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A b s tra c t

CYSTATHIONINE SYNTHASE: A STUDY O F THE EN ZY M E IN 

NORMAL AND DEFICIENT HUMAN CELLS

by

LYNN DALE FLEISHER 

A d v iso r: P r o f e s s o r  K u rt H irsch h o rn

The m o s t e x te n s iv e ly  s tud ied  of the d is e a s e s  of su lfu r  am in o  a c id  

m e ta b o lism  is  h o m o cy s tin u ria  due to  a de fic ien cy  o f c y s ta th io n in e  

sy n th a se  a c tiv ity , w hich i s  in h e rite d  in  an  au to so m al r e c e s s iv e  

m a n n e r . An a b sen c e  o f sy n th ase  ac tiv ity  in  a ffec ted  in d iv id u a ls  h a s  

been  d e m o n s tra te d  in  l iv e r  and b r a in ,  and m o re  re c e n tly  in  c u ltu re d  

sk in  f ib ro b la s ts  and am n io tic  flu id  c e lls ,  and in  p h y to h em ag g lu tin in - 

s tim u la te d  ly m p h o cy tes . D istingu ish ing  h e te ro zy g o te s  o n  th e  b a s is  

of lo ad in g  t e s t s  h a s  not p ro v ed  re lia b le , and thus i t  is  g e n e ra lly  

a tte m p te d  by a s s a y  of sy n th ase  a c tiv ity  in  l iv e r  b io p sy  m a te r ia l .  

H ow ever, t is s u e  c u ltu re  p ro v id e s  a rea d ily  a v a ila b le  so u rc e  of 

m a te r ia l  fo r  enzym e a s s a y  and th is  has p ro m p ted  w o rk e rs  to  se e k  

an in  v itro  m ethod  fo r  h e te ro zy g o te  de tec tion . P h y to h e m a g g lu tin in -



s t im u la te d  lym phocy tes and cu ltu red  sk in  f ib ro b la s ts  have  b e e n  u se d , 

b u t  o v e r la p  betw een  h e te ro zy g o te s  and c o n tro ls , o r  b e tw een  h e te r o ­

z y g o te s  and hom ozygous a ffec ted  ind iv idua ls , has c a s t  doubt upon  th e  

r e l ia b i l i ty  of th e  p ro c e d u re . W ithout th is  c r i t ic a l  d if fe re n tia t io n , and  

o th e r  p e r t in e n t  enzym atic  d a ta , p re n a ta l  d iagnosis  o f c y s ta th io n in e  

sy n th a se  de fic iency  h a s  not b een  fea s ib le .

T h is  d i s s e r ta t io n  d e sc r ib e s  a n  im proved  a s s a y  sy s te m , developed  

to  m e a s u re  cy sta th io n in e  syn thase  a c tiv ity  in  c u ltu re d  c e l ls ,  w hich 

a llo w s th e  d is tin c tio n  of o b lig a te  h e te ro zy g o tes  f ro m  c lin ic a lly  ty p ic a l 

h o m o zy g o tes  fo r  syn thase  defic iency , and f ro m  c o n tro ls . T h e  m ethod  

d e v e lo p e d  involved s e v e ra l  m od ifica tions of th e  cond itions u til iz e d  in  

p re v io u s  a s s a y s . T he p roduction  of L -cy sta th io n in e  b y  the c e l l  

e x tr a c t  w as l in e a r  w ith  p ro te in  con cen tra tio n  and w ith  tim e . E n z y m a ­

t i c  a c t iv i ty  w as g re a te s t  a t pH  8. 4. A ctiv ity  w as m ax im a l upon  the 

a d d itio n  o f 1 5 /im o le s  o f L -h o m o cy ste in e  and 1 0 /im o le s  of s e r in e .

T h e  o m is s io n  o f p y rid o x al phosphate  f ro m  th e  re a c tio n  m ix tu re  did 

n o t  g r e a t ly  a l t e r  the a c tiv ity  f ro m  th a t ob tained  w ith th e  s ta n d a rd  

am oun t o f  0. 015 jum oles. H ow ever, when th e  p y rid o x a l p h o sp h a te  

w as in c r e a s e d  to 0. 5 /im o le s  a  s ign ifican t in c re a s e  in  p ro d u c t fo r m a ­

tio n  w as seen .



U tiliz in g  th is  im proved  s y s te m , cysta th ion ine  sy n th a se  a c tiv ity  was 

d e te c te d  and quantified  in  cu ltu red  lo n g - te rm  lym phoid  c e ll  l in e s . 

M ean ( i- SEM) c o n tro l en zy m atic  ac tiv ity  w as found to  be  9 .4 9  - 0. 98 

n m o le s /m g  p ro te in /h o u r . O bligate  h e te ro z y g o te s  fo r  sy n th ase  

d e fic ie n c y  had a c tiv ity  of 3. 21 i  0. 37, and a  c lin ic a lly  ty p ic a l 

p a tie n t had a c tiv ity  of 0. 88. T h ese  d a ta  su g g e s t th a t  u til iz a tio n  of 

c u ltu re d  lym phocy tes fo r the  in  v itro  d e te c tio n  of c a r r i e r s  and 

p a tie n ts  w ith sy n th ase  defic ien cy  is  fe a s ib le .

E n zy m atic  a c tiv ity  in  cu ltu red  sk in  f ib ro b la s ts  w as h ig h es t in  con ­

t r o ls  (m ean i - SEM = 20. 97  ̂ 1. 81), in te rm e d ia te  in  ob liga te  h e te ro ­

z y g o te s  (4 .40  t  0. 92), and lo w est in  p a tien ts  (0. 77 I - 0 .4 2 ). Of the 

five  hom ozygo tes s tu d ied , a c tiv ity  was d e te c ta b le  in  th r e e ,  two of 

w hom  d e m o n s tra te d  v a lu es of 0. 74 and 0. 83. T he th ird ,  docum en­

ted  to  be  c lin ic a lly  and b io ch em ica lly  a ty p ic a l, had an  en zy m atic  

a c tiv i ty  of 2. 29, w hich fe ll  a t the  low e x tre m e  of th e  h e te ro zy g o te  

g ro u p  and w as the  only overlapp ing  value  d e te c te d . C u ltu red  sk in  

f ib ro b la s ts  f ro m  two s ib s  of a  pa tien t w e re  a lso  in v e s tig a te d . The 

f i r s t  had  a  sy n th ase  a c tiv ity  of 21. 60 and w as c la s s if ie d  as n o rm a l, 

w hile  th e  second showed an  ac tiv ity  of 6. 76, su g g e s tin g  a  h e te ro ­

zygous condition .

E n zy m a tic  a c tiv ity  in  cu ltu red  n o rm al fe ta l  f ib ro b la s ts  w as found to 

be  32. 89 - 5. 06 and c u ltu red  n o rm a l am n io tic  flu id  c e lls  had ac tiv ity  

of 40. 70 - 4. 58. T h e re  was no s ig n ifican t d iffe re n c e  betw een  the



m eans of th e se  two g ro u p s , bu t both d if fe re d  s ig n ifican tly  (p< .001) 

f ro m  th e  m ean  found in  c o n tro l adu lt f ib ro b la s ts ,  A m nio tic  flu id  

ce lls  ob ta in ed  during th e  s ix tee n th  w eek  of p reg n a n c y  f ro m  an  

ob liga te  he te rozygo te  m o th e r  w e re  c u ltu re d , and ly sa te s  f ro m  the 

ce ll c u ltu re s  w ere  an a ly zed  fo r  sy n th a se  a c tiv ity . A c tiv ity  was 

found to  be ex trem e ly  h igh  (73. 79), an d  the d ia g n o s is  w as m ade, 

and la t e r  confirm ed , th a t  the  w om an c a r r i e d  a n o rm a l fe tu s .

A p p ro p ria te  k inetics w e re  e s ta b lis h e d  fo r  c y s ta th io n in e  sy n th ase  in  

a ll  o f the  above cell ty p e s , and  the  d is s e r ta t io n  d ire c ts  i t s e l f  to a 

d isc u ss io n  of the im p o rtan ce  o f th is  ty p e  of in v e s tig a tio n  in  the  study 

of hum an  b iochem ical g e n e tic s .
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I. INTRODUCTION

A m in o ac id u ria

In 1810 c y s tin e , the f i r s t  am ino  acid  to  b e  iso la te d , was 

p re p a re d  fro m  a u r in a ry  ca lcu lu s by W. H. W o lla s to n  (172). A lm ost 

a c e n tu ry  p assed  b e fo re  the c la s s ic  d e s c r ip t io n  of A . E . G a rro d  (50), 

w hich su g g ested  tha t s e v e ra l genetic  d is e a s e s  w e re  cau sed  by inborn  

e r r o r s  of am ino acid  m e tab o lism . S t i l l  a n o th e r  fo r ty  y e a r s  w ere  to 

e la p se  b e fo re  th e  developm ent of s im p le  la b o ra to ry  m ethods fo r the 

c lin ic a l in v es tig a tio n  of a m in o ac id o p a th ie s ; th a t  i s ,  techn iques su itab le  

fo r  the d e te c tio n  and id en tifica tio n  of u r in a ry  am ino  a c id s . The 

c r i t ic a l  co n trib u tio n  was the developm en t of tw o -d im e n s io n a l p ap e r 

c h ro m a to g rap h y  (71), which allow ed th e  id e n tif ic a tio n  and quan tita tive  

e s tim a tio n  of each  am ino ac id  in  a m ix tu re . A p p lica tio n s  of th is  

m ethod soon follow ed (31,32) and s t i l l  con tinue  to in c r e a s e  our u n d e r-  ' 

s tand ing  of bo th  a b e r ra n t  and n o rm a l am ino a c id  m e ta b o lism . S ystem s 

u tiliz in g  ion -exchange  c h ro m a to g rap h y  (109, 110), e le c tro p h o re s is  (108), 

and m ic ro b io lo g ica l a s sa y  of s ing le  am ino  a c id s  (173) have g re a tly  

expanded our know ledge in th is  a re a .

1
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N um erous d is e a s e s ,  bo th  a c q u ire d  and  h e re d i ta ry , have been  

found to be a s s o c ia te d  w ith a m in o a c id u ria  (41). The n u m b er o f 

h e re d i ta ry  d is o rd e rs  o f am ino  a c id  m e ta b o lism  d isc o v e re d  has 

in c re a s e d  f ro m  about sev en  in  1948 to  m o re  than  fo r ty  in  1970. 

A m in o ac id u ria , how ever, is  no t a lw ays a  pa tho log ic  condition . N o rm al 

u rin e  co n ta in s sm a ll  am oun ts of m any  am ino  a c id s . The s itu a tio n  is  

e sp e c ia lly  d ifficu lt to ev a lu a te  d u rin g  the f i r s t  few  m on ths o f life , when 

s e v e ra l  am ino a c id s  a r e  e x c re te d  in  in c re a s e d  am oun ts in to  the  u r in e . 

T his is  p re su m a b ly  b e ca u se  re n a l  tu b u la r  re a b so rp tiv e  m ech an ism s 

a re  not fu lly  developed  o r  b e ca u se  re le v a n t enzym es a r e  no t fu lly  

ac tiv e  a t  b ir th . E ven when a sp e c ific  am ino ac id  is  e x c re te d  a s  a 

re s u l t  o f a d e fec tiv e  enzym e th e re  m ay  be no d is e a s e  a s s o c ia te d  w ith 

the b io ch em ica l a b n o rm a lity . B e ta -a m in o iso b u ty r ic  a c id u r ia  is  a  w e ll-  

known exam ple  of such  a " h a rm le s s "  in b o rn  e r r o r  of m e ta b o lism  (41).

D ise a s e s  a s s o c ia te d  w ith  a m in o a c id u ria  m ay be h e r ita b le  o r  

a cq u ired . T h e re  a r e  a la rg e  n u m b er o f a c q u ire d  d is o rd e rs  w hich 

re s u l t  in  b lood and u r in e  am ino  a c id  a b e r r a t io n s ,  includ ing  p ro te in  and 

v itam in  d e fic ie n c ie s  and  l iv e r  n e c ro s is .  The h e r i ta b le  a m in o ac id u ria s  

m ay be seco n d a ry  m an ife s ta tio n s  o f o th e r  d is e a s e s  such  a s  F a n c o n i's  

synd rom e, w hich invo lves g e n e ra liz e d  and  no n sp ec ific  p ro x im a l tu b u la r  

dam age, o r  g a la c to se m ia , in  w hich e x c e ss  g a la c to se  1 -phosphate  i n te r ­

f e re s  w ith  the  t r a n s p o r t  m e c h a n ism  in  the  ra n a l  tu b u les  (28). H e ritab le  

am in o ac id o p a th ies  m ay  a lso  be p r im a ry ,  re s u ltin g  f ro m  an in b o rn  e r r o r  

of am ino ac id  m e ta b o lism  o r  t r a n s p o r t .  One o r  m o re  am ino  ac id s  a r e



se en  to  accu m u la te  in  th e  u r in e  and o ften  a lso  in  th e  blood and o th er 

body flu id s .

T h ree  types of p r im a ry  a m in o a c id u r ia  can  be d is tin g u ish ed .

T he "overflow " p a tte rn  of a m in o a c id u ria  invo lves an  in c re a s e  in  the  

p la sm a  le v e l of one o r  m o re  am ino  a c id s ,  p re su m a b ly  re s u ltin g  fro m  

a  m etab o lic  b lock  p roduced  by  d e fic ie n t en zy m atic  a c tiv ity , w ith  a 

consequen t overflow  into th e  u r in e . P h e n y lk e to n u ria  is th e  m o st 

com m on exam ple  of th is  type of a m in o a c id u r ia , in  w hich the am ino 

a c id s  involved undergo  n o rm a l r e n a l  tu b u la r  re a b so rp tio n , but o v e r ­

flow  when the  a b so rp tio n  s i te  is  s a tu ra te d . T h ese  d is o rd e rs  a r e  b e s t 

d e tec ted  by  analyzing  the blood s e ru m  o r  p la sm a . L o w -th resh h o ld  

(or n o -th resh h o ld ) a m in o a c id u ria s  a r e  a lso  due to d e fic ie n c ie s  of 

enzym es involved in  am ino  ac id  m e ta b o lism . H ow ever, the  u n m e ta ­

bo lized  su b s tra te s  c o llec tin g  behind  the  m e tab o lic  b lock  do not 

accu m u la te  to a  v e ry  h igh  c o n c e n tra tio n  in  th e  b lood. T hey a re  

ex c re te d  in  la rg e  q u an titie s  in to  th e  u r in e , w ith  a  r a te  app rox im ating  

th a t of inu lin , p re su m a b ly  b e c a u se  th e  k idneys lac k  the  m ec h an ism  

fo r rea b so rb in g  th em . T h is la c k  of a c tiv e  re n a l  tu b u la r  re a b so rp tio n  

is  com m on am ong su b s ta n c es  th a t s e rv e  as in te rm e d ia te s  in  in t r a ­

c e llu la r  m etab o lic  pathw ays and thus a r e  n o t  n o rm a lly  found in  e x tr a ­

c e llu la r  flu id . H om ocystine  and c y s ta th io n in e  a r e  two su ch  su b s ta n c e s , 

and d is o rd e rs  in  th e ir  m e ta b o lism  a r e  m o s t e a s i ly  d e tec ted  by an a ly sis  

of u r in e  sa m p le s . R en a l, o r  t r a n s p o r t  a m in o a c id u ria s  r e s u l t  fro m  a 

defec tive  p ro te in  involved in  the  t r a n s p o r t ,  r a th e r  th an  th e  m e tab o lism ,
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of one o r  m o re  am ino  a c id s . T h e se  am ino  ac id s  leak  in to  the  u r in e , 

in the p re s e n c e  of n o rm a l o r  low  p la sm a  c o n ce n tra tio n s , b ecau se  th e ir  

t ra n s p o r t  a c ro s s  the  r e n a l  tu b u la r  m e m b ra n e s  is b locked . H a rtn u p ’s 

d ise a se  and c y s tin u r ia  a r e  ex am p les  of re n a l  a m in o a c id u ria s . A m ino­

a c id u ria  m ay a ls o  invo lve  a  m ix tu re  of am ino  a c id s , one o r  m o re  of 

w hich a r e  in  e x ce ss  due to  an  o v e rflo w  m e c h a n ism , and one o r  m o re  

of w hich a re  n o -th re sh h o ld  su b s ta n c e s .

T hus, h e re d i ta ry  a m in o a c id u r ia  is  in trig u in g  to  th o se  involved 

in  the  study  of b io ch e m ic a l g e n e tic s , a s  i t  o ften  r e p re s e n ts  the  d ire c t  

re s u l t  of an  a lte re d  m e ta b o lic  pathw ay and m ay  lead  to a  b e tte r  u n d e r ­

standing  of n o rm a l m e ta b o lism . F u r th e rm o re ,  d e fec tiv e  a c tiv ity  of 

enzym es involved in  am ino  ac id  m e ta b o lism  m ay  re s u l t  in  m en ta l 

re ta rd a tio n . T he stu d y  of a m in o a c id u r ia  has thus been  of c lin ica l 

s ig n ifican ce  in  th e  d iag n o s is  and tr e a tm e n t  of m en ta lly  defec tive  in d i­

v iduals and m o re  re c e n tly , in  th e  p rev e n tio n  of th e ir  b i r th .  S e v e ra l 

types of su lfu r a m in o a c id u ria s  have  b een  re p o r te d , includ ing  hom o- 

c y s tin u ria , c y s ta th io n in u ria , and su lf ite  ox idase  d e fic ien cy , w hich 

w ere  found in m en ta lly  d e fic ie n t p a tie n ts . S trik in g  advances in  the 

understand ing  of o rg an ic  su lfu r  m e ta b o lism  a r e  o c cu rin g , m any v ia  

d isc o v e rie s  of in b o rn  e r r o r s  of m eth io n in e  m e tab o lism .

M eth ion ine M e tab o lism

M uch of th e  e a r ly  in fo rm a tio n  re g a rd in g  the tra n s s u lfu ra tio n  

pathw ay cam e f ro m  feed ing  e x p e r im e n ts  w ith  r a ts  w hich showed th a t



5

m eth ion ine  w as e s s e n t ia l  fo r  g row th  and in  th is  c ap ac ity  could  s u b s ti ­

tu te  fo r  c y s tin e  (131). H om ocyste ine  w as la te r  found to be an  ad eq u a te  

a l te rn a te  fo r  m eth io n in e , p ro v id in g  th a t a  so u rc e  of p re fo rm e d  m ethy l 

g roups w as a v a ila b le . T h ese  o b se rv a tio n s  in  la b o ra to ry  a n im a ls  w ere  

la te r  co n firm ed  in  p a tie n ts  w ith c y s tin u r ia  by the  d e m o n s tra tio n  th a t  

feed ing  e ith e r  m eth ion ine  o r  h o m o cy ste in e  could  in c re a s e  c y s tin e

P 5 1
e x c re tio n  (35). F u r th e r m o re ,  th e  su lfu r m o ie ty  oft. S jm eth ion ine , 

and l a t e r  c y s ta th io n in e , w as found to a p p e a r  in  c y s tin e . T h is in fo r ­

m atio n  c o n firm ed  th e  e x is te n c e  of a tra n s s u ifu ra t io n  pathw ay and 

e s ta b lish e d  both h o m o cy ste in e  and  cy sta th io n in e  a s  in te rm e d ia te  

com pounds. M ore re c e n tly , en zy m atic  s tu d ies  have co n trib u ted  to 

the d e lin e a tio n  of th e  e n tire  pathw ay.

T he m e ta b o lism  of the  su lfu r-c o n ta in in g  am ino ac id s  i s  i l l u s ­

t r a te d  in  F ig u re  1. F u n d a m en ta lly , m eth ion ine  h as fo u r m etab o lic  

ro le s  in  m an . It i s  an  e s s e n t ia l  am ino a c id , supplying i ts  im p o r ta n t  

su lfu r a to m , and th u s  a n e c e s s a ry  p r e c u r s o r  in  the  sy n th e s is  of 

p ro te in  in  the  body. Via c o n v e rs io n  to  S -ad en o sy lm e th io n in e , 

m eth ion ine  s e rv e s  a s  th e  m a jo r  b io lo g ica l m ethy l group d o n o r, and 

a lso  a s  a  so u rc e  o f the  am in o p ro p y l g roup  t r a n s f e r r e d  in  the  f o r m a ­

tion  of the  p o ly am in es  sp e rm id in e  and sp e rm in e . M ethionine is  a lso  

c o n v erted  by  m ean s of the  t r a n s s u ifu ra t io n  pathw ay to c y s ta th io n in e , 

c y s te in e , and d e r iv a tiv e s  o f c y s te in e .
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F ig u re  1. The m e ta b o lism  of the su lfu r-co n ta in in g  am ino  a c id s .
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M eth ion ine  e n te rs  th e  am ino acid  pool f ro m  d ie ta ry  in ta k e  and 

f ro m  th e  b reak d o w n  o f body p ro te in . T he am ino acid  is  f i r s t  a c tiv a te d  

by c o n v e rs io n  to S -ad en o sy lm e th io n in e  ("ac tive  m e th io n in e") in  a 

r e a c tio n  w h ich  is  c a ta ly ze d  by m e th io n in e -ac tiv a tin g  enzym e and w hich 

r e s u l ts  in  th e  t r a n s f e r  of a n  adenosy l g roup  to th e  su lfu r a to m  of 

m e th io n in e . (Schem e a).
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The fo rm a tio n  of S -ad en o sy lm e th io n in e , a  high en e rg y  com pound due 

to the  p re s e n c e  of th e  m e th y l-su lfo n iu m  bond, is  an  u n u su a l re a c tio n . 

D uring  th e  re a c t io n  th e  th re e  phosphate  groups of A T P  a r e  bound to  

the  enzym e a s  P P P i  w hich is  c leaved  to  py rophosphate  and o r th o ­

phosphate  b e fo re  r e le a s e .  T hus, the  en erg y  of c leavage  of th e  e s t e r  

bond b e tw een  ad en o sin e  and P P P i ,  and the  en erg y  of c le av a g e  of one 

p y ro p h o sp h a te  linkage  is th e  d riv in g  fo rc e  of the  re a c tio n . In a d d itio n , 

the  e n e rg y  o f c leav ag e  of th e  re su ltin g  pyrophosphate  to o rth o p h o sp h a te



8

by in tr a c e l lu la r  p y ro p h o sp h a tase  adds to  th e  d r iv in g  e n e rg y .

T he su lfon ium  com pound im m e d ia te ly  d o n a tes  i ts  m e th y l g roup  

to  a p p ro p r ia te  a c c e p to r  m o lecu le s  and th e  tra n s m e th y la tio n  re s u l ts  

in  th e  fo rm a tio n  of S -ad en o sy lh o m o cy ste in e . In th e  p re s e n c e  of 

su ita b le  t ra n s m e th y la s e s  the  m ethy l g roup  f ro m  S -a d en o sy lm e th io n in e  

is  u til iz e d  in  th e  fo rm a tio n  of m any  im p o rta n t b io lo g ic a l com pounds. 

One s ig n if ic a n t function  is  in  the  fo rm a tio n  of c re a t in e ,  w hich  is 

n e c e s s a ry  fo r  th e  s to ra g e  of h igh  en e rg y  phosphate  in  s k e le ta l ,m u sc le  

(Schem e b).
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A t r e s t ,  c re a tin e  is  in  the fo rm  of p h o sp h o c re a tin e , w hich spon taneously  

c y c liz e s  to fo rm  c re a tin in e . C re a tin in e  is  e x c re te d  in to  the u rin e  and 

thus is  a c o n s tan t d ra in  on  th e  supply  of m e th y l g ro u p s . S -a d e n o sy l-  

m eth ion ine  a lso  donates th e  th re e  m eth y l g ro u p s  needed  fo r  the  fo rm a ­

tio n  of phosphatidy l cho line , the  p h ospho lip id  invo lved  in  m em b ran e  

s t ru c tu re  and tr ig ly c e r id e  t r a n s p o r t ,  w hich is  h y d ro ly zed  in tra c e l lu -  

la r ly  to fo rm  cho line . T h is  o c c u rs  in  th re e  su c c e s s iv e  t r a n s f e r s .

M ethyl g ro u p s a re  a lso  e n z y m a tic a lly  t r a n s f e r r e d  f ro m  S -a d e n o sy l-  

m eth ion ine  to r ib o n u c leo tid es  a s se m b le d  on  DNA, to fo rm  the u nusua l 

m e th y la ted  d e r iv a tiv e s  o f the  com m on b a s e s .  O th e r  ro le s  fo r  the 

m eth y l g roup  d e riv e d  f ro m  S -ad en o sy lm e th io n in e  inc lude  the fo rm a tio n  

o f ep in ep h rin e  f ro m  n o re p in e p h rin e , and i ts  fu r th e r  m e ta b o lism , the  

fo rm a tio n  of c a rn o s in e  f ro m  a n s e r in e , and  the  d e g ra d a tio n  of h i s ta ­

m ine . The t r a n s f e r  of th e  a m in o p ro p y l g roup  of S -ad en o sy lm e th io n in e , 

r a th e r  than  i ts  m ethy l g roup , is  invo lved  in  the  sy n th e s is  o f the  p o ly a ­

m in es  sp e rm id in e  and s p e rm in e . T h ese  p o ly ca tio n ic  com pounds se e m  

to o c c u r  in  a s so c ia tio n  w ith  n u c le ic  a c id s  and  m ay  be im p o rta n t in 

c o n tro l m ec h an ism s  involved  in  p ro te in  sy n th e s is  a n d /o r  c e ll  d iv is io n . 

The d iam ine  p u tre s c in e  is  fo rm e d  by  the  d e ca rb o x y la tio n  of o rn ith in e . 

The am ino  a c id  sk e le to n  of S -ad en o sy lm e th io n in e  is  t r a n s f e r r e d ,  a f te r  

d eca rb o x y la tio n , to condense  w ith p u tre s c in e  to fo rm  sp e rm id in e  and  

sp e rm in e . A sing le  enzym e se e m s  to  be invo lved  in  the  t r a n s f e r  and 

d eca rb o x y la tio n  in  a n im a ls  (Schem e c).
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S -a d en o sy lh o m o cy ste in e  is  a  th io e th e r , s im ila r  to  m eth io n in e , 

and i ts  fo rm a tio n  du rin g  tra n s m e th y la tio n  l ib e ra te s  f re e  e n e rg y  due 

to the  lo s s  of th e  su lfon ium  s t r u c tu r e .  T he com pound is  en zy m a tica lly  

hydro lyzed  to ad en o sin e  and h o m o c y s te in e . T he h om ocyste ine  can  

th en  follow  one of two m e ta b o lic  p a th w ay s . It m ay  be rem e th y la te d  to 

fo rm  m eth ion ine  by one of a t  le a s t  two enzym e s y s te m s , one involving 

b e ta in e  and the  o th e r , N -5 -m e th y lte tra h y d ro fo la te . In e ith e r  c a se  a  

cycle  would be com pleted  and m e th io n in e  w ould be c o n serv ed  fo r 

u til iz a tio n  in  p ro te in  sy n th e s is  o r  in  th e  fo rm a tio n  of S -a d en o sy lm e - 

th ion ine . It is  lik e ly  th a t bo th  th e  b e ta in e  and fo la te  pathw ays c o n tr i ­

bute to the re m e th y la tio n  function .

One of the  p r im a ry  s o u rc e s  of m e th y l g roups fo r  the  r e g e n e ra ­

tion  of m eth ion ine  is  ch o lin e . To m ak e  the  re a c tio n  e n e rg e tic a lly  

fe a s ib le  choline is  ox id ized  a t  i ts  a lc o h o l c a rb o n  to fo rm  b e ta in e  

(Schem e d). T h is o c c u rs  in  two o x id a tio n  s te p s , w ith in  the  m ito ­

ch o n d ria , and the  re a c tio n s  a r e  linked  to  the  e le c tro n  t r a n s p o r t  chain , 

g e n e ra tin g  five m o le s  of h igh  e n e rg y  phosphate .
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B e ta in e , o r  N ,N ,N - tr im e th y lg ly c in e , then  donates one of i ts  m e th y l 

g roups to  fo rm  m eth io n in e  (Schem e e).
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F la v o p ro te in  o x id ase s  w ith in  m ito c h o n d ria  can  rem o v e  the r e m a in ­

ing m e th y l g ro u p s , w hich  no lo n g er have a  h igh  en erg y  n a tu re  due to  

lo ss  o f the q u a r te rn a ry  n itro g e n  s t r u c tu r e ,  f ro m  N, N -d im e th y lg ly c in e . 

The m e th y l g roups a r e  ox id ized  to  fo rm ald eh y d e , and th e se  o x id a tio n s 

a re  a ls o  linked  to th e  e le c tro n  t r a n s p o r t  cha in , g en era tin g  tw o a d d itio ­

nal m o le s  of h igh  e n e rg y  phosphate  fo r  each  p a ir  of e le c tro n s  t r a n s ­

fe r r e d .  T he fo rm ald eh y d e  can  be fu r th e r  oxidized w ith in  th e  m ito ­

ch o n d ria  to fo rm a te  and on to c a rb o n  d iox ide . A lte rn a te ly , i t  can add 

to th e  o n e -c a rb o n  pool by com bining  w ith  te tra h y d ro fo la te . T h u s, th e
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m eth y l g ro u p  donated  by m eth ion ine  to  the choline re s id u e  of th e  p h o s­

pho lip id s is  n o t lo s t .  W hen ex ce ss  choline a ccu m u la te s  f ro m  d e g ra d a ­

tion  of p h o sp h a tid y lch o lin e , th e  m e th y l groups can be  re c o v e re d  v ia  

d ire c t  re m e th y la tio n  of h o m o cy ste in e  to  m ethionine o r  by in c o r p o r a ­

tio n  in to  th e  o n e -c a rb o n  pool.

T h e  m e th y l g roup  n e c e s s a ry  fo r  the re g e n e ra tio n  of m e th io n in e  

can  a ls o  be o b ta in ed  d ire c tly  fro m  th e  on e -carb o n  pool. T r a n s f e r  of 

a  m e th y l g ro u p  f ro m  N -5 -m e th y lte tra h y d ro fo la te  to h o m o cy s te in e  

o c c u rs  v ia  a  r e a c t io n  c a ta ly ze d  by an  enzym e re q u ir in g  a B12 

(cobam ide) d e r iv a tiv e  as a  coenzym e. (Scheme f). The re s u l t in g  

te tr a h y d ro fo la te  can  re c e iv e  a  m ethy lene  group f ro m  s e r in e  in  a  

re a c t io n  c a ta ly z e d  by s e r in e  h y d ro x y m e th y ltra n s fe ra se , and re q u ir in g  

p y rid o x a l p h o sp h a te  (P L P ) as c o fa c to r . M ethylene te tra h y d ro fo la te  

r e d u c ta s e  c a ta ly z e s  th e  nex t re a c tio n , to com plete  th e  c y c le , fo rm in g  

N -5 -m e th y lte tra h y d ro fo la te . (Schem e g). Im p a irm e n t of th e  r e m e t­

h y la tio n  of h o m o cy s te in e  by N -5 -m e th y lte tra h y d ro fo la te  m e th y l tr a n s -  

f e r a s e ,  due to  d e fe c tiv e  m e ta b o lism  of the n e c e s s a ry  co b am id e  coen ­

zy m e , r e s u l t s  in  a  sy n d ro m e  c h a ra c te r iz e d  by h o m o c y s tin e m ia , 

c y s ta th io n in e m ia , and hypom eth ion inem ia  (70, 97, 9 9 ,1 1 8 ,1 1 9 , 121). 

M e th y lm a lo n ic a c id u ria  is  a ls o  a  f e a tu re , due to the  r e q u ire m e n t  of 

a  B12 c o en z y m e  by m eth y lm alo n y l-C o A  m u tase , w hich  c a ta ly z e s  the 

is o m e r iz a t io n  o f L -m e th y lm alo n y l-C o A  to succiny l-C oA , H o m o cy s- 

t in u r ia  h a s  a ls o  b een  a s s o c ia te d  w ith  a  defic iency  of m e th y le n e -  

te t ra h y d ro fo la te  re d u c ta s e  a c tiv ity  (120).
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Ŝ lO-mtAWî tne-
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5, 10 -m ethy lene  te tra h y d ro fo la te  i s  a lso  im p o r ta n t  in  th e  sy n ­

th e s is  of th y m id y la te  and th u s , DNA (Schem e h).

A x ­

i ­

om rt

c d ,

2 *- deov
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The second  m e ta b o lic  pa thw ay  a v a ila b le  to h o m o cy ste in e  

p ro v id es  an  e x it f ro m  th e  t r a n s m e th y la tio n - re m e th y la tio n  cy c le . In 

the  p re s e n c e  of the enzym e c y s ta th io n in e  sy n th a se , w hich a p p e a rs  to  

re q u ire  p y rid o x a l p h o sp h a te  (P L P ) a s  i ts  coenzym e (88 , 111), s e r in e  

and h om ocyste ine  u ndergo  c o n d en sa tio n  to fo rm  cy sta th io n in e  

(Schem e i).

-  JL-

COO^

c o o ®  ® Y U U C .-U

r t - C . -  H v t ®  0 V \  I

I f  B l & \

• * 0

U- v\\ a «.

C ysta th ion ine  is  th en  h y d ro ly tic a lly  c leav ed  to y ie ld  c y s te in e  and 

a -k e to b u ty ra te  in  the  p r e s e n c e  o f the  enzym e c y s ta th io n a se  and the 

coenzym e p y rid o x a l p h o sp h a te . A d e fic ien cy  of c y s ta th io n a se  a c tiv ity
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m ay  r e s u l t  in  th e  c lin ic a l  sy n d ro m e  of c y s ta th io n in u ria . T he 

c y s te in e  fo rm e d  c an  th en  p a r t ic ip a te  in  sy n th e tic  r e a c t io n s ,  o r  be 

o x id ized  to c y s tin e , ta u r in e , and  in o rg a n ic  su lfa te . S im ila r ly , 

e x c e s s  h o m o cy s te in e  can  be o x id ized  to h o m o cy stin e . In th e  n o rm a l 

a d u lt 80-90%  o f d ie ta ry  m eth io n in e  in tak e  is  b a lan ced  by th e  e x c re tio n  

of in o rg a n ic  su lfa te  and  ta u r in e .  I t h a s  b een  e s ta b lis h e d  (95) th a t th is  

t r a n s s u l fu ra t io n  pa thw ay  is  th e  dom inan t one fo r  the  c o n v e rs io n  of the  

su lfu r  a to m  o f m eth io n in e  to  in o rg a n ic  su lfa te . N o rm a lly , d ie ta ry
V

m eth io n in e  is  e s s e n t ia l  fo r  g row th  and developm en t in  m a m m a ls  

(136, 170), w hile  c y s te in e  is  a  " n o n -e s s e n tia l"  am ino ac id  in  th e  a d u lt. 

