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SUMMARY 

I A-Aminolaevullnate synthesis was demonstrated in normal rabbit bone 
marrow and the measurement of A-amlnolaevullnate synthetase (succinyl-CoA_ 
glyclne succmyltransferase) was accomplished In mltochondrla obtained from 
marrow cells ruptured by sonlcatlon The mlcromethod used to quantify A-amino- 
laevuhnate was sensitive to the range of IO 9 mole The optimal concentrations of 
glyclne, a-ketoglutarate, CoA, pyrldoxal phosphate and NAD + for maximum enzyme 
activity at pH 7-5 were identified Succinate and succinyl-CoA were less effective 
as substrates than a-ketoglutarate Neither MgC12 nor EDTA stimulated enzyme 
activity Inhibition of the enzyme by its product, zl-amlnolaevuhnate, was observed 
Neither heme nor protoporphyrln inhibited the production of A-amlnolaevuhnate 

2 Electronmlcroscoplc study of the matochondrial preparation disclosed that 
the mitochondria were partially damaged. The isolated mitochondria contained 
succlnate dehydrogenase (EC I 3 99 ~) and ferrochelatase (EC 4 99 I.i)  activities. 
The soluble enzymes of the heme synthetic pathway were absent 

3 The rate of production of A-aminolaevuhnate observed In the present ex- 
periments approximates the rate which would be required i n  z,,vo by the normal 
rabbit for hemoglobin synthesis. 

INTRODUCTION 

The first step in the heine synthetic pathway is the formation of d-aminolaevu- 
hnate by condensation of glycme and succlnyl-CoA 2 5 The enzyme for this reaction, 
A-amlnolaevulinate synthetase (succlnyl-CoA glyclne succlnyltransferase), has been 
shown to be a mltochondrlal enzyme in guinea pig and rat liver6, 7 Previous studies 
of A-amlnolaevuhnate synthesis in microorganisms 8-14, avian erythrocytesS, 1~-17 and 

A b b r e v i a t i o n s  MAPP,  the  pyrrole  m a d e  by  the  condensa t ion  of d - a m m o l a e v u h n a t e  w i t h  
ace tv l  acetone,  a e, 2-methyl -3-aee ty l -5-proplonlc  acid pyrro le ,  DMAP, the  pyrro le  made  b y  
the  e o n d e n s a t m n  of amino  acetone w~th ace ty l  acetone,  ~ e ,  2 ,4-d~methyl-3-acetyl-pyrrole  

* P a r t  of th ls  work  has  beeI1 p u b h s h e d  in a b s t r a c t  forin t 
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m a m m a h a n  liver 6,Lls indicate  this  s tep  to be ra te -hml t lng  in the  heine syn the t ic  
pa thway .  

Al though de te rmina t ions  of e ry th ro ld  d - a m m o l a e v u h n a t e  syn the tase  have been 
descr ibed in ml tochondr ia  isola ted from rabb i t  and  chicken re t iculocytes  in pre- 
l iminary  repor ts  l%z°, measurement  of the  enzyme in red cell precursors pr ior  to the  
re t lcu locyte  stage has not  been repor ted  previous ly  In the  present  s tudies  a proce- 
dure  for isolat ion of ml tochondr la  from bone marrow cells is descr ibed A micro-  
me thod  for measurement  of d - a m m o l a e v u h n a t e  syn the tase  in marrow cell mi to-  
chondr la  is e l abora ted  d -Amlno l aevu l l na t e  syn the tase  from normal  r abb i t  ma r row 
has been charac ter ized  and its ac t iv i ty  in this  t issue de te rmined  

MATERIALS AND METHODS 

A - A m m o l a e v u h n a t e  hydrochlor lde ,  CoA, a -ke tog lu t anc  acid, sodium succl- 
nate ,  and  L-[2-14Clglyclne were purchased  from Calbloehem, d-[4-14C~annnolaevu - 
hna te  from Volk, and  [59Fe~ferrous c i t ra te  from Squibb NAD + and A T P  were ob- 
t a ined  from Sigma and hemm from E a s t m a n  

Succmyl-CoA was p repared  b y  the me thod  of SIMON AND SHEMIN 21 and 
de t e rmined  b y  react ion with  hyd roxy lamlne  22 

P ro topo rphyr in  was p repared  as the  me thy l  ester by  the me thod  of GRINSTEIN 23. 
Free  protoporphyrmn was ob ta ined  b y  hydrolys is  of the  me thy l  ester  with 3 M HC1. 

Preparation of n~tochondrza 
Bone mar row was ob ta ined  from white  New Zealand rabb i t s  (2 5-3.2 kg) 

The long bones (femora, t ib iae  and humeri) were cracked open, and  the bone 
mar row del ivered into cold p lasma  ob ta ined  from the same ammal  A uniform sus- 
pension of mar row cells was p repared  b y  passing the marrow three t imes th rough  
a s tainless-steel  sieve_ The cell suspension was mixed  with  IO 20 ml of packed  red 
cells. The use of p l a sma  and red cells p reven ted  c lumping of nuclea ted  cells in the  
p repara t ion  of the  marrow cell suspension The p lasma  and any  remaining  fat  were 
removed  b y  cent r l fugat lon  at  700 × g for 20 rain and the cells suspended in 4 vol  
of phosphate-buffered  o 25 M sucrose (pH 7 4) A to ta l  normoblas t  count  was per-  
formed on this suspension The p repara t ion  from one animal  y ie lded 3 6 -1o  9 nu- 
c leated cells and the e ry th ro ld  content  var ied  from 25 to 35~o 

