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S t" M MARY 

An isotopic naethod fl)r the estimation of aminolaevulinate svnthetase ix de- 
scribed. This utilises L2-1*C]glycine as a precursor, unfract ionated homogenate as a 
source of enzynle, and ix carried out in a small reaction volume. The aminolaevulinate 
product is separated by electrophoresis and estimated by scintillation counting. The 
method is more sensitive than conventional eolorimetrie techniques and capable ,ff 
measuring activi ty changes in normal liver. 

L14C]Aminolaevulinate produced in the reaction is apparent ly  stable, in contrast  
to the instability of [att]aminolaevulinate added to the reaction mixture. 

Tim identi ty of  the product  has been confirmed by electrophoresis and chro- 
matography.  

The enzyme front adult mouse liver is stable fl)r at least 4 h in the reacti,m 
mixture. The reaction proceeds at a maximal rate at pH 7.o and shows little or no 
requirement for citric acid cycle intermediates. The K,,, (glycine) is 4.2 raM. The 
observed range of mean activities of several different samples, 2 3 pmoles ;tlllino 
laevulinate per rain per mg protein, agrees with previous published reports. 

I NTRO1.)UCTION 

&Aminolaevulinate svnthetase is important  in the regulation of haem synthe- 
sis1 4. Although existing sensitive colorimetric techniques can be used with anaemic 
chicken erythrocytes~,% and porphyric liver2,V, s, isotopic methods provide greater 
sensitivitys,"L In this microassav 7e-'~Clglycine produces i5-~tC'alninolaevulinate 
which is isolated by electrc)phoresis and measured by scintillation counting. 

.M.VI'EI,HALS AND ME'I'HOI).'4 

Preparation1 of ,mz3'me cxlrac! 
Freshly dissected m(nise liver was honmgenised fl,r 2 rain at o ,  in an equal 

amount  of o.o6 M t)hosphate buffer (pH 7.o) containing o.25 M sucrose, o.o2 M MgCI.2, 
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o.oi M EI)'I'A, 4 mM mercaptoethanol, and I m.M glycine (nmdified from refs. IO, II). 
All cells were lvsed though the condition of the mitochondria was not determined. 

E~IzVmC assay  

The reaction mixture contained I mM glycine, 12/,C/ml ~2-~C]glycine (Radio- 
chemical Centre, Amersham; 21.8 naC/mM), 5 mM sodium malate, 2 m.M MgCI.,, 
0. 4 mM pyridoxal phosphate, o.o 5 M phosphate buffer (ptt 7.0) in 2o~1 plus Io# l  
homogenate. The phosphate concentration (of. refs. 3, 5, 11) is below o.o 7 M, a lewd 
which may be inhibitory 2. Incubations were carried out in sealed polystyrene tubes, 
15 m m ×  7o mm, inlmersed up to 2/3 of their height in a covered shaking water 
bath for 4 h at 37 °. This produced mininaal evaporation and adequate aerationL 5 t d 
15 mM aminolaevulinic acid were then added as carrier and 2o/,1 of the mixture 
transferred to 5 t *1 1.5 M trichloroacetic acid in polypropylene microcentrifuge tubes 
(Beckman, Glenrothes) and centrifuged on a Beckman Microfuge for 2 rain. The 
protein of the sediment was determined *2. 

Separation of aminolaevulinic acid 
5/~1 of the deproteinised supernatant were applied to a 15 cm ~'< 2o em silica 

gel thin-laver sheet (Malinkrodt "Chromar IOOO" gla~s fibre mat, inlpregnated with 
silica gel; total thickness I ram; Camlab, Cambridge) and electrophoresed fi~r I h 
5o rain at 36 V/cm and 12o-I6O mA, at 3-5 ° in o.o5 M phthalate buffer (pH 4.o). It 
was then dried and stained with ninhydrin. The aminolaevulinic acid was eluted and 
counted in a scintillation counter. Recovery of aminolaevulinic acid was > c)5~Ii,. 