H ow ever, c y s te in e  o r  c y s tin e  can  lo w e r th e  m eth ion ine  re q u ire m e n t, 

th u s  " s p a r in g "  m eth io n in e  (135, 138 ,171), a lthough m e th io n in e  canno t 

be  to ta l ly  re p la c e d  (136, 139, 170).

T he e q u ilib r iu m  of th e  re a c tio n  S -a d en o sy lh o m o cy ste in e  

h o m o cy s te in e  and a d en o sin e  i s  s tro n g ly  in  the  d ire c tio n  of s y n th e s is ,  

w h ile  the  c o n d en sa tio n  of s e r in e  and  h o m o cy ste in e  to c y s ta th io n in e  

i s  g e n e ra lly  c o n s id e re d  i r r e v e r s ib le  in  v ivo . F r e e  h o m o cy s t(e )in e  

i s  no t n o rm a lly  p r e s e n t  in  t i s s u e s  o r  body f lu id s . T h u s, th e  d e te c tio n  

of h o m o cy s tin e  in  th e  u r in e  o f an  in fan t w ith  co n g en ita l a n o m a lie s  and  

f a i lu re  to  th r iv e  (64), and in  tw o m e n ta lly  r e ta rd e d  s ib s  w hose  c lin ic a l  

f e a tu r e s  w e re  th o u g h t to  su g g e s t a p o ss ib le  m etab o lic  d e fe c t (23), 

in d ic a te d  th a t th e  p ro b le m  could  invo lve  th e  m e ta b o lism  of m e th io n in e . 

T he o r ig in a l  h y p o th e s is  (21) su g g e s te d  th a t  th e  im m e d ia te  c a u se  o f th e  

pa tho logy  in  h o m o c y s tin u ria  m ig h t be  a  c y s tin e  d e fic ien cy , due to  an
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e r r o r  in  th e  c o n v e rs io n  of m eth ion ine  to  c y s te in e , o r  a  p ro b le m  in  

m eth io n in e  t r a n s p o r t .  H ow ever, in  1964, Mudd and h is  c o lle a g u e s

(114) d e m o n s tra te d  a d e fic ien cy  of cy sta th io n in e  sy n th a se  a c t iv i ty  in  

l iv e r  o b ta in ed  f ro m  a ch ild  w ith  h o m o c y s tin u ria , and p ro p o se d  th a t 

th is  enzym e d e fic ien cy  c au se d  the d is o rd e r .  A lthough th e r e  a r e  

o th e r  b io c h e m ic a l le s io n s  re su ltin g  in  th e  e x c re tio n  of h o m o cy s tin e  

(70, 97, 9 9 ,1 1 8 -1 2 1 ) by f a r  th e  m a jo r ity  of c a s e s  r e p r e s e n t  c y s ta ­

th io n in e  sy n th a se  d e fic ien cy , and a ll  r e fe re n c e s  below  to h o m o ­

c y s t in u r ia  w ill p e r ta in  to  th is  type u n le s s  o th e rw ise  n o ted .

H o m ocystinu ria

A lthough  on ly  rec o g n ize d  a s  a c lin ic a l en tity  s in c e  1962 (2 3 ,6 4 ), 

h o m o c y s tin u r ia  h a s  s in ce  b een  re p o r te d  in  m o re  th an  one  h u n d re d  

p a tie n ts  and  r e p r e s e n ts  th e  m o s t ex ten siv e ly  s tu d ied  o f th e  d is e a s e s  

o f  su lfu r  am in o  a c id  m e ta b o lism . In fu ll dev e lo p m en t, th e  c lin ic a l  

p ic tu re  is  qu ite  d is tin c tiv e  (2 2 ,5 6 ,1 4 3 ), and re s e m b le s  M a rfa n 's  

sy n d ro m e . T he p a tie n ts  a p p e a r  n o rm a l a t b i r th  and th e  a v e ra g e  

d e v e lo p m e n ta l m ile s to n e s  a r e  g e n e ra lly  ach iev ed  d u rin g  th e  f i r s t  two 

y e a r s  o f l i f e .  H ow ever, the c lin ic a l s ig n s  th a t develop  a r e  o f te n  so 

w e ll-d e f in e d  a s  to be  rec o g n iza b le  m e re ly  upon in sp e c tio n . T hey  

inc lude : e c to p ia  le n t is ,  re su ltin g  f ro m  a fa i lu re  in  d e v e lo p m e n t of 

th e  su s p e n s o ry  lig a m e n t of th e  len s; f in e , f a i r ,  som ew hat s p a r s e  

h a ir ;  a  m a la r  f lu sh  w hich m ay  becom e cyano tic ; a  p e c u l ia r  "sh u fflin g "  

ga it; p ro g re s s iv e  o s te o p o ro s is  and sk e le ta l a b n o rm a li t ie s ;  and  se v e re
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th ro m b o e m b o lic  d is e a s e . T he syndrom e is  a lso  c h a r a c te r iz e d  by 

p a th o lo g ica l changes in  the t is su e s  (2 2 ,5 6 ,6 7 ,1 4 3 ,1 6 9 ) , includ ing : 

in t im a l  f ib ro s is  and d eg en e ra tio n  of the  m ed iu m  and la r g e - s iz e d  

a r t e r i e s ,  fa tty  changes of th e  l iv e r , and n o n -sp e c if ic  p a th o lo g ica l 

c h a n g e s  in  th e  b ra in ,  e sp e c ia lly  in th e  g re y  m a t te r .  A p p ro x im ate ly  

tw o - th ird s  of th e  p a tien ts  a r e  m en tally  r e ta rd e d ,  a lthough  th e  d e f i­

c ie n c y  is  u su a lly  not a s  s e v e re  as th a t se en  in  p h e n y lk e to n u ria . A 

s iz e a b le  m in o r ity  of o ld e r p a tien ts  have  been  found to  be  o f n o rm a l 

in te l l ig e n c e , and it  h a s  been  suggested  (143) th a t th o se  who a r e  not 

r e ta r d e d  m ay be  le s s  s e v e re ly  affected and thus m ay  liv e  lo n g e r .

C ysta th ion ine  sy n th a se  defic iency  is  in h e r i te d  in  an  a u to so m a l 

r e c e s s iv e  m a n n e r . P e d ig re e  ana ly ses d e m o n s tra te  m u ltip le  a ffec ted  

s ib s  in  an  a p p ro x im a te ly  eq u a l sex ra t io ,  s e g re g a tio n  d a ta  co m p a tib le  

w ith  th is  m ode of in h e r i ta n c e , and o c c a s io n a lly , c o n san g u in ity . An 

a u to s o m a l r e c e s s iv e  p a tte rn  of tra n s m is s io n  w as o r ig in a lly  su g g ested  

by  C a rs o n  et a l .  (21), based  on the o b se rv a tio n  o f th is  e x te n s iv e  and 

id e n t ic a l  m e tab o lic  d is o rd e r  o ccu rrin g  in  two s ib s ,  w hile  th e  r e m a in ­

d e r  o f th e  fa m ily  ap p ea red  n o rm a l. H ow ever, th e  c o n c lu s iv e  ev idence  

w as p re s e n te d  by  F in k e ls te in  et a l. (43), who d e m o n s tra te d  h ep a tic  

c y s ta th io n in e  sy n th a se  a c tiv ity  in the  p a re n ts  of a  p a tie n t w ith  h o m o ­

c y s t in u r ia  th a t w as 40% of th e  m ean c o n tro l v a lu e . T h u s , th e  c lin ic a lly  

n o r m a l  p a re n ts  a re  h e te ro zy g o u s fo r a  m u tan t gene w h ich , in  the  h o m o ­

zygous s ta te , r e s u l ts  in  a com plete  ab sen ce  (o r a  v e ry  low  lev e l)  of 

e n z y m e  a c tiv ity .
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T he f i r s t  re p o r te d  c a se s  of h o m o c y s tin u ria  (23 ,64) w e re  of 

n o r th e rn  E u ro p ean  e x tra c tio n . H ow ever , a lthough  th e  m a jo r i ty  of 

p a tie n ts  a r e  of th is  o r ig in  (106), a  rev ie w  of the  l i t e r a tu r e  in d ic a te s  

a  w o rld -w id e  d is tr ib u tio n  (1 5 ,1 9 ,3 4 ,5 1 ,9 0 ,1 5 3 ,1 5 4 ,1 6 7 ) . T h is  

su g g e s ts  th a t the  gene involved m ay  be " re la t iv e ly  c o m m o n ", as 

m o s t  " r a r e  r e c e s s iv e "  genes show  a non-hom ogeneous d is tr ib u tio n . 

F u r th e r m o re ,  d e fin ite ly  e s ta b lish e d  p a re n ta l  consangu in ity  h a s  not 

b e e n  freq u e n tly  re p o r te d . S ince th e re  a p p e a rs  to be  an  in v e r s e  

re la tio n s h ip  betw een  the  d e g re e  of co n san g u in ity  am ong th e  p a re n ts  

of p a tie n ts  and th e  inc idence  of a r a r e  r e c e s s iv e  d is o rd e r ,  th e  

su g g e s tio n  is s tre n g th e n ed  th a t th e  gene d e te rm in in g  a  d e fic ie n cy  of 

c y s ta th io n in e  sy n th ase  ac tiv ity  o c c u rs  " re la t iv e ly "  fre q u e n tly . At 

p r e s e n t ,  th is  d is o rd e r  is  second in  fre q u e n c y  only to  p h en y lk e to n u ria  

a s  an  in b o rn  e r r o r  of am ino  acid  m e ta b o lis m  a s so c ia te d  w ith  m en ta l 

r e ta rd a t io n .

The M etabo lic  D efec t

In th e ir  o r ig in a l p a p e r  on h o m o c y s tin u r ia , C a rso n  e t a l .  (21) 

p ro p o se d  an  in b o rn  e r r o r  of m eth ion ine  m e ta b o lism , o r  t r a n s p o r t ,  

a s  th e  b a s is  of th e  d is o rd e r .  T hey  c o n s id e re d  the  p o s s ib i l i ty  th a t 

th e  enzym e cy sta th io n in e  sy n th ase  m igh t be  d e fic ie n t, but did not 

p u rs u e  th is  c o u rs e , tu rn in g  in s tea d  to in v e s tig a te  a  p o s s ib le  d e fec t 

in  m eth io n in e  t r a n s p o r t .  S pecu la tion  abou t th e  known pathw ays of 

m e th io n in e  m e ta b o lism , and the o b se rv e d  acc u m u la tio n  of bo th
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m eth ion ine  and ho m o cy stin e  in  h o m o cy stin u ria*  le d  Mudd e t a l, (114) 

to su g g e s t de fic ien t a c tiv ity  of c y s ta th io n in e  sy n th ase  a s  the  b a s ic  

m e tab o lic  e r r o r .  U tiliz in g  m ic ro m e th o d s  b a se d  on  th e  d iffe re n tia l 

a d so rp tio n  of la b e lle d  p ro d u c t (114), and su ff ic ie n tly  se n s it iv e  to  m ake 

u se  of th e  t is s u e  ob tained  f ro m  n e ed le  b io p s ie s  o f l iv e r ,  they  showed 

cy sta th io n in e  sy n th ase  a c tiv ity  to  be  d e fic ie n t o r  a b se n t in  a p a tie n t 's  

l iv e r ,  a lthough  m e th io n in e -a c tiv a tin g  en zy m e  and  c y s ta th io n a se  w ere  

c o m p a rab le  in  a c tiv ity  to c o n tro ls .  O b lig a te  h e te ro z y g o te s  exh ib ited  

sy n th ase  a c tiv it ie s  th a t  w e re  a p p ro x im a te ly  40% of c o n tro l v a lu es  (43). 

B re n to n , C usw orth  and G aull (12, 14) d e m o n s tra te d  an  ab sen ce  of 

cy sta th io n in e  in  the b ra in s  o f two p a tie n ts  w ith  h o m o c y s tin u ria ; thus 

su g g estin g  an ab sen ce  of th e  sy n th a se . T he a b sen c e  o f cy sta th ion ine  

f ro m  a l l  a re a s  of the  b ra in  o f a ffe c te d  in d iv id u a ls  w as c o n firm ed  by 

G e r r i ts e n  and W aism an  (66). I t h ad  b e en  know n fo r  som e tim e  th a t 

th e  c o n ce n tra tio n  of c y s ta th io n in e  in  th e  o c c ip ita l  lobe of n o rm a l 

hum an b ra in  is  v e ry  h igh  (160). G e r r i t s e n  and W aism an  (66) a t t r i ­

bu ted  i ts  a b sen ce  in  th e  b r a in  o f h o m o c y s tin u r ic s  to th e  a b sen ce  of 

c y sta th io n in e  sy n th ase  a c tiv ity  in  th e  l iv e r ,  su g g estin g  th a t c y s ta th io ­

n ine w ould n o rm a lly  be t r a n s f e r r e d  f ro m  th e  l iv e r  to th e  b ra in , and 

recom m end ing  tr e a tm e n t  w ith  c y s ta th io n in e . H ow ever, th is  ex p lan a ­

tio n  h as  been  re fu ted  by in  vivo and  in  v itro  ev idence  (49, 56) th a t the 

t r a n s s u lfu ra t io n  of m eth io n in e  to  c y s te in e  and  th u s , th e  p ro d u c tio n  of 

c y s ta th io n in e , tak es  p lac e  in  th e  b r a in  i t s e l f .  L a te r ,  Mudd and h is  

c o w o rk e rs  (96) d e m o n s tra te d  th e  a b se n c e  o f c y s ta th io n in e  sy n th ase
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a c tiv ity  in  au topsy  b ra in  f ro m  W aism an 1 s p a tie n ts  (65) noting  th a t 

m e th io n in e -ac tiv a tin g  enzym e and c y s ta th io n a se  w ere  p re s e n t .  A ll 

th re e  enzym atic  a c tiv i t ie s  w e re  p r e s e n t  in  n o rm a l hum an  au topsy  b ra in .

In te re s tin g ly , G aull and  G aitonde (57) d e m o n s tra te d  a n o rm a l 

a b ility  to co n v ert m eth ion ine  to  c y s te in e  in  the  o p tic  len s  f ro m  a 

p a tie n t w ith h o m o c y s tin u ria . A ssu m in g  no o th e r  pa thw ays fo r  the  

co n v e rs io n  of m eth ion ine  to  c y s te in e  in  the  le n s , i t  would a p p e a r  th a t 

cy sta th ion ine  sy n th ase  a c tiv ity  w as p r e s e n t  in  th a t o rg a n , a lthough 

a b se n t f ro m  liv e r  and b ra in . T h is  su g g e s ts  th a t  the  g ene tic  c o n tro l 

of h o m ocyste ine  m e ta b o lism  is  d if fe re n t in  th e  len s  f ro m  th a t in  

l iv e r  and b ra in .

M ore re c e n tly , U h lendorf and M udd (165) have  d e te rm in e d  

cy sta th io n in e  sy n th ase  a c tiv ity  in  f ib ro b la s ts  grow n in  t is s u e  c u ltu re , 

d e riv e d  f ro m  sm a ll sk in  b io p s ie s  o f h o m o c y s tin u ric  p a tie n ts  and 

c o n tro ls . The f ib ro b la s ts  of th e  p a tie n ts  d e m o n s tra te d  a b se n t o r  

e x tre m e ly  low le v e ls  o f c y s ta th io n in e  sy n th a se , a lthough  a c tiv ity  of 

m e th io n in e -ac tiv a tin g  enzym e a p p e a re d  n o rm a l. A bsence  of syn thase  

a c tiv ity  in  p a tie n ts  w ith  h o m o c y s tin u r ia  h a s  a ls o  b een  d e m o n s tra te d  

in  p h y to h em ag g lu tin in -s tim u la te d  ly m p h o cy tes  (68), T h u s, i t  h as  

been  e s ta b lish e d  th a t d e fic ie n t a c tiv ity  o f th e  enzym e cy sta th io n in e  

sy n th ase  is  the  b a s ic  m e tab o lic  e r r o r  re sp o n s ib le  fo r  th e  c lin ic a l 

sy nd rom e a s so c ia te d  w ith  h o m o c y s tin u r ia .

C ysta th ion ine  sy n th ase  i s  the  condensing  enzym e re s p o n s ib le  fo r  

the  sy n th e s is  o f the  th io e th e r  c y s ta th io n in e  f ro m  h o m o cy ste in e  and s e r in e ,
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and re q u ire s  p y rid o x a l p h o sp h a te  a s  a  coenzym e. The su g g estio n  h as  

been  m ade th a t c y s ta th io n in e  sy n th a se , s e r in e  d e h y d ra ta se , and  th r e o ­

nine d e h y d ra ta se  (th reo n in e  d e am in a se )  a r e  enzym ic  a c t iv i t ie s  o f one 

p ro te in  (148). H ow ever, c y s ta th io n in e  sy n th ase  and s e r in e  d e h y d ra ta se  

a c tiv it ie s  have b een  re s o lv e d  in to  two s e p a ra te  f ra c tio n s  a f te r  c h ro m a ­

to g rap h y  on h y d ro x y lap a tite  co lum ns (16). F u r th e rm o re ,  M udd e t a l.

(115) have show n th a t hum an  l iv e r s  w hich have d e fic ie n t a c tiv ity  o f 

cy sta th io n in e  sy n th ase  do n o t have  a b n o rm a lly  low a c tiv ity  o f th reo n in e  

d e h y d ra ta se . T h is  w as fo llow ed  by  d e m o n s tra tio n s , u s in g  c la s s ic a l  

se p a ra tio n  p ro c e d u re s  (16, 17), th a t th e  sy n th ase  is  a  s e p a ra te  enzym e.

L a s te r  e t a l. (95) in v e s tig a te d  th e  m etab o lic  co n seq u en ces  of 

cy sta th io n in e  sy n th ase  d e fic ie n c y  and d e m o n s tra te d  th a t c y s ta th io n in e  

sy n th e s is  is  an  o b lig a to ry  re a c t io n  in  the  c o n v e rs io n  of m eth ion ine  

to in o rg an ic  su lfa te  in  m an . T hey  a lso  concluded  th a t the  d e fic ien cy  

of enzym atic  a c tiv ity  d e te c te d  in  th e  l iv e r  re f le c ts  a  g e n e ra liz e d  

red u c tio n  in  the  b o d y 's  c a p a c ity  to  c o n v e rt h o m o cy ste in e  to c y s ta ­

th ion ine . T h is su g g estio n  i s  su p p o rte d  by ev idence  f ro m  o th e r  s tu d ies  

(116, 117) w hich in d ic a te  th a t: a) the l iv e r  is  the  m a jo r  s ite  o f c y s ta ­

th ionine sy n th e s is  in  m a m m a ls , and  b) the enzym e d e fe c t is  p r e s e n t  

in  o th e r  t is s u e s ,  su ch  a s  b ra in .

T hus, p a tie n ts  who a r e  d e fic ie n t in  sy n th ase  a c tiv ity , and  e x c re te  

a b n o rm a l am oun ts o f h o m o cy s tin e  in to  th e i r  u r in e , have a  red u c ed  

cap ac ity  to fo rm  in o rg an ic  su lfa te  f ro m  m eth io n in e . M ethionine a c c u ­

m u la te s  in  the  blood and  c e re b ro s p in a l  flu id  and  o v e rflo w s in to  the
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u r in e . L oading  te s ts  involv ing  e i th e r  o r a l  o r  in tra v en o u s  lo ad s  of 

lOOmg. m e th io n in e /k g . of body w eight can  c le a r ly  d e lin e a te  p a tie n ts  

w ith  h o m o c y s tin u ria , a lthough  h e te ro z y g o te s  cannot be d is tin g u ish ed  

f ro m  n o rm a ls  by  th is  m ethod . In te re s t in g ly , a f te r  load ing  w ith  L -  

m e th io n in e , the  c o n c e n tra tio n  of h o m o cy stin e  in  th e  p la sm a  and u r in e  

of a  p a tie n t re m a in s  c o n s ta n t, a lthough  th e  m eth ion ine  c o n c e n tra tio n  

in  th e  p la s m a  re m a in s  e lev a ted  above re s t in g  le v e ls  fo r  th re e  to 

se v en  days (13). It had  b een  o b se rv ed  th a t the e x c re tio n  of m e th io ­

n in e , h o m o cy s tin e , and the  m ixed  d isu lfid e  c y s tin e -h o m o c y s tin e  

could acco u n t fo r  on ly  a  s m a ll  p a r t  of th e  to ta l su lfu r  d e riv e d  f ro m  

in g es te d  m eth io n in e  (ap p ro x im ate ly  2gm /day) in  th e s e  p a tie n ts  (13). 

L a s te r  jet a l. (95) show ed th a t the  bulk  of the  su lfu r  e x c re te d  w as 

in  the  fo rm  of u n iden tified  n e u tra l  su lfu r .

P a th o g en es is

H o m o c y stin u ria  is  one of a  n u m b er of c lin ic a l sy n d ro m e s  th a t 

a r e  known to r e s u l t  f ro m  an  in h e r ite d  d e fic ien cy  of a  p a r t ic u la r  

enzym e. H ow ever, th e  m e c h a n ism  by w hich th is  d e fic ien cy  r e s u l ts  

in  th e  p h en o ty p ica l d is e a s e  h a s  not b een  e s ta b lish e d  fo r  m o s t of th e s e . 

In  h o m o c y s tin u r ia , a s  in  the  o th e r  in b o rn  e r r o r s  of m e ta b o lism , 

com pounds p r io r  to  th e  m e tab o lic  le s io n  accu m u la te  to v a ry in g  

ex ten ts  depend ing  on th e  a c tiv ity  of o th e r  enzym es in  th e  sa m e  a n d /o r  

a l te rn a te  pa thw ays. A n o th er consequence  of the b lock  is  a  d e fic ie n cy  

of th e  p ro d u c ts  su b seq u en t to  the  a ffec ted  re a c tio n , p a r t ic u la r ly  if
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th e s e  su b s ta n c e s  canno t be syn thesized  by any o th e r  m e a n s .  It h a s  

b e e n  g e n e ra lly  a cc ep ted  th a t accum ulations p ro x im a l to  th e  b lock  

m a y  be to x ic , w hile  d is ta l  d e fic ien c ie s ,w ith  a few  e x c e p tio n s , a r e  

no t p h y s io lo g ic a lly  im p o rta n t b ecau se  th e se  p ro d u c ts  a r e  a v a ila b le  

in  th e  d ie t . A ssu m p tio n s reg a rd in g  th is  h y p o th es is  have  b e e n  r e ­

v iew ed  (52-55). A lthough th e re  is  ev idence, f ro m  n u tr i t io n a l  s tu d ie s , 

of th e  to x ic ity  of feed ing  high le v e ls  of m eth ion ine  and h o m o c y s te in e  

to  a n im a ls  (92 ,156), i t  re m a in s  c le a r  th a t a s im p le  e x c e s s  of th e s e  

am in o  a c id s  cannot d u p lica te  th e  d is tin c tiv e  p a th o lo g ica l changes 

o b se rv e d  in  the  d is e a s e . P la in ly , feeding ex h o rb itan t a m o u n ts  o f 

an  am in o  a c id  is  qu ite  d iffe re n t fro m  blocking th e  m e ta b o lis m  of 

u s u a l  q u an titie s  of it, a  fa c t w hich  has been  docum ented  b y  the 

in e ff ic a c y  of a tte m p ts  to  r e c r e a te  the p a th o lo g ica l find ings of p h e ­

n y lk e to n u r ia  by feed ing  la rg e  am ounts of pheny la lan ine  (55).

It is  fe a s ib le  th a t c e r ta in  functional p ro te in s  m ay b e  p a r t ic u ­

l a r ly  su sc e p tib le  to  the  fo rm a tio n  of m ixed d isu lf id e s , fo rm e d  by  

e x c e s s  h o m o cy s te in e , and thus be se v e rly  a ffec ted ; as m a y  a lso  be  

th io la te d  n u c le ic  ac id s  (18). A lso , it is  p o ss ib le  tha t e x c e s s  h o m o - 

c y s t(e ) in e  m ay  be in c o rp o ra te d  in to  p ro te in  in p la c e  of c y s t ( e ) in e i 

a lth o u g h  i t  is  im p ro b a b le  th a t th e  am ino acid ac tiv a tin g  s y s te m s  

la c k  th e  s p e c if ic ity  w ith  w hich to  d iffe ren tia te  be tw een  th e  two s u b ­

s t r a t e s .  In  ad d itio n , hom ocyst(e )ine  has not b een  found in  the  p ro te in s  

of e i th e r  h a i r  o r  b ra in  f ro m  h o m o cy stin u ric  p a tien ts  (12, 14), a lthough  

in c o rp o ra tio n  in to  p la sm a  p ro te in s  of m ixed d isu lfid es  h a s  been
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re p o r te d  (10).

The subcu taneous a d m in is tra tio n  o£ h o m o cy s te in e  th io lac to n e  

to ra b b its  w as re p o r te d  to p roduce  h o m o c y s t(e )in e m ia , and the  

re s u l tin g  v a s c u la r  le s io n s  w ere  found to  re p ro d u c e  th e  d is tin c tiv e  

p a th o lo g ic a l blood v e s s e l  changes found in  p a tie n ts  w ith  h o m o c y s ti­

n u r ia  (6 7 ,1 0 2 ,1 0 5 ), and th o se  found in  ind iv idua ls w ith  e a r ly  

a r t e r io s c le r o s i s .  F u r th e rm o re , the  sa m e  a u th o rs  a ls o  noted  the  

p ro d u c tio n  of a c c e le ra te d  a r te r io s c le r o s is  in  a  h o m o cy s te in e m ic  

in d iv id u a l (102). C u ltu red  f ib ro b la s ts  d e riv e d  f ro m  th e  sk in  of th is  

p a tie n t w e re  seen  to  p roduce  an u n u su a l g ra n u la r  p ro te o g ly c a n  

s u b s ta n c e , w hile th e  add ition  of h o m o cy ste in e  to  n o rm a l  c u ltu red  

sk in  f ib ro b la s ts  w as a sso c ia ted  w ith  th e  re p la c e m e n t of a  p o rtio n  

of th e  n o rm a l f ib r i l la r  p ro teog lycans by the  sa m e  g ra n u la r  m a te r ia l  

(103). T hey  suggested  th a t h o m o cy st(e )in em ia  re s u l te d  in  a c c e le ra te d  

a r t e r io s c le r o s is  in  cysta th ion ine  sy n th a se  d e fic ie n cy  by  a lte r in g  the  

u s u a l  f ib r i l l a r  s t ru c tu re  of the  a r t e r i a l  w a ll p ro te o g ly c a n  m o lecu le s  

(104, 105). This a lte ra t io n  was thought to be due to  in c re a s e d  su lfa tio n  

of th e  c a rb o h y d ra te  envelope of the  m o le cu le  (104). H ow ever, i t  is  

no t c e r ta in  th a t a d m in is tra tio n  of the  th io lac to n e  w ill r e s u l t  in  ho m o - 

c y s t(e ) in e m ia , and when som e of the  a n im a l e x p e r im e n ts  w e re  

re p e a te d  (33), n e ith e r  a b n o rm a l v a s c u la r  le s io n s , n o r  h o m o cy s t(e )i-  

n e m ia , could  be d e tec ted .

C o n sid e ra tio n  of p o ss ib le  p a th o lo g ica l e ffe c ts  of th e  d e fic ie n c ie s  

of p ro d u c ts  d is ta l  to  the sy n th ase  re a c tio n  im m e d ia te ly  su g g e s ts  th a t
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in ad eq u ate  am ounts of c y s ta th io n in e  m ay  r e s u l t  in  se r io u s  c o n se ­

q u en ces . N o rm ally  p re s e n t  in  v e ry  high c o n c e n tra tio n s  in hum an  

b ra in  (1 2 ,1 1 6 ,1 6 0 ), cy sta th io n in e  is  e s p e c ia lly  c o n cen tra ted  in  

w hite  m a t te r  (14), and has b een  im p lic a te d  as a  p u ta tiv e  t r a n s m it te r  

su b s ta n c e  in  the  sp in a l in te rn e u ro n s  of th e  ca t (168). T he phy loge­

n e tic  d is tr ib u tio n  of th is  am in o  a c id  is  e s p e c ia l ly  p rovoking . The 

c o n ce n tra tio n  of cy sta th io n in e  in  th e  b ra in  of m an  is h ig h e r th an  in  

th e  b ra in s  of o th e r  p r im a te s  and n o tab ly  h ig h e r  th an  th a t of low er 

m a m m a ls  and b ird s .  An a b se n c e  o f b ra in  c y s ta th io n in e  is a s so c ia te d  

w ith  h o m o c y s tin u ria  (12 ,14) and a  s u p e rn o rm a l c o n c e n tra tio n  of the 

am ino  ac id  m ay  be p re s e n t  in  p a tie n ts  w ith  c y s ta th io n in u ria  (12, 77). 

Both of th e se  d is o rd e rs  m a y  be c h a ra c te r iz e d  by m e n ta l defic iency . 

H ow ever, the sig n ifican ce  o f the  a b se n c e  of cy sta th io n in e  f ro m  the 

b ra in s  of p a tien ts  w ith h o m o c y s tin u r ia  re m a in s  unknow n. P e rh a p s  

it  s e rv e s  an  e s s e n t ia l  function  in  th e  d ev e lopm en t of th e  b ra in , 

a lthough  the  am ino acid  is  a b se n t f ro m  h u m an  b ra in  u n til  la te  fe ta l 

life . T he p ro b ab ility  th a t cy s ta th io n in e  m a y  p lay  a  sp e c ia l ro le  in 

th e  functioning  of the  c e n t r a l  n e rv o u s  s y s te m  n o tw ith stan d in g , the 

d iv e rs e  and n u m erous m a n ife s ta tio n s  of h o m o c y s tin u r ia  a re  no t e a s ily  

exp la ined  by a  defic iency  o f th is  com pound a lo n e , s in c e  it is  only 

b a re ly  m e a su ra b le  in  l iv e r  and c o n n ec tiv e  t is s u e .

A b lock  in  the  t r a n s s u lfu ra t io n  of m e th io n in e  w ill obviously  

r e s u l t  in  cy s te in e  becom ing  an  " e s s e n t ia l"  am ino  a c id . T his conclu ­

sio n  h as been  su b s ta n tia ted  by n itro g e n  b a la n c e  s tu d ie s  (11) w hich



29

d e m o n s tra te d  th a t  p o s it iv e  n itro g e n  b a la n ce  could be m ain ta ined  in  

h o m o cy s tin u ric  p a tie n ts  b y  a d m in is tr a t io n  o f a  d ie t in  w hich ha lf o f 

the  d ie ta ry  su lfu r  w as su p p lied  a s  m eth io n in e  and h a lf  a s c y s te in e . 

When m eth ion ine  w as d e c re a s e d  w ith r e s p e c t  to cy s te in e  th is  p o s itiv e  

ba lance  in c re a s e d . H o w ev er, w hen th e  e n tire  d ie ta ry  so u rc e  w as 

m eth ion ine , p ro found  ch an g e s  in  the  o v e ra l l  r a te  o f  p ro te in  sy n th e s is , 

a s  d e m o n s tra te d  by  a  la r g e  n e g a tiv e  n itro g e n  b a la n c e , o c c u rre d . T he 

p lasm a  c y s te in e  c o n c e n tra tio n  in  p a tie n ts  w ith  h o m o cy s tin u ria  is  

g e n e ra lly  b a re ly  m e a s u ra b le .  T he p o s s ib il i ty  th a t a c y s te in e  d e fi­

c iency  m ay  be  a  m a jo r  f a c to r  in  th e  p a th o g e n es is  o f  h o m o cy s tin u ria  

w as reco g n ized  e a r ly  (21). A g e n e ra liz e d  d e c re a s e  in  p ro te in  

sy n th esis  in  the  body, due to  a  c y s te in e  d e fic ien cy , could have  m u lt i ­

p le  e ffe c ts . The d e fe c tiv e  sy n th e s is  o f m u co p o ly sa cc h a rid e s  and 

th e  accu m u la tio n  of n e u tr a l  l ip id  in  th e  l iv e r  of th e s e  p a tien ts  m ay 

re s u l t  f ro m  th is  o v e ra l l  re d u c tio n . O bv iously , a slowdown in  p ro te in  

sy n th esis  du ring  d if fe re n tia t io n  o f the develop ing  b ra in  m ay  g e n e ra te  

n u m erous p a th o lo g ica l p h en o m en a .

T re a tm e n t

A lthough i t  is  l ik e ly  th a t  th e  changes in  p la sm a  and t is s u e  c o n ­

c e n tra tio n s  of th e  su lfu r -c o n ta in in g  am ino  a c id s  in  h o m o cy s tin u ria  a r e  

a sso c ia te d  w ith th e  c h a r a c te r i s t i c  c lin ic a l f e a tu re s ,  the  m ec h an ism  fo r  

the  pathophysio logy  of th e  d is e a s e  has no t b een  e s ta b lish e d . H ow ever, 

i t  has b een  su g g ested  (134) th a t  p a tie n ts  w ith  high p la sm a  hom ocystine
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c o n cen tra tio n s  a r e  lik e ly  to  show  m o re  s e v e re  c lin ic a l m a n ife s ta tio n s , 

than  p a tien ts  who have re la t iv e ly  low  ho m o cy stin e  le v e ls . T he second  

group tends to  have  h ig h e r  p la sm a  m eth ion ine  c o n c e n tra tio n s . T h u s, 

h o m o cy stin e , h o m o c y s te in e , o r  th e i r  d e riv a tiv e s  m ay  be  m o re  h a r m ­

fu l than  h igh  m eth io n in e  le v e ls .  In  th is  c a s e , an  im p o rta n t g o a l of 

tre a tm e n t would be  th e  m a in te n a n c e  of the  lo w est p o ss ib le  p la sm a  

hom ocystine  c o n c e n tra tio n s .

A no ther th e ra p e u tic  c o n s id e ra tio n  is  the  age of th e  p a tie n t. If 

the  condition  is  d e te c te d  e a r ly  in  in fancy , o r  id e a lly , p re n a ta l ly , the  

a im  of th e ra p y  would be to  p re v e n t the  developm en t of m e n ta l and 

v isu a l im p a irm e n t, s k e le ta l  a b n o rm a lit ie s  and v a s c u la r  p ro b le m s.