Adequa te  yields of ml tochondr la  or significant enzyme ac t iv i ty  could not  be 
ob ta ined  b y  lysls of the  cells wi th  h y p o t o m c  solutions or homogeniza t ion  techniques.  
The cells were lysed effectively b y  sonmcatlon with  the  Bronwfll  high in tens i ty  u l t ra -  
somc probe m Io -ml  ahquots  at  4 °. Mitochondr la  were Isolated b y  a minor  modifica-  
t ion of the  me thod  of SCHNEIDER 24. The m l t o c h o n d n a  were washed with  o 25 M 
sucrose to remove any  remaining  hemoglobin  and resuspended in o 25 M sucrose 
conta in ing o 05 M phospha te  buffer (pH 7 4) Pro te in  was de te rmined  b y  the  m e t h o d  
of LOWRY et al 2~ 

Character~zatzon of mztochondr,a 
The matochondrla l  p repara t ion  was examined  b y  electron microscopy_ The  

washed mi tochondr la  were fixed with  I °/o osmium te t rox lde  (in 0-25 M sucrose and 
0.05 M phospha te  buffer, p H  7 5)- The specimen was d e h y d r a t e d  in graded  alcohol 
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solut ions and imbedded  in 80% bu ty l -  and  20% e thy lme thac ry l a t e  contmning 3 %  
benzoyl  peroxide.  Sections were cut  using the  Por t e r -B lum MT-I  and MT-2 u l t ra -  
mlcro tomes  and  s ta ined  wi th  1% phosphotungstxc acid an 15% alcohol and  o 5 %  
u rany l  ace ta te  in water .  The e lec t ronmlcrographs  were t aken  wi th  the  R C A. -3F  
electron microscope.  

The  r e sp i r a to ry  ac t i v i t y  of the  mxtochondria  was assessed b y  measurement  of 
succmate  dehydrogenase  (EC 1-3 99 I) ac t iv i ty  employing  the manomet r i c  m e t h o d  
descr ibed b y  GREEN AND ZIEGLER ~6 

Enzyme assay 
A-Amxnolaevuhna te  syn the tase  ac t iv i ty  was measured  by  de te rmining  the  

q u a n t i t y  of  A-amlno laevuhna te  formed af ter  incuba t ing  the ml tochondr ia l  p repara -  
t ion wi th  the  subs t ra tes  and  cofactors in a final volume of I o ml at  37 ° for 30 min_ 
E n z y m e  ac t i v i t y  was expressed as number  of nmoles of A-amino laevuhna te  formed 
per  30 mln at  37 ° The  specific conditaons of incubat ion  in the  var ious  exper iments  
are l nc lda t ed  under  RESULTS and In the  appropr i a t e  tables  and figures_ Incuba t ions  
were t e r m i n a t e d  b y  add i t ion  of 0-25 ml of 30% tr lchloroacet lc  acid The A-amlno-  
l a e v u h n a t e  m the  depro temized  supe rna t an t  was de te rmined  as the  MAPP b y  the  
m e t h o d  of GRANICK 27 with  the following modif icat ions In  order  to increase the  
s ens i t i v i t y  of the  de te rmina t ion  of A-amlno laevu l ina te  the  entire supe rna t an t  (I oml )  
was a d l u s t e d  to p H  4.6 wi th  o 16 ml of 2 M sodmm ace ta te ,  o 04 ml of acetyl  acetone 
was used for condensa t ion  to form the pyrro le  Fo r  the  format ion  of the  color 0,6 ml 
of Ehrhch  m e r c u r y  reagent  was added  15 min af ter  addi t ion  of the  reagent  the  ab-  
sorbance at  552 m #  was de te rmined  in a cell of I - cm opt ical  length_ W h e n  compared  
wi th  the  p r e w o u s l y  repor ted  me thod  zT, this  procedure  allowed a 2.5-fold increase in 
the  sens i t iv i ty  of the measurement  of A-amino laevuhna te  in spite  of a decrease an the  
mo la r  absorbance  f rom 5 7 I O  to 3 8 IO 4. 

Fo r  imcroassays  of A-amlno laevuhna te  synthesis  in bone mar row cell ml to-  
chondr la  incubat ions  were carr ied out  a t  37 ° in a final volume of o 26 ml Af ter  
addltaon of o 12 ml of 15 % trxchloroacetxc acid, o 3 ml  of supe rna t an t  was ob ta ined  In  
subsequent  s teps the  following volumes were used 2 M sodium acetate ,  o 025 ml-  
2 M sodium ace ta te  buffer (pH 4 6), O_Ol 5 ml ,  ace ty l  acetone, o 020 ml ,  and  Ehrhch  
mercu ry  reagent ,  o.15 ml Under  these condit ions the  molar  absorbance  was 5-3" I O  
and the  sens i t iv i ty  of the  me thod  was 9 t imes  greater  t han  as descr ibed b y  GRANICK 2v 

Chromatography 
F o r  ident i f ica t ion of the  M A P P  in the  assay of A - a m m o l a e v u l m a t e  syn the t a se  

lncubataons were carr ied out  wi th  L-E14C]glyclne as subs t ra te  (specific ac t i v i t y  o 3 mC/ 
mmole) Af te r  condensa t ion  the M A P P  was sublec ted  to ascending c h r o m a t o g r a p h y  
as descr ibed  b y  MAUZERALL AND GRANICK 2s. The labeled A-amino laevu l ina te  was 
locahzed b y  r a d i o a u t o g r a p h y  The  rad ioac t ive  spot  was cut  out  and  coun ted  in a 
Trace r lab  Omnlgua rd  low background  count ing sys tem (Model B L B  5o2oL) wi th  a 
count ing  efficiency of 30 % 

