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S U M M A R Y  

&Aininolevul in ic  acid dehyd ra t a se  (5-aminolevul inate  hydro- lyase  (adding 5- 
aminolevul ina te  and cyclizing), EC 4.2.I.24) was purif ied I6o-fold  from crude ex t rac t s  
of  Mycobacteri.um phlei. The p H  op t imum was 9.~ ; the  Km value for &aminolevul in ic  
acid  was 7.7" IO 5 M. Mg 2~ was necessary for the  m a x i m u m  ac t iv i ty  of the  enzyme 
and  E D T A  inhib i ted  the  ac t iv i ty  marked ly .  6 -Hydroxylevu l in ic  acid, 6 -hydroxy-  7- 
oxo-L-norval ine and  levulinic acid inhib i ted  the  enzyme ac t iv i ty  compet i t ive ly .  

I nh ib i t o ry  effect of a - k e t o g l u t a r a t e : g l y o x y l a t e  carboligase ac t iv i ty  on & 
aminolevul in ic  acid dehyd ra t a se  ac t iv i ty  was s tud ied  using the cell free ex t rac t s  of 
3I. phlei. 

INTI,~OI)UCTION 

6-Aminolevul inic  acid d e h y d r a t a s e  (5-aminolevul inate  hydro- lyase  (adding 5- 
aminolevul ina te  and cyelizing), EC 4.2.1.24) has been purified from various sources 1 :L 

Al though the thiol  groups are known to be an essential  requi rement  for the  
enzyme ac t iv i ty ,  o ther  requi rements  seem to differ with enzyme sources. ]~nzyine 
p repa ra t ions  from Rhod@seudomouas spheroides ~° and Nicoliaua tabac~tm ~ were both 
ac t i va t ed  by Mg '+. E D T A  was a po ten t  inhib i tor  of the  enzyme from m a m m a l i a n  
sourcesl,a, 7 except  the  mouse 4. The enzyme from R. spheroides was insensi t ive to 
EDTA",  and  s t imu la to ry  effect of E D T A  on the enzyme from mouse t issue was 
repor ted  by  COLEMAN "I. Recent ly ,  NAND~ et al. 8 and NANDI AND SHEMIN n have 
repor ted  t ha t  the  enzyme from R. sphcroides has m a n y  character is t ics  of an al losteric 
enzyme,  such as subs t ra te  coopera t iv i ty  in the  absence of K + and promot ion  of the  
enzyme associat ion to an equi l ibr ium mixture  of monomer,  d imer  and t r imer  in the  
presence of K +. K ~ was, however,  not  effective on the enzyme from a p lan t  source ~°,rz 
and  t ha t  from ox l iver ~. 

Veed-back inhibi t ion of this  enzyme by heine also seems to depend  upon the 
enzyme sources, e.g. inhib i tory  on the enzyme from R. spheroidcs 2,8 and from mam-  
malsa, 4, bu t  not  effective on the enzyme from N. tabacum'E 

NANDI AND SHEMIN la have repor ted  t ha t  the enzyme from R. @heroides was 
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competitively inhibited by levulinic acid. We have reported that  6-hydroxylevulinic 
acid, a reaction product of a-ketoglutarate:glyoxylate carboligase, inhibited the 
porphyrin synthesis from 8-aminolevulinic acid in the cell flee extracts of Myco- 
bacterium phlei 14. 

The present paper describes some general properties of 6-aminolevulinic acid 
dehydratase and some evidence for inhibitory effect of a-ketoglutarate:glyoxylate 
carboligase activity on the dehydratase activity of M. phlei. 

MATERIALS AND METHODS 

Materials 
6-Aminolevulinic acid hydrochloride was purchased from Schuhardt, Muen- 

chen; recrystallized hemin was from Mann Research Laboratories, New York. 
Levulinic acid, thiamine pyrophosphate and bonito extract were from Wako Pure 
Chemical Industries, Ltd., Osaka; sodium glyoxylate was from Sigma Chemical Co. ; 
a-ketoglutaric acid was from E. Merck; polypeptone was from Daigo Eiyo Kagaku 
Co., Ltd., Osaka; DEAE-cellulose was from Serva. 