R E S U L T S  

Prcparation of homogenate," solubility of enzwne and product 
The normal homogenate gave reproducible yields while hypotonic lysis, ultra- 

sonication, and freezing and thawing produced some variability. Omission of mer- 
captoethanol resulted in a loss of 90°,.o of the activity. After centrifugation at I0 ooo × 
g fl~r 10 rain the particulate fraction contained most of the activity, though less than 
the equivalent amount of homogenate (Table l). 

When the reaction products were centrifuged I0 000 × g ahnost as nmch i~4C] - 

T A B I . E  I 

P E R C E N T A G E  A C T I V I T Y  O F  ¢ ) - A M I N O L A E V U L I N A T F ;  IN S U B C E I A . L ' L A R  F R A C T I O N S  

T h e  h o m o g e n a t e  w a s  c e n t r i f u g e d  a t  xo o o o  × ~q for  i o  mil l .  T h e  pe l l e t  w a s  r e s u s p e n d e d  m f r e s h  
h o m o g c n a t e  b u f f e r  a n d  a s s a y e d  fo r  ~ - a m i n o l a e v u l i n a t c  as  d e s c r i b e d  in MA'FERIAI.S AND M E T I I O D S ~  

h o m o g e n a t e  a n d  s u p e r n a t a n t  w e r e  a s s a y e d  d i r e c t l y .  R e s u l t s  a r e  e x p r e s s e d  a s  p e r c e n t a g e s  d e r i v e d  
f r o m  d u p l i c a t e  o b s e r v a t i o n s .  

1"2.rpt. No. IVhole Supernatant Pellct 
homo~eIzale 

I IO0 7 . 0  52  
"2 T o o  2. 5 15 
3 i o o  N . I ) . "  67  

• N . I ) .  ~ n o t  d e t e r m i n e d .  

Hiochim. Hiophys. Acta, 220 (197o) 5 9 4 - 6 o i  



5913 R . I .  FRt -SHNFY,  J. I 'AL ' I .  

aminolaevulinic acid was recovered from the supernatant as front the uncentrifuged 
suspension (Table !1). Hence the product is freely diffusable. 

Ide~dification of product 
After electrophoresis the distribution of radioactivity corresponded exactl\" to 

the visible reflectam'e of stained carrier aminolaevulinic acitl, using either ~4Cjglycine 
or '2,3-14C2]succinate as precursor (Figs. Ia, Ib). Aminoacetone, synthesis of which 
is low in phosphate buffeff and undetectable by this method, migrated just in advance 
of glycine where contamination of aminolaevulinic acid was very unlikely. 

"1".\ I~ LI:. 11 

DISTRIBUTION AND WIABII.ITY OF PROI)UCT 

D u p l i c a t e  i n c u b a t i o n s  were  c a r r i e d  o u t  w i t h  I. 5 ml  of  r e a c t i o n  m i x t u r e  in sca led  25-ml  c o n i c a l  
f lasks.  Af te r  4 h, a l i q u o t s  f rom vach  f lask were  t e r m i n a t e d  a n d  t he  ~t"C a m i n o l a c v u l i n i c  ac id  
d e t e r m i n e d  as  d e s c r i b e d  u n d e r  .M.XTERIAI.S AND METIIODS. The  r e m a i n i ] l g  r e a c t i o n  m i x t u r e  was  
c e n t r i f u g e d  a l  lo  o0o -,: g for i o  ra in  a n d  t he  s u p e r n a t a n t  d i v i d e d  in two .  ( ) n o - h a l f  was  t e r m i n a t e d  
a n d  the  i t *C]amin t ) l aevu l in i c  ac id  d e t e r m i n e d  d i r e c t l y .  T h e  o t h e r  h a l f  was  i n c u b a t e d  (3o!*l m 
p o l y s t y r e n e  tubes )  for a f i l r t hc r  h o u r  a t  37 '  a n d  the  a, m o u n t  of  "~sC a m i n o l , - m v u l i n i c  ac id  a g a i n  
d e t e r m i n e d .  T h e  r e s u l t s  a re  e x p r e s s e d  as  p m o l e s  a m i n o l a c v u l i n i c  ac id  p r e s e n t  pe r  m g  p r o t e i n  of 
t he  i n i t i a l  r e a c t i o n  m i x t u r e  pe r  ra in  of  t he  i n i t i a l  4-h i n c u b a t i o n .  