Incorporat, on of [a4C ]glycine, [a4C ]A-amanolaewd,nate and ~gFe ,nto heme by bone mar- 
row cell mztochondrm 

The incorpora t ion  of cer ta in  l so toplca l ly  labeled precursors  b y  the ml tochon-  
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drial  p repara t ion  into heme was s tudied  in order  to de te rmine  whether  any  signif- 
icant  q u a n t i t y  of A-amino laevu l lna te  which was formed in the  assay sys tem was 
fur ther  ut i l ized m the biosynthesis  of porphyr lns  and heine The precursors which 
were included were I14Clglycine and [14C!A-aminolaevullnate The incorpora t ion  of 
[59Fe~ferrous c i t ra te  was de te rmined  to assess whether  the  ml tochondr ia l  p repara t ion  
conta ined any  ferrochelatase  (EC 4-99 L I )  ac t iv i ty .  Incuba t ions  were t e rmina ted  b y  
the addi t ion  of a hemoglobin  solut ion (5oo rag) and  then a I_4 solut ion of 2 %  stron- 
t ram chloride in glacial  acetic acid and acetone Hemln  was isolated b y  the method  
of LABBE AND NISHIDA 29 The r ad ioac t iv i ty  of the  isolated SgFe-labeled hemm was 
de t e rmined  in a Nuclear  Chicago au tomat i c  g a m m a  well count ing sys tem (Model 
4222) wi th  a count ing efficiency of 35 % The r ad ioac t i v i t y  of the  isolated 14C-labeled 
heroin was de te rmined  in the gas flow counter  ment ioned  above.  

RESULTS 

Prehnnna ry  exper iments  were per formed to de te rmine  the op t imum t ime of 
sonlcat lon of the  marrow cell suspension_ Such an e x p e n m e n t  is i l lus t ra ted  in Table I 
A sonicat ion t ime of 15 sec was selected for lysis of mar row cells for the  subsequent  
isolat ion of ml tochondr ia  

T A B L E  I 

EFFECT OF SONICATION ON ~-AMINOLAEVULINATE SYNTHETASE ACTIVITY 

I d e n t i c a l  a h q u o t s  of  a m a r r o w  cel l  s u s p e n s i o n  w e r e  s u b j e c t e d  to  s o m c a t l o n  for  a g l v e n  p e r i o d  
of  t l l ne  M i t o c h o n d n a  w e r e  i so la t ed  as d e s c r i b e d  u n d e r  MATERIALS AND METHODS T h e  cond i t i ons  
for  m c u b a t l o n  w e r e  as g i v e n  m the  I c g e n d  to  F ig  3 B 

D u r a t w n  o[ P e r  cent  
SO tt l caD, o rt o f  'Jlgt~.Vl ~l~J'Jl 
( sec )  ac t zvz ty  

8 64 
12 95 
15 ioo  
18 98 
21 68 
28 35 

Elect ron microscopic examina t ion  of packed  ml tochondr la  fixed with  osmium 
tetroxmde showed somewhat  damaged,  re la t ive ly  s t roma-free  ml tochondna .  A num- 
ber  of da rk-s ta in ing  par t ic les  could not  be identif ied as ml tochondr ia  and p robab ly  
represent  lysosomes Some mi tochondr ia  showed recognizable cnstae,  others were 
swollen and deformed 

The resp i ra to ry  funct ion of the  nn tocho ndna l  p repara t ion  was assessed b y  
de t e rmmlng  its capac i ty  to oxldlze succinate The ra te  of oxygen up take  was hnear  
for 30 mln (Fig. I).  The succlnoxldase ac t iv i ty  was found to be 83 #1 of oxygen con- 
sumed per  h per  mg of protein.  

The op t imum condit ions for the measurement  o f d - a m l n o l a e v u h n a t e  syn the tase  
can be der ived from the effects of var iables  presented  in Figs  2 and 3 As shown in 
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Fig  I E x p t  I (~----Q) and  E x p t  2 (0 - -0 )  E a c h  W a r b u r g  f lask con ta ined  o 2 ml  of o 5 M 
p o t a s s l u m  p h o s p h a t e  buffer (pH 7 4), o 2 ml  of i % cy toch rome  c, in E x p t  i, o 2 ml  of the  m l t o -  
chondr la l  suspens ion  an o 25 M sucrose, 2 4 ml  of wa te r ,  in  E x p t  2, o 3 ml  of the  m l t o c h o n d r l a l  
suspens ion  and 2 3 ml of w a t e r  The center  well  con ta ined  o 2 ml  of 6 1V[ K O H  After  equ lhbra -  
t l on  (38°) o 2 ml  of i M sod ium succma te  was t i pped  in  f rom the  s idea rm and  read ings  begun  

F ig  2 A Effect  of t i m e  on A - a m m o l a e v u h n a t e  (ALA) s y n t h e t a s e  reac t ion  B Effect  of pPI on 
/ ] - a m l n o l a e v u h n a t e  s y n t h e t a s e  reac t ion  C Effect  of enzyme  concen t r a t ion  on A-ammolaevulmnate  
s y n t h e t a s e  reac t ion  D Effect  of g lycme concen t r a t i on  on A - a m m o l a e v u h n a t e  s y n t h e t a s e  reac- 
t i on  E Effect  of a - k e t o g l u t a r a t e  concen t r a t ion  on d - a m m o l a e v u h n a t e  s y n t h e t a s e  reac t ion  
F Effect  of CoA on A - a m m o l a e v u h n a t e  s y n t h e t a s e  reac t ion  I n c u b a t i o n  cond]t lons In A and  C 
to  F were ml tochondr l a l  suspension,  o 2 ml ,  glycme,  15 mM, a -ke tog lu ta ra t e ,  I 7 mM, CoA, 
4 raM, pyr ldoxM phospha te ,  o 48 raM, N A D  +, 38 4 mM, MgCI=, 5 mM, and N a E D T A ,  5 mM, 
in  a final vo lume  of o z6 ml I n c u b a t i o n  condi t ions  in  ]3 were the  same excep t  for m l t o c h o n d r i a l  
suspension,  o 9 ml, p y r l d o x a l  phospha te ,  o_i2 raM, NAD +, 9 6 mM, and  an a final vo lume of 
I oml_ 