6-Hydroxylevulinic acid was synthesized and supplied by courtesy of the 
Research Insti tute of Takeda Chemical Industries, Ltd., Osaka. ~-Hydroxy-~-oxo- 
L-norvaline was a generous gift of Dr. Akira Miyake of the Institute. All other chemi- 
cals used were of analytical grade. 

Hydroxylapat i te  was prepared by the method of TISELIUS et al. 1~. 

Methods 
The activity of b-aminolevulinic acid dehydratase was determined by the 

method of MAUZERALL AND GRANICK 16. A 1. 5 cm X 18.o cm test tube containing 
IO /~moles of 8-aminolevulinic acid neutralized by Tris, IO /,moles of MgSO a, 20 
~moles of fl-mercaptoethanol, IOO/,moles of Tris-HC1 buffer, pH 9.0, and enzyme 
was incubated at 37 ° unless otherwise stated. Total volume was 3.0 ml. The reaction 
was stopped by addition of I ml of a 20 °/o trichloroacetic acid solution containing 
o.I M HgC12. After deproteinization through a filter paper, an equal volume of modi- 
fied Ehrlich's reagent was added and the absorbance at 555 m# was read after 15 rain. 
6.1 • lO 4 was used as the molecular extinction coefficient at 555 m#. A unit of enzyme 
activity was defined as the amount of enzyme which produces I nmole of porpho- 
bilinogen in 60 min at 37 °. Specific activity is the units of enzyme activity per mg 
of protein. 

Since no significant amount of porphyrin was formed from porphobilinogen in 
crude extracts, no correction for this was applied. 

Protein was determined by the method of LOWRY et al. 17 with bovine serum 
albumin as a standard, or spectrophotometrically. 

RESULTS 

Enzyme purification 
Culture of M. phlei. Cells of M. phlei (ATCC 19249 ) were grown on glycerol 

broth which contained IO g of bonito extract, IO g of polypeptone, 3 g of NaC1 and 
30 ml of glycerol per 1. The cells were harvested after 4 days at 37 °. The cells collected 
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by Buchner funnel were washed thoroughly with o.9% KC1 solution and stored at 
--2o ° until used. 

All subsequent procedures were carried out at 4 ° . 
Preparation of cell free extracts. 2o g of the packed cells were suspended in 8o ml 

of o.o5 M potassium phosphate buffer, pH 7.5. The suspended cells were disrupted 
by sonication (9 kcycles, 3o min). Cell free extracts were prepared by centrifuging 
twice at 14 5oo × g for 2o min. 

(NH4)2SO 4 fractionation. Cell tree extracts were centrifuged at Io5 000 ~ g 
for I2o min. To the supernatant solution, solid (NH4)2SO 4 w a s  added slowly with 
gentle stirring to give 3o°~ saturation. After another 3o rain stirring, the solution 
was centrifuged at io ooo x g for 3o rain. The supernatant solution was brought to 
5o°/~ saturation with solid (NHa)2SO 4. After gentle stirring for another 3o min, the 
solution was centrifuged at IO ooo x g for 3o min. The precipitate obtained was 
dissolved in a minimum volume of o.oi M potassium phosphate buffer, pH 6. 5 

DEAE-cellulose column chromatography. The dissolved solution was dialyzed 
against o.oI M potassium phosphate buffer, pH 6.5, and applied to a DEAE-cellulose 
column (8.o cm × 5o.o cm) which was previously equilibrated with the same buffer. 
After washing the column with o.oi M, o.I M and o.2 M potassium phosphate buffer, 
pH 6.5, successively, 6-aminolevulinic acid dehydratase was eluted by o.3 M po- 
tassium phosphate buffer, pH 7.5, containing o.oi M /t-mercaptoethanoh 

Hydroxylapatite column chromatography. The eluate from DEAE-cellulose 
column was concentrated with the aid of a collodion bag and then dialyzed against 
o.oi M potassium phosphate buffered saline, pH 7.5, containing o.oI M/~-mercapto- 
ethanoh This enzyme solution was applied to a I.O cm ;~ 20.o cm column of hydroxyl- 
apatite which was previously equilibrated with the same buffered saline. Elution 
was carried out by a linear gradient of potassium phosphate buffer concentration 
from o.oi to o.I M. The dehydratase came as a sharp peak at around 0.025 to o.o3o M 
potassium phosphate buffered saline, pH 7.5, containing o.oi M/4-mercaptoethanol 
(Fig. I). The results of the typical enzyme purification are summarized in Table I. 