Expt. No. [l'hoh' .~upomatant Supernalavt after 
homogenatc 1 h incubation 

t o.498 0.483 o.534 
2 o.4S 3 o.402 0..524 

The product, converted to a pyrrolO s, was also identified as a peak of radio- 
activity corresponding to aminolaevulinic acid-pyrrole on chronlatogral)hy (Fig. ic). 

There is no evidence of the presence of other metabolites in Fig. la  and It" 
which might interfere with the specificity of the assay. 

Stability of product 
Degradation of iaH~]aminolaevulinic acid (317 mC/nmuflc'; Radiochendcal 

('entre) used in place of i l4C iglycine, was reduced 3-fold by 5 mM ED'I'A (of. ref. 7) 
and 6-fold by IO mM unlabelled aminolaevulmic acid (Table II I). This effect of EDTA 
in the presence of excess Mg "+ is not understood. In spite of the observed degradation, 
no activity was obtained in porphobilinogen, isolated by thin-layer chromatography' 
on silica gel with chloroform methanol-acetic acid (14:4:I, by vol.) with p4C]glycine 
o r  [aH.aminolaevulinic acid as precursor. 

Differences in the amount of exogenous [aH?aminolaevulinic acid degraded 
were not reflected in the amount of p4C~anfinolaevulinic acid synthesised; e.g. while 
estimates of activity in different samples fell within a narrow range (see below) the 
estimates of exogenous aminolaevulinic acid degradation varied enormously (o-95'11, 
in I h). 

When the 14('-labelled product was incubated for a further period in the absencv 
of significant aminolaevulinic acid synthesis (achieved by removing the. mitochondria 
from the reaction mixture in a IO ooo × g spin) no degradation was observed (Table 

lhochim. Biophys. Acta, 2-o  (x97 o) 5 9 4 - ~ o I  
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Fig. i. Identification of products  of reaction by chromatography  and electrophoresis. Assays 
were performed as described in .~!ATER~ALS aX!~ .~tEr.m~s except tha t  in b 6 ttC/ml ~-,,3-taC~ isuc- 
cinate was subs t i tu ted  for ~t~C ]glycine, I mM succinate for mahtte, and the glycine concentrat ion 
was raised to o.t M. In each diagram the top trace is radioactivity and the lower absorbance.  
A, aminolaevulinic acid; G, glycine, a. A total of 15 tll deproteinised super , ta tant  were electro- 
phoresed as described in MATERIAI.S AND METHODS, and scanned for absorbance and radioactivity.  
The left-hand pair of traces is from a blank assay, b. 3 ° itl deproteinised superna tan t  were applied 
to a thin-layer sheet (Eastma,a "Chromograna";  silica gel) and elcctrophoresed in I. 4 M formic 
acid o.5 3I acetic acid (pH r.9) for t h. The dried sheet was scanned for absorbance and radio- 
activity.  A blank is not shown, c. The reaction products  from !.5 ml incubations were converted 
to pyrroles H and an ethyl acetate extract  chromatographed on silica gel thin layer, with methyl 
acetate-isopropanol-25~/g NH4{)II (9:7:4, by vol.). After staining with l 'hr l ich 's  reagent the 
ch romatograms  were scanned as above. The sharp peaks on either side of the a!ninolaevulinic 
acid-pyrrole  absorbance peaks correspond to the limits of ultraviolet  tluorescence, which were 
marked in pencil. They are connected to the upper  trace to aid comparison.  The left-hand pair of 
traces is a blank. In "both traces "A"  indicates aminolaevulinic acid-pyrrole,  staining pink in 
l'~hrlich's rea.~ent. Remaining peaks derive from glvcinc. 

II). Moreover, exogenous LaH]aminolaevulinic acid was not degraded either under 
those conditions. However,  when fresh ~o ooo × g supernatant  reaction nfixture was 
added, degradation of exogenous [aH]aminolaevulinic acid did occur, but there was 
no change in endogenous [~4Cjaminolaevulinic acid. Hence the product of the reaction 
is apparently stable and its concentration unrelated to w~riation in the rate of  
exogenous aminolaevulinic acid degradation. 