Fig  2A there  is a cons tan t  ra te  of product ion  of A - a m m o l a e v u h n a t e  b y  r abb i t  
m a r r o w  mi tochondr ia  for 30 min which drops off a t  45 Into The p H  o p t i m u m  is 7 2 
to 7-5 In po tass ium phospha te  buffer (Fig 2B). Trls-HC1 buffer reduced the amoun t  
of A-a lnmolaevuhna t e  formed b y  20°/'0 z ] -Aminolaevuhnate  product ion  IS a hnear  
funct ion of enzyme concent ra t ion  from o o125 to o 2 Inl of In l tochondr la l  suspension 
(containing 23 mg of p ro te in  per  Inl) (Fig. 2C), o 05 Inl of In l tochondr la l  suspension 
was used in most  of the  s tudies  descr ibed here, 

LJ-Alninolaevuhnate  syn the tase  in r abb i t  marrow Inl tochondr ia  is m a x i m a l  
wi th  25 to  45 mM glyclne (Fig  2D), 1.7 InM a -ke tog lu ta ra t e  (Fig 2E) and approaches  
a m a x i m u m  wi th  4 InM concent ra t ion  of CoA (Fig 2F) The Km values for these 
subs t ra tes  are abou t  5 InM for glycme, o I InM for a -ke tog lu t a r a t e  and  o 6 mM for 
CoA The Km of z ] -ammolaevuhna te  syn the tase  for glycmne and a -ke tog lu ta ra t e  IS 
s imilar  to  t h a t  found b y  LAVER, •EUBERGER AND UDENFRIEND 15 and BROWN is for 
the  enzyme in chicken e ry th rocy te  par t ic les  The  op t ima l  p y n d o x a l - p h o s p h a t e  con- 
cen t ra t ion  in this  sys tem is o 48 mM, and higher  concentra t ions  are inh ib i to ry  
(Fig_ 3A). The  h]ghest  concent ra t ion  of NAD+ which enhances enzyme ac t i v i t y  is 
38 4 mM (Fig. 3B) 

In  searching for factors  which nught  enhance enzyme ac t iv i ty  fur ther  the  
effect of cer ta in  subs tances  on A-amlno laevu l ina te  syn the tase  were studmd_ Gluta-  
th lone  had  no effect a t  I • IO -a to I • lO -2 M b u t  was inh ib i to ry  at  2 5 ' IO-Z M concen- 
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F i g  3 A E f f e c t  o f  p ~ r l d o x a l - p h o s p h a t e  c o n c e n t r a t i o n  o n  A - a l n m o l a e v u h n a t e  ( A L A )  s y n t h e t a s e  
r e a c t i o n  B E f f e c t  o f  N A D +  o n  d - a m m o l a e v u h n a t e  s y n t h e t a s e  r e a c t i o n  T h e  c o n d i t i o n s  w e r e  
t h e  s a m e  as  g i v e n  in  t h e  l e g e n d  t o  F i g  2A 

t ra taon or grea ter  This mhib l t lon  m a y  be a result  of 3 - a m i n o l a e v u h n a t e  ut i l iza t ion 
b y  A-amlno laevuhna te  dehydra t a se  (EC 4 2 I 24) which is enhanced by  g lu ta th lone  
However ,  the  ]sotope t racer  s tudies presented  below indica ted  no significant ut ihza-  
t lon of d - a m l n o l a e v u h n a t e  for heme synthesis  m the s t anda rd  assay sys tem Ferrous  
iron in concentra t ions  ranging from I 7 I°-~ to I 7 IO 3 M had  no significant 
s t lmu la to ry  effect on A-amino laevuhna te  syn the tase  ac t iv i ty  This differs from the 
obse rvahon  of VAVRA 2° in chicken re t iculocyte  mi tochondr la  in which iron enhanced 
A-annno laevuhna te  syn the tase  ac t iv i ty  The requi rement  of ferrous iron in A- 
amino laevuhna te  synthesis  m a y  depend on the t ype  of enzyme p repara t ion  a° or 
m a y  va ry  with  the  species s tudied  Mg 2+ and E D T A  had  no effect on enzyme ac t i v i t y  
This is in cont ras t  to the findings of GIBSOi '¢ ,  LAVER AND NEUBERGER 17 in chicken 
e ry th rocy te  par t ic les  and  the s t lmu la to ry  effect of E D T A  on A-amlno laevuhna te  
syn the tase  ac t iv i ty  an l iver  homogenate  al 

The effect of o ther  known subs t ra tes  for A-amlno laevuhna te  synthesis  are 
shown in Table  I I  Succlnate,  a t  the  concentra t ion  s tudied  (12 raM), was 46% as 
effective as a -ke tog lu ta ra t e  A T P  (o 5 raM), known to enhance A-amlnolaevul ina te  
synthesis  from succinatO6,17, increased d - a m m o l a e v u h n a t e  product ion  200/0 . Suc- 
cmyl-CoA was ut i l ized as well as succmate  mdlca t ing  tha t  the  fresh ml tochondr la l  