If the  p ro b lem  is  d isc o v e re d  in  an  o ld e r  child  o r  an ad u lt, in  w hom  

m uch of the  dam age  to in te llig e n c e , le n s e s  and bones h as  a lre a d y  

been  done, th e  p re v e n tio n  of p o ss ib ly  fa ta l in tr a v a s c u la r  th ro m b o se s  

is  im p o rta n t. W hether th e  re d u c tio n  of hom o c y stin e  c o n c e n tra tio n s , 

e ith e r  by d ie ta ry  m a n ip u la tio n  o r  by m eg av itam in  th e ra p y , in  the  

p la sm a  of an  a lr e a d y  dam aged  p a tien t w ill p ro long  life  and in c re a s e  

the  chance fo r  good h e a lth  is  an  u n an sw ered  question  a t th is  t im e .

The th e ra p e u tic  a p p ro a c h  to h o m o c y s tin u ria , as in  o th e r  m e ta ­

bo lic  d is o rd e r s ,  h as  b een  tw ofold . P o te n tia lly  tox ic  p ro d u c ts  a c c u ­

m ula ting  p ro x im a l to  th e  b lock  m u s t be e lim in a te d , w hile th o se  

su b s tan ces  th a t a r e  d e fic ie n t a s  a  r e s u l t  of the  b lock  m u st be supp lied  

(52). T h u s, the  f i r s t  fo rm  of t r e a tm e n t  a ttem p ted  in  th e se  p a tien ts  

co n sis ted  of d ie ts  r e s t r i c te d  in  m eth ion ine  and supp lem ented  w ith
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c y s te in e  (74, 9 3 ,1 3 3 , 134 ,142). D ie ts  such as th e s e  a r e  d ifficu lt to  

d isp e n se  and , as m eth io n in e  is  n o rm a lly  p re s e n t  in  p la sm a  a t  v e ry  

low  le v e ls ,  b io c h e m ic a l c o n tro l o v e r any long p e rio d  of tim e  is 

d ifficu lt and d a n g ero u s .

H ow ever, P e r r y  and h is  c o w o rk ers  have re p o r te d  s u c c e s s fu l  

t r e a tm e n t  of h o m o c y s tin u ria  w ith  a  lo w -m eth io n in e  d ie t ,  su p p le m e n ­

ta l  c y s tin e , and cho line  a s  a  m e th y l donor (134). T hey  found th a t 

p la sm a  h o m o cy stin e  le v e ls  w e re  s ig n ific an tly  red u ced  in  th r e e  

c h ild re n  w ith  h o m o c y s tin u r ia , who w e re  u n re sp o n s iv e  to  m a s s iv e  

d o se s  of p y rid o x in e , th ro u g h  the  u se  of a  d ie t p ro v id in g  on ly  lOmg 

of m e th io n in e /k g  of body w e ig h t/d ay . T h is w as su p p lem en ted  w ith  

L -c y s tin e  and la rg e  d o ses  of choline  w hich  m ay  a c t by  fa c ili ta tin g  

th e  re m e th y la tio n  of h o m o cy ste in e  to  m eth io n in e . T hey  a ls o  re p o r te d  

a  th re e  y e a r  old ch ild  who had b een  tr e a te d  fo r h o m o c y s tin u r ia  s in c e  

e a r ly  in fancy  by d ie ta ry  m an ip u la tio n , and who re m a in e d  m e n ta lly  

and p h y s ic a lly  n o rm a l, a lthough  bo th  of h is  s ib s  w e re  s e v e re ly  a f fe c ­

ted  by s ix  m on ths of age.

In 1967 B a rb e r  and Spaeth  (4) re p o r te d  th a t so m e  c a s e s  of 

h o m o c y s tin u r ia  resp o n d ed  to la rg e  d o ses of v ita m in  B6 in  th e  fo rm  

of p y rid o x in e -h y d ro c h lo r id e . A lthough a  n u m b er of p a tie n ts  have 

s in c e  been  show n to  respond  to the  v ita m in  (5, 20, 27, 59, 85, 1 74), 

o th e rs  have  resp o n d ed  only in co m p le te ly  o r  not a t  a l l  (20, 27, 60, 74, 

7 5 ,134 , 149 ,174). E ven  in  the  p a tien ts  who do re sp o n d , th a t i s ,  

w hose p la sm a  c o n c e n tra tio n  and u r in a r y  e x c re tio n  of h o m o cy stin e
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r e tu r n  to  n o rm a l, the  c h a r a c te r is t ic  c lin ic a l a b n o rm a li t ie s  th a t 

have  p re v io u s ly  developed  re m a in . M eth io n in e-lo ad in g  t e s t s  a d m i­

n is te r e d  b e fo re  and a f te r  su c c e ss fu l t re a tm e n t w ith  p y rid o x in e  have 

show n th a t m eth io n in e  m e ta b o lism , a lthough  im p ro v e d , is  s t i l l  

a b n o rm a l, d e m o n s tra tin g  th a t the  m e tab o lic  b lock  p e r s i s t s  (59 ,60 ).

But a g a in , the  re s p o n se  m ay  hinge on  the tim e  of a d m in is t r a t io n  of 

th e  v ita m in . P e rh a p s  p re n a ta l  o r  e a r ly  p o s tn a ta l t r e a tm e n t  is  

e s s e n t ia l  if  a  t r u e  " re s p o n s e "  is  to  be ach ieved .

H o m o c y stin u ria  due to cy sta th ion ine  sy n th a se  d e fic ie n c y  is 

a c tu a lly  bu t one of a  n u m b er of d is e a s e s  in  w hich th e  c l in ic a l  a n d /o r  

c h e m ic a l a b n o rm a lit ie s  re m a in  on a  n o rm a l in tak e  of a  p a r t ic u la r  

v ita m in , bu t can  b e  a llev ia te d  w ith p h a rm a c o lo g ic a l d o se s  o f the  

sa m e  v ita m in . T h e re  a r e  in  fac t, o v e r one dozen  "v ita m in -d e p e n d e n t"  

g e n e tic  d is e a s e s ,  involving a t le a s t  s ix  d iffe re n t v i ta m in s . T h ey  a r e  

c h a ra c te r iz e d  by being  in h e r ite d , by involving one o r  a n o th e r  sp e c if ic  

b io c h e m ic a l a b n o rm a lity , and by resp o n d in g  not to  p h y s io lo g ic  

r e p la c e m e n t th e ra p y , but only to m a ss iv e  d o ses  o f th e  v ita m in  in  q u e s ­

tio n . In  th e  th re e  B 6-re s p o n s iv e  g en e tic  d is e a s e s  in  w h ich  th e  e n zy ­

m a tic  d e fe c t is  know n, th e  affected  enzym e n o rm a lly  r e q u i r e s  p y r i ­

doxal p h o sp h a te  a s  a  coenzym e.

T he p re c is e  m e c h a n ism  of a c tio n  of v ita m in  B 6 in  h o m o c y s ti­

n u r ia  is  a s y e t u n c le a r . H ow ever, an  im p o rta n t co n cep t h a s  e m e rg ed  

f ro m  s tu d ie s  of th e  re sp o n se  to  B6. It is ev iden t th a t g e n e tic  h e te r o ­

g e n e ity  e x is ts  am ong p a tien ts  w ith h o m o c y s tin u ria  and is  m a n ife s t  in
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th e i r  re s p o n se  to  the  v ita m in  (62). P a tie n ts  who show  th e  le a s t  

r e s id u a l  e n zy m a tic  a c tiv ity  a p p ea r u n re sp o n s iv e  o r  on ly  s lig h tly  

r e s p o n s iv e  to v ita m in  th e ra p y . T hese  p a tien ts  g e n e ra l ly  show  no 

s t im u la tio n  of cy sta th io n in e  syn thase  a c tiv ity  by B 5 e i th e r  in  v ivo  

o r  in  v i t ro .  P a tie n ts  who evidence a  "co m p le te "  b io c h e m ic a l r e s ­

p o n se  to th e  v ita m in  in  v ivo ap p ea r to have  h ig h e r  r e s id u a l  a c tiv ity . 

S om e of th e s e  p a tien ts  show  in c re a se d  en zy m atic  a c t iv i ty  in  re s p o n se  

to  B£ in  v i t ro .  S e a sh o re  et a l. (146) found th a t w hen la r g e  c o n ce n ­

t r a t io n s  o f p y rid o x a l phosphate  w ere  added to  th e  a s s a y  m e d iu m  of 

ly s a te s  f ro m  cu ltu red  sk in  f ib ro b la s ts , en zy m a tic  a c t iv i ty  w as seen  

to  in c r e a s e  in  o n e , a lthough not in  a n o th e r , p a tie n t who w as re s p o n ­

s iv e  to B6 in  v iv o . A re c e n t  study by U h lendo rf e t  a l. (164) involved 

th e  m e a s u re m e n t of cysta th ion ine  sy n th ase  a c tiv ity  in  e x tr a c ts  o f 

f ib ro b la s ts  f ro m  sy n th a se -d e fic ie n t p a tien ts  a t v a ry in g  c o n c e n tr a ­

tio n s  of p y rid o x a l phosphate . Of 25 sy n th a se -d e f ic ie n t , c lin ic a lly  

r e s p o n s iv e  p a tie n ts , 24 had d e tec tab le  sy n th a se  a c tiv ity  (0. 1 to  10% 

o f m ean  c o n tro l value) in  f ib ro b la s t e x tra c ts  a s sa y e d  w ithou t add ition  

o f  p y rid o x a l phosphate . In add ition , th e ir  f ib ro b la s t  sy n th a se  

a c t iv i t ie s  w e re  no t s tim u la ted  by the  add ition  of p y r id o x a l  phosphate  

a n y  m o re  th an  w e re  e x tra c ts  of c o n tro l c e lls  (30-50%  s tim u la tio n  was 

ob ta ined  w ith  in c re a s in g  co n cen tra tio n  of p y r id o x a l p h o sp h a te ). Of
<7

10 sy n th a se -d e f ic ie n t, n o n -re sp o n s iv e  p a tie n ts , 9 had no  d e te c ta b le  

sy n th a se  a c tiv ity  in  f ib ro b la s t e x tra c ts .  In te re s t in g ly , th e r e  w as one 

n o n - re s p o n s iv e  p a tien t who did d e m o n s tra te  sy n th a se  a c t iv i ty , and
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th is  a c tiv ity  w as u n u su a l in  th a t i t  w as enhanced  te n - fo ld  by th e  in  

v itro  add ition  of p y rid o x a l p h o sp h a te . T hus, th e r e  a p p e a rs  to be  a 

s tro n g  c o r re la t io n  b e tw een  th e  p re s e n c e  of d e te c ta b le  sy n th a se  

a c tiv ity  in  f ib ro b la s t  e x tra c ts  f ro m  sy n th a se -d e f ic ie n t p a tie n ts ,  and 

th e  re sp o n s iv e n e ss  o f the  p a tie n ts  to  t r e a tm e n t  w ith  v ita m in  B ^.

W hen e x tra c ts  of l iv e r  w ere  a s sa y e d  w ith  la rg e  c o n c e n tra tio n s  of 

p y rid o x a l phosphate  no in c re a s e d  c y s ta th io n in e  sy n th a se  a c tiv ity  was 

se e n  by two groups (62 ,113), a lthough  a  th ird  g roup  d id  se e  h ig h e r  

a c tiv ity  (174). T h ese  two t is s u e s  m ay  resp o n d  d if fe re n tly  to  in  v itro  

ad d itio n  of p y rid o x a l p h o sp h a te  fo r  re a s o n s  u n re la te d  to  the  enzym atic  

le s io n  u n d e r  study; e . g . ,  the e ffe c ts  o f c u ltu re  co n d itio n s on sk in  

f ib ro b la s t  c e lls .

T h u s, i t  would a p p e a r  th a t  a t  l e a s t  th re e  c la s s e s  o f cy sta th io n in e  

sy n th ase  de fic ien cy  c an  be d is tin g u ish e d . T h ese  in c lu d e  a B 6 -u n r e s -  

p o n siv e  ty p e , and two B ^ -re sp o n s iv e  ty p es ; one in  w hich  en zy m atic  

a c tiv ity  is  in c re a s e d  w ith  v ita m in  th e ra p y  and one in  w hich  no s tim u ­

la tio n  i s  o b se rv ed . H ow ever, in  none of the c a s e s  h a s  th e  p r e c is e  

m o le c u la r  m ec h an ism  fo r  the  v ita m in -m e d ia te d  re s p o n s e  b een  id e n ti­

f ie d . T h e re  a re  a n u m b er o f p o s s ib le  ex p lan a tio n s fo r  th e  re sp o n se  

to  v e ry  la rg e  am oun ts of v ita m in  c o fa c to rs  in  g en e tic  d is e a s e s  (139).

I t  is  p o ss ib le  th a t th e  v ita m in  canno t g e t into th e  c e l l  o r  th a t th e re  is  

a  p ro b le m  in  the c o n v e rs io n  of th e  v ita m in  in to  i t s  c o e n z y m a tic a lly  

a c tiv e  fo rm . N e ith e r of th e se  m e c h a n ism s  could  e x p la in  th e  s itu a tio n  

w ith  r e g a rd  to h o m o c y s tin u ria , s in ce  p y rid o x a l p h o sp h a te  is  th e  m a jo r
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fo rm  of pyridox ine  ac tin g  a s  a  co en zy m e  in  m an  and  no o th e r  

p y rid o x in e -d ep en d en t re a c tio n s  a r e  u p s e t .  A n o th e r fe a s ib le  ex p la ­

na tio n  w ould involve the sy n th e s is  of a m u ta n t apoenzym e th a t shows 

an  a l te r e d  a sso c ia tio n  w ith  i ts  c o en z y m e . L a rg e  am oun ts of the  

c o fa c to r  m ight enhance en zy m a tic  a c tiv i ty . T h is type  of s itu a tio n  

could ex p la in  the in c re a s e d  a c tiv ity  of c y s ta th io n in e  sy n th ase  seen  in  

som e p a tie n ts  who re sp o n d  to  w ith  g r e a t e r  en zy m atic  a c tiv ity . 

A lte rn a te ly , the coenzym e m ay a c t  to s ta b il iz e  a m u tan t sy n th ase  

apoenzym e. In th e  ra t ,  p y rid o x in e  h as  b e e n  show n to  in c re a s e  

enzym atic  a c tiv itie s  by d e c re a s in g  the  d e g ra d a tio n  ra te  o f the  

enzym e p ro te in  (72). P y rid o x in e  i s  a ls o  known to s ta b iliz e  enzym es 

du ring  p u rif ic a tio n  p ro c e d u re s . If  p y rid o x in e  a c ts  by s ta b iliz in g  the 

sy n th ase  apoenzym e fo r  w hich  i t  s e r v e s  a s  a  c o fa c to r , i t  would a lso  

exp la in  th e  in c re a s e d  a c tiv it ie s  o f c y s ta th io n a se  and  s e r in e  hydroxy- 

m e th y ltra n s fe ra se , two o th e r  - lin k e d  en zy m es w hich in c re a s e  in  

a c tiv ity  a f te r  py ridox ine  t r e a tm e n t  (62). T h is  h y p o th es is  would a lso  

accoun t fo r  the re sp o n se  to  in  p a tie n ts  who show  in c re a s e d  c y s ta ­

th ion ine  syn thase  a c tiv ity , bu t n o t th o se  w hose enzym e le v e ls  do not 

r i s e .  T he B 5 re sp o n se  o f th is  l a t t e r  g ro u p  m ay  b e  th e  r e s u l t  of the 

s tim u la tio n  of an a l te rn a te  pa thw ay  of s u lfu r  am ino  ac id  m e tab o lism , 

although  no p o sitiv e  ev idence  fo r  th is  h y p o th e s is  h a s  been  no ted  (95). 

The d e fe c t in  those  p a tie n ts  who do no t re sp o n d  to  m a s s iv e  d o ses  of 

v ita m in  B 5 m ay invo lve  th e  p ro d u c tio n  o f a  m u tan t enzym e w hose 

le s io n  l ie s  in  an a r e a  u n re la te d  to  i ts  co en zy m e , su ch  a s  i ts  ab ility  to
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bind its  su b s tra te  e ffic ie n tly .

P a tien ts  who do show  a  re s p o n s e  to Bg tend to have m e a su ra b le  

r e s id u a l  enzym atic  a c tiv ity  and th e  m ay  a c t ,  in  som e of th em , to  

enhance th is  a c tiv ity , a lthough  not to  n e a r -n o r m a l  le v e ls . H ow ever, 

even  th is  sm a ll  enhancem en t m ay  be  m e ta b o lic a lly  im p o rta n t. We 

s t i l l  do not know the m in im u m  e n zy m atic  a c tiv ity  re q u ire d  by the  

l iv e r  to adequate ly  m e ta b o liz e  the  m e th io n in e  p re se n te d  to the  o rg an  

(62). Mudd h as suggested  th a t a  s m a l l  (1-3%) in c re a s e  in  cy sta th io n in e  

sy n th ase  a c tiv ity , a f te r  py rid o x in e  t r e a tm e n t ,  could exp la in  the  

im proved  m e ta b o lism  of m eth io n in e  to  in o rg a n ic  su lfa te  (113,164).

His group suggested  th a t th e  c lin ic a l  re s p o n se  to  v ita m in  B^ tre a tm e n t 

c o r re la te d , no t w ith the  in  v itro  s tim u la tio n  of r e s id u a l  sy n th ase  

a c tiv ity  by add ition  of p y rid o x a l p h o sp h a te , bu t w ith  the  p re s e n c e  of 

t r a c e s  of re s id u a l  sy n th a se  a c tiv ity  (164). T hey  found th a t le s s  than  

1% of the m ean  c o n tro l v a lu e  in d ic a te d  a  cap a c ity  to re sp o n d , and 

p a tien ts  w hose f ib ro b la s t e x tra c ts  la c k  even  th is  sm a ll  a c tiv ity  do 

not respond  to  py ridox ine . They sp e c u la te d  th a t th is  p a tte rn  suggested  

th a t the  B^ re sp o n se  o c c u rs  by an  e ffe c t on the  sy n th a se  i ts e lf ;  th is  

e ffec t involving enhancem en t of r e s id u a l  sy n th a se  a c tiv ity  to a  few 

(3-4) p e r  cen t of n o rm a l. O bv iously  h e te ro z y g o te s , who p ro d u ce  le s s  

th an  h a lf  the  am ount of enzym e a s  do hom ozygous n o rm a l in d iv id u a ls , 

m etab o lize  enough m eth io n in e  to p re v e n t th e  c lin ic a l p ro b lem s seen  

in  p a tie n ts . T hat th e  n o rm a l p e rs o n  is  p roducing  m uch  m o re  c y s ta ­

th ion ine  sy n th ase  th an  is needed  d a ily  h as  a lso  b een  ca lcu la ted  (58).
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It a p p e a rs  (62) th a t 15-30% of m e a n  c o n tro l cy sta th io n in e  sy n th ase  

a c tiv ity  is  su ffic ien t fo r  m a in ta in e n c e  of n o rm a l p la sm a  am ino  ac id  

c o n c e n tra tio n s , and so m e tim e s  fo r  a  n e a r -n o r m a l  a b ility  to  m e ta ­

b o lize  a  m eth ion ine  load .

If sm a ll  s tim u la tio n  of r e s id u a l  enzym e a c tiv ity  is  p h y sio lo ­

g ica lly  s ig n ific an t, low  m eth io n in e  d ie ts  m ay  p rove  h a rm fu l by 

red u c in g  th is  a c tiv ity  in  h o m o c y s tin u r ic s . H ow ever, a t p re s e n t  i t  

se e m s re a so n a b le  to  m a in ta in  on v ita m in  th e ra p y  th o se  p a tien ts  who 

resp o n d  to and to  rec o m m e n d  so m e  d ie ta ry  r e s t r ic t io n s  a n d /o r  

su p p lem en ta tio n  to th o se  who do no t.

T is su e  C u ltu re  and In b o rn  E r r o r s  of A m ino Acid M etab o lism

A dvances in  the  p a s t te n  y e a r s  in  so m a tic  c e ll g en e tic s  and 

t is s u e  c u ltu re  have m ad e  i t  p o ss ib le  to  study  an  in c re a s in g  n u m b er 

of b io ch e m ic a l d is o rd e rs  in  v i t ro .  C e ll c u ltu re s  d e riv e d  f ro m  hum ans 

known to be hom ozygous o r  h e te ro zy g o u s  fo r sp e c if ic  g en e tic  le s io n s  

of a  b io ch e m ic a l pathw ay have b een  em ployed fo r the  in  v itro  a n a ly s is  

of a  v a r ie ty  of m u tan t gene p ro d u c ts . T he in it ia l  a p p lica tio n  of t is s u e  

c u ltu re  to b io lo g ica l in v e s tig a tio n s  w as the  w ork  of H a r r is o n  in 1907, 

who d e m o n s tra te d  th a t n e rv e  c e lls  would continue to p ro l ife ra te  and 

function  in  v itro  (78). H ow ever, u n til  r e c e n tly  the  p r in c ip a l  u se  of 

m am m alia n  c e ll  c u ltu re s  w as in  th e  study  of m a lig n an cy  and v i r u s - 

h o st in te ra c tio n s . T he u til iz a tio n  of hum an  c e ll  c u ltu re  tech n iq u es 

fo r th e  study  of g en e tic  d i s e a s e s ,  e sp e c ia l ly  th e  in b o rn  e r r o r s  of
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m e ta b o lism , h as  tak e n  p la c e  only s in c e  the  e a r ly  I960*s . P e rh a p s  

the  m a jo r  s tim u lu s  fo r  th is  type  of in v e s tig a tio n  w as th e  d e m o n s tra ­

tio n  by  T jio  and Puck  (163), and l a te r  by H ayflick  and M oorhead  (80), 

th a t c e lls  d e riv e d  f ro m  h u m an  t is s u e s  can  be grow n in  c u ltu re  w ithou t 

d ifficu lty , and th a t th e se  c e lls  w ill m a in ta in  the  c h ro m o so m a l c o m ­

p lem en t of th e i r  o r ig in a l  t i s s u e ,  a s  w e ll a s  a  n u m b er of e n zy m atic  

a c tiv i t ie s  fu n c tio n a l in  v iv o . It w as a lso  show n (79 ,80 , 158) th a t 

f ib ro b la s tic  l in e s  d e riv e d  f ro m  hum an fe ta l  and adu lt t is s u e s  hav e  a 

p re d ic ta b le  and lim ite d  l ife sp a n  in  c u ltu re ; the  c e lls  w ill double 

a p p ro x im a te ly  fifty  t im e s  d u rin g  a  p e rio d  of th i r ty  to fifty  w eeks .

O bv iously , m e ta b o lic  d is o rd e r s  can  be  stud ied  in  t is s u e  c u ltu re  

only i f  the  sp e c if ic  enzym e is  d e te c ta b le  in  n o rm a l cu ltu red  c e l ls .  

M any b io c h e m is ts  b e liev e d  th a t th e  lim ite d  m e ta b o lism  of f ib ro b la s  - 

t ic  c e lls  in  vivo would r e s t r i c t  the  b io c h e m ic a l v a r ia tio n  tha t could  

be e x p re s s e d  in  v i t ro . H o w ev er, m o s t of th e  enzym e d e fec ts  a s s o c ia ­

ted  w ith  th e  in b o rn  e r r o r s  of m e ta b o lism  a r e  found in  s e v e r a l  t i s s u e s  

and a r e  thus m a n ife s t  in  c e lls  c u ltu re d  f ro m  b io p s ie s  o f sk in  o r  o th e r  

s o u rc e s . An im p o rta n t re a l iz a t io n  w as th a t th e se  c e ll lin e s  con tinue  

to  e x p re s s  th e  sp e c if ic  geno type of th e i r  t is s u e  of o rig in . T h is 

"g en e tic  s ta b il i ty "  h as  b e en  am p ly  d e m o n s tra te d  by in v e s tig a tio n  of 

ind iv idua ls  a ffec ted  w ith  one of a  n u m b er of b io ch e m ic a l g en e tic  d i s ­

o r d e r s .  F ib ro b la s t  c u ltu re s  f ro m  m any  of th e se  p a tien ts  have b een  

show n to  e x p re s s  th e  re le v a n t b io c h e m ic a l d e fe c t. B ut, not a l l  b io ­

c h e m ic a l le s io n s  a r e  exh ib ited  by c u ltu re d  c e l ls .  P h en y lk e to n u ria ,



w hich is  cau sed  by d e fic ie n t a c tiv ity  of the  enzym e pheny la lan ine  4 - 

h y d ro x y la se , canno t be s tud ied  in  t is s u e  c u ltu re  b e ca u se  n o rm a l 

f ib ro b la s t  c e lls  la c k  th is  en zy m atic  a c tiv ity . S im ila r ly , c y s tin u r ia  

and H artn u p  d is e a s e ,  bo th  of w hich  a re  c h a ra c te r iz e d  by d e fe c ts  in 

r e n a l  and in te s t in a l  am ino  ac id  t r a n s p o r t ,  cannot be  d e m o n s tra te d  

in  c u ltu re d  c e lls  (73).

In v e s tig a tio n  of the  sk in  f ib ro b la s t  in  tis su e  c u ltu re  has p ro v en  

qu ite  p ro d u c tiv e . F ib ro b la s t  c u ltu re s  o ffe r a num ber of advan tages 

no t found w ith  b io p s ie s  of so lid  t is s u e  su ch  as l iv e r . O bviously , 

th e  e a se  and s a fe ty  of ob tain ing  the  sp e c im en  is an  im p o rtan t c o n s i­

d e ra tio n . In ad d itio n , cu ltu red  c e lls  p ro v id e  a p o ten tia lly  la r g e  

r e s e r v o i r  of m a te r ia l  o v e r an  ex tended p e rio d  of t im e , w h e re a s  a 

b io p sy  sp e c im e n  fu rn ish e s  a  lim ite d  and o ften  sm a ll am ount o f 

t is s u e .  C u ltu re d  c e lls  can  a lso  be u sed  to  analyze th e  se co n d a ry  

m e tab o lic  d e ra n g e m e n ts  re s u ltin g  fro m  sp ec ific  b io ch em ica l d e fe c ts , 

a s  w ell a s  th e  p r im a ry  le s io n  i ts e l f .  One can  e a s ily  a l te r  su ch  

e n v iro n m e n ta l co n d itio n s as th e  c o n s titu e n ts  of the c u ltu re  m ed iu m , 

o r  app ly  v a r io u s  s t r e s s  fa c to rs  to th e se  liv ing  c e lls . A lte rn a te ly , 

s t r i c t ly  c o n tro lle d  cond itions can  be m ain ta in ed . R ep lica te  e x p e r i ­

m en ts  a r e  e a s i ly  p e rfo rm e d , and d ru g  and rad ia tio n  th e rap y  c a n  be 

a ttem p ted  w ithou t c o n c e rn  fo r  th e  sa fe ty  of the p a tien t. F o r  th e s e  

and n u m ero u s  o th e r  r e a s o n s , tech n iq u es em ploying hum an f ib ro b la s t ic  

c e l ls ,  g row n  and m u ltip lie d  in  t is s u e  c u ltu re , have b een  re p e a te d ly  

app lied  to  th e  in v e s tig a tio n  of h u m an  b io ch em ica l g e n e tic s . T h e se
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stu d ies  have fu r th e re d  the  u n d e rs tan d in g  of the m e c h a n ism s  r e s p o n ­

s ib le  fo r  in h e r ite d  m e ta b o lic  d is e a s e s ,  su b s tan tia ted  p o ss ib le  g e n e tic  

m odes of t r a n s m is s io n ,  and extended o u r a w a re n e ss  of the  la r g e  

d e g re e  of h e te ro g e n e ity  th a t is m a n ife s t. F u r th e rm o re ,  they  h a v e  

led  to  th e  d ev e lo p m en t of new tech n iq u es fo r  the  d iag n o s is  and t r e a t ­

m en t of hom ozygous a ffec ted  in d iv id u a ls , and the id en tif ic a tio n  of 

a sy m p to m a tic  h e te ro zy g o u s  c a r r i e r s .  In v es tig a tio n s o f the c e l ls  

c u ltu re d  f ro m  p a tie n ts  have  led to  the d e tec tio n  of the  sp e c ific  

en zy m atic  le s io n  re s p o n s ib le  fo r  a  n u m b er of g en e tic  d is o rd e r s  

inc lud ing  h y p e rly s in e m ia  (29) R e fsu m 's  d ise a se  (8 1 ,8 2 , 155) and  

th e  X -linked  L esch -N y h a n  syndrom e (140,147). D is o rd e rs  invo lv ing  

a b n o rm a l s u lfu r  am ino  ac id  m e ta b o lism  have re c e n tly  begun to  be  

e lu c id a ted  th ro u g h  th e  u se  of t is s u e  c u ltu re  sy s te m s .

In  "m in im a l"  m ed iu m , and u n d er o rd in a ry  cond itions of c e l l  

c u ltu re , c y s tin e  is  re q u ire d  fo r c e llu la r  su rv iv a l and g row th  b y  a 

n u m b er of c u ltu re d  hum an  c e lls  (37). H ow ever, E ag le  et^al. (38 ,39 ) 

have found th a t  m an y  h e te ro p lo id  hum an c e ll lin e s  w e re  cap ab le  of 

sy n th e s iz in g  c y s tin e  f ro m  m eth io n in e , v ia  h o m o cy ste in e  and c y s ta ­

th io n in e , a t h ig h  popu la tion  d e n s itie s . The n o rm a l c y s tin e  r e q u i r e ­

m en t r e s u l ts  f ro m  th e  lo s s  of the  am ino  acid  and its  p r e c u r s o r s  f ro m  

th e  c e l lu la r  poo l to  the  su rro u n d in g  m ed ium  in am oun ts w hich exceed  

the  b io sy n th e tic  c a p a c ity  of the c e ll. T h u s, a t su ff ic ie n tly  h igh  c e ll 

popu la tion  th is  n u tr i t io n a l  re q u ire m e n t d isa p p e a re d , a s  the c o n c e n ­

tra t io n  of new ly  sy n th e s ize d  c y stin e  and its  p r e c u r s o r s  in  the m e d iu m
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and in  th e  c e llu la r  pool could be ra is e d  to m e ta b o lic a lly  e ffic ien t 

le v e ls  b e fo re  the  c e lls  succum bed to c y s tin e  d e p riv a tio n . T h ese  

o b se rv a tio n s  p rov ided  ev idence  th a t th e  a b ili ty  to  sy n th e s iz e  

c y s tin e  in  vivo w as a  g e n e ra l b io sy n th e tic  c a p a c ity  o f hum an  c e lls  

and no t r e s t r ic te d  to th e  l iv e r .

In  a  l a te r  study  (40), E a g le 's  g ro u p  had th e  o p p o rtu n ity  to 

in v e s tig a te  the  sy n th e s is  of h o m o cy s te in e , c y s ta th io n in e  and 

c y s tin e  by n o rm a l hum an  d ip lo id  c e ll l in e s  an d , in  a d d itio n , by 

lin e s  d e riv e d  fro m  w hat ap p ea re d  to be  a  fa m ilia l  c a s e  of c y s ta -  

th io n in u ria  (47, 77). C u ltu red  f ib ro b la s ts  d e riv e d  f ro m  the p a tien t 

d ied  in  a  c y s t in e - f re e  m ed iu m , even a t  the  h ig h e s t p opu la tion  

d e n s ity  a tta in e d , and r e g a rd le s s  of th e  p r e c u r s o r s  th a t  w e re  added , 

inc lud ing  c y s ta th io n in e . H ow ever, n o rm a l hum an  d ip lo id  c e l l  lin e s  

a p p e a re d  to  behave in  the  sam e  m a n n e r . None could su rv iv e  in  a 

c y s t in e - f r e e  m ed iu m  con ta in ing  m eth ion ine  o r  h o m o c y s te in e , and 

m o s t could not u til iz e  cy sta th io n in e  in  l ie u  of c y s tin e , h o w ev er h igh  

th e  popu la tion  d e n s ity . A gain the  h e te ro p lo id  l in e s  w e re  se e n  to 

c a r r y  out a l l  of the  re a c tio n s  n e c e s s a ry  fo r th e  sy n th e s is  of c y s tin e  

f ro m  m eth ion ine : the  sy n th e s is  of h o m o cy s te in e  f ro m  m eth io n in e , 

the  sy n th e s is  of cy sta th io n in e  f ro m  h o m o cy s te in e , and the  u til iz a tio n  

of cy sta th io n in e  fo r su rv iv a l and g row th  in a  c y s t in e - f r e e  m ed iu m . 

T he d ip lo id  lin e s  w e re  not b locked in  th e  sy n th e s is  of h o m o cy s te in e  

fro m  m eth io n in e , a lthough  the  a v e ra g e  a c tiv ity  was l e s s  th an  th a t o f 

th e  h e tro p lo id  c u ltu re s . S im ila r ly , m o s t  of th e  d ip lo id  lin e s  w e re



a b le  to  condense  hom ocyste ine  and s e r in e  to  fo rm  c y s ta th io n in e .

Y et a l l  of the d ip lo id  c u ltu re s  w e re  b locked in  th e  c o n v e rs io n  of 

c y s ta th io n in e  to  c y s tin e , and thus w ere  dependen t upon th e  add ition  

of c y s tin e  to th e  m ed iu m , due to  lack  of the  c leav in g  en zy m e  c y s ta -  

th io n a se . O th e r  ev id en ce , including the  r e p o r t  o f Mudd (116), h as 

su p p o rte d  the  su g g estio n  that w eak o r  a b se n t c y s ta th io n a se  a c tiv ity  

m ay  be an  in h e re n t p ro p e rty  of m any  hum an  t is s u e s  and n o t a 

re f le c tio n  of in  v itro  cu ltu re  fa c to rs . T h u s, th e  n o n -e s s e n tia l  ro le  

of c y s tin e  in  v ivo  m ay  be due to  the  b io sy n th e tic  c a p a c ity  o f only a  

few  o rg an s  su ch  as the  l iv e r , p a n c rea s  and k id n ey  (116). C y s ta ­

th io n a se  a c tiv ity  has b een  de tec ted  in c u ltu red  lo n g - te r m  lym pho­

cy tes  (132).