These results suggest that (I) degradation of exogenous iattjaminohtevulinic 
acid is not a useful measurement of  degradation of the endogenous product,  and 
(z) the product  of the reaction is not free aminolaevulinic acid and perhaps does not 

Biochim. l t iophys . .4e ta ,  2zo ( t97 o) 5~14-(,o ! 
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T.r\  1"I L l" I l l  

I'ZI'FEC'I O1," t'~I)'I'A AND I';Xt.'I';SS AMINOI. AI'.'VI_'I.INIC ACII) ON SVN'I'tlI.:SIS AND I)I';(;RAI)ATION O1; 
.\ M I N ()I.AFVI.II.I N 1C Ai'JI) 

."4vnthesis of  [tlnino]l!.eVll]inic ac id  was nle3.sllred ;is ill MA'I'I,;RIAI.N AND .%IIzFIIIOI):-; w i th  t h e  a l t e r -  
;iti/nlS no t ed  ill t he  tal)]c. ] ) ek ' r ada t ion  wa s  m e a s u r e d  ill t i le S&lllll.t c o n d i t i o n s  I)x" rel)IacinR 1.1(" _ 
~ lyc ine  w i th  :q-I i a m i n o l a u v u l i n i c  acid .  I n c r e a s e s  were  m a d e  in ti le Mg( ' l  v c o n c e n t r ; i t i o n  c q u i x , d c n t  
to inc reases  in EIYI 'A,  m a i n t a i n i n g  a t . 3  m M  excess  o f  .Mg(_'l.~. Ac t iv i t i e s  in l ' ;xpts,  t a n d  -' a rc  
m e a n s  of  d u p l i c a t e s  a n d  in l :xp t .  3 a re  s inglc o b s e r v a t i o n s .  

I- ~ pt. .Vo. I'nlat, clh'd I:.DT.-1 pro,des ~.',; :':~H :amtnolacvMinic amd 
amimdm'md~nic acid (m . l l )  ambwlaevul in ir  acid degraded 
fm. l l  ) pr,)duc,'d/min ,h~'r mg 

/)r,h'zn 

1 t) i , ( ;  7 o . - t 7  7 5 2 

I .  z.() 7 o..19. I :;, 
2 t) .5.o o.,153 22 

IO 5.o 0 .2IN I) 
?~ t) O O. 3 I(1 1)5 

o 1.6 7 0.557 Oo 

~) 5 .o o-5~5 35 

become such unti l  after t r ea tment  with trichloroacetic acid. When tile products of 
the reaction mixture were t reated with t.5 .H trichloroacetic ackt in the same manner  
as for normal terminat ion,  and then neutral ised with NaOH, reincubat ion for a 

0.15 

E 

r~ 

c 
g 
~005 

w 
0 o 

o 

o/ / 
/ 

i I n I I I 
100 2 0 0  300 

Prot e,n { ~ g . t u b e )  

4 0 0  

c_ 
300 

8 
c~ 

2 0 0  
z. 

¢J 
r ' l  

I0C 

I 
O 

J 
O 

/ 
/ 

/ 
I I I I I I I I 

! 2 3 4 

"ncuDat On t~me (h) 

Fig. z. R a t e  of  a n d n o l a e v u l i n i c  ac id  p r o d u c t i o n  by" d i f f e ren t  c o n c e n t r a t i o n s  of  h o n m g e n a t t ' .  
I n c u b a t i o n  m i x t u r e  c o n t a i n e d  o.67 mM glyc ine ,  6 /H/ in l  ~l~(." ]I.llycine, 2 m M  MgC12, 1.3 m M  s o d i u m  
s u e c i n a t e ,  o_ t m M  p y r i d o x a l  p h o s p h a t e ,  o,o 5 3 1 p h o s p h a t e  buffer  ( p l |  7,o) p lus  l o t~ lhomogena te .  
T h e  4-h i n c u b a t i o n  wa s  t e r m i n a t e d  wi th  l o . 1  c h l o r o f o r m ,  T h e  l iver  was  h o m o g e n i s e d  in a con .  
s l a n t  p r o p o r t i t m  o f  ti le sucrose ,  b u t t e r  de t a i l ed  in t he  MATERIALS AND METHODS, w i t h  d is t i l led  
w a t e r  s u b s t i t u t e d  for  l ive r  w h e r e  t hc  l i ve r  c o n c e n t r a t i o n  was  less t h a n  5 o " . .  T o t a l  p m o l e s  a m i n o -  
l a evu l in i c  ac id  p r o d u c e d  pe r  till)(,' a re  p l o t t e d  as a f u n c t i o n  of  t i le to ta l  p ro t e in  in tile r e a c t i o n  
m i x t u r e .  Kach  po in t  is a s ingle  o b s e r v a t i o n .  