T A B L E  II  

]EFFECT OF V A R I O U S  S U B S T R A T E S  ON A - A M I N O L A E V U L I N A T E  S Y N T H E T A S E  A C T I V I T Y  

T h e  c o n d i t i o n s  fo r  i n c u b a t i o n  w e r e  as  g i v e n  in  t h e  l e g e n d  t o  F i g  2A e x c e p t  t h a t  w h e n  s u c c l n a t e  
w a s  u s e d  a - k e t o g l u t a r a t e  a n d  N A D  + w e r e  o m i t t e d  I n  t h e  p r e s e n c e  o f  a d d e d  s u c c m y l - C o A ,  C o A  
w~.s a l so  o m i t t e d  

Subs tra te  /]-.4 m ~ n olaev uh n i l e  
f o r m e d  
( nmole s ) 

c z - K e t o g l u t a r a t e ,  I 7 m M  9 8 
S u c c m a t e ,  I2 m M  4 5 
,SUCClnate, 12 m M +  A T P ,  o 5 m M  5 4 
S u c c l n y l - C o A ,  2 m M  5 3 
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prepa ra t ion  is pe rmeable  to succinyl-CoA as has been repor ted  for m a m m a h a n  liver 7 
To de te rmine  wha t  f ract ion of the  Ehr l ich  r eac t an t  an the  assay  sys tem was 

t rue  A-amlno laevuhna t e  and wha t  f ract ion was amino acetone, the  pyrro le  solut ion 
ob ta ined  from a typ ica l  mi tochondr la l  incuba t ion  mix tu re  was ad lus t ed  to p H  7.o 
to 7 5 and then  ex t r ac t ed  wi th  equIhbra ted  e ther  27 As de te rmined  with  Ehr l lch  
mercu ry  reagent ,  97-7 % of to ta l  pyrro le  was de tec ted  in the  aqueous phase as com- 
pa red  with  92-5% recovery  of pure  MAPP Recovery  of added  A-amlno laevuhna te  
from the  ml tochondr la l  mix tu re  was I o o %  Using [x4C]glyclne as subs t ra te  in the  
incuba t ion  mix ture ,  the  14C-labeled pyrrole,  when chromatographed ,  was de tec ted  
in the  region of M A P P  (RF o 2o) and no con tamina t ion  wi th  DMAP (Re o 8o) was 
observed  Thus  essent ia l ly  all of the  pyr ro le  formed dur ing incuba t ion  appea red  to 
be the  pyrro le  der iva t ive  of A-amlno laevu l ina te  

When  59Fe was included in the  assay  sys tem some synthesis  of heme could be 
de tec ted  (Table I I I )  Heme  synthesis  was increased 8-fold if  p ro topo rphyr ln  was 

T A B L E  I i I  

C O M P A R I S O N  O F  T H E  I N C O R P O R A T I O N  O F  V A R I O U S  L A B E L E D  P R E C U R S O R S  I N T O  H E M E  B Y  R A B B I T  

B O N E  M A R R O W  M I T O C H O N D R I A  

I n c u b a t i o n  condi t ions  were ml tochondraa l  suspension,  o 4 ml ,  glycme,  15 mM, a - k e t o g l u t a r a t e  
I 7 mM, CoA, 4 mM, p y n d o x a l  phospha te ,  o I2 mM NAD +, 9 6 mM, MgCI,, 5 mM, N a E D T A ,  
5 mM, and  ferrous chloride,  36 raM, in a final vo lume  of I o ml  I n c u b a t i o n  wa~ tor 3 ° m m  a t  37 ° 
In  Tubes  I and  2, the  ferrous chlor ide was replaced by  [~gFe]ferrous c i t r a t e ,  in  Tube  3, glycxne 
was  replaced by  [14C]glyclne, in Tube 4, glycine was replaced by  [a4C]A-amlnolaevuhnate The  
specific ac t iv i t i e s  for the  Isotopic precursors  were E14C]glyclne, 2 6 mC/mmole ,  [14C]A-ammo- 
l aevuhna te ,  29 8 mC/mmole ,  and  [S~Fe]ferrous c i t ra te ,  4 6 mC/mg  The labeled hemln  was Isola ted 
as descr ibed in MATERIALS AND METHODS 

Tube Isotopzc precursor tn reachon Radlohem~n 
No s3'ntheszzed ° 

( prnole * ) 

I [59Fe]Ferrous c i t ra te ,  36 nmoles  72 5 
2 pgFe]Ferrous  c i t ra te ,  36 nmoles  + 

p r o t o p o r p h y r m  (38/~M) 557 o 
?4ClGlyclne,  15 nmoles  o 
[ l~CM-Ammolaevuhna te ,  33 ° nmoles  8 4 

* Calcu la ted  f rom the  c o u n t s / m m  of isotope added  and c o u n t s / m m  in isola ted hemln  

added ,  ind ica t ing  t ha t  fer rochela tase  was present  in the  mi tochondr la l  p repara t ions  
[14C]Glyclne incorpora t ion  into heme could not  be detec ted .  Only  I I  6 %  of heme 
synthes is  was observed wi th  A - a m m o l a e v u h n a t e  as the  labeled precursor  when 
c o m p a r e d  wi th  t ha t  found wi th  [59Fe]ferrous c i t ra te  This degree of A-amlno laevu-  
hna t e  u t i l i za t ion  represents  approx  o o2O/o of A-amlno laevu l ina te  which is formed 
an the ml tochondraal  assay  sys tem for A-aminolaevulanate  synthetase_ 