C y sta th ion ine  syn thase  a c tiv ity  h a s  a lso  b e e n  in v e s tig a te d  in  

d if fe re n t m a m m a lia n  t is su e s  (116). G e n e ra lly , e n z y m a tic  a c tiv ity  

is  p re s e n t  in  l iv e r ,  b ra in , p a n c rea s  and k idney , bu t a b se n t fro m  

h e a r t  and s k e le ta l  m u sc le . In 1968 U hlendorf and Mudd (165) 

d e m o n s tra te d  cy sta th io n in e  syn thase  a c tiv ity  in  t i s s u e  c u ltu re  d e riv e d  

f ro m  hum an  sk in . T hey  de te rm in ed  en zy m atic  a c t iv i ty  of cy sta th io n in e  

sy n th a se  and of m e th io n in e -ac tiv a tin g  enzym e in  c u ltu re d  f ib ro b la s ts  

f ro m  n o rm a l c o n tro ls  and fro m  pa tien ts  a ffec ted  w ith  h o m o c y s tin u r ia . 

T h e re  w e re  no d iffe re n c e s  in c u ltu re  c h a r a c te r i s t ic s  b e tw een  the  two 

g ro u p s . F ib ro b la s ts  cu ltu red  fro m  the sk in s  of a ffe c te d  ind iv idua ls  

d e m o n s tra te d  n o rm a l lev e ls  of m e th io n in e -a c tiv a tin g  en zy m e  when 

c o m p a red  to c o n tro l l in e s . H ow ever, f ib ro b la s ts  f ro m  fo u r of the



s ix  p a tien t lin e s  show ed no d e te c tab le  c y s ta th io n in e  sy n th a se  a c tiv ity  

and the o th e r  two exh ib ited  en zy m atic  a c tiv ity  th a t w as 2- 3% of th a t 

s e e n  in  n o rm a ls . T h is e s ta b lish e d  th a t the  m e ta b o lic  le s io n  re s p o n ­

s ib le  fo r  h o m o c y s tin u r ia  is  d e m o n s tra b le  in  t is s u e  c u ltu re . I n te r e s ­

tin g ly , n e ith e r  m e th io n in e -a c tiv a tin g  enzym e n o r  c y s ta th io n in e  

sy n th a se  could be d e tec ted  in  fu ll- th ic k n e ss  hum an  sk in , d e rm is  o r  

e p id e rm is . T h ese  in v e s tig a to rs  a lso  a ssa y e d  c y s ta th io n in e  sy n th a se  

a c tiv ity  in  c u ltu red  am n io tic  fluid c e l ls ,  finding  a  m u ch  h ig h e r  m ean  

a c tiv ity  th an  th a t found in  adult f ib ro b la s ts .

The u til iz a tio n  of cu ltu red  sk in  f ib ro b la s ts  in  th e  d iag n o s is  of 

n u m ero u s  cy to g en e tic , enzym atic  and m e ta b o lic  d is o r d e r s  in  m an  

h a s  re c e n tly  been  follow ed by e ffo r ts  a t m ak in g  sp e c if ic  p re n a ta l  

d iag n o ses  w ith  th e  u se  of cu ltu red  am n io tic  flu id  c e l ls .  D iag n o stic  

a m n io c e n te s is  h as  p ro v en  i ts e lf  u se fu l to  th e  p h y s ic ia n  who is  m o n i­

to r in g  p re g n a n c ie s  a t h igh  r is k  fo r g ene tic  d is o r d e r s  (126). T h is 

tech n iq u e  is  a lso  v a lu ab le  fo r  the  stu d y  of th e  e a r ly  s ta g e s  of in b o rn  

e r r o r s  of m e ta b o lism  in  m an . B io ch e m ic a l a n d /o r  s t r u c tu r a l  

a b n o rm a lit ie s  re s u ltin g  fro m  the g en e tic  le s io n  have  b een  found in 

th e  c e lls  and o rg an s of young fe tu se s  a ffec ted  w ith  a  n u m b e r of 

d if fe re n t m e tab o lic  d is e a s e s  including: T ay -S ac h s  d is e a s e  (130 ,145), 

N ie m a n n -P ic k  d is e a s e  (86), P o m p e 's  d is e a s e  (2 6 ,1 2 4 ,1 2 7 ,1 4 1 ) , 

K ra b b e 's  d is e a s e  (122), and G a u c h e r 's  d is e a s e  (122).

A ssum ing  th a t th e  c e llu la r  m a te r ia l  found in  a m n io tic  flu id  is  

d e riv e d  f ro m  the fetus and am nion (166), th e  b io c h e m ic a l, cy to lo g ica l
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and c y to c h em ica l a n a ly s is  of c u ltu re d  am n io tic  flu id  c e lls  would 

se e m  to  be a  r e l ia b le  m ethod  fo r  th e  p re n a ta l  d e te c tio n  of g ene tic  

d is o r d e r s .  M ore th an  th ir ty  fa m ilia l  m e tab o lic  d is o r d e r s  a r e ,  a t 

le a s t  p o ten tia lly , d iag n o sab le  in  c u ltu re d  a m n io tic  flu id  c e l ls ,  and 

in d eed , h a lf  of th e se  have  a lr e a d y  b e en  d e te c ted  in  u te ro  (123). 

H ow ever, the  d e tec tio n  of in b o rn  e r r o r s  of m e ta b o lism  by a s s a y  of 

e n zy m atic  a c tiv ity  in  c u ltu red  a m n io tic  flu id  c e lls  r e s t s  upon two 

p re m is e s ;  th a t the  enzym e d e te c ted  in  cu ltu red  c e l ls  d e riv e d  f ro m  

sk in  is  the  sam e  iso z y m e  d e fic ie n t in  the  d is o rd e r  u n d e r study , and 

th a t th e se  d a ta  can  be ex tended  to am n io tic  fluid c e l ls .  T h u s, the  

in i t ia l  p ro b le m  is  to e s ta b l is h  th a t c u ltu re d  sk in  f ib ro b la s ts  d em o n ­

s t r a te  th e  en zy m atic  a b e r r a t io n  in  q u estio n . T he m e tab o lic  s ta te  

of c e lls  in  t is s u e  c u ltu re  is  o b v iously  su b je c t to  n u m ero u s  b io lo g ic , 

g e n e tic , and in  v itro  c u ltu re  v a r ia b le s .  In a d d itio n , th e  e x tra p o la tio n  

of th is  b io ch e m ic a l d a ta  f ro m  p o s t-n a ta l  sk in  f ib ro b la s ts  to  cu ltu red  

a m n io tic  fluid c e lls  m u s t be p re c e d e d  by th e  c h a ra c te r iz a t io n  of the  

enzym e du rin g  fe ta l  l ife . A re  th e  b io c h e m ic a l m a n ife s ta tio n s  of 

cu ltu red  am n io tic  fluid c e lls  r e p re s e n ta t iv e  of th e  m e tab o lic  s ta te  of 

the  fe tu s?  A c o m p a riso n  of th e  sp e c if ic  a c tiv ity  and the  k in e tic s  of 

the  enzym e in  c u ltu red  ad u lt and fe ta l  f ib ro b la s ts  and a m n io tic  fluid 

c e lls  is  e s s e n t ia l .  T he ran g e  of a c tiv ity  in  c u ltu red  sk in  f ib ro b la s ts  

f ro m  h e te ro z y g o te s  and hom ozygo tes fo r  th e  d is e a s e  u n d e r study , 

a s  w e ll a s f ro m  an adequate  n u m b e r of n o rm a l c o n tro ls  m u s t be 

d e te rm in e d . The a b ili ty  to  d is tin g u ish  th e  h e te ro zy g o u s  c a r r i e r  f ro m
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the  o th e r  two g roups is  c r i t ic a l .  F in a lly ,  th e  ran g e  of a c tiv ity  in 

n o rm a l am n io tic  fluid c e lls  f ro m  fe tu s e s  of a p p ro p r ia te  g e s ta tio n a l 

age m u s t be e s ta b lish e d  b e fo re  any a tte m p t is  m ad e  to  d iagnose  the 

d e fec tiv e  s ta te  in  u te r o . T h roughou t a l l  o f th e s e  s tu d ie s  s t r i c t  

c o n tro l o v e r c u ltu re  cond itions m u s t  be  m a in ta in e d  so  a s  to m in im ize  

b io c h e m ic a l v a r ia tio n .

As of 1972, 175 in b o rn  e r r o r s  of m e ta b o lis m  had b een  d e sc rib e d  

in  m an , 35 of w hich a r e  d iag n o sab le  by  u s e  of w hite  blood c e lls  (86). 

T h u s, an o th e r sy s te m  fo r  th e  in  v i tro  s tu d y  of en zy m es is  p rov ided  

by the  u til iz a tio n  of c e lls  d e riv e d  f ro m  p e r ip h e ra l  b lood . Of 

en o rm o u s p o ten tia l is  th e  a b il i ty  to  e s ta b l is h  v ir tu a l ly  p e rm a n en t 

c u ltu re s  fro m  p e r ip h e ra l  blood and th e  fa c t th a t th e s e  con tinuously  

p ro p ag a ted  lym phocy tes a r e  v a lu a b le  fo r  th e  stu d y  of hum an  b io ch e ­

m ic a l  g e n e tic s . L o n g - te rm  ly m p h o cy te  c e l l  l in e s  have  been  e s ta b ­

lish e d  in  a n u m b er of la b o ra to r ie s  f ro m  n o rm a l in d iv id u a ls  and 

p a tien ts  w ith v a rio u s  c y to g en e tic  and b io c h e m ic a l a b n o rm a li t ie s . A 

lym phocyto id  lin e  d e riv e d  f ro m  th e  p e r ip h e ra l  blood of an  ind iv idual 

w ill r e ta in  its  o r ig in a l genotype in  con tinuous c u ltu re  (83). T hese  

l in e s  p ro l ife ra te  abundantly  in  e a s i ly  m a in ta in e d  su sp en s io n  c u ltu re s  

fo r  an  a p p a re n tly  indefin ite  p e rio d  of t im e . In a d d itio n , m an y  of the  

enzym es involved in  the  in b o rn  e r r o r s  of m e ta b o lism  have been  

d e tec ted  in  lym phoid l in e s  f ro m  n o rm a l  d o n o rs . T h u s, a  b io ch e m ic a l 

d e fec t involving one of th e se  en zy m es c an  be  in v e s tig a te d  in  lo n g - te rm  

lin e s  d e riv ed  f ro m  affec ted  in d iv id u a ls . A la rg e  am oun t of m a te r ia l
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can  be p roduced , v ia  rap id  m u ltip lic a tio n  of th e se  c e l ls ,  a l l  of 

id e n tic a l cy togenetic  and b io c h e m ic a l c o n stitu tio n . T his a llow s fo r 

d e ta ile d  study  o‘f the en zy m a tic  le s io n  and th e  se c o n d a ry  m e tab o lic  

a b e r ra t io n s  re su ltin g  fro m  i t .  T h e se  c u ltu re s  p ro v id e  a  continuous 

sy s te m  fo r  the  in  v itro  study  of m e ta b o lic  p ro b le m s  such  a s  co fac to r 

re q u ire m e n ts  and the e ffec ts  o f v a r io u s  m e ta b o lite s  on n o rm a l and
S

d e fic ie n t c e lls .

T hus, the  t is s u e  c u ltu re  o f h u m an  c e l ls ,  d e riv e d  fro m  both 

sk in  b io p s ie s  and p e r ip h e ra l  b lood , h a s  le n t i t s e l f  w e ll to th e  in  v itro  

in v es tig a tio n  of n u m ero u s p ro b le m s  in  h u m an  b io ch e m ic a l g e n e t ic s , 

includ ing  the  in v es tig a tio n  of a b e r r a n t  su lfu r  am ino  acid  m e ta b o lism . 

Y et, th e re  re m a in  a n u m b er o f u n so lv ed  p ro b le m s in  the  study  of 

h o m o cy s tin u ria  due to c y s ta th io n in e  sy n th a se  d e fic ien cy . C le a r ly , 

the  a ffec ted  enzym e m u s t be in v e s tig a te d  u s in g  new  techn iques of 

t is s u e  cu ltu re  and m ic ro a s s a y . S p e c ific  and se n s it iv e  a s sa y s  m u st 

be developed in  o rd e r  to m a x im iz e  th e  e n zy m atic  a c tiv ity  found in 

c u ltu red  c e lls .  The p ro p e r t ie s  of th e  enzym e m u s t be e s tab lish ed  

and c o m p a riso n s  m ade  b e tw een  t i s s u e s  of d if fe re n t o rig in  a n d /o r  

age . A re  the  c h a r a c te r is t ic s  o f th e  sy n th a se  in  cu ltu red  c e lls  

am en ab le  to the h y p o th es is  th a t  we a r e  study ing  the  sam e enzym e 

in  v itro  as in  v ivo? A re  the  m a n ife s ta t io n s  of g en e tic  h e te ro g en e ity  

o b se rv a b le  in  c u ltu red  c e lls  a s  th ey  a r e  in  l iv e r  b iopsy  sp e c im en s?  

Can we d e te rm in e , w ith  r e la t iv e  e a s e  and a c c u ra c y , the  he te ro zy g o u s 

s ta te  of the d is e a s e ?  And, a r e  the  tec h n iq u e s  and know ledge a t hand
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su ffic ien t to  ju s tify  an  a tte m p t a t  the  p re n a ta l  d iag n o s is  o f the  d is e a s e ?  

T h is d is s e r ta t io n  i s  an  a tte m p t to  a n sw e r som e of th e se  and  ad d itio n a l 

questions c o n ce rn in g  the n a tu re  o f cy sta th io n in e  sy n th ase  and  i ts  

d e fic ien cy , by u tiliz in g  n o rm a l an d  d e fic ien t c u ltu re d  hum an  c e l ls .



1

H. M A TERIALS AND METHODS 

P r e p a r a t io n  of C u ltu red  C ells

Skin f ib ro b la s ts .  -  Skin b io p s ie s  w e re  ob tained  f ro m  the f le x o r  

s u r fa c e  of the f o r e a r m  o r  f ro m  the fo re s k in  of p a tien ts , o b lig a te  

and  p o te n tia l  h e te ro z y g o te s , and  n o rm a l c o n tro ls . B io p s ie s  w e re  

a ls o  tak e n  f ro m  fiv e  seco n d  t r im e s t e r  fe tu s e s  tha t w ere  a b o rte d  

by h y s te ro to m y . The f ib ro b la s t  c u ltu re s  w e re  e s tab lish ed  u sin g  

s ta n d a rd  c u ltu re  p ro c e d u re s .  E ach  b iopsy  spec im en  w as d iced  

and  the  p ie c e s  a llo w ed  to a tta c h  to the  f lo o r  of a p la s tic  c u ltu re  

f la s k . A fte r  a tta c h m e n t, 5 m l of " co m p le te "  m edium  (M cC oy 's 

5A m od ified  m ed iu m  co n ta in in g  30% by volum e of fe ta l  c a lf  s e ru m , 

100U p e n ic il l in  and  100 /ig  s t r e p to m y c in /100 m l, and 1% of 200 m M  

g lu tam in e ) w e re  in tro d u c e d  in to  th e  f la sk . The c u ltu re s  w e re  

m a in ta in e d  in  a  h um id  a tm o sp h e re  of 10% CO2 in a i r  a t  3 7 ° fo r  

a p p ro x im a te ly  se v en  d a y s . F o llow ing  th is ,  the  c u ltu re  m ed iu m  

w as changed  tw ice  w eek ly . A fte r  s e v e ra l  (3-5) w eeks, d u rin g  

w hich  t im e  f ib ro b la s t  c e l ls  m ig ra te d  f ro m  th e  o rig in a l exp lan t and 

d iv ided , th e  c u ltu re s  w e re  t r e a te d  w ith 0. 25% try p s in  and e s ta b lis h e d  

a s  m o n o la y e r c u l tu r e s .  T h ese  c u ltu re s  w e re  h a rv e s te d  fo r  m e a s u r e ­

m en t of en zy m a tic  a c t iv i ty  b e tw een  the  th ird  and eighth  su b c u ltu re .
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C are w as ta k e n  to a s s u r e  th a t a ll  the  c u ltu re s  w ere  a t a  s im ila r  

stage o f e a r ly  co n flu en ce  b e fo re  the f in a l feed ing  p ro g ra m  w as in it ia te d . 

T his p ro g ra m  c o n s is te d  of feed ing  the  c u ltu re s  co n secu tiv e ly  fo r  th re e  

days an d  h a rv e s tin g  o n  the fo u r th  day . On th a t day the c u ltu re s  w ere  

t re a te d  w ith  0. 25% t r y p s in  fo r  1 m inu te  a t  37°, and w ith 0. 02% Na 

EDTA fo r  15-20 m in u te s . T he c e lls  w ere  th en  w ashed  th re e  t im e s  

with 0. 9% sa lin e  and  ly se d  by  fre e z e - th a w in g , u sin g  a  s lu r r y  of 

ace tone  and  d ry  ic e .

A m n io tic  flu id  c e l ls .  -  A m nio tic  flu id , ob tained  f ro m  second  

t r im e s te r  p re g n a n c ie s  by tra n sa b d o m in a l a m n io c e n te s is , w as 

div ided  in to  5 -m l a liq u o ts  and  each  a liq u o t w as cen trifu g ed  fo r  10 

m inu tes a t  150 x G. T he  c e ll p e lle t  f ro m  each  tube w as then  r e s u s ­

pended in  5 m l o f "c o m p le te "  m ed iu m  and the  su sp en sio n  p lac ed  in  

a p la s tic  c u ltu re  f la s k . The c u ltu re s  w ere  incubated  fo r  4 days in  a 

hum id a tm o sp h e re  o f 10% CO2 in  a i r ,  a t 37° . The c u ltu re  m ed ium  

was changed  o n  the f i f th  day and  new  m ed ium  was in tro d u ced  tw ice  

w eekly th e r e a f te r .  A f te r  s e v e ra l  (3 -4 ) w eeks the c u ltu re s  w e re  

try p s in iz e d  and  e s ta b lis h e d  a s  m o n o lay er c u ltu re s  w hich w ere  th en  

handled  in  the sam e  m a n n e r  a s  the sk in  f ib ro b la s t  c u ltu re s .

L o n g - te rm  lym pho id  c e l l  l in e s . - L o n g - te rm  lym phoid l in e s  

w ere  e s ta b l is h e d  a c c o rd in g  to  the  m ethod  o f B e ra t is  and H irsc h h o rn  

(7). B lood  (30-50  m l) w as d raw n  f ro m  p a tie n ts , ob liga te  and p o te n tia l 

h e te ro zy g o te s  and  n o rm a l  c o n tro ls , u s in g  a  p la s tic  sy rin g e  w ith  

h e p a rin  a s  a n tic o a g u la n t. T he blood w as a llow ed to sed im en t in  the
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sy rin g e  fo r a p p ro x im a te ly  1 -2  h o u rs  and th e  su p e rn a ta n t p la sm a  

con ta in ing  w hite  b lood c e lls  w as rem o v ed  f ro m  the  sy r in g e  th ro u g h  

a ben t n e e d le . T h is  p la sm a  su sp en s io n  w as cen trifu g ed  a t 150 x G 

fo r  15 m in u te s , the  su p e rn a ta n t rem o v ed , and the  c e ll  p e lle t  gen tly  

d is ru p te d . T he leu k o c y te s  w e re  suspended  in  10 m l of R P M I 1640 

m ed iu m  and th e  c e l l  su sp e n s io n  w as re c e n tr ifu g e d . T he se d im e n te d  

leu k o cy tes  w e re  re su sp e n d e d  in  "co m p le te "  m ed ium  (RPM I 1640 

m ed iu m  con ta in ing  30% by vo lum e of fe ta l  c a lf  s e ru m , 1% of 200 m M  

g lu ta m in e , 100U p e n ic il l in  and 100 pg s tre p to m y c in  p e r  m l) . R e p li­

c a te  c u ltu re s  w e re  p re p a re d , e a c h  con ta in ing  1-2  x 10^ lym phocy tes  

in  a  vo lum e o f 6 m l of " c o m p le te "  m ed iu m  in  a  p la s tic  c u ltu re  f la sk . 

P u r if ie d  p h y to hem agg lu tin in  (PHA) w as added a t a  c o n c e n tra tio n  of 

1 p g /m l, and the  f la s k s  w e re  incubated  a t 37° in  the p re s e n c e  of 10% 

CO2 in  a i r .  E p s te in - B a r r  v iru s  (EBV) w as added to so m e  of the 

c u ltu re s  a s  fo llow s: A fte r  48 h o u rs  the  c u ltu re s  w ere  t r a n s f e r r e d  

to  tubes and cen tr ifu g e d  a t  150 x  G fo r  15 m in u te s . T he su p e rn a ta n t 

w as rem o v e d , th e  p e lle t  re su sp e n d e d  in  5 m l of " co m p le te "  R PM I 

m ed iu m , and the  su sp e n s io n  t r a n s f e r r e d  to  the  o r ig in a l f la s k . One 

m l of m ed iu m  con ta in ing  EBV a t a  c o n c e n tra tio n  of 3. 3 x  10^ v iru s  

p a r t i c l e s /m l  w as added  to  e ach  f la sk . The c u ltu re s  w e re  th en  

incubated  a t 37° in  a  10% CO£ a tm o sp h e re . The c e lls  w e re  fed e v e ry  

4 -5  days by c en tr ifu g in g  th e  c u ltu re  f la sk s  a t 600 R PM  fo r 10 m in u te s , 

rem o v in g  3 m l  of th e  su p e rn a ta n t m ed iu m , gen tly  shak ing  th e  f la sk s  

and re p le n ish in g  w ith  3 m l of " co m p le te "  m ed iu m . F o r  th e  e s ta b ­
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lish m e n t of lym phoid  lin e s  w ithout EBV , th e  PH A w as rem o v ed  f ro m  

th e  c u ltu re s  a t  48 h r s .  and the  c u ltu re s  w ere  fed w ith  f r e s h  "c o m p le te "  

m ed iu m .

E s ta b lis h m e n t of th e  lym phoid  lin e s  u su a lly  tak e s  4 -6  w eek s . 

S u c c e ss fu l c u ltu re s  ex h ib it a  d ro p  in  the  pH of the  m ed iu m , an  

in c r e a s e  in  c e ll  n u m b e r  and fo rm a tio n  of c e ll  c lu s te r s .  A f te r  e s ta b ­

lis h m e n t, the  c u ltu re s  w e re  m a in ta in ed  by rem ov ing  4 m l of m ed iu m  

w ith  su sp en d ed  c e lls  once a  w eek , p lac ing  th e m  in  a  new  f la s k  and 

feed ing  w ith  6 m l of R P M I 1640 m ed iu m  con ta in ing  20% of f e ta l  c a lf  

s e ru m  and g lu ta m in e , p e n ic illin  and s tre p to m y c in . O nce the  lin e s  

had  b een  e s ta b l is h e d , no g a ss in g  w ith  CO2 w as n e c e s s a ry . P r e p a r a ­

tio n  of m u ltip le  in i t ia l  f la sk s  in c re a s e d  th e  chances of e s ta b lis h in g  

a  lym phoid  lin e  f ro m  a  g iven  d o n o r, and i t  w as no t u n u su a l fo r  on ly  

one of s e v e r a l  c u ltu re s  f ro m  th e  sa m e  in d iv id u a l to b ecom e e s ta b lis h e d . 

The c u ltu re s  w e re  fed w ith  f r e s h  m ed iu m  24 h r s .  b e fo re  c e lls  w e re  

ob tained  fo r  e n z y m a tic  a n a ly s is . T he c e lls  w e re  th en  w ashed  w ith  

n o rm a l s a lin e  and ly se d  by f re e z e - th a w in g .

E nzym e A ssa y

T he a s s a y  p ro c e d u re  is  b a sed  on the  d ir e c t  m e a s u re m e n t, on 

an  a u to m a tic  am ino  ac id  a n a ly z e r , of cy sta th io n in e  fo rm ed  in  th e  

re a c tio n . C onditions w e re  e s ta b lish e d  fo r  the  a tta in m e n t of m a x im a l 

en zy m a tic  a c tiv ity . T he c o n c e n tra tio n s  below  w e re  found to  p ro d u ce  

o p tim a l r e s u l ts :  In a  to ta l  vo lum e of 0 .4  m l, the  fo llow ing, in  m ic r o -



m o le s , w e re  in cu b a ted  fo r  4 h o u rs  a t  37**: T r is -H C l b u ffe r  (0 .6 6  M, 

pH  8. 4), 6 0 .0 ;  p y rid o x a l 5*-m onophosphate  (P L P ) in  t r i s  b u ffe r ,

0. 5 (0. 015 u m o le s  w e re  u se d  fo r  s u b s tra te  c u rv e s ) ; ED TA  in  t r i s  

b u ffe r , 1 .0 ;  L - s e r in e  in  t r i s  b u ffe r , 10 .0 ; and L  -h o m o c y s te in e  

(m ade f ro m  th e  th io la c to n e ), 15. 0. The h o m o cy ste in e  an d  P L P  

so lu tio n s  w e re  p re p a re d  f r e s h  d a ily . To th is  re a c tio n  m ix tu re ,  250 

m ic r o l i t e r s  o f c e ll  ly s a te  w as added  a s  the  in cu b a tio n  w as begun .

T he re m a in d e r  o f th e  p ro c e d u re  h a s  been  d e s c r ib e d  by  G au ll 

e t a l .  (60). T he re a c t io n  w as stopped  by adding 0. 4 m l o f  co ld  10% 

t r ic h lo r a c e t ic  a c id , ch illin g  in  ice  fo r  15 m in u te s , and c e n tr ifu g in g  

a t  10, OOOg fo r  10 m in u te s . A t th is  po in t, 0. 5 m l o f the  s u p e rn a ta n t  

w as ad d ed  to  20 m l of w a te r  and p a s s e d  o v e r a  0 , 9 x  2, 9 c m . co lu m n  

of D ow ex 5 0 -X ^  (H4-) 200-400 m e sh  re s in .  A fte r  a p p lic a tio n  of th e  

sa m p le , th e  co lum n  w as w ashed  w ith  18 m l of w a te r , 35. 5 m l o f 

0. 4 N HC1, and  12 m l o f w a te r , a l l  of which w e re  d is c a rd e d . C y s ta ­

th io n in e  w as th e n  e lu ted  w ith  3. 9 m l of 3. 4 N NH4OH. T h is  f r a c t io n  

w as c o lle c te d  in  a  ro u n d  b o tto m  f la s k  and d r ie d  o n  a  r o ta r y  e v a p o ra ­

to r .  T he sa m p le  w as re d is s o lv e d  in  1 m l of 0. 1 N HC1 an d  a p p ro p r ia te  

am o u n ts  (50-500 m ic r o l i te r s )  w e re  analyzed  on a  6 cm . co lu m n  of 

B e ck m an  U R -30 a c id ic  and  n e u tra l  r e s in  a t  55° u s in g  pH 3. 21 so d iu m  

c i t r a te  b u ffe r  fo r  e lu tio n . T he co lum ns w ere  re g e n e ra te d  b e tw een  ru n s  

w ith  0. 2 N NaOH fo llow ed  by a w ash  w ith the e lu tin g  b u ffe r . T h e  r e te n ­

tio n  t im e  o f c y s ta th io n in e  (ap p ro x im ate ly  32 m in u te s) w as c h ec k ed  w ith 

each  s e r i e s  o f  a n a ly se s  by app ly ing  au then tic  L -c y s ta th io n in e . T he
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p ro d u c t o f the  re a c tio n  w as id en tified  a s  cy sta th io n in e  in  two o th e r  

w ays (60): (a) i t  w as d e m o n s tra te d  th a t when bo th  the  re a c tio n  

p ro d u c t and  a u th en tic  L -c y s ta th io n in e  w e re  ap p lied  to a  co lum n , a 

s in g le  s y m m e tr ic a l  peak  w as o b se rv ed ; (b) the  peak  d is a p p e a re d  

a f te r  o x id a tio n  of the  re a c tio n  p ro d u c t o v e rn ig h t a t  4 ° in  h y d ro g en  

p e ro x id e , a s  ex p ec ted  fo r  a su lfu r-co n ta in in g  am ino  a c id . P ro te in  

c o n c e n tra tio n s  w ere  d e te rm in e d  a c c o rd in g  to th e  m ethod  o f L ow ry  

e t a l .  (98). E n zy m atic  a c tiv ity  is  e x p re ss e d  a s  n m o le s  c y s ta th io n in e  

fo rm e d /m g  p ro te in /h o u r .

T is s u e  c u ltu re  m ed ium  (M cC oy's m od ified  5A m ed iu m  and  

R P M I 1640 m edium ) and fe ta l  c a lf  s e ru m  ( tis su e  c u ltu re  se le c t)  

w e re  o b ta in ed  f ro m  B a ltim o re  B io lo g ica l L a b o ra to r ie s  (B ioquest). 

P e n ic i l l in - s tr e p to m y c in  so lu tio n s , L -g lu ta m in e , and t ry p s in  w e re  

f ro m  G ran d  Is la n d  B io lo g ica l Com pany. P la s t ic  f la s k s  and  p ip e ts  

w e re  f ro m  F a lc o n  P la s t ic s  (B ioquest). P u r if ie d  p h y to hem agg lu tin in  

w as re c e iv e d  f ro m  B u rro u g h s-W ellco m e . L - s e r in e  and  L -h o m o c y s -  

te in e  th io la c to n e  w ere  ob ta ined  f ro m  C alb iochem , p y rid o x a l 5 '-  

m onophosphate  f ro m  Sigm a, EDTA fro m  F is h e r ,  and T r is  f ro m  

N u tr i tio n a l  B io c h e m ic a ls . D ow ex-50 r e s in  w as f ro m  B io ra d . S ta n ­

d a rd  re a g e n ts  and  c h e m ic a ls  w ere  b e s t g rad e  a v a ila b le .



III. RESULTS

D etec tio n  of cy sta th io n in e  sy n th a se  a c tiv ity  in  cu ltu red  hum an

f ib ro b la s ts :  op tim um  a s s a y  co n d itio n s. - T he p re s e n c e  of c y s ta ­

th io n in e  sy n th ase  a c tiv ity  in  c u ltu re d  sk in  f ib ro b la s ts  w as f i r s t  

d e m o n s tra te d  by U h lendo rf and Mudd in  1968 (165). H ow ever, the  

a s s a y  s y s te m  em ployed by th is  g ro u p  u til iz e d  cond itions th a t had 

b e en  developed fo r  u se  w ith  c ru d e  t is s u e  e x tr a c ts  f ro m  r a t  l iv e r  

(116) and in  add ition ,w as r a te - l im ite d  w ith  r e s p e c t  to  the  co n cen ­

t r a t io n  of one s u b s tra te , s e r in e . S ubsequen t s tu d ie s  (68 ,146) have 

a ls o  depended on on ly  s lig h t m o d ifica tio n s  o f th is  sy s te m . The 

m ethod  developed in  the  p re s e n t  w o rk  involved  s e v e ra l  m o d if ic a ­

tio n s  of the  cond itions u tiliz e d  in  p rev io u s  a s s a y s ;  th e s e  cond itions 

w e re  sy s te m a tic a lly  e s ta b lish e d  a s  op tim um . A fte r  ly s is  of h a r v e s ­

te d  f ib ro b la s ts  and c en tr ifu g a tio n  to  c o lle c t th e  su p e rn a ta n t f ra c tio n , 

th e  p roduction  of L -c y s ta th io n in e  w as p ro p o r tio n a l  to  p ro te in  c o n cen ­

t r a t io n  up  to  1 .3  m g /v e s s e l  (F ig . 2) and to  t im e  of in cu b a tio n  up to 

5 h o u rs  (F ig . 3). The e n zy m atic  a c tiv ity  w as g r e a te s t  a t pH 8 .4  

(F ig . 4). C ysta th ion ine  sy n th ase  a c tiv ity  w as c o m p le te ly  dependent 

upon the  add ition  of h o m o cy ste in e  and the  r a t e  of re a c tio n  w as m a x i ­

m a l  in  th e  p re s e n c e  of 10-15 ^ m o les of L -h o m o c y s te in e  w ith  the

54
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F ig u re  2. R ate  of re a c tio n  of c y s ta th io n in e  sy n th a se  f ro m  c u ltu red
hum an  adu lt sk in  f ib ro b la s ts  a s  a  function  of p ro te in  co n ce n tra tio n .
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F ig u re  3. R ate  of re a c tio n  of c y s ta th io n in e  sy n th a se  fro m  cu ltu red
hum an  adu lt sk in  f ib ro b la s ts  a s  a  fu n c tio n  of tim e  of incubation .
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F ig u re  4. E ffe c t of pH on c y s ta th io n in e  sy n th a se  fro m  c u ltu red
hum an adu lt sk in  f ib ro b la s ts .  A ssa y  p ro c e d u re  a s  in  th e  tex t,
ex cep t th a t so lu tio n s  and b u ffe r  w e re  a t th e  pH in d ica ted .
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h ig h est a c tiv ity  c o n s is te n tly  found a t 15 jxmoles (F ig . 5). A s e r in e  

c o n ce n tra tio n  of 8-13 p m o les p roduced  the  m ax im u m  rea c tio n  ra te  

(F ig . 6), bu t it w as no ted  th a t  w hen no s e r in e  w as added to the 

re a c tio n  m ix tu re  v e ry  s m a ll  am oun ts of p ro d u c t w e re  s t i l l  d e tec tab le  

(<0. 6 n m o le s). T h ese  "b lan k "  values, p re su m a b ly  the  re s u lt  of endo­

genous s e r in e ,  w e re  su b tra c te d  f ro m  the  o th e r  po in ts  on the cu rv e .

The o m iss io n  of p y rid o x a l p h ospha te  f ro m  th e  a s s a y  m ix tu re  did not 

g re a tly  a l t e r  the  a c tiv ity  of th e  p re p a ra tio n  f ro m  th a t obtained w ith  

the  s ta n d a rd  va lue  of 0.Q15 (xmoles. H ow ever, when the c o n c e n tra ­

tion  of p y rid o x a l phosphate  w as in c re a s e d  to  0 .5  (jm oles, a  s ig n if i­

can t in c re a s e  in  p ro d u c t fo rm a tio n  w as o b se rv ed  (F ig . 7). The 

o m iss io n  of EDTA f ro m  th e  re a c tio n  m ix tu re  caused  no reduction  

in  L -cy s ta th io n in e  fo rm a tio n . C y sta th io n in e  sy n th ase  ac tiv ity  w as 

co m p le te ly  d e s tro y ed  w hen a bo iled  e x tra c t  w as used  as a so u rc e  of
I

the enzym e.

