i v e  s u l p h a t e "  s y n t h e s i z i n g  
e n z y m e  s y s t e m .  

I t  has  been  shown tha~t t h e  ~ ~ m m a a ~ t o t ~ -  d rug ,  cor t i sone ,  i nh ib i t s  the  for- 
m a t i o n  of granulomataX~, ~ mad ~ ~ ~ g ~  s u g g e s t e d  x7 t h a t  it  also i n h i b i t s  *he 
s y n t h e s i s  of c h o n d r o i t i n  s u l p h a ,  e. X W ~ ~ s E  AND LASH m h a v e  shown  t h a t  t h e  
i n c o r p o r a t i o n  of [~S~su lpha te  ixxto ,dh0md~0iitti~ s t f lpha te  b y  ca r t i l age  g rown  in tis- te 
cu l t u r e  is c o n s i d e r a b l y  i n h i b i t e d  ~ ,c0mlii~0m~. ~]~. ,~tLASUBRAMANIAN AND BACHHAWA T~ 
h a v e  f u r t h e r  shown t h a t  t h e  a ~ ~ i 0 a n  ~ v~vo of pha r rnaco log ica l ly  h igh  doses )f 
co r t i sone  has  a m a r k e d  i n h i b i t ~ , e ~ e o t  ,0m ~ t~  " a c t i v e  s u l p h a t e "  s y n t h e s i z i n g  en~ yLxe 
s y s t e m  in g r a n u l a t i o n  t i ssue .  T~ae ~ 0 ~ x  effect  of cor t i sone  on t he  d e a m i n a s e  
a c t i v i t y  is t h u s  c o n s i s t e n t  ~qfla , a ~ h e , ~ ~ 0 m  ot~ t h e  " a c t i v e  s u l p h a t e "  s y n t h e s i z i n g  
e n z y m e  s y s t e m .  A s imi la r  o b s e r ~ r ~ m a  ~r-,~s ~ b y  BOLLET AND SHUSTER ~ d u r i n g  
t h e i r  s t ud i e s  on t h e  effect  i n  ~ o  ~¢at ~ontffr~r~e or~ f r u c t o s e - 6 - p h o s p h a t e  g l u t a m i n e  
t r a n s a m i d a s e  in c o n n e c t i v e  ~ .  ~tt ~ , ~ s ~ ,  ut~ex~efore, t h a t  t he  i n h i b i t o r y  effect of 
a d m i n i s t r a t i o n  i n  v i vo  of p h a a - m a c d l ~ I k i g ~  ffoses of cor t i sone  on t h e  f o r m a t i o n  of 
g r a n u l o m a t a  is no t  due  t o  i t s  ~-rpc0itfic ~ o t ~ _  effect  on a n y  s ingle e n z y m e  s tud ied .  

T h e  keen i n t e r e s t  a n d  encourag~z~mm ,0~t l~f ies .~) r  J .  CHA.~DY is d e e p l y  a p p r e c i a t e d .  
T h e  i n v e s t i g a t i o n  was  supptm~ed ~ , ~ r ~  ~ t ) m  the  N a t i o n a l  Mul t ip le  Sclerosis  
Soc ie ty ,  U.S .A. ,  G r a n t  No. z_r4,3 ~ d  mqav(G0mmr~ of~ Scient if ic  a n d  I n d u s t r i a l  Resea rch  
{India) .  
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