There  was a 75% loss of A - a m m o l a e v u h n a t e  syn the tase  ac t i v i t y  when the  
mi tochondr l a l  suspension was hea ted  to  560 for IO min, and  af ter  45 mln  there  was 
nea r ly  a t o t a l  loss of enzyme ac t i v i t y  (Fig 4) Similarly,  the  enzyme was r ap id ly  m- 
a c t i v a t e d  af ter  3o mln at  25 ° and  37 ° (Table IV) bu t  r e t a ined  full a c t i v i t y  for a t  
least  I m o n t h  when s tored  at  - - 2o  ° 
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Fig 4 The  effect of  p r e m c u b a t l o n  of the  mltochondraal  suspens ion  for va ry ing  per iods  of  t lme  a t  
5 6° on the  A - a m l n o l a e v u h n a t e  (ALA) s y n t h e t a s e  reac t ion  After  p re incuba t ion ,  the  ml tochon-  
drial suspens ion ,  o 9 nil, was cooled to 4 ° and  assayed  for ac t iv i ty  employ ing  t he  c o n d m o n s  as 
g iven in t he  legend to Fig 2B 

Fig 5 The  effect of  A - a m l n o l a e v u h n a t e  (ALA) on the  A - a m l n o l a e v u h n a t e  s y n t h e t a s e  reactmn_ 
The  condJtions were the  same  as given in the  legend to Fig 2B except  t h a t  m i t o c h o n d n a  were 
added  in o 6 ml  and  the  v a r m u s  c o n c e n t r a t m n s  of  A - a m m o l a e v u h n a t e  m o 3 ml  For  each s amp le  
i ncuba t ed  wi th  added  _4-aminolaevuhnate ,  an  u n l n c u b a t e d  sample  served as a control  for meas -  
u r e m e n t  of  the  added  A - a m i n o l a e v u h n a t e  

T h e  p r e s e n c e  o f  A - a m m o l a e v u h n a t e  i n  t h e  a s s a y  s y s t e m  m h l b i t e d  A - a m i n o -  

l a e v u h n a t e  f o r m a t i o n  (Fig_ 5) A t  o 025  m M  t h e r e  w a s  a 2 0 %  l n h l b m o n ,  a n d  i n -  

h i b i t i o n  i n c r e a s e d  a t  p r o g r e s s i v e l y  h i g h e r  c o n c e n t r a t i o n s  o f  A - a m l n o l a e v u h n a t e  

T h e  p r o d u c t  i n h i b i t i o n  o f  A - a m m o l a e v u h n a t e  s y n t h e t a s e  b y  A - a m m o l a e v u l i n a t e  is  

c o n m s t e n t  w i t h  a s i m i l a r  o b s e r v a t i o n  o f  LASCELLES la i n  Rhod@seudomonas spheroides. 

A - A m i n o l a e v u h n a t e  s y n t h e t a s e  i n  t h e  m l t o c h o n d r l a l  p r e p a r a t i o n  w a s  n o t  i n h i b i t e d  

b y  p r o t o p o r p h y r i n  o r  h e m m  i n  c o n c e n t r a t i o n s  r a n g i n g  f r o m  I lO -5  t o  I IO -a  M 

T h e  n o r m a l  a c t i v i t y  o f  A - a m m o l a e v u h n a t e  s y n t h e t a s e  i n  r a b b i t  m i t o c h o n d r i a  

u n d e r  t h e  o p t m l a l  c o n d i t i o n s  d e s c r i b e d  a b o v e  m 7 a n i m a l s  r a n g e d  f r o m  26 t o  81 p m o l e s  

A - a m i n o l a e v u l i n a t e  f o r m e d  p e r  lO G e r y t h r o l d  p r e c u r s o r s  o r  950  t o  2 8 0 0  p m o l e s  o f  

A - a m i n o l a e v u l i n a t e  f o r m e d  p e r  m g  o f  m l t o c h o n d n a l  p r o t e i n  T h e  a v e r a g e  A - a m m o -  

l a e v u h n a t e  p r o d u c e d  f r o m  t h e  t o t a l  t l b l a l ,  f e m o r a l  a n d  h u m e r a l  m a r r o w  s a m p l e s  

w a s  55 n m o l e s / 3 o  r a i n  

T A B L E  IV 

H E A T  I N A C T I V A T I O N  O F  J - A M I N O L A E V U L I N  ~ T E  S Y N T H E T A S E  

The ml tochondr la l  suspens ion,  o 9 ml, was incuba ted  for 3 ° rain a t  a g iven  t e m p e r a t u r e  At  the  
end of  m c u b a t l o n  period, the  enzyme  was cooled to 4 ° and  assayed  for ac t iv i ty  e m p l o y i n g  t he  
condi t ions  as given m the  legend to Fig 2B 

Temperature Act~wt_v Per cent 
(nmoles tnactzvahon 
J-am*nolae- 
wthnate) 

U n h e a t e d  IO o o 
25 ° 5 5 45 
37 ° 2 o 80 
560 I o 9 ° 

I00 ° 0 I00 
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DISCUSSION 

Recent studies have shown that d-ammolaevulinate synthetase is not only 
rate-hmltmg in heme biosynthesis but an increased rate of d-amlnolaevuhnate pro- 
ductlon a2 and hemm aa also stimulate globln production Measurement of d-amlno- 
laevuhnate synthetase in red cell precursors in bone marrow could be a particularly 
useful tool in the investigation of the control of normal erythropolesis and of various 
erythropoletlc defects in man The present studies mdicate that d-aminolaevuhnate 
synthetase can be quantitated m normal mammalian bone marrow cells. Although 
the mltochondrial preparation used in these studies mcluded mltochondrla from 
cells other than erythrocyte precursors it may be assumed that nearly all the d- 
ammolaevuhnate synthetase activity measured was from the erythrold cells since 
very large amounts of heme are normally synthesized for hemoglobin production 
in contrast to the amount of heme needed for the various heme enzymes 