D etec tion  of c y s ta th io n in e  sy n th ase  a c tiv ity  in  cu ltu red  fe ta l 

f ib ro b la s ts  and am n io tic  fluid c e l ls .  -  C ysta th ion ine  syn thase  a c tiv ity  

was a lso  d e te rm in e d  in  e x tr a c ts  of c e lls  cu ltu red  fro m  am nio tic  fluid 

obtained f ro m  w om en d u rin g  th e  14-20 th  w eek of p regnancy , and in  

e x tra c ts  of c e lls  c u ltu re d  f ro m  the  sk in  of hum an  fe tu se s  of the  sam e  

g e s ta tio n a l age , ob tained  by h y s te ro to m y . O p tim al su b s tra te  co n cen ­

tra tio n s  w ere  e s ta b lish e d  fo r  bo th  of th e se  c e ll  types and it was o b s e r ­

ved th a t a s e r in e  c o n c e n tra tio n  of 8-15  (im oles (F ig , 8 and 9) and a  h o m o ­

cy ste in e  c o n ce n tra tio n  of 10-15 pm oles (F ig . 10 and 11) produced m a x im a l
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F ig u re  5. R a te  of r e a c t io n  of cy sta th io n in e  sy n th ase  fro m  cu ltu red
hum an adu lt sk in  f ib ro b la s ts  as  a function  of L -h o m o cy ste in e  c o n cen ­
tra t io n .
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F ig u re  6. R a te  of re a c t io n  of cy sta th io n in e  sy n th a se  f ro m  c u ltu red
hum an adu lt sk in  f ib ro b la s ts  a s  a function  of L - s e r in e  c o n c e n tra tio n .
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F ig u re  7. R a te  of re a c tio n  of cy sta th io n in e  sy n th a se  f ro m  c u ltu re d
hum an ad u lt sk in  f ib ro b la s ts  as a  function  of p y rid o x a l phosphate
c o n c e n tra tio n .
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F ig u re  8. R ate  of re a c tio n  of cy sta th ion ine  sy n th ase  f ro m  c u ltu re d  
hu m an  a m n io tic  fluid c e lls  as a function of L -s e r in e  c o n c e n tra tio n .
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F ig u re  9. R a te  of re a c tio n  of cy sta th ion ine  sy n th a se  f ro m  cu ltu red
hum an  fe ta l sk in  f ib ro b la s ts  as a  function  of L - s e r in e  co n ce n tra tio n .
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F ig u re  10. R ate  of re a c tio n  of cy sta th io n in e  sy n th a se  fro m  cu ltu red
hum an  am n io tic  fluid c e lls  a s  a  function  of L -h o m o c y ste in e  c o n c e n tra ­
tio n .
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F ig u re  11. R a te  of re a c tio n  of cy sta th io n in e  syn thase  fro m  cu ltu red
hum an  fe ta l  sk in  f ib ro b la s ts  a s  a  function  of L -hom o cy s te in e  c o n cen ­
tra t io n . —
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enzym e a c tiv ity , a s  w as found w ith  the  ad u lt f ib ro b la s ts . P ro d u c t 

fo rm a tio n  w as found to  be  m a x im a l a t pH 8 .4  (F ig . 12). P ro d u c tio n  

of L -c y s ta th io n in e  by  th e  su p e rn a ta n t f ra c tio n  of c u ltu red  am n io tic  

fluid c e lls  w as l in e a r  w ith  re s p e c t  to am ount o f p ro te in  added up to 

1. 3 m g /tu b e  (F ig . 13) and w ith r e s p e c t  to  tim e  of in cuba tion  up to 

5 h o u rs  (F ig . 14). T he in c re a s e  in  en zy m atic  a c tiv ity  w ith add ition  

of l a r g e r  c o n c e n tra tio n s  of p y rid o x a l phosphate  (up to  1 pm ole) w as 

m uch  le s s  than  th a t o b se rv ed  w ith  adu lt f ib ro b la s ts  (F ig . 15).

D etec tion  of c y s ta th io n in e  sy n th ase  a c tiv ity  in  c u ltu red  lo n g ­

te r m  lym phoid  c e l l  l in e s . - U tiliz ing  op tim um  a s s a y  con d itio n s, 

cy sta th io n in e  sy n th a se  a c tiv ity  w as d e tec ted  in  e x tra c ts  f ro m  c u ltu red  

lo n g - te rm  lym phoid c e l ls .  The conditions w ere  id e n tic a l, in  m o st 

r e s p e c ts ,  to  th o se  d e te rm in e d  fo r cu ltu red  sk in  f ib ro b la s ts .  A 

s e r in e  c o n c e n tra tio n  o f 10-15 pm oles (F ig. 16) and a  h o m o cy ste in e  

c o n c e n tra tio n  of 15 pm oles (F ig . 17) w e re  o p tim a l. The pH op tim um  

w as found to  be 8 .4  (F ig . 18) and the  p ro d u c tio n  of cy sta th io n in e  w as 

l in e a r  w ith  re s p e c t  to tim e  of incubation  up to 5 h o u rs  (F ig . 19). 

In te re s tin g ly , th e  change in  en zy m atic  a c tiv ity  in  re sp o n se  to  an  

in c re a s e d  c o n c e n tra tio n  of p y rid o x a l phosphate  was sm a ll  (F ig . 20), 

re se m b lin g  a m n io tic  flu id  c e lls  r a th e r  than  adu lt f ib ro b la s ts  in  th is  

re s p e c t .  E n zy m atic  a c tiv ity  could not be d e tec ted  w hen a  boiled  

e x tra c t  w as u sed  a s  a  so u rc e  of the  enzym e.

E s ta b lish m e n t o f m e a n  c o n tro l va lues of cy sta th io n in e  sy n th a se  

a c tiv ity  in  c u ltu re d  sk in  f ib ro b la s ts  and in  v itro  d e te c tio n  o f.hom ozy-
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F ig u re  12. E ffec t of pH on cy sta th io n in e  sy n th ase  f ro m  cu ltu red
hum an  a m n io tic  fluid c e l ls .  A ssa y  p ro c e d u re  as in  the te x t, ex cep t
th a t so lu tio n s and b u ffe r  w e re  a t the  pH in d ica ted .
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F ig u re  13. R a te  of re a c tio n  of cy sta th io n in e  sy n th ase  fro m  cu ltu red
hum an am n io tic  fluid c e l ls  as a  function  of p ro te in  concen tra tion .
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F ig u re  14. R a te  of re a c tio n  of c y s ta th io n in e  sy n th ase  fro m  cu ltu red
hum an am n io tic  fluid c e lls  a s  a  function  of tim e  of incubation .
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F ig u re  15. R a te  o f re a c tio n  of c y s ta th io n in e  sy n th a se  f ro m  cu ltu red
hum an am n io tic  fluid c e lls  a s  a function  of p y rid o x a l phosphate  co n cen ­
tra tio n .
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F ig u re  16. R a te  of re a c tio n  of c y s ta th io n in e  sy n th a se  f ro m  hum an
lo n g - te rm  lym phoid c e ll  l in e s  a s  a  fu nc tion  of L - s e r in e  c o n cen tra tio n .
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F ig u re  17. R ate  of re a c tio n  of cy sta th io n in e  sy n th a se  f ro m  hum an
lo n g - te rm  lym phoid c e ll lin e s  as a  function  of L -h o m o c y s te in e
c o n c e n tra tio n . —
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F ig u re  18. E ffec t of pH on cy sta th io n in e  sy n th a se  f ro m  h u m an  lo n g ­
te r m  lym phoid  c e ll  l in e s . A ssay  p ro c e d u re  as in  th e  te x t , excep t
th a t so lu tio n s  and b u ffe r w e re  at the  pH in d ic a te d .
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F ig u re  19. R ate  of re a c tio n  of c y s ta th io n in e  sy n th a se  f ro m  hum an
lo n g - te rm  lym phoid c e ll  lin es  a s  a  function  of t im e  of incuba tion .
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F ig u re  20. R ate  o f re a c tio n  of cy sta th ion ine  sy n th a se  f ro m  h u m an
lo n g - te rm  lym phoid c e ll  l in e s  as a function  of p y rid o x a l p hospha te
c o n c e n tra tio n .



76

go tes  and h e te ro z y g o te s  fo r  h o m o c y s tin u ria . - V alues fo r c y s ta th io n in e  

sy n th a se  a c tiv ity  in  cu ltu red  sk in  f ib ro b la s ts  d e riv e d  fro m  n o rm a l 

d o n o rs , h o m o zy g o te s , and h e te ro zy g o te s  fo r h o m o cy s tin u ria  a r e  

p re s e n te d  in  T a b le s  1 and 2, and in  F ig u re  21. E n zy m atic  a c tiv ity  

w as h ig h e s t in  th e  c o n tro l g roup , w hich d e m o n s tra te d  m ean  a c tiv ity  

o f 20. 97 n m o le s /m g  p ro te in /h o u r  w ith a  s tan d a rd  e r r o r  of 1. 81. 

O b ligate  h e te ro z y g o te s  d e m o n s tra te d  in te rm e d ia te  enzym atic  a c tiv ity  

w ith  a  m e a n  v a lu e  of 4 .4 0  and a s ta n d a rd  e r r o r  of 0. 92. Of th e  five  

h o m ozygo tes  s tu d ied , cy sta th io n in e  sy n th ase  a c tiv ity  was d e te c ta b le  

in  th r e e ,  tw o of w hom  d e m o n s tra te d  v a lu e s  of 0. 74 and 0. 83. T h e  

th ird  p a tie n t d e m o n s tra tin g  enzym atic  a c tiv ity  had  a  value of 2 . 2 9 , 

th e  h ig h e s t o b se rv e d  in  th e  hom ozygote group . H ow ever, th is  

p a tie n t h a s  b een  docum en ted  as being bo th  c lin ic a lly  and b io c h e m i­

c a lly  a ty p ic a l , and h is  h e p a tic  cy sta th io n in e  sy n th a se  ac tiv ity  w as 

a ls o  u n u su a lly  h ig h  fo r a  h o m o cy s tin u ric  (62). T he  d iffe ren ces  

b e tw een  th e  m ea n s  of th e  th re e  g roups w e re  h igh ly  s ig n ifican t, and 

th e  only o v e rla p p in g  va lue  was th a t of th e  a ty p ic a l p a tien t. On th e  

b a s is  of th e  above d a ta , c u ltu red  sk in  f ib ro b la s ts  f ro m  two p o te n tia l 

h e te ro z y g o te s  w e re  in v es tig a ted  to  d e te rm in e  th e i r  genetic  s ta tu s  w ith  

r e s p e c t  to  h o m o c y s tin u r ia . The f i r s t  d e m o n s tra te d  a  value of 21. 60 

and w as th u s c la s s if ie d  a s  n o rm a l, w hile  the seco n d  showed a c tiv ity  

o f 6 . 76, su g g e s tin g  a  h e te ro zy g o u s condition.

M ean  c o n tro l v a lu es  of cy sta th io n in e  sy n th a se  a c tiv ity  in  c u ltu re d  

fe ta l  f ib ro b la s ts  and am n io tic  flu id  c e l ls .  - E x tra c ts  of c u ltu re d  sk in



TA BLE 1

CYSTATHIONINE SYNTHASE ACTIVITY IN CULTURED ADULT 
SKIN FIBROBLASTS FROM CONTROLS, AND FROM 

HETERO ZYG OTES AND HOMOZYGOTES 
FOR SYNTHASE DEFICIENCY

C e ll L in e  C ysta th ion ine  form ed*  M ean - SEM

C o n tro ls :
GM 41 12. 04
GM 38 12.50
1909 13.29
GM 76 14. 38
1993 16.89
1897 17. 20
1928 17. 71
1736 18. 15
1922 18. 37
HS 19.22
GM 75 20. 81
FS 1 23 .98
GM 43 24.85
1927 27. 86
FS 3 28. 57
MN 31. 11
FS 2 39 .54

O bligate
H e te ro z y g o te s :
M r. C 2 .15
M rs . M 2 .84
M r. M 3 .25  4 .4 0  - 0. 92
M rs . G 4. 10
M r. H 5 .8 4
M rs . N 8.1 9

77



T A B L E  1 (C ont'd)

C ell L ine C y sta th io n in e  fo rm ed *  M ean - SEM

H om ozygotes:
AG 0 .0 0
JG  0. 00
RN 0 .7 4  0. 77 * 0 .4 2
LM 0 .8 3
CH 2 .2 9

P o te n tia l
H e te ro z y g o te s :
BN 6 . 76
SN 21 .60

* n m o le s /m g  p ro te in /h o u r



T A B L E  2

COMPARISON O F  CYSTATHIONINE SYNTHASE ACTIVITY (MEAN + 
SEM) IN CULTURED ADULT SKIN FIBROBLASTS FROM  

CONTROLS, AND FROM  HETEROZYGOTES AND 
HOMOZYGOTES FO R SYNTHASE DEFICIENCY

Phenotype (no. te s te d )  

C on tro ls  (17)

O bligate  H e te ro zy g o te s  (6 )

H om ozygotes (5)

P o te n tia l H e te ro zy g o te s : BN
SN

C ysta th ion ine  fo rm ed*  

20. 97 i  1. 81 

4 .4 0  ± 0. 92

0. 77 - 0 .4 2

6 . 76 
21 .60

p < . 001

. 005 <p< . 01

* n m o le s /m g  p ro te in /h o u r
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CYSTATHIONINE SYNTHASE ACTIVITY IN 
CULTURED SKIN FIBROBLASTS
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4-4.40+0.92

0.77+0.42

H0MQZY60TES OBLIGATE CONTROLS 
HETER0ZYG0TES

F ig u re  21. D is tr ib u tio n  of c y s ta th io n in e  sy n th a se  a c tiv itie s  fro m  
c u ltu red  hum an adu lt sk in  f ib ro b la s ts  d e riv ed  fro m  c o n tro l su b jec ts  
and f ro m  hom ozygo tes and h e te ro z y g o te s  fo r  cy sta th io n in e  sy n th ase  
d e fic ien cy . T he va lue  fo r  e a c h  g ro u p  g ives th e  m ea n  - SEM.
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fib ro b la s ts  f ro m  five second  t r im e s t e r  fe tu se s  w e re  a ssa y e d  fo r 

cy sta th ion ine  sy n th ase  a c tiv ity . A m e a n  v a lu e  of 32. 89 n m o le s /m g  

p ro te in /h o u r  w as d e te rm in e d , w ith  a  s ta n d a rd  e r r o r  of 5. 06 (T able  3), 

T he m ean  enzym atic  a c tiv ity  of c u ltu re d  am n io tic  flu id  c e lls  was 

found to be 40. 70 w ith a  s ta n d a rd  e r r o r  of 4. 58. T h e re  w as no 

s ig n ifican t d iffe ren ce  be tw een  th e  m e a n s  of th e s e  two g ro u p s , but 

bo th  d iffered  s ig n ifican tly  f ro m  th e  m e a n  found in  cu ltu red  adu lt 

f ib ro b la s ts  (p <. 001) (T able 4). A m n io tic  flu id  c e lls  ob tained  d u rin g  

th e  s ix teen th  w eek of p reg n a n c y , f ro m  th e  o b lig a te  h e te ro zy g o te  

m o th e r  of two ch ild ren  w ith h o m o c y s tin u r ia , w e re  c u ltu re d  and th e i r  

e x tra c ts  a ssa y ed  to a tte m p t a p r e n a ta l  d ia g n o s is . C ysta th ion ine  

sy n th a se  a c tiv ity  of 73. 79 n m o le s /m g  p ro te in /h o u r  w as found, and 

th e  suggestion  was m ade  th a t sh e  w as c a r ry in g  a  n o rm a l fe tu s .

C ystath ion ine sy n th a se  a c tiv ity  in  c u ltu red  lo n g - te rm  lym phoid  

c e l l  lin e s  fro m  c o n tro ls , h e te ro z y g o te s , and hom ozygo tes fo r  h o m o ­

c y s t in u r ia . - D ata on c y s ta th io n in e  sy n th a se  a c tiv ity  in  cu ltu red  

lym phoid  c e lls  is  p re se n te d  in  T ab le  5. M ean c o n tro l en zy m atic  a c t i ­

v ity  was found to be 9 .4 9  n m o le s /m g  p ro te in /h o u r  w ith  a  s ta n d a rd  

e r r o r  of 0. 98. M ean en zy m a tic  a c tiv i ty  in  th e  h e te ro z y g o te  g roup  

w as 3. 21 - 0. 37. The hom ozygous a ffe c te d  in d iv id u a l had c y s ta th io ­

n ine  syn thase  ac tiv ity  of 0 . 88.



TA BLE 3

CYSTATHIONINE SYNTHASE ACTIVITY IN CU LTU RED  
FIBROBLASTS AND AMNIOTIC FL U ID  C E LL S

C ell lin e s  C y sta th io n in e  fo rm ed *

C o n tro l F e ta l  F ib ro b la s ts :
113 
117 
GM 10 
115 
GM 11

C o n tro l A m niotic  F lu id  C e lls:
128 
127 
1920 
1975 
1947 
129 
1963 
1938

A m niotic  F lu id  C e lls  F ro m
O bligate  H eterogygo te  M other: 73. 79

’S 'nm oles/m g p ro te in /h o u r

2 7 .9 0
30. 82
31. 34 
31. 78 
35. 35 
54. 78 
56 .01  
5 7. 60

1 9 .9 9  
25. 32 
30. 01 
42. 73 
4 6 .4 2

FE T A L

M ean - SEM

32 .89  ± 5 .0 6

40. 70 ± 4 .5 8
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TA B LE 4

COMPARISON O F MEAN CYSTATHIONINE SYNTHASE ACTIVITY 
IN CULTURED CONTROL CELLS

Type of C e ll L ine M ean  t  SEM  C y sta th io n in e  fo rm ed *

L o n g - te rm  lym phocy tes 9. 49 1" 0. 98

A dult sk in  f ib ro b la s ts  20. 97 t  1. 81

F e ta l  f ib ro b la s ts  32. 89 1 5. 06

A m nio tic  flu id  c e lls  40 . 70 + 4 . 58

* n m o le s /m g  p ro te in /h o u r



TABLE 5

CYSTATHIONINE SYNTHASE ACTIVITY IN L O N G -T E R M  LYMPHOID 
C E L L  LINES FROM  CONTROLS AND FROM  HETERO ZY G O TES 

AND HOMOZYGOTES FOR SYNTHASE D EFIC IEN C Y

C ell L ines C ysta th ion ine  fo rm ed *  M ean  - SEM

C o n tro ls :
EBV 4B 5 .1 7
EBV 4A 5. 27 .
EBV 4C 6 . 30
EBV 1 7. 32
NB 16 8 .18
NB 14 8. 73
EBV 13 9 .63  9 .4 9  ± 0 .9 8
NB 13 10. 27
EBV 7B 11. 03
EBV 3 11. 92
EBV 8 13 .73
EBV 7A 16. 33

H e te ro z y g o te s :
M rs . M 2.51
M r. M 3. 38 3. 21 * 0. 37
M rs . N 3. 75

H om ozygote:
PM  0.88

* n m o le s /m g  p ro te in /h o u r
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IV . DISCUSSION

In 1964 Mudd et a l. (114) su ggested  th a t d e fic ie n t a c tiv ity  

of c y s ta th io n in e  sy n th a se  w as the  b a s ic  m etab o lic  d e fec t re s u ltin g  

in  the  c l in ic a l  sy n d ro m e  of h o m o cy s tin u ria . To t e s t  th is  h y p o th es is  

th ey  developed  a s s a y s  (114,116) fo r  the sy n th ase  and fo r  two of the  

o th e r  en zy m es involved in  the  m am m alia n  tr a n s s u lfu ra t io n  pathw ay, 

m e th io n in e  a d e n o s y ltra n s fe ra s e  and c y s ta th io n a se . T he m ic r o ­

m eth o d s  th ey  u tiliz e d  w ere  b ased  on the  d if fe re n tia l  a d so rp tio n  of 

la b e lle d  p ro d u c t and the  sy s te m  w as su ffic ien tly  s e n s it iv e  to  m ak e  

u s e  of th e  t is s u e  ob tained  fro m  a  s in g le  need le  b io p sy  of l iv e r .  By 

a p p lic a tio n  of th e se  a s s a y s ,  th ey  w e re  ab le  to d e m o n s tra te  c y s ta ­

th io n in e  sy n th a se  a c tiv ity  in  bo th  f r e s h  and p o s tm o rte m  hum an 

l iv e r .  T hey  w ere  a lso  ab le  to  show  that p a tien ts  w ith  h o m o c y s tin u r ia  

w e re  d e fic ie n t in  h e p a tic  sy n th a se  ac tiv ity , a lthough  th e ir  h e p a tic  

m e th io n in e  a d e n o s y ltra n s fe ra s e  and c y sta th io n ase  w e re  c o m p a rab le  

in  a c tiv ity  to  c o n tro ls . H ow ever, th e ir  a s s a y  sy s te m  depended fo r  

i ts  s e n s i t iv i ty  on th e  p re s e n c e  of s e r in e  a t a  c o n c e n tra tio n  w e ll below  

th e  Km  fo r  th e  en zy m e, as th ey  no ted . O bviously , w ith  bo th  enzym e 

and s u b s tr a te  r a te - l im it in g  in  an  a s s a y , conclu sions about d if fe re n c e s  

b e tw een  enzym es in  the  sa m e  t is s u e  a re  d ifficu lt. T h u s, in  1969,
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G aull e t a l .  (60) developed  new  a s s a y s  fo r  th e se  th r e e  en zy m es and 

e s ta b lish e d  c o n tro l v a lu es fo r  th e ir  a c tiv i t ie s  in  f r e s h  t i s s u e s .  L ike 

the  p re v io u s ly  e x is tin g  m e th o d s , the  new  a s s a y s  w e re  s e n s it iv e  

enough to  a s s a y  a l l  th re e  en zy m atic  a c tiv i t ie s  f ro m  a s in g le  n eed le  

b io p sy  of l iv e r ,  bu t un like  th e  p rev io u s  m e th o d s , th ey  did no t depend 

fo r  s e n s it iv ity  on r a te - l im it in g  s u b s tr a te s .  W hen G au ll e t a l .  (60) 

u sed  th e  a s s a y  of M udd 's g roup  (116) th ey  ob tained  a v e ra g e  v a lu e s  

of 310 n m o le s /m g  p ro te in /1 3 5  m in u te s  fo r  p a r t ia l ly  p u rif ied  r a t  

l iv e r  p re p a ra t io n s  and 94 n m o le s /m g  p r o te in /135 m in u te s  fo r  c ru d e  

e x tra c ts  of r a t  l iv e r .  H ow ever, w hen the  p re p a ra tio n s  w e re  

a s sa y e d  u til iz in g  th e i r  new  m eth o d , th ey  ob tained  a v e ra g e  v a lu e s  

of 988 n m o le s /m g  p ro te in /1 3 5  m in u te s  fo r  p a r t ia l ly  p u rified  p re p a ­

ra tio n s  and 346 n m o le s /m g  p ro te in /1 3 5  m in u te s  fo r  c ru d e  e x tr a c ts .  

T hus, the  u ti l iz a tio n  of sa tu ra tin g  c o n ce n tra tio n s  of bo th  s u b s tra te s  

t r ip le d  th e  am oun t of a c tiv ity  d e te c ted  in  th e se  r a t  l iv e r  p re p a ra t io n s .

In 1971 T a lla n  e t a l. (161) w e re  in v es tig a tin g  hom olan th ion ine  

sy n th e s is  by  hu m an  l iv e r  c y s ta th io n a se . It b e ca m e  obvious to  th em  

th a t s in c e  the  a s s a y s  of the  t r a n s s u lfu ra t io n  enzym es w e re  n e c e s s a ­

r i ly  p e rfo rm e d  u n d e r  cond itions e s ta b lish e d  as o p tim a l fo r th e  

en zy m es f ro m  r a t  l iv e r ,  s tu d ie s  of th e  hum an  enzym es w e re  needed . 

U ntil th a t t im e , l i t t le  had b een  re p o r te d  c o n ce rn in g  the hum an 

e n z y m e s , and th is  g roup  found th a t th e  enzym es o f r a t  and hum an  

o r ig in  d iffe red  in  c e r ta in  p h y s ic a l, en zy m atic  and im m u n o ch em ica l 

p r o p e r t ie s .  T hey  m odified  th e  a s s a y  fo r  cy sta th io n in e  sy n th a se



87

w hich  had b e en  developed  fo r  r a t  l iv e r ,  and d e te rm in ed  o p tim a l 

cond itions fo r  th e  e n zy m atic  a s s a y  in  hum an  l iv e r .  U tiliz ing  th is  

new  s y s te m , th e y  ob tained  a  m ea n  value  fo r  the  sy n th ase  of hum an  

l iv e r  of 466 n m o le s /m g  p ro te in /1 3 5  m in u tes  as com pared  to 252 

n m o le s /m g  p r o t e i n / 135 m in u te s , w hich  w as the  m ean  value fo r  

h um an  l iv e r  sy n th a se  ob tained  by  Mudd u sin g  h is  " r a t"  a s sa y .

T a lla n  e t a l .  a ls o  found th a t the  sa m e  hum an l iv e r  p re p a ra tio n  

d e m o n s tra te d  tw ice  a s  m uch  a c tiv ity , w hen a ssa y ed  by  th e ir  m eth o d , 

th an  i t  did w ith  M udd 's s y s te m  (159).

T he p re s e n c e  of c y s ta th io n in e  sy n th ase  in  cu ltu red  sk in  

f ib ro b la s ts  w as f i r s t  d e m o n s tra te d  in  1968 by U hlendorf and Mudd 

(165). T hey  d e te rm in e d  sy n th a se  a c tiv ity  in  f ib ro b la s ts  grow n in  

t is s u e  c u ltu re , d e riv e d  f ro m  sm a ll  sk in  b io p s ie s  of p a tien ts  w ith  

h o m o c y s tin u r ia  and c o n tro ls . T hey  found syn thase  a c tiv ity  in  the  

p a tie n ts ' f ib ro b la s ts  a b se n t o r  s e v e re ly  d e fic ien t, a lthough m e th io ­

n ine  a d e n o s y ltr a n s fe ra s e  a c tiv ity  w as n o rm a l. T h e ir  m ean  c o n tro l 

v a lu e  fo r  c y s ta th io n in e  sy n th a se  in  c u ltu red  f ib ro b la s ts  w as 1 4 .4  

n m o le s /m g  p ro te in /h o u r .  In l a te r  s tu d ie s , Mudd (112, 164) 

re p o r te d  th a t th e  sp e c if ic  a c tiv ity  of cy sta th ion ine  sy n th ase  in  e x ­

t r a c ts  of f ib ro b la s ts  f ro m  o b lig a te  h e te ro zy g o te s  fe ll a t the  low  

end of, o r  b e lo w , th e  c o n tro l ra n g e , but h ig h e r than  the  a c tiv it ie s  

of th e  c e lls  d e riv e d  fro m  p a tie n ts . He concluded th a t h e te ro zy g o te s  

fo r  sy n th a se  d e fic ie n cy  could  not be d e tec ted  w ith c e r ta in ty  by 

u til iz in g  a t is s u e  c u ltu re  sy s te m , a lthough  th e ir  c e lls  did d em o n ­
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s tr a te  in te rm e d ia te  le v e ls  of enzym e a c tiv ity . A gain how ever, the 

a s s a y  sy s te m  th e y  u tiliz e d  w as based  on  conditions developed fo r  

u se  w ith crude t i s s u e  e x tr a c ts  f ro m  r a t  l iv e r .

R a th e r  th an  depend on r a te - l im it in g  s u b s tra te  in  a  rad io ac tiv e  

a s sa y  (114,116), I  a tte m p te d  to  ob tain  th e  re q u is ite  se n s itiv ity  by 

an  exam ination  o f  each  o f th e  a s s a y  cond itions and d e te rm in a tio n  

of o p tim a l a c tiv ity . The " f ib ro b la s t"  sy n th a se  a s s a y  p resen ted  

h e re  is  b ased  u p o n  the m e a s u re m e n t  o f cy sta th io n in e  fo rm ed  u n d er 

op tim al cond itions fo r e n z y m a tic  a c tiv ity  in  cu ltu red  c e lls  and 

quantified  by the u s e  of s h o r t  co lum ns on  an a u to m atic  am ino acid  

a n a ly z e r . The p ro d u c t c y s ta th io n in e  is  se p a ra te d  fro m  the su b ­

s t r a te s ,  se rin e  a n d  h o m o c y s te in e , by th e  u se  of D ow ex-50 ion 

exchange re s in . A p p ro p r ia te  e x p e r im e n ts  d e m o n s tra te d  tha t under 

th ese  new ly  e s ta b lish e d  co n d itio n s  en zy m atic  a c tiv ity  w as l in e a r  

w ith  t im e  and p ro p o r t io n a l  to p ro te in  c o n c e n tra tio n . T he op tim al 

pH was e s ta b l is h e d , as w e re  th e  s u b s tra te  c o n ce n tra tio n s  producing  

the  m a x im a l r a te  of re a c t io n . As ex p ec ted , th e  enzym atic  ac tiv ity  

was dependent u p o n  the a d d itio n  of s u b s tra te  and no a c tiv ity  was 

ob se rv ed  when a  bo iled  e x t r a c t  was u s e d  as a  so u rc e  of the  enzym e. 

P a r t ic u la r  a tte n tio n  w as pa id  to  the e lu tio n  tim e  of cy sta th ion ine  on 

the  am ino  acid a n a ly z e r .  C a re  was ta k e n  to avoid  confusion  w ith 

p y rid o x a l phosphate  a d d u c ts  known to  s im u la te  cy sta th ion ine  in  

som e c h ro m a to g ra p h ic  s y s te m s  (60).
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C are  w as a lso  tak en  w ith  th e  c u ltu r in g  and p re a s s a y  cond ition  

o f the c e l ls .  O bv iously , the  q u an tity  of a v a ila b le  m a te r ia l  f ro m  

c u ltu re d  f ib ro b la s ts  is  sm a ll . No a tte m p t w as m ade to p u rify  o r  

d ia lyze  the enzym e. H ow ever, c u ltu re  cond itions w ere  e s ta b lish e d  

so a s  to p ro v id e  the  c e lls  a t  t h e i r  m o st m e ta b o lic a lly  e ff ic ie n t s ta te , 

to ach ieve  o p tim u m  ly s is  of the  c e l ls ,  an d  to m ain ta in  the  en zy m atic  

a c tiv ity  a t  a  m ax im u m  u n til th e  t im e  of a s s a y . T h ere  a p p e a re d  to 

be no c o r re la t io n  b e tw een  e n z y m a tic  a c t iv i t ie s  and the s ite  f ro m  

w hich the  sk in  b io p sy  w as ta k e n , th e  sex  o r  the age of th e  donor 

(excep t fe ta l  t is s u e ,  to be d is c u s s e d  la te r ) ,  the p re s e n c e  o r  

ab sen ce  of EBV, the  n u m b er o f su b c u ltu re s  (2-7), o r  the  len g th  of 

tim e  the c e lls  had  b een  s to re d  a f t e r  h a rv e s t .  The a tte m p t w as 

m ade to h a rv e s t  a l l  the  c u ltu re s  a t  the sa m e  stage of con fluence  in 

o r d e r  to m in im iz e  d if fe re n c e s  re s u ltin g  f ro m  vary ing  s ta g e s  o f the 

c e ll  grow th cy c le .

U tiliz ing  th is  im p ro v e d  sy s te m , sy n th a se  a c tiv ity  in  c u ltu re d  

a d u lt hum an  f ib ro b la s ts  w as qu an tified . A  m ean  of 20. 97 n m o le s /m g  

p ro te in /h o u r  w as d e te rm in e d  fo r  th e se  c e l l s ,  a s  co m p ared  to 14. 4 

found by U h lendorf and Mudd (165), 3. 29 found by S e a sh o re  e t a l. 

(146) u sing  M udd 's sy s te m  an d  8 by  the l a t t e r  group, u s in g  an  am ino  

a c id  a n a ly z e r  and a s e r in e  c o n c e n tra tio n  ten fo ld  h ig h e r. T hus, the 

new  a s s a y  s y s te m  se e m s  to in c r e a s e  the m e a su ra b le  a c tiv ity  in  th e se  

c e l ls .

D uring  the c o u rs e  of th e s e  e x p e r im e n ts  an in te re s tin g  e ffe c t of 

p y rid o x a l p hospha te  (P L P ) c o n c e n tra tio n  w as no ticed . Mudd e t  a l.
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(116) had no ted  th a t w ith  th e i r  s y s te m , an  in c re a s e  in  P L P  concen­

tra t io n  c o n s is te n tly  s tim u la te d  sy n th a se  a c tiv ity . T hey found no 

d e c re a s e  w hen P L P  w as o m itted  f ro m  the re a c tio n  m ix tu re  as 

com pared  to th e  v a lu e  ob ta ined  w ith  th e ir  s ta n d a rd  concen tra tion  

of 0. 015 m ic ro m o le s . H ow ever, a s  they  in c re a s e d  the c o n ce n tra ­

tio n  of P L P  to  0 .4  m ic ro m o le s ,  th ey  found a  10% in c re a s e  in 

cy sta th io n in e  fo rm a tio n . S e a s h o re  ^st a l. (146) a lso  studied  the 

e ffec ts  of v a ry in g  c o n c e n tra tio n s  of P L P  in  th e  a s s a y  sy s te m  of 

both  n o rm a l and h o m o c y s tin u ric  f ib ro b la s ts  and the  e ffec ts  of 

in c re a s in g  th e  P L P  c o n c e n tra tio n  in  the c u ltu re  m ed ium . When 

sy n th ase  a s s a y s  w e re  p e rfo rm e d  on c e lls  g row n in  c u ltu re  m edium  

th a t had been  su p p lem en ted  one hundred  fold w ith p y ridox ine , no 

enhancem en t of a c tiv ity  w as n o ted , e ith e r  in  c o n tro l o r  hom ocys­

t in u r ic  c e lls  even  a f te r  th r e e  g e n e ra tio n s  in  c u ltu re . H ow ever, 

the  add ition  of in c re a s in g  a m o u n ts  of P L P  to the  incubation  m ix­

tu re  did s tim u la te  sy n th a se  a c tiv ity  in  c o n tro l c e lls .  W hen sm all 

am ounts of P L P  (0. 016 m ic ro m o le s )  w ere  added to the  in  v itro  

a s s a y  sy s te m , no s t im u la tio n  of sy n th ase  a c tiv ity  w as noted in 

c o n tro l c e ll e x t r a c t s , r e la t iv e  to  th a t found w ith  no add itional P L P . 