Fig. 3. [:orll latioll  of  11(.- a m i n o l a e v u l i n i c  acid frolll 1.1(" g lyc inc  as it f u n c t i o n  of  t ime .  ( ' o m l i t i t m s  
~c i ' e  as  ill M A T I ' R I A I . , %  AND MI';TtIOD.'S w i t h  the  i i lc t lba t ion  t i m e  v a r i e d  as i n d i c a t e d .  Po in t s  ;111d 

veI-tic~tl b a r s  r e p r e s e n t  illeall3 ;lild dupl iea . te  o b s e r v a t i o n s .  

/ iwchim.  /Iwp/O,s...hCa, 22o (197o) 50-t 0or  
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further hour in the presence of fresh io ooo X g supernatant  reaction mixture showed 
degradation of 35% compared to a blank without fresh supernatant .  The implications 
of these findings will be discussed below. 

Kinetics of reaction. Enzyme concentration and reaction time 
The rate of aminolaevulinie acid synthesis was found to be proportional to the 

amount  of h .mogena te  present front roo to 5oo nag wet weight per ml (Fig. 2), and 
inear up to 4 h (Fig. 3). 

Effect of pH 
3taximum ~-aminolaevulinate svnthetase act ivi ty was obtained at pH 7.o 

(Fig. 4)- The sharp decline in activi ty above pH 7.o may be clue to precipitation of 
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Fig .  4. ]{ffect o f  p l I  o n  a m i n o l a e v u l i n i c  a c i d  s y n t h e s i s .  T h e  r e a c t i o n  i n i x t u r e  w a s  as  in Fig .  2 
w i t h  t h e  p H  v a r i e d  as  s h o w n .  T h e  r e a c t i o n  w a s  t e r m i n a t e d  w i t h  5 t ~1 1.5 31 t r i c h l o r o a c c t i c  a c i d .  

31g "°- as Mg,~(PO4) 2. When "rris buffer was employed to avoid this, 88°'o of enzyme 
act ivi ty was lost. 

Concentration of substrales 
Tile Km (glycine) derived from a Woolf  plot (Fig. 5) was 4.2 mM. When 

i2,3-14C2n.succinate was used instead of il*C]glycine no increase in incorporation 
occurred between I and o.I 3I glycine. 

I m M  a-ketoglutarate,  citrate and malate gave higher activity" than I lnM 
succinate (Table IV). However a-ketoglutarate  showed progressive inhibition with 
increased concentration (Fig. 6) in contrast  to its effect on the chicken erythrocyte  
enzyme 5. No inhibition and little stimulation was observed with up to 5 mM malate. 

Reproducibility and variation 
The results of seven identical assays on the same liver honmgenate using Io mbl 

glycine gave an activi ty of fi-aminolaevulinate synthetase in adult mouse liver of 

I~u)chim. tlio[~h3,~..4cta. _,2o ( r97o)  59. t- t~az 



()00 R . I .  FIIF.SHNI':Y, J. PAI'I. 

"1";\ l'll.l'~ IV 

F I " F F . C T  O F  V A R I O U S  C I T R I C  A C I D  C Y C L E  I N ' r E R M E I I l A T E %  I N  S Y N T I I E S I S  O F  A M I N O I . A I , : \ ' U I . I N I ( :  A C I I )  

Assays were performed with OlK'/ml  lit(" glycine and I m*l inalate or other citric acid cyc le  
internlediates ;Is indicated. () ther conditions "~ere us ill MATERIAI.S AND MI.TrtloI)S. Activities are 
meaus ()f duplicates. 