Using methods usually employed for preparation of mltochondria from sohd 
tissues, such as liver, it has been difficult to rupture nucleated blood cells in suspen- 
sions and to preserve mitochondrlal structure GUGGENHEIM et al. a4 have prepared 
functlonmg retlculocyte mltochondrla by homogenization of clotted blood Our 
attempts to apply this procedure to bone marrow were unsuccessful The present 
studies indicate that a rate and duration of sonlcatlon can be selected at which 
nucleated cell membranes are ruptured but mltochondna are only partially destroyed. 
Although the mltochondrlal preparation is contaminated with other particulate 
fraction(s) of the cell, it has been possible to remove the soluble enzymes of the 
heme synthesis pathway to permit measurement of d-ammolaevulinate production 
Without exogenous protoporphyrln the mltochondrlal preparation contains suffiment 
ferrochelatase activity to utilize 0 17 ~o of the d-ammolaevuhnate formed The 1so- 
topic studies indicate that only 0 02 °/o of the d-ammolaevulinate formed in the assay 
is converted for heme synthesis. Utlhzation of A-aminolaevuhnate by other pathways 
such as the succmate-glycme cycle a or for synthems of purines a5 has not been ruled 
out by these studies. DRESEL AND FALK a5 observed that 9 ° °/o of the z]-ammolaevu- 
hnate added to hemolyzed chicken erythrocytes is converted to porphyrms and it 
was suggested that once d-aminolaevuhnate is formed in erythrocytes little of it is 
oxidized. 

The optimal conditions for the assay of d-amlnolaevuhnate synthetase m 
rabbit bone marrow cell mitochondrla are very mmllar to those observed for the 
avian erythrocyte enzyme m regard to pH optima and glyclne and a-ketoglutarate 
concentrationsl~ 17 In contrast to fresh chicken erythrocyte particles 1~, succmyl- 
CoA was utilized as a substrate in the present system, perhaps because the mlto- 
chondrla were sufficiently damaged to remove a permeablhty barrier However, 
mammahan liver mitochondria are permeable to succlnyl-CoA 7 In lyophillzed 
chicken erythrocyte particles 17 succmyl-CoA was utilized and nearly restored the 
A-ammolaevulinate synthetase activity to the level observed in fresh preparations 
with a-ketoglutarate as substrate GIBSON et al27 further observed that a-ketoglutarate 
was not effective in lyophihzed chicken erythrocyte particles unless a-ketoglutarate 
dehydrogenase and NAD + were added, while NAD + had little enhancing effect on 
d-aminolaevuhnate formation in their fresh preparation Smce NAD ÷ enhanced 
A-aminolaevuhnate synthetase activity 5-fold in the present studies it could again 
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be inferred that the partially damaged mltochondria no longer possess the full 
capacity to generate oxidized NAD ÷, the known hydrogen acceptor in this reactlonaG,aL 
Similarly, the effect of pyrldoxal phosphate was considerably greater m a lyophihzed 
avian erythrocyte preparation than in a fresh preparatlon15,17 and in these studles, 
pyrldoxal phosphate enhanced enzyme activity greater than I00% 

A-Amlnolaevuhnate synthetase activity in hver can be altered by certain 
chemical compounds and the carbohydrate content of the dletG,7, 27. The studies of 
GRANICK AND KAPPAS as in chick embryo liver cells suggest that the enzyme is also 
affected by certain steroids In addition, negative feedback inhibition of A-amlno- 
laevuhnate synthetase by the end products of heme biosynthesis (protoporphyrln 
and heroin) have been demonstrated in R spherozdes a9 and in a crude lvsate of rabbit 
retlculocytes 4°. Similar findings were described by ~VVELLAND AND SCHWARTZ 19 in 
rabbit reticulocyte mitochondrm but are in contrast to the recent observatlons by 
VAVRA g° which indicated that globln exerts a negative control on A-amlnolaevuhnate 
synthetase and heroin may influence an earlier step in A-amlnolaevuhnate synthesis, 
such as succmyl-CoA synthetase GRANICK 27 found no inhibition of liver A-amino- 
laevulinate synthetase by heme and suggested that heme may be the corepressor in 
the control of the enzyme I n  vzvo studies by WAXMAN, COLLINS AND TSCHUDY 41 
indicated that heroin represses the production of the enzyme in rat liver In the present 
studies, the failure of protoporphyrm or heroin to inhibit A-ammolaevuhnate syn- 
thetase achvlty may be the result of the absence of a negative feedback inhibition of 
this step by heme or may result from incomplete solublhzatlon of the enzyme 41. 

Hemoglobin concentratmn in peripheral blood may in part be dependent on 
the rate of production of A-amlnolaevuhnate Based on prewous determinations of 
the dally production of hemoglobin In the rabbit (3-2 kg) as being about 29 g/day 42-44, 
the requirement of A-amlnolaevuhnate production would be about 3600 nmoles of 
A-ammolaevuhnate per day If the figures of marrow distribution in the rabbit as 
determined by DIETZ 45 are used, the amount of A-amlnolaevuhnate produced by the 
animal as measured by the present method would be about 7000 nmoles/day Different 
substrate and cofactor concentrations than those employed in the present assay as 
well as the operation of certain control mechanisms on A-amlnolaevulinate synthesis 
in the intact anmml, as discussed above, may account for the differences obtained by 
these calculations 

ACKNOWLEDGEMENTS 

This work was supported in part by National Heart Institute Research Grant 
HE-o7499 

The authors thank Mr. RALPH W DAY for preparation of the electronmxcro- 
graphs. 