H ow ever, P L P  c o n ce n tra tio n s  of 0 .4  m ic ro m o le s  and 2 m ic ro m o le s  

did s tim u la te  a c tiv ity  (twofold a t  a  2 m ic ro m o le  concen tra tion ).

T hey a lso  found a 2. 5 -4 -fo ld  in c re a s e  in  sy n th ase  a c tiv ity  in  ex­

t r a c ts  fro m  f ib ro b la s ts  of one of th e ir  "p y rid o x in e -re sp o n s iv e "  

p a tien ts  when the c o n c e n tra tio n  of P L P  in  th e  a s s a y  sy s te m  was
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in c re a s e d  to 0 .4  m ic ro m o le s . L y s a te s  f ro m  f ib ro b la s ts  o f ano ther 

p a tie n t who showed a n  in  vivo r e s p o n s e  to  v ita m in  show ed no 

re sp o n se  to P L P  added  in v i tro  a t  th a t t im e . H ow ever, th e  sam e 

g roup  has s ince  re p o r te d  (91) t h a t  they  ex am in ed  p a r t ia l ly  pu rified  

e x tra c ts  fro m  the second  p a tie n t and d e m o n s tra te d  a  d ir e c t  s t im u ­

la tio n . R ecen tly , U hlendorf e t  a l .  (164) s tud ied  the  e ffec t of va ry ing  

the co n cen tra tio n  of P L P  in th e  a s s a y  fo r  cy sta th io n in e  syn thase  

a c tiv ity  in e x tra c ts  o f cu ltu red  f ib ro b la s ts  f ro m  a  la rg e  g roup  of 

sy n th a se -d e fic ien t p a tie n ts . T h e y  re p o r te d  th a t in  24 out of 25 

c lin ic a lly  resp o n siv e  p a tie n ts , c y s ta th io n in e  sy n th a se  a c tiv ity  could 

be de tec ted  in  f ib ro b la s t  e x tr a c ts  th a t w e re  a s sa y e d  w ithout the 

ad d itio n  of P L P . T he sy n th ase  a c tiv ity  o f th e se  p a tien ts  w as 

s tim u la ted  to the sa m e  d eg ree  a s  was c o n tro l sy n th a se  a c tiv ity  by 

ad d itio n a l P L P  (30-50% s tim u la tio n  w as ob tained  w ith 0 .4  m ic r o ­

m o le s  of P L P ). The only e n z y m a tic  a c tiv i ty  th a t  d e m o n s tra te d  

no tab ly  g re a te r  s tim u la tio n  w ith  in c re a s in g  c o n c e n tra tio n s  of P L P  

was th a t of a n o n -re sp o n siv e  p a t ie n t ,  th e  only n o n -re s p o n d e r  to 

show any detectab le  sy n th ase  a c t iv i ty .

In the p re se n t s tu d y , u t i l iz in g  th e  new  cond itions e s tab lish ed  

fo r cu ltu red  c e l ls ,  i t  w as found th a t  the  o m is s io n  of P L P  fro m  the 

in  v i t ro  rea c tio n  m ix tu re  did n o t  g re a t ly  a l t e r  th e  a c tiv ity  of the 

p re p a ra tio n  fro m  th a t obtained w ith  a low  c o n c e n tra tio n  of 0. 015 

m ic ro m o le s . H ow ever, an in c r e a s e  in  P L P  c o n c e n tra tio n  to  0 .5  

and 1. 0 m ic ro m o les  d id  re s u lt  in  a  th re e - fo ld  en h an cem en t of enzy ­
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m a tic  a c tiv ity . T hus, th e  c o fa c to r  re q u ire m e n t of cy sta th io n in e  

sy n th a se  fo r  P L P  would se e m  to  be  h ig h e r  th an  th e  0. 015 m ic r o ­

m o les em ployed in  the  a s s a y  s y s te m  developed  by Mudd (116) and 

u sed  in s e v e ra l  su b seq u en t s tu d ie s  by o th e r  w o rk e rs  (9 , 68 , 69) 

(U hlendorf et a l. (164) have  re c e n tly  changed  th e  c o n ce n tra tio n  of 

P L P  in  th e i r  sy n th ase  a s s a y  f ro m  0. 015 to  0 .4  m ic ro m o le s ) . A 

c o n ce n tra tio n  of 0. 5 m ic ro m o le s  a p p e a rs  to  p ro d u ce  m ax im a l 

en zy m atic  a c tiv ity .

T he d a ta  p re s e n te d  in  th is  s tu d y  c o n firm  th e  fa c t th a t h o m o ­

zygotes fo r  h o m o c y s tin u r ia  a r e  s e v e re ly  d e fic ie n t in  cy sta th io n in e  

sy n th ase  a c tiv ity  (MEAN t  SEM  = 0. 77 * 0. 42) a s  c o m p ared  to a  

ran d o m  group  of n o rm a l c o n tro ls  (20. 97 t  1. 81). H ow ever, a  

c lo s e r  look  a t th e  a c tu a l va lues fo r  th e  p ro d u c tio n  of cy sta th io n in e  

su g g es ts  an  in trig u in g  h y p o th e s is . It c an  be se e n  th a t two of the 

p a tien ts  (sib s) d e m o n s tra te d  a  c o m p le te  a b se n c e  of sy n th a se  a c t i ­

v ity , and two o th e r  u n re la te d  p a tie n ts  show ed a c tiv ity  of le s s  than  

1 n m o le s /m g  p ro te in /h o u r . N e v e r th e le s s ,  the  fifth  p a tien t p ro d u ces 

cy sta th io n in e  a t  the  r a te  of 2 . 29 n m o le s /m g  p ro te in /h o u r ,  a  va lue  

th a t p lac es  h im  a t the  low  end of the  h e te ro z y g o te  ra n g e . T his 

p a tien t h as  been  docum ented  a s  be ing  bo th  c lin ic a lly  and b io c h e m i­

c a lly  a ty p ic a l (62), and h is h e p a tic  sy n th a se  a c tiv ity  is  a lso  

u n u su a lly  h igh  fo r  a  p a tien t w ith  h o m o c y s tin u r ia  (15% of m ean  c o n tro l 

h ep a tic  sy n th ase  a c tiv ity ) . H is c la s s if ic a t io n  a s  an  a ty p ic a l, m in i­

m a lly  a ffec ted  hom ozygo te , r a th e r  th an  a  s e v e re ly  a ffec ted  h e te r o ­
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zygote is  u n c e r ta in . B oth of h is  p a re n ts  a r e  c le a r ly  h e te ro zy g o u s 

fo r  sy n th a se  d e fic ien cy , a s  h is  m o th e r ’s h e p a tic  sy n th a se  a c tiv ity  

is  29% of the  m ea n  c o n tro l h e p a tic  v a lu e  and h is  fa th e r  d e m o n s tra te s  

en zy m atic  a c tiv ity  in  ly s a te s  o f h is  sk in  f ib ro b la s ts  th a t is  27% of 

th e  n o rm a l va lue .

A no ther p ro b lem  in  the  c la s s if ic a t io n  of a  c a se  of sy n th ase  

d e fic ien cy  w as no ted  by F in k e ls te in  e t  a l. (43). T hey  in v es tig a ted  

an  a sy m p to m atic  co u sin  (MAG) of one of th e i r  sy m p to m atic  

p a tien ts  w ith h o m o c y s tin u ria  who w as a lso  found to  e x c re te  hom o- 

c y s tin e  in  h e r  u r in e . H e r h e p a tic  sy n th a se  a c tiv ity  was s ig n if ic a n ­

tly  below  the m ean  a c tiv ity  of th e  c o n tro l g ro u p , and in d eed , w ell 

below  th e  va lue  fo r  the  o b lig a te  h e te ro z y g o te s , p a re n ts  of the  

o r ig in a l p a tien t. The p a tie n t h im s e lf  had  no d e te c ta b le  c y s ta th io ­

n ine  sy n th ase  a c tiv ity . T h u s , th e  genotype of MAG rem a in e d  in 

q u estio n . H er sy n th a se  a c tiv ity  w as in te rm e d ia te  be tw een  th a t of 

a  hom ozygote  and two o b lig a te  h e te ro z y g o te s  fo r  h o m o c y s tin u ria , 

and she  did e x c re te  h o m o zy s tin e  in to  h e r  u r in e . Yet no o th e r  

c lin ic a l signs of th e  d is e a s e  w e re  a p p a re n t.

A th ird  c a se  of q u e s tio n a b le  g e n e tic  s ta tu s  was p re se n te d  by 

G au ll e t a l. (62). T hey r e p o r te d  th e  in v e s tig a tio n  of a  sib  of one 

of th e ir  p a tien ts  who show ed h e p a tic  sy n th a se  a c tiv ity  th a t w as 

about 60% of th e i r  m ean  c o n tro l v a lu e . T h u s , i t  w as u n c le a r  

w h e th e r to c la s s ify  h im  a s  a  n o rm a l  a t  the  low  end of th e  n o rm a l 

ra n g e  o r  a  h e te ro zy g o te  a t  the  h ig h  end of th e  h e te ro zy g o u s  ran g e .
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H ow ever, h is  hep a to cy tes  show ed th e  s a m e  changes u n d e r the  

e le c tro n  m ic ro sc o p e  tha t th is  g ro u p  had o b se rv e d  in  both  p a tien ts  

and o b lig a te  h e te ro zy g o tes  fo r  sy n th a se  d e fic ie n c y , and he w as 

thus c la s s if ie d  as a  p ro b ab le  c a r r i e r  of th e  d is e a s e .

The am bigu ity  d e sc r ib e d  ab o v e , a s  w e ll a s in  n u m ero u s  

o th e r  c a s e s  docum ented in  th e  l i t e r a tu r e ,  is  b e s t  exp la ined  in  the 

lig h t of th e  concept of g en e tic  h e te ro g e n e ity ; th a t i s ,  th e  o c cu ren c e  

of a  phenotype w hich a c tu a lly  r e p r e s e n ts  m o re  th a n  one genotype. 

O ften a  p a r t ic u la r  sy n d ro m e , o r ig in a lly  b e lie v e d  to be a  h o m o ­

geneous en tity  d e te rm in ed  by  a p a r t ic u la r  m u ta n t gene, h a s  been  

a s c e r ta in e d  to d e lin ea te  an  a sse m b la g e  of sp e c if ic  d i s o r d e r s , each  

w ith  i ts  own underly ing  m o le c u la r  d e fe c t, i ts  own c h a r a c te r is t ic  

p a th o lo g ica l ch an g es, and i ts  own t r e a tm e n t .  It h a s  been  o b se rv ed , 

e s p e c ia lly  am ong the  r a r e  in b o rn  e r r o r s  o f m e ta b o lism , th a t  

a lthough  a  sp ec ific  enzym e m ay  be  d e fic ie n t in  a  p a r t ic u la r  d is e a s e , 

the  n a tu re  of the d e fec t and the d e g re e  of m e ta b o lic  d isa rra n g e m e n t 

i t  c a u se s  o ften  ap p ea r to d iffe r  am ong  p a tie n ts .  H ow ever, s e v e ra l 

v e ry  d iffe re n t m u tan t genes can th e o re t ic a l ly  r e s u l t  in  a  s e r i e s  of 

c lo se ly  r e la te d , p o ss ib ly  c lin ic a lly  in d is tin g u ish a b le  d is o r d e r s .  

V a r ia tio n  is  the foundation  upon w hich  s e le c tio n  a c ts  to c r e a te  the 

m u ltip lic ity  of phenotypes obvious to  even  th e  m o s t c a su a l o b s e rv e r . 

T he v a r ia tio n , bo th  n o rm a l and a b e r r a n t ,  d e te c ta b le  in  any  population  

m ay  r e s u l t  fro m  fa c to rs  e ffec tiv e  a t  n u m e ro u s  le v e ls .
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H e te ro g en e ity  m ay r e s u l t  f ro m  the  lo s s  o f function  of one o r  

an o th e r of a  sequence  of en zy m es , w h ich  a r e  a l l  invo lved  in  a 

p a r t ic u la r  m e tab o lic  pathw ay o r  p h y s io lo g ic a lly  a s s o c ia te d  w ith one 

a n o th e r . T h u s, s e v e ra l q u ite  u n re la te d  g e n e s , p o ss ib ly  lo ca ted  on 

d iffe re n t c h ro m o so m e s, and  each  a ffe c tin g  a d is t in c t  enzym e, m ay 

a ll  r e s u l t  in  analogous c lin ic a l  m a n ife s ta t io n s . In  add ition , genetic  

d iv e rs ity  m ay  be the  consequence  o f m u ta tio n s  a t  one of s e v e ra l  

d is tin c t gene lo c i, each  p ro d u c in g  i t s  un ique  po lypep tide  chain , a ll  

of w hich a r e  involved in the  fo rm a tio n  o f a  s in g le  enzym e o r  p ro te in . 

A no ther lo cu s , regu la ting  th e  ra te  o f sy n th e s is  o f the p ro te in , can  

add to th is  poo l of v a ria tio n . F u r th e r m o r e ,  a n y  p a r t ic u la r  locus 

m ay  be occup ied  by one of a  v a r ie ty  o f d if fe re n t  a l le le s .  M utations 

o c c u rr in g  d u rin g  DNA re p lic a tio n  r e s u l t  in  ch an g es  in  the  sequence 

of the  am ino a c id s  in  a  po lypep tide  c h a in  o r  in  a l te ra t io n s  of the ra te  

of sy n th e s is . T hese  m u ta tio n s  a r e ,  o f c o u rs e ,  th e  a c tu a l so u rc e  of 

a l l  genetic  h e te ro g en e ity . T hey r e s u l t  in  the  p ro d u c tio n  o f n u m ero u s 

a l le le s ,  any one of w hich c an  occupy  th e  sa m e  lo c u s  and  each  of 

w hich w ill code  fo r  a d is t in c t  p ep tid e  c h a in . T h u s , a t any  gene locus 

d e te rm in in g  a spec ific  enzym e, a  v a r ie ty  o f h e te ro g e n e o u s  m u ta tio n s 

m ay  tak e  p la c e , each  re s u ltin g  in  a un ique  en zy m e  d e fec t w ith c h a r a c ­

t e r i s t i c  c lin ic a l a b n o rm a lit ie s . In f a c t ,  ev en  th e  te r m  " a lle le "  m ay 

be red e fin ed  in  te rm s  of th e  a c tu a l d if fe re n c e  p ro d u ce d  by a m u ta tion . 

Two d iffe re n t a lle le s  m ay r e s u l t  f ro m  m u ta tio n s  a t  d if fe re n t b a se  

t r ip le t s  w ith in  the lo cu s , a t  th e  sa m e  t r i p l e t  b u t a t  d if fe re n t n u c leo -
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t id e s ,  o r  a t  th e  sam e n u c le o tid e . T h u s , a l le le s  m ay  r e s u l t  in 

po lypep tides d iffe rin g  in  s e v e r a l  am in o  a c id s ,  in  a  s in g le  am ino 

a c id , o r  a c tu a lly  id e n tic a l in  am in o  ac id  seq u en ce .

T he in v es tig a tio n  of h u m an  g e n e tic s  invo lves th e  id en tific a tio n  

of the  m u ltitu d e  of lo c i d e m o n s tra tin g  v a r ia tio n , the  d isc o v e ry  of 

th e  n u m ero u s a lle le s  a t  each  lo cu s  and the  c o r r e la t io n  of e ach  a lle le  

w ith  the  phenotypic c h a r a c te r i s t ic  th a t  i t  d i r e c ts .  A lthough a la rg e  

n u m b er of th e  in h e rite d  in b o rn  e r r o r s  of m e ta b o lism , re su ltin g  

f ro m  d e fe c ts  in  sp ec ific  e n z y m e s , a r e  known to d e m o n s tra te  v a ry in g  

c lin ic a l m a n ife s ta tio n s , o ften  th e  e x te n t of g en e tic  and phenotypic 

h e te ro g e n e ity  rem a in s  u n c le a r .  T hough o u r know ledge in  th is  a r e a  

is  ra p id ly  expanding, i t  is  s t i l l  im p o ss ib le  to  in te r p r e t  m o s t genetic  

v a r ia tio n  in  te rm s  of d if fe re n c e s  in  th e  am ino  acid  seq u en ces  of the  

re le v a n t p ro te in s , not to  m e n tio n  th e  n u c leo tid e  seq u en ce  of the 

gene i ts e lf .  One no tab le  e x am p le , in  w hich th e  c o r re la t io n  betw een  

phenotypic d iv e rs ity  and b io c h e m ic a l s t r u c tu r e  has b e en  ach iev ed , 

invo lves th e  locus d e te rm in in g  the  (3 ch a in  of hum an  hem oglobin . 

A m ino ac id  sequencing  has re v e a le d  th e  m o le c u la r  n a tu re  of the 

v a r io u s  a l le le s  capable of occupy ing  th is  lo c u s , and re s u ltin g  in 

n u m ero u s  and w idely  d is p a ra te  p h eno types. G e n e ra lly , o u r m o st 

v a lu ab le  c lu es  a r e  d e riv ed  f ro m  th e  o b se rv a b le  a c tiv ity  o r  function  

of th e  enzym e o r  p ro te in . If a  sp e c if ic  enzym e d e m o n s tra te s  reduced  

a c tiv ity , th is  can  be due to one of s e v e r a l  c a u se s : th e  enzym e p ro te in  

m a y  be a l te re d  in  s t r u c tu r e ,  i t s  sy n th e s is  m ay  be re d u c e d , o r i ts
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a c tiv ity  m ay  be inh ib ited  in  som e w ay . A nd, e ac h  of th e s e  c a u se s  

m ay be seco n d ary  to  one o f s e v e ra l  a l te rn a te  re a s o n s . A  m utan t 

gene m ay  be re sp o n sib le  fo r  the s y n th e s is  o f a  s t r u c tu r a l ly  a b n o r ­

m a l enzym e p ro te in  w ith d e fe c tiv e  c a ta ly t ic  p ro p e r t ie s ,  o r  one 

w hose m o le cu la r  s ta b ili ty  is  s e v e re ly  re d u c e d  so th a t i t  b re a k s  

down v e ry  quickly; e ith e r  w ay le a d in g  to d e fic ie n t en zy m atic  

ac tiv ity .

In m an , the te s t  fo r  g en e tic  h e te ro g e n e ity  is  p re s e n tly  

confined to  a co m p ariso n  of q u a n tita tiv e  m e a su re m e n ts  of en zy m a­

tic  a c tiv ity , and to  a  c o n tra s t  of c l in ic a l  m a n ife s ta t io n s , am ong 

m e m b e rs  of s ib sh ip s and fa m ilie s  on  th e  one hand, and betw een  

u n re la te d  p e rso n s  on the o th e r  h an d . T h e re  a re  n u m ero u s  exam ples 

in  the  l i te ra tu re  of en zy m atic  d e f ic ie n c ie s  w ith  phenotyp ic  v a ria tio n s  

suggesting  m o re  th an  one geno type. It is  a ssu m e d  th a t th e  genes 

involved a r e  a lle le s  b e c a u se  the s a m e  enzym e sy s te m  is  a ffec ted  

in e ac h  c a se . E ach  of th e s e  d e f ic ie n c ie s  h a s  a com m on type and in 

add ition , som e le s s  com m on v a r ia n t  f o r m s . F o r  ex am p le , tw en ty - 

two v a r ia n t  fo rm s of g lu c o s e -6 -p h o sp h a te  d eh y d ro g en ase  de fic iency  

have been  noted (8 , 152, 162). E x a m in a tio n  of the en zy m atic  c h a r a c ­

te r i s t i c s  of a ll  the  v a r ia n ts ,  w hich  ra n g e  in  a c tiv ity  f ro m  zero  to  

n e a r  n o rm a l, re v e a ls  m o le c u la r  d if fe re n c e s  in  each . B ut it m u s t 

be k ep t in  m ind th a t s im ila r  pheno types c an  a lso  r e s u l t  fro m  

u n re la te d  genes. H em oly tic  a n e m ia , fo r  ex am p le , m ay  re s u l t  fro m  

a t le a s t  ten  d iffe ren t enzym e d e f ic ie n c ie s  (24). A lthough  the  p a th o ­
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lo g ic a l findings in each  of the  d is e a s e s  a r e  qu ite  s im ila r ,  re q u ir in g  

en zy m atic  a s s a y  fo r  p r e c is e  d ia g n o s is , a  d if fe re n t p ro te in  sy s te m  

is  involved  in  each v a r ia n t  fo rm , and th u s  d if fe re n t genetic  m u ta ­

tio n s a r e  like ly .

When an  enzym atic  d e fic ie n cy  h a s  b een  docum en ted  in  a 

p a r t ic u la r  d ise a se  s ta te , the  p o s s ib i l i ty  o f a l le l is m , a s  opposed  to 

the p o s s ib ili ty  of genes a t  d if fe re n t lo c i ,  can  be b e s t  su p p o rted  by 

d e m o n s tra tin g  d iffe ren t d e g re e s  o f d e fic ie n c y  of the  sam e p ro te in  

(76). H ow ever, th is  is  no t p o s itiv e  p ro o f  o f a l le l is m , a s  m any 

s te p s  m ay  be involved b e fo re  an  en zy m e  re a c h e s  i ts  f in a l c a ta ly tic  

s ta te , and each  of th e se  s te p s  m ay  be u n d e r  s e p a ra te  genetic  

c o n tro l. A lso , the enzym e m ay  be co m p o sed  of two o r  m o re  s t r u c ­

tu ra l ly  d iffe ren t subun its , each  th e  p ro d u c t o f a  s e p a ra te  genetic  

lo cu s . T h is  phenom ena o f d if fe re n t su b u n its  in  en zy m es a p p e a rs  

to be r a th e r  freq u en t (76) and d is e a s e s  invo lv ing  a d e fic ien cy  of one 

of th e se  enzym es, and exh ib iting  phen o ty p ic  d iv e rs ity , m ay  have a 

n o n -a lle lic  b a s is  fo r  the  o b se rv e d  v a r ia tio n . A lthough the  m o s t 

conclu sive  p roo f of a l le l is m  would be a  d e m o n s tra tio n  th a t the  d i s ­

o r d e r s  in question  r e s u l t  f ro m  d if fe re n t  am ino  a c id  su b s titu tio n s  

in  the  sam e polypeptide cha in , f a i lu re  o f c o m p lem en ta tio n  (e. g. 

p h y sio lo g ica l, m o le c u la r , o r  by c e ll  h y b rid iz a tio n )  is  su p p o rtiv e  

ev idence . Thus if the v a lu es o b ta in ed  by  en zy m a tic  a s s a y  a re  

s im ila r  in  re la te d  p e rs o n s , but s ig n if ic a n tly  d if fe re n t be tw een  

u n re la te d  p e rs o n s , genetic  h e te ro g e n e ity  is  a  sound g u e ss , bu t a l le -
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when no a c tiv ity  o r  v e ry  low  le v e ls  a r e  d e te c te d , w ithout ev idence  

of a  s t r u c tu r a l  d e fe c t, th e  p o s s ib il i ty  a lw ays e x is ts  th a t the  le s io n  

involves not the  s t r u c tu r a l  gene lo cu s spec ify ing  the enzym e peptide 

c h a in s , bu t a  " re g u la to r"  gene c o n tro llin g  the  quantity  o r  r a te  of 

enzym e p ro te in  sy n th e s iz e d . It is  a ls o  n e c e s s a ry  to d is tin g u ish  

betw een  v a r ia tio n  due to  m u ta n t a l le le s  a t  d iffe re n t lo c i and v a r i a ­

tio n  due to the  e x is te n ce  of s e v e r a l  " n o rm a l"  a lle le s  a t the  sam e  

lo cu s . It h as  been  show n th a t a l le l ic  genes e x is t ,  th e ir  e ffec ts  q u a li­

fying q u an tita tiv e ly  as n o rm a l, and th a t th e se  d is tin c t a lle le s  have 

d iffe ren t e ffec ts  on function  w ithout a c tu a lly  re s u ltin g  in  pa tho log ica l 

changes. T h ese  " is o a lle le s "  (157), w hen p re s e n t  in  com bination  w ith 

an  a lle le  specify ing  an a b n o rm a lly  d e fic ie n t en zy m atic  a c tiv ity , m ay  

accoun t fo r the  w ide ran g e  of e n zy m a tic  a c tiv ity  d e m o n s tra te d  by 

h e te ro z y g o te s . T his type  of s itu a tio n  could a lso  in fluence  the 

e x p re ss io n  of the c lin ic a l  p ic tu re ,  and w ill r e s u l t  in  h igh  in t r a ­

fam ily  c o r re la t io n s . In a d d itio n , a ffec ted  s ib s  w ill re s e m b le  one 

an o th e r m o re  c lo se ly  in  the  c h a r a c te r i s t ic s  of a  p a r t ic u la r  d is e a s e  

th an  w ill a ffec ted  p a re n ts  and th e i r  c h ild re n . And fin a lly , m en tion  

m u s t be m ade  of the  fa c t th a t v a r ia t io n  in  the  e x p re ss io n  of an  

in h e rite d  d is e a s e  in  d if fe re n t in d iv id u a ls  m ay  be due to  d iffe re n c e s  

in  the  "g en e tic  b ackg round" of th e  in d iv id u a ls  in  w hom  the  m u tan t 

gene o c c u rs . C e rta in  co m b in a tio n s of genes a t v a rio u s  u n re la te d
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lo c i m ay  in d ire c tly  a c t  to  m in im iz e  th e  p a th o lo g ica l consequences 

of a p a r t ic u la r  d is e a s e ,  w h e re a s  o th e rs  m ay  a ccen tu a te  i t ,  both 

situ a tio n s adding to th e  o b se rv a b le  h e te ro g e n e ity .

T h u s, it  is  co n ce iv ab le  th a t th e  th re e  p a tien ts  m entioned  

above a r e  ex am p les  of th e  g e n e tic  h e te ro g e n e ity  m a n ife s t in  

cy sta th ion ine  sy n th a se  d e fic ie n c y . T h is v a r ia tio n  has been  c ited  

re c e n tly  (62) and is  d e m o n s tra b le  in  both  th e  re sp o n se  of p a tien ts  

to m eg av itam in  th e ra p y  w ith  p y rid o x in e  and the  e ffec t of th e  v ita m in  

on the sy n th ase  i ts e l f .  G enetic  h e te ro g e n e ity  is  suggested  by the  

fac t th a t the  a ffec ted  m e m b e rs  of a g iven  s ib sh ip  a re  e ith e r  a ll  

re sp o n s iv e  o r  a l l  n o n -re s p o n s iv e  to  v ita m in  B^. U hlendorf et a l.

(164) d e m o n s tra te d  th a t th e  d if fe re n c e s  in  sy n th a se  a c tiv ity  betw een  

affected  s ib sh ip s  a r e  g r e a te r  th a n  th e  d iffe re n c e s  w ith in  th e  s ib sh ip s . 

Since a ffec ted  s ib s  have p ro b ab ly  in h e rite d  the  sa m e  two m u tan t 

genes d e te rm in in g  sy n th a se  a c tiv ity , the  v a r ia tio n  encoun tered  

w ith in  any  s ib sh ip  g ives an  in d ic a tio n  of the  s c a t t e r ,  p roduced  by 

e x p e rim e n ta l c o n d itio n s , b e tw een  in d iv id u a ls  in  w hom  the  genetic  

fa c to rs  a r e  c o n stan t. T he g r e a te r  v a r ia tio n  found betw een  s ib sh ip s  

su g g ests  th a t the  s ib sh ip s  d if fe r  f ro m  one a n o th e r  in  th e ir  genetic  

d e te rm in a n ts  of c y s ta th io n in e  sy n th a se . T h u s, h e te ro g e n e ity  a p p e a rs  

to ex is t be tw een  p a tien ts  who a r e  re sp o n s iv e  to  v ita m in  tre a tm e n t 

and th o se  who a r e  not re s p o n s iv e  and , in  ad d itio n , w ith in  each  of 

th e se  two g ro u p s . P a tie n ts  u n re sp o n s iv e  (o r only p a r t ia l ly  re s p o n ­

sive) to m a s s iv e  d o se s  of B^ in  v ivo  ev idence  no s tim u la tio n  of the
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sy n th ase  by th e  v ita m in  e i th e r  in  vivo o r  in  v itro  and g e n e ra lly  show  

the le a s t  r e s id u a l  h e p a tic  sy n th a se  a c tiv ity . On the  o th e r  hand, 

c lin ic a lly - ty p ic a l p a tie n ts  exh ib iting  a  co m p le te  b io ch e m ic a l re sp o n se  

to the  v ita m in  th e ra p y  a p p e a r  to  have  m o re  re s id u a l  sy n th ase  a c tiv ity . 

Som e of th e se  " re s p o n s iv e "  p a tien ts  d isp la y  s tim u la te d  h ep a tic  

sy n th ase  a c tiv ity  in  re s p o n s e  to  the  v ita m in  in  vivo (174), w hile 

o th e rs  do no t (62, 113). S e a sh o re  e t a l .  (146) and U hlendorf e t a l.

(164), a lso  no ted  th is  h e te ro g e n e ity , in  th e  re sp o n se  to the add ition  

of p y rid o x al phosphate  to  th e  in  v itro  a s s a y  of the  sy n th ase  a c tiv ity  

in  ly sa te s  of c u ltu re d  sk in  f ib ro b la s ts ,  a s  m en tioned  above.

The f if th  p a tien t in v e s tig a te d  in  the  p re s e n t  p a p e r d e m o n s tra te d  

the  h ig h es t sy n th a se  a c tiv ity  of the  h o m o c y s tin u ric  g roup , both  in  

ly s a te s  of sk in  f ib ro b la s ts  (11% of m e a n  c o n tro l va lue) and in  l iv e r  

b iopsy  m a te r ia l  (15% of m e a n  c o n tro l v a lu e ). T h is le v e l of e n zy m a ­

t ic  a c tiv ity  p la c e s  h im  a t th e  low  end of th e  h e te ro zy g o te  ran g e  and 

p oses the q u estio n  of h is  a c tu a l  g en e tic  s ta tu s  w ith r e s p e c t  to c y s ta ­

th ion ine sy n th ase  d e fic ie n cy . One obvious p o ss ib il i ty  is  th a t he  is  

hom ozygous fo r  a  r e c e s s iv e  gene w hich  does no t cau se  as s e v e re  a 

de fic ien cy  of the sy n th a se  a s  th a t m a n ife s t  in  the  fo u r o th e r  p a tie n ts . 

T h u s, both h is  e n zy m atic  a c tiv ity  and h is  c lin ic a l s itu a tio n  a re  c lo s e r  

to n o rm a l. Som e doubt is  c a s t  on th is  h y p o th es is  h o w ev er, by the  

fac t th a t bo th  of h is  p a r e n t s , who would be ob liga te  h e te ro zy g o te s  

fo r  th is  " m ild e r"  m u ta n t g en e , show  enzym e le v e ls  in te rm e d ia te  in  

the  h e te ro zy g o te  g ro u p , a s  c ited  above. A no ther fe a s ib le  th e o ry  would



be th a t th is  in d iv id u a l is  a c tu a lly  h e te ro zy g o u s fo r a  m u tan t sy n th a se  

gene and a lso  fo r an  " is o a lle le "  w hich d e te rm in e s  le s s  sy n th a se  

a c tiv ity  th an  the  "co m m o n " n o rm a l a l le le .  As m en tioned  above, the  

com bination  of one of s e v e r a l  m u tan t a lle le s  w ith one of s e v e ra l  

"n o rm a l"  a lle le s  could  acco u n t fo r  a  w ide v a r ia tio n  in  e n zy m atic  

a c tiv ity  of h e te ro z y g o te s . T h is v a r ia tio n  m igh t r e s u l t  in  sy n th a se  

a c tiv ity  in  th e  h e te ro z y g o u s  g roup  w hich o v erlap s a t one e x tre m e  v/ith  

th a t o f hom ozygous r e c e s s iv e  in d iv id u a ls  and a t the  o th e r  e x tre m e  

with th a t o f hom ozygous n o rm a ls .  Of c o u rs e , genes a t  o th e r  lo c i 

m ay  be p lay ing  a ro le  in  th e  sy n th ase  a c tiv ity  d e te c tab le  in  th is  

p a tien t.

A no ther p o ten tia l ex p lan a tio n  would suggest th a t th is  p a r t ic u la r  

ca se  m ay  r e p r e s e n t  n e i th e r  a t r u e  hom ozygote  fo r sy n th a se  d e fic ie n cy  

n o r an  a c tu a l h e te ro z y g o te  fo r  th e  d is e a s e . M ost of th e  g e n e tic a lly -  

d e te rm in e d  d e fic ie n c ie s  in  m an  a re  a ssu m e d  to be due to  the  p re s e n c e  

of two id e n tic a l m u ta n t genes and th e ir  c a r r i e r s  to  be hom ozygous fo r  

the  m u tan t gene in  q u e s tio n . If i t  is  p o ss ib le  to d e te c t con san g u in ity  

in  th e  fam ily  background  th is  id e a  is fu r th e r  s tre n g th e n ed , and in d eed , 

if the  p a re n ts  of a  p a tie n t a r e  r e la te d , th e re  is  a s tro n g  p o s s ib il i ty  

th a t the  two r e c e s s iv e  g en es  p re s e n t  in  th e ir  o ffsp rin g  a r e  id e n tic a l. 

H ow ever, i f  no c o n san g u in ity  can  be d e m o n s tra te d , and e sp e c ia lly  

if  th e  d is e a s e  is r a r e ,  th e  g re a te s t  likelihood  is  th a t th e  p a tien t is  

a c tu a lly  a  "g en e tic  com pound" (107), p o sse s s in g  two r a r e  m u tan t 

a lle le s  a t  a  p a r t ic u la r  lo c u s , bo th  of w hich  a r e  re sp o n s ib le  fo r
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red u c ed  e n z y m a tic  a c tiv ity , bu t w hich a re  no t id e n tic a l. G en e tic  

s tu d ie s  on m ic ro o rg a n is m s , a s  w ell a s  b io ch em ica l in v e s tig a tio n s , 

su g g e s t th a t the  a v e ra g e  gene specify ing  a s in g le  po lypep tide  c h a in  

o f a  p ro te in  m ay  ran g e  in  s iz e  fro m  300 to 4500 o r  m o re  n u c le o tid e  

p a i r s ,  thus coding  fo r  polypeptide  chains of 100 to 1800 am ino  ac id  

r e s id u e s  (the l im its  in  polypeptide chain  len g th  in  m o s t p ro te in s ) .  