Citric acM cych' pmolcs amin,dacvulinic acid/ 
intermediate m i ,  per mg protein 

. ~ t l c c i n a t e  o .OON 

~ t - ] ( e tog lu ta ra te  o .7o I  
C i t r a t e  o.777 
M a l a t c  i , o  I 

2.I() ( ! O.2I)* p m o l e s  a m i n o l a e v u l i n i c  ac id  p e r  m g  p r o t e i n .  A COlnpar i son  o f  s e v e n  

d i f f e r e n t  s a m p l e s  o f  l ive r  a s s a y e d  u n d e r  s i m i l a r  c o n d i t i o n s  b u t  a t  d i f f e r e n t  t i m e s  ~/,a'v't, 

a r a n g e  o f  m e a n  a c t i v i t i e s  o f  2 . I 0 - 3 . o 8 .  T h e s e  w d u e s  a re  c o m p a r a b l e  w i t h  t h o s e  o f  

.MARVVR t't al. 7 for rat liver. 
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l;ig. 5. F.flect of glycine concentrat ion on the rate of aminolaevulinic acid synthesis. Incubat ion 
conditions as in MA'I't.:RIAI.S AND METHODS with glycine concentrat ion varied over the r;tnge imli- 
cated, l(m (glycme) is obtained from intercept on x-axis with sign ch;mRed. The line through the 
points, which are sinIlle observations, wus plotted by regression analysis. 

1"i/4. ~. : \minolacvulinic acid synthesis  as at function of u-kcto~lutarate concentration. The incu- 
bation mixture  contained ¢).7 mM glycine ()tgC[ml fK;~glycine, z mM ,Mg('la, o 4 mM pyridoxal 
phosph;tte, o.o 5 M phosphate  lmfler (pH 7.o) and it)t d homogenate  in a final volume of 3 ° ttl. 
rt-h:etoglutarate was varied as indicated. The reaction was terminated after 3 h with 2o/~1 chloro- 
f o r l l l .  

DISCUSSION 

The results reported here imply that while there is utilization ~r degradation 
of exogenous aminolaevulinic acid, that made in the reaction is stable. This raises 
tw~ inq)ortaiit questions: (I) is the product of the assay really i14Ciaminolaevulinic 

• Standard error of tile lllCRn. 

l l iochim. Biophys . .4  cta, z zo ( l £~7 o) 594-0o i 
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acid? (2) If  it is, why does it not behave in the same manner as exogenous amino- 
laevulinic acid? 

The evidence for the identity of the product may be summarised thus: (I) 
electrophoretie mobility is identical to carrier aminolaevulinic acid. (2) Product 
synthe.~ised from L2,3-14C2]succinate shows the same mobility. (3) Chr°nmt°graI)hic 
mobility of pyrrole matches that of aminolaevulinic acid-pyrrole. (4) The -Kin 
(glycine) of the enzyme is similar to that reported by H:XVASHI ct al. 14 for rat liver 
a-aminolaevulinate synthetase. 

Variations in the. assay procedure, e.g. the excess of Mg "+ o r  the higher h~mao- 
genate concentration may explain differences in exogenous aminolaevulinie acid 
degradation between this and other reportsr, 'J, while differences in exchangeability of 
aH and ~4C atoms or in the relative binding of exogenous and endogenous amino- 
laevulinic acid to other molecules within the cell may answer question (2). 

The direct participation of [~4C;glycine in aminolaevulinie acid synthesis makes 
it a more suitable choice than [~Cjsuccinate for the assay. Where labelled succinate 
is used exogenous succinyl-CoA synthetase must be supplied in order that this step 
is not rate limiting s. This was confirmed by our failure to stimulate i~4CJsuccinate 
incorporation into aminolaevulinic acid by increasing the glycine concentration. 
IRVING AND ELI.IOTT 8 observed considerable interference bv other succinate meta- 
bolites (luring separation of aminolaevulinic acid bv chron~atography. 
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