REFERENCES 

I S S BOTTOMLEY AND G A SMITHEE, Cl1~ R e s  , 15 (I967) 420 
2 D SHEMIN AND S KUMIN, J Bzol  C h e m ,  I98 (I95z) 8z7  
3 D SHEMIN AND C S RUSSELL, J A m  Chem Soc , 75 (I953) 4873 
4 J- C \VRISTON, JR , L LACK AND D SHEMIN, J Bzo l  C h e m  , 2r 5 (I955) 6o3 

B w c h i m  B z o p h y s  Ac ta ,  I59 (r968) 27-37 



ERYTHROID /I-AMINOLAEVULINATE SYNTHETASE 37 

5 S GRANICK, J B w l  Chem , 232 (1958) IIOI 
6 S GRANICK AND G URATA, J B~ol Chem , 238 (1963) 831 
7 D P TSCHUBY, F H WELLAND, A COLLINS AND G HUNTER, JR ,  Metabohsm, 13 (1964) 

396 
8 K D GIBSON, A NEUBERGER AND G H TAIT, Bzochem J ,  83 (I962)539 
9 G KIKUCI-II, A KUMAR, P TALMAGE AND D SHEMIN, J B~ol Chem , 233 (1958) 1214 

io K D GIBsoN, B~ochtm Bzophys Acta, 28 (1958 ) 451 
1i G KiI~ucI-Ii, D SHEMIN AND B BACHMAN, Bzoch~m Bzophys .4cta, 28 (i958) 219 
12 J LASCELLES, B~ochem J ,  72 (I959) 508 
13 J LASCELLE~, .[ Gen Mzcrobzol, 23 (196o) 487 
14 B F BURNHAM AND J. LASCELLES, Bzochem J , 87 (1963) 462 
15 ~V_ G LAVER, A NEUBERG~.R AND S UDENFRIEND, Bwehem J ,  7 ° (1958) 4 
16 E G BROWN, B~ochem J ,  7 ° (1958) 313 
17 K D GIBSON, \V G LAVER AND A NEUBERGER, B~ochem J ,  7 ° (1958) 71 
18 D P TSCHUD¥, M G PERLROTH, H S MARVER, A COLLINS AND G HUNTER, JR,  Proc 

Natl Acad Scz U S ,  53 (1965) 841 
19 F WELLAND AND H C SCH'*VARTZ, Clz~l Res , 9 (1966) 1942 
20 J D XrAVRA, J Chn Invest ,  46 (1967) 1127 
21 E J SIMON AND D SHEMIN, J .4m Chem Soc, 75 (1953)2520 
22 F LIPMANN AND L C TUTTLE, J~ Bzol Chem , 159 (1945) 21 
23 J GRINSTEIN, J Blol Chem, 167 (1947) 515 
24 ~V C SCHNEIDER, d r Bzol Chem, 176 (1948) 259 
25 O H LOWRY, N J ROSEBROUGH, A L FARR AND R J RANDALL, ] B w l  Chem, 193 

(1951 ) 265 
26 D W GREEN AND D M ZIEGLER, In S P COLOWICK AND N_ O KAPLAN Methods ~n E n -  

zymology, Vol 6, Academm Press, New York, 1963, p 417 
27 S GRANICK, J Blol Chem , 241 (1966) 1359 
28 D MAUZERALL AND S GRANICK, J Bzol Chem, 219 (1956) 435 
29 R F LABBE AND G NISHIDA, Bzochzm B~ophys .4#a, 26 (1957) 437 
3 ° E G BROWN, Natztre, 182 (1958 ) 313 
31 H S MARVER, D P TSCHUDY, M G PERLROTH AND A COLLIN% J Bzol Chem, 241 (1966) 

28o 3 
32 1R D LEVERE AND S GRANICK, J Btol Chem, 242 (1967)19o 3 
33 A I GRAYZ~.L, P, HORCHNER AND I M LONDON, Proc Natl Acad Sc~ (7 S , 55 (I966) 650 
34 S J GUGGENHEIM, H J BONKOWSKY, J ~V HARRIS AND L T WEBSTER, JR,  J Lab Chn 

M e d ,  69 (1967) 357 
35 E I B DRESEL AND J E FALK, Bzochem J ,  63 (1956) 72 
36 D R SANADI AND J W L~TTLEFIELD, J Bzol Chem , 2Ol (1953) lO3 
37 S KAUFMAN, C GILVARG, O CORI AND S OCHAO, J Bzol Chem , 203 (1953) 869 
38 S GRANICK AND A KAPPAS, Proc Natl Acad Scz U S , 57 (I967) 1463 
39 B F BURNHAM, Bzoehem Bzophvs Res Commun , 7 (1962) 351 
4 ° D KARIBIAN AND I M LONDON, B*ochem Bzophys Res Commun , 18 (1965) 243 
41 A D WAXMAN, A COLLINS AND D P TSCHUDY, Btochem Bzophys Res Commun,  24 (1966) 

675 
42 F C COURTICE, J P h y s w l ,  lO2 (1943) 290 
43 O W $CHALM, Veterinary Hematology, Lea and Febiger, Philadelphia, P a ,  2rid ed ,  1965, 

p 295 
44 D A_ GUTHERLAND, P_ MINTON AND H LANZ, .4cta Haematol,  21 (1959) 36 
45 A A DIETZ, Proc Soc Expt! B~ol M e d ,  57 (1944)60 

Bwchzm Btophys dcta, i59 (1968) 27-37 