S ince  th e  s m a l le s t  m u tab le  s ite  on a gene is  a  sing le  n u c le o tid e  p a ir  

and in a sm u c h  as a l l  p a r ts  of a  gene ap p ea r to  be eq u ally  v u ln e ra b le  

to m u ta tio n , w hich  in  i t s e l f  is  a  r a r e  event, i t  is u n lik e ly  th a t th e  

v a r io u s  m u ta n t genes ran d o m ly  d is tr ib u ted  in  a  popu lation  a r e  

id e n tic a l. T he h e te ro z y g o te s  fo r two r a r e  m u tan t genes should  be  

m u ch  m o re  fre q u e n t th an  hom ozygotes for e i th e r  a lle le . T h u s , 

m any  of th e  in b o rn  e r r o r s  of m e tab o lism  p ro b ab ly  o c c u r  in  p e rs o n s  

h e te ro z y g o u s  fo r  two r a r e  g en es, ra th e r  th an  hom ozygous fo r  one; 

e .g .  in d iv id u a ls  h e te ro zy g o u s  fo r the com m on gene re s p o n s ib le  fo r  

g a la c to se m ia  and fo r  the  D uarte  v a ria n t (24). E ach  of the  m u ta n t 

genes e x p re s s e s  i t s e l f  w ith  a  d is tin c tiv e  d e c re a s e  in  e n zy m a tic  

a c tiv i ty  a n d /o r  m o le c u la r  v a ria tio n . The g en es d e m o n s tra te  s e g r e ­

ga tio n  p a tte rn s  expected  of a lle le s . T h ere  a ls o  m ay be  c h e m ic a l 

in d ic a tio n s  th a t  th e s e  genes a r e  a lle l ic . If th e  genes occup ied  

d if fe re n t lo c i the  e ffec t of each  m u tan t gene should be b a la n ce d  by  

i ts  n o rm a l a l le le  and the  m axim um  to ta l  red u c tio n  w ould be th a t  of 

th e  gene e ffec tin g  the  g r e a te r  lo s s . H ow ever, if the g en es a r e  a lle l ic  

th e  re d u c tio n  in  a c tiv ity  should be add itive , and th is  a p p e a rs  to  b e  the
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c a s e  in  m o s t ex am p les  investiga ted  thus f a r .  A n o th er p o s s ib il i ty  

is  th e  e x is te n c e  of d iffe re n t and p a r tia lly  c o m p le m e n ta ry  m u tan t 

a l le le s  re s u ltin g  in th e  ind iv idual p o sse s s in g  th e  "g en e tic  com pound" 

d e m o n s tra tin g  g r e a te r  enzym atic  a c tiv ity  th an  e i th e r  o f the  h o m o ­

zygous ty p es . N a d le r  and h is  group (125) c la im  to  h av e  d e m o n s tra te d  

th is  " in te r a l le l ic  com p lem en ta tion" in  hy b rid  hum an  d ip lo id  c e lls  

d e f ic ie n t  in g a la c to s e - 1-phosphate  u r id y l t r a n s f e r a s e  a c t iv i ty , 

a lth o u g h  n o n a lle lic  com plem en ta tion  could a lso  ex p la in  th e ir  findings 

(107). C o m p lem en ta ry  m u tan t a lle le s  m ay  u n d e r l ie  th e  u n u su a lly  

h ig h  e n z y m a tic  a c tiv ity  d e tec ted  in the  fifth  p a tie n t o f th e  p re s e n t  

s tu d y . O bviously , th e se  "gene tic  com pounds" w ill add to th e  o b s e r ­

v a b le  h e te ro g e n e ity  of a d is e a s e . S e v e ra l m u ta n t genes o ccu rin g  in  

c o m b in a tio n  w ith  one a n o th e r , or w ith one of s e v e r a l  " n o rm a l"  

g e n e s , can  exh ib it im m e n se  v a ria b ility  of bo th  th e  hom ozygous and 

h e te ro z y g o u s  s ta te s .  This w ill be d e m o n s tra b le  as v a r ia t io n s  in 

e n z y m a tic  in su ffic ien c y , a s w ell as in  c lin ic a l m a n ife s ta t io n s , and 

w ould ex p la in  the  o c c u rre n c e  of m ild ly  and s e v e re ly  a ffe c te d  p a tien ts  

and  th e  h e te ro g e n e ity  o b se rv ab le  both am ong s ib s  and b e tw ee n  u n r e ­

la te d  in d iv id u a ls .

T h e  d a ta  p re se n te d  h e re  d e m o n s tra te  fo r  th e  f i r s t  t im e , the  c le a r  

d if fe re n tia t io n  of the  he te rozygous s ta te  of h o m o c y s tin u r ia  due to 

c y s ta th io n in e  sy n th a se  defic iency  fro m  both  th e  hom ozygous s ta te  of 

th e  d is e a s e ,  and f ro m  n o rm a l c o n tro ls , u tiliz in g  e a s i ly  o b ta in ab le  

c e l ls  g row n in  t is s u e  c u ltu re  (45). O bligate  h e te ro z y g o te s  d em o n ­
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s tr a te d  en zy m atic  a c tiv ity  (M ean ^  SEM  = 4 .4 0  - 0. 92) in te rm e d ia te  

be tw een  th a t of the  hom ozygous a ffec ted  g roup  (0. 77 - 0 .4 2 ) and the  

n o rm a l co n tro ls  (20. 97 - 1. 81). In  ad d itio n , c u ltu re d  sk in  f ib ro ­

b la s ts  f ro m  two p o ten tia l h e te ro z y g o te s  w e re  in v e s tig a te d  to d e te r ­

m in e  th e ir  g en e tic  s ta tu s . T he f i r s t  d e m o n s tra te d  a  va lue  of 21 .6  

n m o le s /m g  p ro te in /h o u r  and w as thus c la s s if ie d  a s  n o rm a l, w hile 

th e  second  show ed a c tiv ity  o f 6 . 76 n m o le s /m g  p ro te in /h o u r ,  su g ­

g e s tin g  a  h e te ro zy g o u s condition.

H e te ro zy g o te  d e te c tio n  has b e en  a tte m p te d  w ith  c u ltu re d  sk in  

f ib ro b la s ts  (9 ,164 ), bu t o v e rla p  b e tw een  the th re e  genotypes was 

found, m aking  id en tific a tio n  u n c e r ta in . H e te ro zy g o te  d e te c tio n  on 

th e  b a s is  of loading  te s ts  h a s  not p roved  fe a s ib le , a lthough  F o w le r 

e t a l. (46) re p o r te d  th a t the  p la sm a  c o n c e n tra tio n  of c y s te in e -  

h o m o cy ste in e  d isu lfid e  a f te r  m eth ion ine  load p ro v id ed  a  re l ia b le  

b io c h e m ic a l p a ra m e te r  fo r th e  d iffe re n tia tio n  b e tw een  h e te ro z y g o te s  

and n o rm a l su b je c ts . D e tec tion  of h e te ro z y g o u s  in d iv id u a ls  has 

b een  p e rfo rm e d  m o re  ro u tin e ly  by a s s a y  of sy n th a se  a c tiv ity  in  

l iv e r  b iopsy  m a te r ia l .  In te re s tin g ly , in  the  o b lig a te  h e te ro z y g o te s  

who have  been  in v es tig a te d , h ep a tic  sy n th a se  a c tiv ity  a v e ra g e d  co n ­

s id e ra b ly  le s s  th an  50% of the. m ean  c o n tro l v a lu e . F in k e ls te in  

e t a l. (43) re p o r te d  the  m ea n  sy n th a se  a c tiv ity  of tw o ob liga te  

h e te ro z y g o te s  to be 42% of th e i r  c o n tro l g ro u p , a lthough  w hen 

a n o th e r  u n u su a lly  h igh  c o n tro l v a lu e  w as included  th e  h e te ro z y g o te  

le v e l f e l l  to 31% of the c o n tro ls . G aull e t a l. (62) d e m o n s tra te d



syn th ase  a c tiv ity  of ob liga te  h e te r o z y g o te s  ranging from  21-46% of 

the m ean  co n tro l v a lu e . It should  b e noted that the 46% value was 

obtained a fter  an o r a l m eth ion in e load and m ay re p r esen t a " stim u ­

lated" v a lu e , s im ila r  to that s e e n  in  th is in d iv id u a l's  h om ocystin u r ic  

son  fo llow in g  such  a  load . In ad d ition , th is h etero zy g o u s father  

d em o n stra tes  a c tiv ity  of 27% o f  the m ean  con tro l va lu e in  ex tra cts  

of h is  cu ltured  sk in  f ib r o b la s ts . V ery  r e ce n tly , G oldstein  et a l.

(69) rep orted  the d etec tio n  o f h e te r o z y g o te s  for cysta th ion in e sy n ­

th a se  d e fic ie n c y  u sin g  phytohem agglu tin in  (P H A )-stim u lated  lym p h o­

c y te s . A lthough th e ir  m ean  en zy m a tic  a c tiv ity  for  the ob ligate  

h etero zy g o te s  w as s ig n if ic a n tly  b elow  that o f the co n tro l group, the 

v a lu es  for th ree  of the h e te r o z y g o te s  overlap p ed  w ith  the con tro l 

ran ge. T his group a lso  found that the a c t iv it ie s  o f the obligate  

h etero zy g o te s  w as lo w er  than ex p e c ted , w ith  a m ean  va lu e 17-20% 

that o f the c o n tro ls . T he p resen t r e s u lts  con firm  and extend the 

previou s o b se r v a tio n s , and d em o n stra te  m ean  syn th ase  a c tiv ity  in 

ly sa te s  of cu ltured  sk in  f ib ro b la s ts  d eriv ed  from  ob ligate  h e te r o z y ­

gotes that is  21% of that s e e n  in  the co n tro l group. It i s  intriguing  

that th e se  r e s u lts  do not fo llo w  the "norm al" p attern  d em on strab le  

in m o st inborn e r r o r s  of m e ta b o lism , w ith  h e tero zy g o te s  show ing  

about 50% of the en zy m a tic  a c t iv ity  found in c o n tr o ls , and co n sis ten t  

with a  s im p le  g e n e -d o se  re la tio n sh ip .

The v a s t  m a jo r ity  o f inborn  e r r o r s  o f m e ta b o lism  are in h erited  

as " r e c e ss iv e "  con d ition s. P e r so n s  a ffected  w ith  the ch a r a c te r is t ic
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c lin ic a l and m e ta b o lic  a b n o rm a lit ie s  of the  d ise a se  a r e  g e n e ra lly  

found to  be  hom ozygous fo r  a  r a r e  m u tan t gene (o r, a s  noted ab o v e , 

h e te ro zy g o u s fo r  two d iffe re n t m u tan t a lle le s ) . The c o rre sp o n d in g  

h e te ro zy g o u s c a r r i e r s  of the  d is e a s e  p o s s e s s  one n o rm a l a lle le  and 

one m u tan t a lle le  a t th e  lo cu s in  qu estio n  and a r e  u su a lly  c lin ic a lly  

n o rm a l. T h e re  is  a  c h a r a c te r i s t ic  fa m ilia l d is tr ib u tio n  and s e g r e ­

gation  d a ta  c o n fo rm  to  ex p ec ta tio n . The asy m p to m atic  h e te ro zy g o te s  

g e n e ra lly  exh ib it a  p a r t ia l  d e fic ien cy  of the  enzym e th a t is  s e v e re ly  

d e fic ien t in  th e  hom ozygous s ta te ,  and o ften  a lso  a m in o r m e tab o lic  

d is a r ra n g e m e n t p a ra lle l in g  q u a lita tiv e ly  th a t o b se rv ed  in  p a tie n ts , 

but m uch  m ild e r  in  d e g re e .

The v a lu e  of h e te ro z y g o te  d e te c tio n  in  the  in v es tig a tio n  of 

hum an b io c h e m ic a l g e n e tic s  in c lu d es th e  a b ility  to m o re  a c c u ra te ly  

d iagnose  a  g e n e tic  t r a i t ,  th e  m o re  p re c is e  e s tim a tio n  of gene f r e ­

q u en c ies , a b e t te r  u n d e rs ta n d in g  of h e r i ta b le  b io ch em ica l v a r ia b i ­

l ity , and th e  obvious s ig n if ic an c e  in  g ene tic  counseling  and in  i n t r a ­

u te r in e  m e ta b o lic  s tu d ie s  and d ia g n o s is . N um erous m ethods hav e  

been  developed  fo r  th e  b io c h e m ic a l d e te c tio n  of he te rozygous c a r r i e r s  

of h e re d i ta ry  m e ta b o lic  d is e a s e s .  T h ese  include  the u se  of load ing  

t e s ts ,  the  u se  of c lon ing  tech n iq u es w ith c e lls  fro m  fem ales h e te r o ­

zygous fo r  se x -lin k e d  d is o r d e r s ,  and the  d ire c t  m e a su re m e n t o f th e  

enzym e o r  m e ta b o lite  in  th e  c a r r i e r .  R ecen tly , the id en tific a tio n  of 

c a r r i e r s  th ro u g h  s tu d ie s  of P H A -stim u la ted  lym phocy tes and of l e u ­

k o cy tes  and f ib ro b la s ts  grow n in  t is s u e  c u ltu re  has tak en  on added
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im p o rta n c e . E nzym e a s s a y  in  e a s ily  a c c e s s ib le  t is s u e s  su ch  as 

e ry th ro c y te s ,  leu k o c y te s , and c u ltu red  sk in  f ib ro b la s ts  h as  p roven  

e x tre m e ly  u se fu l in  the  in v es tig a tio n  of the  h e te ro zy g o u s  s ta te  fo r  

m u ta n t genes d e te rm in in g  a  num ber of the  in b o rn  e r r o r s  of m e ta ­

b o lism . It is  o f in te r e s t  to note th a t the  m e ta b o lic  ch an g es o b se rv ed  

in  sk in  f ib ro b la s ts  often  tend  to p a ra l le l  c lo se ly  th o se  se e n  in  w hite 

b lood c e l ls ,  a s  can  be c le a r ly  d e m o n s tra te d  fo r  c y s tin o s is  (144). In 

a d d itio n , a  b e t te r  m e a su re m e n t of t is s u e  enzym e a c tiv ity  can  often  

be  ob ta ined  by em ploying  w hite blood c e lls  and f ib r o b la s t s , and 

f re q u e n tly  a  b io c h e m ic a l de fec t can be d e m o n s tra te d  w hich  is  not 

d e te c ta b le  in  e ry th ro c y te s . In Type II g lycogen  s to ra g e  d is e a s e  

(P o m p e 's  d is e a s e )  a d e fic ien cy  of a - l , 4 -g lu c o s id a se  w as dem o n ­

s tr a te d  in  l iv e r  and m u sc le , b u t could not be  found in  e ry th ro c y te s . 

L a te r  s tu d ie s  rev e a le d  the  enzym atic  d e fic ien cy  in  b o th  leukocy tes 

and f ib ro b la s ts  of hom ozygous p a tie n ts , and in  o b lig a te  h e te ro zy g o te s  

a p p ro x im a te ly  h a lf  of the  n o rm a l enzym e a c tiv ity  w as d e te c ted  (129). 

In te re s t in g ly , th e  h e te ro zy g o u s ind iv idua l could no t be d is tin g u ish ed  

in  a  r e l ia b le  m a n n e r  w ith u n stim u la ted  leu k o cy tes  (84). A fte r 

s t im u la tio n  of lym phocy tes w ith  phy tohem agg lu tin in  th e  le v e ls  of 

f f - 1 , 4 -g lu c o s id a se  w ere  su g g es tiv e , but no t u n ifo rm ly  d ia g n o s tic , of 

th e  h e te ro z y g o u s  s ta te . H ow ever, when the  ph y to h em ag g lu tin in - 

induced  changes in  the  a ffec ted  enzym e w e re  c o m p a red  to  a  "co n tro l"  

e n zy m e , id e n tif ic a tio n  of th e  h e te ro zy g o te  could be m ad e  w ith  c e r ta in ty . 

T h ese  r e s u l ts  a r e  due to the  fac t th a t the  re s p o n se  of a  p a r t ic u la r
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"affected"enzym e in  the  s tim u la te d  lym phocy tes of the  h e te ro z y g o te  

is  le s s  than  th a t o f a n o th e r  " c o n tro l"  en zy m e, w h e reas  the re s p o n se  

is  s im ila r  in  n o rm a l in d iv id u a ls .

At the  p re se n t t im e , a  la r g e  n u m b er of d iffe ren t in h e rite d  

enzym atic  d e fic ie n c ie s  hav e  b e en  in v es tig a te d  (76). G e n e ra lly  the 

a v e rag e  en zy m atic  a c tiv ity  d e m o n s tra te d  by the  h e te ro zy g o te s  is  

in te rm e d ia te  be tw een  th e  v e ry  low  le v e ls  of the  a b n o rm a l h o m o zy ­

g o te s , and the le v e ls  found in  n o rm a l c o n tro ls . I t should be re m e m ­

b e re d  how ever, th a t th e r e  is  a lw ays som e v a r ia tio n  about th e  m ean . 

T he d is tr ib u tio n s  m ay  o v e rla p  so th a t i t  is  not a lw ays fe a s ib le  to 

d e te c t th e  h e te ro zy g o u s s ta te  by m ean s of enzym e a s sa y . N onethe­

l e s s ,  if  the  hom ozygous a ffec ted  in d iv id u a l exh ib its  a  co m p le te  (or 

n e a r ly  com plete) a b se n c e  of an  en zy m atic  a c tiv ity , the  h e te ro zy g o te  

w ill u su a lly  d e m o n s tra te  " a p p ro x im a te ly  50%" of the  m ean  c o n tro l 

va lu e . T hus, th e re  w ould a p p e a r  to be a s im p le  g en e-d o se  r e la t io n ­

sh ip  (F ig u re  22); a  double d o se  of the  n o rm a l a lle le  in  the  h e a lth y  

hom ozygote  lead ing  to th e  p ro d u c tio n  of tw ice  a s  m uch  en zy m atic  

a c tiv ity  a s  a  s in g le  d o se  in  th e  h e te ro z y g o te . H ow ever, th e re  a r e  a  

n u m b er of exam ples in  w hich  th e  d a ta  would su g g est o th e r th an  50% 

of n o rm a l en zy m atic  a c tiv i ty  in  h e te ro z y g o te s . The m ean  a c tiv ity  of 

h e te ro zy g o te s  a p p e a rs  to  be m o re  than  50% of the  c o n tro l v a lu e  in  th e  

Sw iss type of a c a ta la s ia  (1) and le s s  th an  50% in  o ro tic  a c id u r ia  (42) 

and m e ta c h ro m a tic  leu k o d y s tro p h y  (6 ,4 8 ). It now seem s th a t c y s ta ­

th ion ine sy n th ase  d e fic ien cy  is  a lso  one of th e se  "unusual"  in b o rn



SIMPLE GENE-DOSE RELATIONSHIP 
FOR MONOMERIC PROTEIN
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t: Legend
-■ c h ro m o so m a l locus fo r  cy sta th io n in e  sy n th a se  

S y n th ase  = locus fo r  n o rm a l enzym e 
sy n th a se  = locus fo r  m u tan t enzym e 

r n o rm a l polypeptide 
«» m u tan t polypeptide

F ig u re  22. P o ly p ep tid e  fo rm a tio n  and en zy m atic  a c tiv ity  in  n o rm a l 
in d iv id u a ls  and  in  in d iv id u a ls  hom ozygous and h e te ro z y g o u s  f o r  
c y s ta th io n in e  sy n th ase  d e fic ien cy . The enzym e is  co n ce iv ed  o f as 
be ing  fu n c tio n a l a s  a m o n o m eric  p ro te in  and a c t iv i t ie s  a r e  a s  would 
be e x p ec ted  on the  b a s is  o f a s im p le  gene-dose  re la tio n sh ip .
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m e tab o lic  e r r o r s , d e m o n s tra tin g  enzym e a c tiv ity  in  h e te ro zy g o te s  

th a t is  s ig n if ic an tly  below  the a n tic ip a te d  50% of c o n tro l v a lu e s .

A conce ivab le  hypo thesis to  acco u n t fo r  th e  low  en zy m atic  

a c tiv ity  of the  he te ro zy g o u s g roup  would co n ce iv e  of the  sy n th ase  as 

a  p ro te in  c o n s is tin g  of m o re  th an  one po lypep tide  cha in . It could 

e x is t a s  a  d im e r , a  te t r a m e r  o r  a l a r g e r  p o ly m e r. If, fo r exam p le , 

the  enzym e p ro te in  w ere  a d im e r  c o n s is tin g  of two po lypeptide  su b ­

u n its ,  and if  th e re  w e re  a s e r ie s  of v a r io u s  p o ss ib le  a lle le s  a t a 

s in g le  lo c u s , e ac h  d e te rm in in g  a  m o le c u la r ly  d iffe re n t polypeptide 

ch a in , in  a  hom ozygous ind iv idua l only  one k ind  of po lypep tide  chain  

would be sy n th e s ize d  and thus one fo rm  of th e  d im e r ic  enzym e p ro te in  

would r e s u l t .  In the  hom ozygous n o rm a l in d iv id u a l th is  p ro te in  would 

be 100% functional and th is  p e rso n  would d e m o n s tra te  100% of the 

n o rm a l en zy m atic  ac tiv ity  (F ig u re  23). S im ila r ly ,  the  hom ozygous 

a ffec ted  ind iv idua l would p o s s e s s  two id e n tic a l  a lle le s  coding fo r 

id e n tic a l po lypep tide  subunits (F ig u re  24). H o w ev er, a s  bo th  of th e se  

a lle le s  a r e  m u tan t, and if  we a s su m e  th a t th e  d im e r  fo rm ed  by the 

com bina tion  of two of them  p o s s e s s e s  no e n z y m a tic  a c tiv ity , th e se  

ind iv idua ls would d e m o n s tra te  a  co m p le te  la c k  of func tiona l enzym e.

In th e  h e te ro z y g o te  two d iffe re n t a lle le s  a r e  p r e s e n t ,  and two k inds 

of po lypeptide  subun its would be sy n th e s iz e d , one n o rm a l and one 

a b e r r a n t  (F ig u re  25). If the  m u ta tio n  did no t a ffe c t the  ra te  of 

sy n th e s is  (or the  s tab ility ) of the  c o rre sp o n d in g  po lypep tide , the su b ­

u n its  would be fo rm ed  in equal am oun t. S u b seq u en tly , th e se  two
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DIMERIC PROTEIN FORMATION 
NORMAL

MATERNAL PATERNAL

Synthase Synthase

See legend  fo r  F ig u re  22

F ig u re  23. F o rm a tio n  of cy sta th io n in e  sy n th a se , conce ived  o f a s  a 
d im e r ic  p ro te in , in  a  n o rm a l ind iv idua l. T h ese  enzym e m o le c u le s  
w ill d e m o n s tra te  100% (n o rm al) en zy m atic  a c tiv ity .

"o
-o



DIMERIC PROTEIN FORMATION 
HOMOZYGOUS AFFECTED

MATERNAL PATERNAL

synthas^ synthase

See legend fo r  F ig u re  22

F ig u re  24. F o rm a tio n  of cy sta th ion ine  sy n th a se , conce iv ed  o f a s  a 
d im e r ic  p ro te in , in  an  ind iv idual hom ozygous fo r  sy n th a se  d e fic ien cy . 
T h ese  enzym e m o le cu le s  w ill d e m o n s tra te  0% o f n o rm a l en zy m atic  
ac tiv ity .
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DIMERIC PROTEIN FORMATION 
HETEROZYGOTE

MATERNAL PATERNAL

synthaseSynthase

See leg en d  fo r  F ig u re  22

F ig u re  25. F o rm a tio n  of c y s ta th io n in e  sy n th a se , conce ived  of a s  a 
d im e ric  p ro te in , in an in d iv id u a l h e te ro z y g o u s  fo r  sy n th ase  de fic iency . 
The enzym atic  a c tiv ity  of e ac h  type  of d im e r ic  m o lecu le  can  be 
e x p re ss e d  a s  follow s:

N o rm al
D im e rs

H ybrid
D im e rs

M utant
D im ers T o ta ls

E nzym atic  a c tiv ity /m o le c u le 100 0-100 0
% of to ta l enzym e p ro te in  in 25 50 25 100

h e te ro zy g o te .
C on tribu tion  to to ta l en zy m atic 33-100 0-67 0 100
a c tiv ity  (%) in h e te ro zy g o te .
C ontribu tion  to  enzym atic  a c tiv i ty 25 0-50 0 25-75
(%) in  h e te ro zy g o te  re la tiv e  to 

n o rm al
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h e te ro g en e o u s  su b u n its  could com bine to fo rm  a  d im e r  by a s so c ia tin g  

in  th re e  d if fe re n t w ays: n o rm a l-n o rm a l, n o rm a l-m u ta n t (and m u ta n t-  

n o rm a l) , and m u ta n t-m u ta n t. T h is  would re s u l t  in  th e  fo rm a tio n  of 

th re e  ty p es  of p ro te in s ,  d iffe rin g  in  m o le c u la r  s t r u c tu r e .  Two of 

th em  would be  analogous to the  s in g le  fo rm s se e n  in  e a c h  of the 

c o rre sp o n d in g  h o m o zy g o tes , and th e  th ird  would be a  "h y b rid "  m o le ­

cule c o n s is tin g  o f bo th  k inds of polypeptide c h a in s . If co m b in a tio n  

o c c u rre d  a t  ra n d o m , th e s e  th re e  types of d im e rs  would be p roduced  

in  a  1:2:1 r a t io .  T h u s , th e  n o rm a l-n o rm a l d im e r  would acco u n t fo r  

25% of the  to ta l  enzym e p ro te in  in  th is  ind iv id u a l, the  n o rm a l-m u ta n t 

fo r  50%, and th e  m u ta n t-m u ta n t fo r  25%, The n o rm a l-n o rm a l  d im e r  

should ag a in  be to ta l ly  fu n c tio n a l, a s  in  the hom ozygous n o rm a l 

ind iv id u a l, and th e  m u ta n t-m u ta n t d im e r  c o m p le te ly  in a c tiv e . The 

n a tu re  of th e  d e fe c t of th e  m u tan t polypeptide c h a in , and th e  d e g re e  

of m e ta b o lic  d is tu rb a n c e  i t  p ro d u ces  in  com b ina tion  w ith  a  n o rm a l 

po lypep tide , w ould d e te rm in e  the functional s ta te  of th e  h y b rid  (n o rm a l- 

m u tan t) d im e r . If the  m u tan t polypeptide fo rm ed  a c o m p le te ly  ac tiv e  

d im e r  in  co m b in a tio n  w ith  the  n o rm a l po lypep tide , th e s e  h y b rid  d im e rs  

would c o n tr ib u te  th e i r  p o rtio n  of th e  enzym e a c tiv ity  (50%) w hich , when 

added to  the  25% co n trib u ted  by the  n o rm a l-n o rm a l d im e r ,  would endow 

th is  p a r t ic u la r  h e te ro z y g o te  w ith 75% of the to ta l  n o rm a l en zy m atic  

a c tiv ity . If  on th e  o th e r  hand , the m u ta n t-n o rm a l d im e r  w e re  func- 

t io n le s s ,  the  in d iv id u a l h e te ro zy g o u s  fo r  th is  a l le le  would d em o n ­

s t r a te  only 25% of th e  n o rm a l le v e l of ac tiv ity . C le a r ly , th e  c o n tr ib u ­
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tio n  of the  hybrid  m o le cu le  could v a ry  f ro m  z e ro  to 50% depending 

upon th e  e ffec t of th e  m u tan t po lypep tide  in  the  h e te ro d im e r , and 

th u s , the  to ta l  a c tiv ity  o b se rv a b le  in  a  h e te ro zy g o u s ind iv idual 

could v a ry  fro m  25-75% o f n o rm a l . P e rh a p s  th e  50% value so often 

re p o r te d  in  populations of h e te ro z y g o u s  c a r r i e r s  of enzym atic  

d e fic ie n c ie s  a c tu a lly  r e p re s e n ts  a  m e a n  of ind iv idua ls w ith enzym a­

tic  a c tiv itie s  rang ing  fro m  25-75% . Of c o u rs e , m o re  com plex 

p a tte rn s  of hybrid  m o le c u le  fo rm a tio n  in  h e te ro z y g o te s  could occu r 

i f  the  enzym e p ro te in  is c o m p r is e d  of m o re  th an  two su b u n its . If, 

fo r  ex am p le , it is  a  te t r a m e r  c o n s is tin g  of fo u r id e n tic a l polypeptide 

u n its  in  the  hom ozygo te , th en  th e  h e te ro z y g o te  could p o sse s s  five 

m o le c u la r  fo rm s of the p ro te in , th r e e  of w hich would be  "hybrid" . 

L a c ta te  d eh yd rogenase  h a s  b een  show n (3 ,1 0 0 ,1 0 1 ) to  be a  p ro te in  

c o m p rise d  of four po lypep tide  su b u n its  w hich a r e  the p roducts  of 

two d iffe re n t loci. T his r e s u l ts  in  five c h a r a c te r is t ic  " iso z y m e s" , 

two of w hich con ta in  id e n tic a l su b u n its  and th re e  of w hich a re  hyb rid  

m o le c u le s . M utation  a t e i th e r  o f th e  two lo c i would re s u l t  in  15 

d iffe re n t te t r a m e rs  and lead  to  ev en  g r e a te r  p o ss ib le  v a ria tio n  in 

en zy m atic  a c tiv ity . A lthough th e  su b u n its  in  th e  c a se  of LDH a re  

coded by n o n a lle lic  g e n e s , the  p r in c ip le  is analogous i f  the te tra m e r. 

is  com posed  of fo u r subun its w h ich  a r e  a l l  p ro d u c ts  of the sam e 

lo cu s . A he te ro zy g o u s in d iv id u a l would p o s s e s s  five d iffe ren t t e t r a -  

m e r ic  m o lecu les  an d , depending  upon  th e  a c tiv ity  of the  hybrid  m o le ­

c u le s , the  en zy m atic  a c tiv ity  d e m o n s tra te d  in  the  h e te ro zy g o te  could
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show qu ite  a w ide  v a r ia b il i ty . K ash iw am ata  e t al_. (89) have re p o r te d  

that n a tiv e  r a t  l iv e r  c y s ta th io n in e  sy n th ase  co n s is ts  o f fo u r su b u n its ; 

two id e n tic a l co m p o n en ts  w hich m ig ra te  re la tiv e ly  ra p id ly  d u rin g  

a c ry la m id e  g e l e le c t r o p h o r e s is , and two id en tica l com ponen ts w hich  

m ig ra te  r e la t iv e ly  s lo w ly . On th e  b a s is  of th is  finding , U h lendo rf e t 

a l. (164) have p o s tu la te d  th a t h u m an  syn thase  a lso  h as an  "azP2" 

com position . T h is w ould su g g est th a t m an  p o s s e s se s  a t  l e a s t  two 

p a irs  o f s t r u c tu r a l  g en es  fo r cy sta th io n in e  sy n th ase , each  p a ir  d e t e r ­

m in ing  a  po lypep tide  su b u n it. E a c h  of th e se  lo c i could be occup ied  

by one o f s e v e r a l  d if fe re n t  a l le le s ,  and one would ex p ec t to find 

ind iv idua ls  who a r e  hom ozygous fo r  the  sam e m utan t a lle le  (although  

th ese  would be  v e ry  r a r e ) ,  ind iv idua ls who a re  genetic  com pounds 

p o sse s s in g  two d if fe re n t  m u tan t a lle le s  a t  the sam e lo c u s , and 

ind iv idua ls who a r e  doub le  h e te ro z y g o te s , c a rry in g  s in g le  m u ta n t 

a lle le s  a t e ac h  o f the  two lo c i. T h u s, th e  opportun ity  fo r  g en e tic  

h e te ro g e n e ity  would b e  im m en se .

H ybrid  p ro te in  fo rm a tio n  in  h e te ro z y g o te s , re su ltin g  in  the  

p roduction  of a  s in g le  p ro te in  m o le cu le  contain ing  e ac h  of th e  s t r u c ­

tu ra lly  d if fe re n t po lypep tide  cha in s coded by two of a  varifety  of 

a l le le s ,  s e e m s  to  o c c u r  w ith so m e  frequency  and m any  ex am p les  

involving a v a r ie ty  of p ro te in s  and enzym es have been  re p o r te d . 

H a r r is  (76) h a s  l is te d  a  s e r ie s  of hum an  enzym es, c la s s if ie d  a c c o r d ­

ing to  w h e th e r o r  no t h e te ro zy g o u s  ind iv iduals d e m o n s tra te  an  

e le c tro p h o re tic  p a t te rn  su g g estiv e  of hy b rid  p ro te in  fo rm a tio n .
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U su a lly , in  e le c tro p h o re s is ,  the  h y b rid  m o le c u le s  c an  be se e n  to  

m ig ra te  a t a  ra te  in te rm e d ia te  be tw een  th a t of the  " p u re "  p ro te in s , 

and o ften  th e  in te n s ity  of the  s ta in  of th e  m id d le  (hybrid) band is  

g r e a te r  th an  that o f the o th e r  tw o, su g g estin g  the  e x is te n c e  of m o re  

of th e  h y b rid  than  of e ith e r  of th e  o th e r s .  In a lm o s t h a lf  o f the  c a se s  

c a te g o r iz e d  by  H a r r is ,  hy b rid  enzym e fo rm a tio n  a p p e a rs  to  o c c u r .

It is  in tr ig u in g  to no te  th a t "h y b rid "  p ro te in s ,  by d e fin itio n  

r e p r e s e n t  unique m o le c u le s , lim ited  to  the  h e te ro z y g o u s  s ta te .

P e rh a p s  s e le c tio n  m ay  fav o r c e r ta in  h e te ro z y g o te s  b e c a u se  of th e  

m e ta b o lic  advan tage  a sso c ia te d  w ith p o s s e s s in g  th re e  enzym e fo rm s  

r a th e r  th an  ju s t  one. It is  known fo r e x am p le , th a t the  m u ltip le  

m o le c u la r  fo rm s  of LDH d iffe r  in  th e i r  m e tab o lic  c a p a c itie s  (30).

T h e se  d iffe re n c e s  could p rove  adap tive  u n d e r c e r ta in  co n d itio n s .

T h is h y p o th esis  of a  d im e ric  (o r m u ltim e r ic )  sy n th a se  p ro te in  

could conce ivab ly  exp la in  the no tab ly  low  en zy m a tic  a c tiv ity  d em o n ­

s t r a te d  by  h e te ro zy g o te s  fo r  cy sta th io n in e  sy n th a se  d e fic ien cy . It 

is a ls o  a p la u s ib le  exp lanation  fo r th e  s itu a tio n  p re s e n te d  by G aull 

e t a l .  (62) and c ited  above. A sib  of one of th e i r  p a tie n ts  d e m o n ­

s t r a te d  sy n th ase  a c tiv ity  of a p p ro x im a te ly  60% of the  m ea n  c o n tro l 

v a lu e , thus h ig h e r  than  th e  "ex p ec ted "  50% and c o n s id e ra b ly  h ig h e r  

th an  the  v a lu e s  d e m o n s tra te d  by ob liga te  h e te ro z y g o te s  fo r  sy n th ase  

d e fic ie n cy . H is c la s s if ic a tio n  as a  p re su m e d  h e te ro z y g o te  w as based  

on th e  o b se rv a tio n  that h is  h e p a to c y te s , w hen v iew ed u n d e r  the  e le c tro n  

m ic ro s c o p e , d e m o n s tra te d  the  sam e a b e r ra t io n s  a s  th o se  of p a tien ts
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and o b liga te  h e te ro z y g o te s . It m u s t be  k ep t in  m ind  h o w ev er, th a t 

the  u n u su a lly  h igh  en zy m atic  a c tiv ity  d e m o n s tra te d  by  th is  p o ten tia l 

h e te ro zy g o te  m ay  a lte rn a te ly  r e s u l t  f ro m  th e  com bina tion  of a 

m u tan t a lle le  and an is o a lle le  sp ec ify in g  g r e a te r  th an  n o rm a l a c tiv ity .

T he o c c u rre n c e  of th e se  u l t r a s t r u c tu r a l  changes in  the  h e p a ­

to cy te s  o f ob liga te  h e te ro z y g o te s  as w e ll a s  in  p a tie n ts  (62) r a i s e s  

in te re s tin g  q u estio n s . The p a th o g e n es is  of th e s e  a lte ra t io n s  is  

unknown. T h e re  a p p e a rs  to  be no d i r e c t  re la tio n s h ip  betw een  

p la sm a  co n ce n tra tio n s  of m e th io n in e , h o m o c y s tin e , o r  cy s tin e  and 

the  changes in  h ep a to cy te  m o rp h o lo g y , as th e s e  a b n o rm a lit ie s  

re m a in  in  the - re s p o n s iv e  p a tie n ts  even  a f te r  th e i r  p la sm a  am ino 

ac id  c o n ce n tra tio n s  a r e  b ro u g h t to  n o rm a l  le v e ls ,  and a r e  a lso  

exh ib ited  by h e te ro zy g o te s  who d e m o n s tra te  no s ig n ific an t p la sm a  

am ino ac id  a b e r ra t io n s . H ow ever, i t  is  co n ce iv ab le  th a t th e se  

u l t r a s t r u c tu r a l  changes could be  a  fu nc tion  of a b n o rm a l t is s u e  con ­

c e n tra tio n s  of th e  am ino a c id s  in  th e  l iv e r  o f p a tie n ts , bo th  tre a te d  

and u n tre a te d , and of h e te ro z y g o te s .

In any c a s e , the  fac t th a t th e s e  changes o c c u r  in  the  "a sy m p ­

to m a tic "  h e te ro zy g o te  e m p h a s iz e s  th e  concep t th a t th e  te rm s  

"dom inan t"  and " r e c e s s iv e "  have  m ean in g s  l im ite d  to a sp ec ific  

c h a r a c te r is t ic  o r  phenotype. A good ex am p le  of the  p o ss ib le  a m b i­

gu ity  of th e se  te rm s  is  a ffo rded  by th e  p a t te rn  of in h e rita n c e  of 

s ic k le -c e l l  an em ia  (76). T h is d is e a s e  is  know n to  be in h e rite d  in  a 

r e c e s s iv e  m a n n e r , i . e . th e  d is e a s e  i t s e l f  is  o b se rv ed  only in  hom o­
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zygotes fo r the a b n o rm a l g en e . H o w ev er, the  s ick lin g  phenom enon 

is  a c tu a lly  in h e rite d  as a  d o m inan t c h a r a c te r i s t i c ,  s in ce  both h e te ro ­

zygotes and hom ozygo tes fo r th e  m u ta n t a lle le  p o s s e s s  c e lls  which 

s ic k le  when su b jec ted  to su ff ic ie n tly  red u ced  oxygen ten s io n . It would 

now ap p ea r th a t in  sy n th a se  d e fic ie n c y  to o , a lthough  ex tre m e ly  d e f i­

c ien t enzym atic  a c tiv ity  is  e x p re s s e d  only  in  th e  hom ozygote and thus 

a p p e a rs  to show a  r e c e s s iv e  p a t te rn  of t r a n s m is s io n ,  the u l t r a s t r u c ­

tu r a l  changes in  the  h e p a to c y te s  a r e  a lso  d e m o n s tra b le  in  the h e te ro -  

zygote and would th e re fo re  s e e m  to  be in h e r ite d  in  a  dom inant m a n n e r .

In enzym e d e fic ie n cy  d i s e a s e s ,  th e  d is tin c tio n  betw een dom inant 

and re c e s s iv e  m odes of in h e r i ta n c e  m a y  depend on the enzym atic  

ac tiv ity  d e m o n s tra b le  in  hom ozygous n o rm a l in d iv id u a ls , and on the  

m in im um  a c tiv ity  a c tu a lly  n e c e s s a r y  to  m a in ta in  sound function. 

H e terozygo tes fo r su ch  d is e a s e s  u su a lly  p o s s e s s  enzym atic  ac tiv ity  

in te rm e d ia te  be tw een  th a t of hom ozygous a ffec ted  and n o rm a l in d iv i­

d u a ls . Since th ey  a r e  g e n e ra lly  qu ite  h ea lth y , th e  im p lica tio n  would 

be th a t the n o rm a l in d iv id u a l p o s s e s s e s  m uch  m o re  than  the m in im um  

a c tiv ity  re q u ire d  fo r  n o rm a l m e ta b o lism , and thus h as som ew hat of 

a functional r e s e r v e .  Only th e  a b n o rm a l hom ozygo tes w ill d e m o n s tra te  

c lin ic a l a b e r ra t io n s ,  b e c a u se  of th e i r  e x tre m e  d e fic ien cy  of enzym atic  

a c tiv ity . It h a s  b een  e s tim a te d  (58) th a t c o n s id e ra b ly  m o re  syn thase  

a c tiv ity  is  n o rm a lly  p re s e n t  th a n  is  needed  fo r  th e  l iv e r  to m etab o lize  

i ts  f re e  m eth ion ine . F ro m  th e  d a ta  on h ep a tic  sy n th ase  it  would 

a p p ea r th a t en zy m atic  a c tiv ity  of 15-30% of m ea n  c o n tro l value ade?-



quate ly  m a in ta in s  n o rm a l  p la s m a  am ino  acid  c o n c e n tra tio n s . How­

e v e r , if  the  m o rp h o lo g ic a l changes se e n  in  the  h ep a to cy tes  of h e te r o ­

zygotes fo r sy n th a se  d e fic ie n cy  do re s u l t  f ro m  the  a b e r r a n t  in t r a c e l lu ­

la r  m e ta b o lism  of m e th io n in e , m o re  than  60% of n o rm a l en zy m atic  

a c tiv ity  is n e c e s s a r y  to p re v e n t th e ir  o c c u rre n c e . P e rh a p s  the  

a c tu a l fu n c tio n a l r e s e r v e  of cy sta th io n in e  sy n th ase  is  le s s  th an  had 

been  a n tic ip a te d .

The p re s e n t  d a ta  d e m o n s tra te  th a t cy sta th io n in e  sy n th ase  

a c tiv ity  can  be d e te c te d  in  c u ltu re d  lo n g - te rm  lym phoid c e ll  l in e s ,  

and s tro n g ly  su g g e s t th a t th e  in  v itro  d e tec tio n  of hom ozygotes and 

h e te ro zy g o te s  fo r  sy n th a se  d e fic ien cy  can be acco m p lish ed  using  

th is  sy s te m . The e n zy m a tic  a c tiv ity  de tec ted  in th e se  c e lls  d em o n ­

s tra te d  p ro p e r t ie s  a lm o s t id e n tic a l to those  of c u ltu red  f ib ro b la s ts . 

A c tiv ity  was to ta l ly  dependen t upon th e  add ition  of h o m o cy ste in e  to  

the re a c tio n  m ix tu re  and w as c o m p le te ly  d e s tro y ed  w hen a  bo iled  

b lank w as u sed  a s  a  so u rc e  of th e  enzym e. The one in te re s tin g  

d iffe ren c e  w as in  th e  re s p o n se  of the  enzym e to  the  add ition  of 

h ig h e r c o n ce n tra tio n s  of p y rid o x a l phosphate  to  th e  in  v itro  a s s a y  

sy s te m . O nly a  v e ry  s m a ll  in c re a s e  in  enzym e a c tiv ity  could be 

d e tec ted  w ith  h ig h e r  le v e ls  of th e  coenzym e, a s  opposed to  the  m uch  

g r e a te r  s tim u la tio n  exh ib ited  by cu ltu red  sk in  f ib ro b la s ts . In th is  

r e s p e c t ,  the  c u ltu re d  lym phocy tes show  a s tro n g e r  re se m b la n c e  to  

fe ta l than  to  ad u lt c e l ls .  T he su g g estio n  has b een  m ade  th a t e s ta b ­

lish ed  lym phoid c e lls  r e p r e s e n t  "an  e a r ly  type  of s te m  c e ll
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w ith  m u ltip le  p o te n tia ls" (83), thus le s s  d iffe re n tia te d  and m o re  lik e  

a  fe ta l  c e l l .  The p re s e n t  o b se rv a tio n  would su p p o rt th is  id e a .

L ym phocytoid  lin e s  o ffe r a  m u ltitu d e  of p o te n tia l it ie s  fo r  the  

in v e s tig a tio n  of hum an  b io ch em ica l g e n e tic s . S tud ies o f th e  m e ta ­

b o lic  s itu a tio n  in  h e re d i ta ry  enzym e d e fic ie n c ie s  a r e  o ften  lim ite d  

by th e  re la t iv e ly  sm a ll  quan tity  of c e llu la r  m a te r ia l  a v a ila b le  f ro m  

any  s in g le  p a tien t. D eta iled  enzym e s tu d ie s , includ ing  c h a r a c te r i ­

z a tio n  of the  enzym e p ro te in , a r e  e sp e c ia lly  h a m p e re d  by th is .

T h e re  a r e  a  n u m b er of c h a r a c te r is t ic s  of lym phoid  c e l l  l in e s  w hich 

a r e  o f p a r t ic u la r  s ig n ifican ce  fo r  th is  type  of in v e s tig a tio n . A lo n g ­

te r m  lym phoid  lin e  d e riv ed  fro m  p e r ip h e ra l  blood w ill r e ta in  the 

un ique genotype of th e  donor in  continuous c u ltu re , p e rh a p s  in d e f i­

n ite ly . In ad d itio n , the  in c re a s in g  su c c e ss  r a te  o f e s ta b lis h in g  

th e se  c u ltu re s  m ak e s  th em  fe a s ib le  to o ls  fo r  u se  in  m an y  la b o ra to ­

r i e s .  M any of the  enzym es involved in  the  in b o rn  e r r o r s  of m e ta ­

b o lism  hav e  been  d e tec ted  in  lym phoid lin e s  d e riv e d  f ro m  n o rm a l 

d o n o rs . T h u s, a  b io ch e m ic a l d e fec t o f one of th e se  en zy m es could 

be in v es tig a te d  in  lo n g - te rm  lin e s  f ro m  affec ted  in d iv id u a ls . The 

lin e s  p ro l if e ra te  abundantly  in  e a s ily  m a in ta in ed  su sp e n s io n  c u ltu re s  

and th u s , once e s ta b lis h e d , can  be m u ltip lied  ra p id ly  in to  la rg e  

q u a n tit ie s . In  th is  way a  su ffic ien t am ount of c e l lu la r  m a te r ia l ,  a ll  

of id e n tic a l  genotype, can  be p roduced  fo r b io c h e m ic a l s tu d ie s , 

inc lud ing  m uch  m o re  d e ta iled  in v es tig a tio n  of the  enzym e p ro te in  

le s io n . T h ese  c e lls  can  be s to re d  and tra n s p o r te d  in  a  f ro z e n  s ta te
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and re e s ta b lish e d  a t a  fu tu re  t im e , thus p ro v id in g  a  d e g re e  of 

" im m o rta lity "  fo r the  c u ltu re s  and fa c ili ta t in g  c o m p a riso n s  o f e n z y m e ' 

d e fec ts  in  p a tien ts  from  d iffe re n t la b o r a to r ie s ,  w hich  is  of sp e c ia l  

s ig n if ic an c e  b ecau se  of th e  r a r i ty  of m o s t of th e s e  d is o rd e r s .  The 

e s ta b lish m e n t of lo n g - te rm  lym phoid c e l l  "b a n k s"  is  fe a s ib le . In 

ad d itio n , lym phocytoid  l in e s  a llow  fo r s y s te m a tic  in v e s tig a tio n  of 

th e  se c o n d a ry  m etab o lic  a b e r ra t io n s  re s u l t in g  f ro m  the e n zy m atic  

le s io n . T he c u ltu re  conditions can  be a l te r e d  a t  w ill, and a  v a r ie ty  

of s t r e s s  fa c to rs  can be app lied . A lte rn a te ly , s t r i c t ly  c o n tro lle d  

cond itions can  be m ain ta ined . T h ese  s tu d ie s  w ill  be v a lu ab le  in  the 

in v e s tig a tio n  of num erous m etab o lic  p ro b le m s  su c h  as c o fa c to r  and 

s u b s tra te  re q u ire m e n ts , and th e  e ffec ts  o f v a r io u s  m e ta b o lite s  on 

bo th  n o rm a l and d e fic ien t, con tinually  p ro l if e ra t in g  hum an c e l ls .

It is  in te re s tin g  to note th a t c y s ta th io n in e  sy n th a se , an  enzym e 

p re s e n t  in  h igh  ac tiv ity  only in  l iv e r  and b r a in  (116), and no t d e tec ted  

in  hum an  sk in , e ry th ro c y te s , o r  leu k o cy te s  (114 ,165 ), is  d e m o n s tra ­

b le  in  c u ltu re d  f ib ro b la s ts  and am n io tic  flu id  c e lls  (165), PH A - 

s tim u la te d  lym phocytes (68), and lo n g - te rm  lym phoid  c e ll  l in e s  (44).

An obvious p o ss ib ility  is  tha t th e  p re s e n c e  of th e  sy n th ase  in  cu ltu red  

c e l ls ,  bu t not in  sk in  o r  blood c e l ls ,  is  a  r e s u l t  of d iffe re n c e s  in  

c e l lu la r  re sp o n se  to in v itro  and in  vivo co n d itio n s  (165). It h a s  been  

o b se rv ed  th a t m am m alia n  ce lls  in  c u ltu re  tend  to  re ta in  o r  lo se  

sp e c ia liz e d  functions of th e ir  t is s u e  of o r ig in , includ ing  so m e  en zy m a­

tic  a c tiv it ie s  (94). V ery  few m a m m a lia n  c e lls  have  b een  s e e n  to re a liz e
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new p ro p e r t ie s  in v i tro . Y e t, th e  above r e s u l ts  would in d ica te  th a t 

lym phocy tes in  sh o r t and lo n g - te rm  c u ltu re , and a lso  c u ltu red  

f ib ro b la s ts ,  a cq u ire  cy sta th io n in e  sy n th a se  a c tiv ity  in  v i t ro .  This 

p o ss ib ility  r a is e s  in te re s t in g  q u estio n s  co n ce rn in g  the  reg u la tio n  of 

sy n th a se  ac tiv ity  and the e ffec t of c u ltu re  conditions upon th is  re g u la ­

tion . In add ition , i t  su g g e s ts  th a t th e  n u m b e r of enzym es th a t can  be 

in v es tig a ted  in  v itro  m ay  be g r e a te r  th an  th a t suggested  by th e ir  

o c c u rre n c e  in  leukocy tes and th e i r  g e n e ra l  d is tr ib u tio n  in v iv o .

In  the p re se n t study , c y s ta th io n in e  sy n th ase  ac tiv ity  of cu ltu red  

fe ta l f ib ro b la s ts  and a m n io tic  flu id  c e lls  f ro m  second  t r im e s te r  

p reg n a n c ie s  was a ls o  in v e s tig a te d . T he sk in  b io p s ie s  w e re  ob tained  

fro m  fe tu se s  ab o rted  by h y s te ro to m y , and the  am n io tic  fluid by 

tra n sa b d o m in a l a m n io c e n te s is . I t w as o b se rv ed  th a t fe ta l f ib ro b la s t  

c e lls  have  an  enhanced c ap a b ility  fo r  m u ltip lic a tio n  in  v i tro , in co n ­

t r a s t  to  c e lls  of n o n -fe ta l o r ig in . O p tim um  a s s a y  conditions w ere  

e s tab lish ed  fo r  both of th e s e  c e ll  ty p es  and co m p ared  to th o se  d e te r ­

m ined  fo r ad u lt (non-fe ta l) c e l ls .  M ost cond itions w ere  found to be 

id e n tic a l. The only d isc re p a n c y  w as th e  o b se rv a tio n  th a t enzym atic  

a c tiv ity  w as s tim u la ted  to a  m uch  s m a l le r  d e g re e  by add ition  of la rg e  

co n cen tra tio n s  of p y rid o x a l p h o sp h a te  (up to 1 m ic ro m o le ) to the  in 

v itro  re a c tio n  m ix tu re  of a m n io tic  flu id  c e ll  e x tra c ts  than  had  been 

d e m o n s tra te d  w ith ad u lt f ib ro b la s ts .

The m ean  (+ SEM ) e n z y m a tic  a c tiv ity  d e te rm in e d  fo r cu ltu red  

fe ta l f ib ro b la s ts  w as 32. 89 * 5. 06 n m o le s /m g  p ro te in /h o u r , and th a t
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fo r  c u ltu red  a m n io tic  flu id  c e lls  was 40. 70 - 4. 58 n m o le s /m g  p ro te in /  

h o u r . T h e re  w as no s ig n ific an t d iffe ren ce  betw een  th e  m ean s of th e s e  

two g ro u p s , a s  w ould be expec ted  if  the  su g g estio n  is  t ru e  th a t a m n io ­

t ic  fluid c e lls  a c tu a lly  a r e  d e riv ed  fro m  sloughed fe ta l c e l ls ,  bu t bo th  

d iffe red  s ig n if ic an tly  f ro m  the m ean  found in  c u ltu red  adu lt sk in  f ib ro ­

b la s ts  of 2 0 .97  - 1. 81 (p<. 001). T h ese  re s u l ts  c o n firm  and extend 

th o se  of U h lendorf and Mudd (165), who a ssa y ed  sy n th a se  a c tiv ity  in  

fou r am nio tic  flu id  c e ll  l in e s .  T hey  a lso  found the  a c tiv ity  in  th e se  

c e lls  to be s ig n if ic a n tly  h ig h e r  th an  in  adult f ib ro b la s t  c e l ls .  T he 

re la tiv e  a c tiv it ie s  of s e v e r a l  o th e r  enzym es in  cu ltu red  a d u lt, f e ta l ,  

and am n io tic  flu id  c e lls  have  been  in v es tig a ted , p -g a la c to s id a s e , 

lik e  cy sta th io n in e  sy n th a se , d e m o n s tra te s  g r e a te r  en zy m atic  a c tiv ity  

in  am n io tic  fluid th a n  in  m a te rn a l  (adult) c e lls  (87). H ow ever, un lik e  

th e  sy n th ase  w h ich , as show n h e re ,  a lso  exh ib its h igh  a c tiv ity  in 

fe ta l  f ib ro b la s ts , p -g a la c to s id a s e  shows the  lo w est r e la tiv e  a c tiv ity  

in  th is  c e ll  type. C o n v e rse ly , a ry ls u lfa ta s e  A (87), a rg in in o su c c i-  

n a se  (150) and o rn ith in e  ke to  acid  tra n s a m in a s e  (151) d isp lay  lo w er 

sp e c ific  a c tiv ity  in  c u ltu re d  am n io tic  fluid c e lls  than  in  adu lt sk in  

f ib ro b la s ts . A ry ls u lfa ta s e  A a lso  d e m o n s tra te s  i ts  le a s t  r e la tiv e  

a c tiv ity  in  cu ltu red  fe ta l c e lls  (87). In v estig a tio n  of p -D -N -a c e ty l-  

g lu co sam in id ase  show ed th a t enzym atic  a c tiv ity  of cu ltu red  a m n io tic  

fluid c e lls  and m a te rn a l  c e lls  was not s ig n ifican tly  d if fe re n t, a lthough  

both showed h ig h e r  sp e c if ic  a c tiv ity  than did fe ta l c e lls  (87). T h u s, 

a lthough  h igh ly  s ig n if ic a n t d iffe re n c e s  w ere  found in the  m ean  s p e c i ­
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fic  a c t iv i t ie s  of a l l  of th e se  d is e a s e - re la te d  e n z y m e s , w hen co m p ared  

in  ad u lt and fe ta l  f ib ro b la s ts  and cu ltu red  a m n io tic  flu id  c e l l s , the  

p a tte rn  of v a r ia tio n  in  the th re e  ce ll types w as d iffe re n t fo r  e a c h  

enzym e. C le a r ly , the  re la tiv e  sp ec ific  a c tiv it ie s  of en zy m es in  n o r ­

m a l c e lls  of th e s e  th re e  g roups a re  p a r t ic u la r ly  g e rm a n e  to th e  ta sk  

of in tr a u te r in e  d iag n o s is  of m etab o lic  d is e a s e . I t canno t be a ssu m e d , 

on th e  b a s is  of m o rp h o lo g ica l and b io ch em ica l s im ila r i t ie s  be tw een  

c u ltu re d  f ib ro b la s ts  and am n io tic  fluid c e l l s , th a t a ll  b io c h e m ic a l 

p a ra m e te r s  w ill v a ry  in  p a ra l le l .  E v e ry  d is tin c t enzym e m u s t be 

in d iv id u a lly  a p p ra ise d  and the  a p p ro p ria te  c o m p a riso n s  m ad e  fo r  

each .

D uring  m u ltip le  p a ssa g e s  in  c u ltu re , f ib ro b la s t ic  c e ll  l in e s  

r e ta in  th e i r  o r ig in a l ch ro m o so m e  com plem en t and , in  a d d itio n , a  

n u m b er of e n zy m atic  a c tiv it ie s  functional in  v iv o . Indeed , m an y  of 

the  enzym e d e fec ts  involved  in  the  in b o rn  e r r o r s  of m e ta b o lism  a re  

found in  s e v e r a l  t is s u e s  and a re  a lso  m an ife s te d  by c e lls  c u ltu red  

f ro m  b io p s ie s  of sk in  o r  o th e r  so u rc e s . H ow ever, th e  e x tra p o la tio n  

of th is  b io c h e m ic a l d a ta  f ro m  adult sk in  f ib ro b la s ts  to c u ltu re d  

am n io tic  flu id  c e lls  and fe ta l  f ib ro b la s ts , and on to  the  m e ta b o lic  

s ta te  of th e  fe tu s , is p re c a r io u s . In an  in v es tig a tio n  of g ly co ly tic  

d if fe re n c e s  be tw een  fe ta l  and n o n -fe ta l hum an  f ib ro b la s t  c e l ls ,

Condon e t a l . (25) d e m o n s tra te d  that c e lls  in  lo n g - te rm  c u ltu re ,  

d e riv e d  f ro m  hum an fe ta l  sk in , could be  d is tin g u ish ed  m e ta b o lic a lly  

f ro m  n o n -fe ta l  c e l ls ,  w h e rea s  ce lls  d e riv e d  f ro m  c h ild re n  and adu lts



w e re  a lik e  w ith  re s p e c t  to  g lucose  m e ta b o lism . T hey  su g g ested  th a t 

f ib ro b la s ts  r e ta in  the  m etab o lic  c a p a b ilitie s  p re s e n t  in  th e i r  o r ig in a l 

s ta te  of developm en t and thus, th a t fe ta l c e lls  in  c u ltu re  could be 

u til iz e d  to in v es tig a te  the  m e tab o lism  of the  fe tu s  a t  v a rio u s  s ta g es  

of dev e lo p m en t. H ow ever, not a ll  en zy m atic  a c t iv i t ie s  of cu ltu red  

f e ta l  c e lls  a r e  re p re s e n ta tiv e  of the  s itu a tio n  in  th e  develop ing  fe tu s . 

C y sta th io n in e  sy n th a se  a c tiv ity  is  se en  f ro m  th e  p re s e n t  study  to 

h av e  a  m ean  v a lu e  a p p ro x im a te ly  tw ice  as h ig h  in  c u ltu re d  c e lls  of 

f e ta l  o r ig in  as in  adu lt f ib ro b la s ts . H ow ever, G aull e t a l. (61), 

d u r in g  an  in v e s tig a tio n  of the developm en t of m a m m a lia n  su lfu r  

m e ta b o lism , d e m o n s tra te d  th a t the  sy n th a se  is  p re s e n t  in  the  l iv e r  

and b r a in  of hum an fe tu se s  fro m  s ix  w eeks of g e s ta tio n , but a t 

25-35%  of the  a c tiv ity  exhib ited  by s im ila r  p re p a ra tio n s  f ro m  

m a tu re  h u m an s . A fte r e s tab lish in g  th e  d e v e lo p m e n ta l p a tte rn  of 

m e th y l tr a n s fe ra s e  a c tiv itie s  of hum an fe ta l t i s s u e s ,  in  ad d itio n  to 

th e  a b sen c e  of c y s ta th io n a se , th ey  p o stu la ted  (63) th a t in  fe ta l  l iv e r  

and b ra in  the  tra n s s u lfu ra tio n  pathw ay fo r  th e  fu r th e r  m e ta b o lism  

of h o m o cy s te in e  is  reduced  in  a c tiv ity  in  fa v o r of th e  N -5 -m e th y l- 

te tr a h y d ro fo la te -B i  2 rem e th y la tio n  pathw ay, w hich  a p p e a rs  to  be 

m o re  a c tiv e  in  th e se  o rg an s  of the  fe tus th an  in  th e  m a tu re  hum an . 

T h u s , sy n th ase  a c tiv ity  in  cu ltu red  sk in  f ib ro b la s ts  does not a p p ea r 

to  v a ry  w ith  developm ent of the ind iv idua l in  th e  sa m e  m a n n e r  as 

d o es  th e  en zy m atic  a c tiv ity  in l iv e r  and b ra in .
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N e v e r th e le s s , the  m e tab o lic  le s io n  a s so c ia te d  w ith  c y s ta ­

th ion ine sy n th ase  d e fic ie n cy  is  d e m o n s tra b le  in  c u ltu re d  f ib ro b la s ts . 

E nzym atic  a c tiv ity  is  exh ib ited  by c e ll  l in e s  d e riv e d  fro m  n o rm a l 

d o n o rs , and s e v e re ly  d e fic ie n t o r  a b sen t f ro m  lin e s  d e riv ed  fro m  

docum ented  c a se s  of sy n th a se  d e fic ien cy . H e te ro zy g o te s  fo r the 

d is e a s e  d isp lay  in te rm e d ia te  sy n th a se  a c tiv ity . A m nio tic  fluid c e lls  

and fe ta l f ib ro b la s ts  in  c u ltu re ,  ob tained  d u rin g  the  second t r im e s te r  

of n o rm a l p re g n a n c ie s , d e m o n s tra te  e x tre m e ly  h igh  en zy m atic  a c t i ­

v ity . T h is l a t te r  o b se rv a tio n  is  of u tm o s t consequence  fo r  the  p ro p e r  

d iagnosis  of cy sta th io n in e  sy n th a se  d e fic ie n cy , and i ts  c a r r i e r  s ta te , 

in  u te r o . As m en tioned  above , i t  is  c ru c ia l  to  d e te rm in e  if  the  

sp e c ific  a c tiv ity  of an  enzym e in  c u ltu red  am n io tic  fluid c e lls  is  the 

sa m e , g r e a te r ,  o r  lo w er th an  in  ad u lt sk in  f ib ro b la s ts . If the  sp ec ific  

a c tiv ity  of the  d is e a s e - r e la te d  enzym e is  h ig h e r  in  c o n tro l am n io tic  

fluid c e ll c u ltu re s  th an  in  ad u lt f ib ro b la s ts , and if  ob liga te  h e te ro z y ­

go tes fo r  the  d e fic ien cy  p o s s e s s  in te rm e d ia te  a c tiv ity , an  affected  

fe tu s could be  m isd ia g n o se d  a s  a  n o rm a l o r  a  h e te ro z y g o te . C o n v er­

se ly , i f  the  en zy m atic  a c tiv ity  is  lo w er in  c u ltu red  am n io tic  fluid 

c e l ls ,  d e tec tio n  of th e  h e te ro zy g o u s  s ta te  and d iffe re n tia tio n  of c a r r i e r s  

f ro m  a ffec ted  fe tu se s  m ig h t be d ifficu lt. In a d d itio n , a  n o rm a l fetus 

could be in te rp re te d  a s  hav ing  d e fic ien t en zy m atic  a c tiv ity  and ab o rted  

in  e r r o r .  T hus, th e  c o m p a riso n  of re la tiv e  sp e c if ic  a c tiv it ie s  and 

enzym e k in e tic s  b e tw een  n o rm a l cu ltu red  am n io tic  fluid c e lls  and 

c o n tro l sk in  f ib ro b la s ts  is  e s s e n t ia l  to any  a tte m p t a t  p re n a ta l  d iagno-
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s is .  In a d d itio n , th e  ran g e  of q u an tita tiv e  v a ria tio n  in  second t r i ­

m e s te r  a m n io tic  flu id  c e l l  c u ltu re s ,  a s  w e ll as in adu lt f ib ro b la s ts ,  

m u s t be e s ta b lish e d . T h is  should  id e a lly  be d e te rm in ed  in  c e lls  

th a t have b een  m a in ta in ed  fo r  a p p ro x im a te ly  four to  s ix  w eeks in  

c u ltu re ; th e  tim e  d u rin g  w hich  th e  d iag n o sis  would have to be 

com pleted . G enetic  h e te ro g e n e ity  h as  been  su ffic ien tly  d isc u sse d  

above fo r  i t  to  be  a p p a re n t th a t th is  in h e re n t v a ria b ility  could be 

h aza rd o u s if  u n a n tic ip a te d  in  th is  type of situa tion .

F u r th e rm o re ,  it  is  c ru c ia l  th a t the  asy m p to m atic  h e te ro zy g o u s  

c a r r i e r  be d is tin g u ish a b le  f ro m  the hom ozygous a ffec ted  in d iv id u a l, 

and f ro m  the  n o rm a l, by m ea n s  of en zy m atic  a s sa y  in  cu ltu red  sk in  

f ib ro b la s ts . Id ea lly , h e te ro zy g o u s  am n io tic  fluid and fe ta l  m a te r ia l  

should be a v a ila b le  fo r  c o m p a riso n , but a s  the c a se s  of any  p a r t ic u la r  

enzym e d e fic ien cy  a r e  few  and f a r  be tw een , th is is  u n lik e ly . A n o th er 

v ita l  p re re q u is i te  is  th e  e s ta b lish m e n t of th e  range of en zy m atic  a c t i ­

v ity  in  n o rm a l cu ltu red  f ib ro b la s ts  d e riv e d  from  second t r im e s te r  

fe tu ses  and in  a d d itio n , th e  n o rm a l ran g e  in  any o th e r  fe ta l m a te r ia l  

th a t m igh t be u sed  fo r  c o rro b o ra tio n  of th e  d iag n o sis . O bv iously , if  

m a te r ia l  ob ta ined  v ia  a b o rtio n  is  to  be th e  b a s is  of c o m p a riso n , i t  

would be p re fe ra b le  th a t c o n tro l and "a t r is k "  fe ta l m a te r ia l  be  

obtained  by  th e  sa m e  a b o rtio n  p ro c e d u re .

It is  g e n e ra lly  acc ep ted  th a t e a r ly  m id tr im e s te r  a m n io c e n te s is  

and a n a ly s is  of c u ltu re d  am n io tic  fluid c e lls  can be unique to o ls  in  th e  

m an ag em en t of p re g n a n c ie s  a t  "h igh  r i s k "  fo r  cy togenetic  and se x -
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linked  d is o rd e r s  in  the  fe tu s . H ow ever, if  q u an tita tiv e  e n zy m atic  

d a ta  f ro m  am n io tic  fluid c e ll  c u ltu re s  is  to be u sed  a s  th e  foundation  

of th e  p re n a ta l  d iag n o s is  of h e r i ta b le  enzym e d e f ic ie n c ie s , th e  above 

p r e r e q u is i te  in v es tig a tio n s  m u s t be c a r r ie d  out fo r  e ac h  sp e c if ic  

e n z y m a tic  p ro b le m , in  o rd e r  to e s ta b lish  b a se lin e  v a lu e s . H aving 

d e te rm in e d  th e se  n e c e s s a ry  c o n tro l d a ta , in tr a u te r in e  d iag n o s is  of 

in b o rn  e r r o r s  of m e ta b o lism  becom es a p o ten tia l r e a l i ty .
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The d a ta  exh ib ited  in  the p r e s e n t  in v e s tig a tio n  d e m o n s tra te  

th a t th e  p re n a ta l d iag n o sis  o f h o m o c y s tin u r ia  due to cy sta th ion ine  

sy n th a se  d e fic iency  is  fe a s ib le . A fte r  th e s e  s tu d ie s  w e re  co m ­

p le te d  i t  was d isc o v e re d  th a t  one o f  the o b lig a te  h e te ro z y g o te s  fo r  

th is  d is e a s e , the  m o th e r o f two young c h ild re n  w ith cysta th ion ine  

sy n th a se  d e fic ien cy , was th re e  m on ths p re g n a n t. C e lls  f ro m  

am n io tic  flu id , d raw n  du ring  the s ix te e n th  w eek of p reg n an cy , 

w ere  c u ltu re d  fo r  a p p ro x im a te ly  f iv e  and  one h a lf  w eek s , a t  which 

tim e  ly s a te s  f ro m  the  c e ll c u ltu re s  w e re  a n a ly ze d  fo r  syn thase  

a c tiv ity . E nzym atic  a c tiv ity  w as d e m o n s tra te d  to be  e x tre m e ly  

h igh  (ac tu a lly  above the  ran g e  of c o n tro l a m n io tic  f lu id  c e lls )  and 

the  d iag n o sis  w as m ade and la te r  c o n firm e d , th a t the  wom an 

c a r r ie d  a n o rm a l fe tu s .
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