Properties of enzyme; 
pH optimum. Tile pH optimum was around 9.2 in glycine buffer. As shown in 
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Fig .  I .  E l u t i o n  p ro f i l e  o f  t h e  d e h y d r a t a s e  f r o m  h y d r o x y l a p a t i t e  c o l u m n .  T h e  d e h y d r a t a s e  w a s  
e l u t e d  w i t h  a l i n e a r  g r a d i e n t  o f  o . o i  t o  o . i  M p o t a s s i u m  p h o s p h a t e  b u f f e r e d  sa l ine ,  p H  7.5,  c o n -  
t a i n i n g  o . o i  M f l - m e r c a p t o e t h a n o l .  C o l u m n  size, I.O c m  × 2o c m ;  f r a c t i o n s ,  3.4 m t  e a c h ;  t o t a l  vo l -  
u m e ,  40o  ml .  o.2 m l  o f  e a c h  f r a c t i o n  w a s  a s s a y e d  u n d e r  t h e  c o n d i t i o n s  d e s c r i b e d  in t h e  t e x t .  

, a b s o r b a n c e  a t  280  mff ;  , a b s o r b a n c e  a t  555  mff.  
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TABLE I 

PURIFICATION OF (~-AMINOLEVULINIC ACID DEHYDRATASE OF M. phlei 

Fraction Total Specific Total 
protein activity activity 
(mg)  (units~rag) (units) 

i. Sonicated extracts 8364 4.4 36 9oo 
2. 30-50% (NH~)2SO 4 

fraction 3657 6. 5 23 900 
3. DEAE-cellulose column 

chromatography 103 7 o. I 7 225 
4. Hydroxylapatite column 

chromatography 5 .6 7o4 3 94 ° 

Fig. 2, the  enzyme was much more act ive in Tr i s -HC!  buffer. Therefore,  enzyme 
ac t i v i t y  was de te rmined  using Tris-HC1 buffer, p H  9.0, in all subsequent  exper iments  
unless otherwise s ta ted .  

Effect of Mg 2+ and EDTA. Mg 2+ was necessary for the  m a x i m u m  ac t iv i ty  of  
the  enzyme.  E D T A  was a po ten t  inhibi tor  of  the  enzyme.  Almost  comple te  inhibi t ion  

E 
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-2-" 
4, 0.5 
E 

r 

I 

, , , , , , , 

' 8 g 10 11 

pH 

Fig. 2. Effect of pH on the dehydratase activity. 12o/~g of the enzyme preparation purified only 
through DEAE-cellulose column chromatography was used. Enzyme activity was determined in 
Tris-HC1 buffer ( × × ) or in glycine buffer (O--------S). 

was ob ta ined  b y  add i t ion  of 6. 7 #M E D T A ,  and  the  inhibi t ion could be recovered b y  
add i t ion  of  Mg 2+ (Table II). 

Effect of some analogues of ~-aminolevulinic acid. NANDI AND SHEMIN 13 repor ted  
t ha t  levulinic acid  is a compet i t ive  inhib i tor  of  ~-aminolevulinic  acid dehyd ra t a se  
of  R. spheroides. W e  confirmed thei r  observat ions  using the  enzyme from M. phlei 
(Fig. 3). ~ -Hydroxylevul in ic  acid  which is a react ion p roduc t  of  a -ke tog lu t a ra t e :  
g lyoxy la t e  carboligase,  and  ~-hydroxy-7-oxo-L-norval ine  , an an t i tubercu lous  amino 
acid, were also inhibi tors  of  the  dehydra t a se  (Table III). The kinet ics  of  these inhi-  
bi tors  were also of  compet i t ive  na ture  (Fig. 4). 

Effect of heroin and K+. Almost  no effect of hemin up to I.O mM on the present  
enzyme p repara t ion  was observed.  K~SO 4 was not  s t imu la to ry  bu t  s l ight ly  inh ib i to ry  
a t  high concent ra t ion;  e.g. at  1. 7 .lO -2 M, abou t  38~o inhibi t ion was observed.  

Effect of a-ketoglutarate:glyoxylate carboligase activity on the dehydratase ac- 
tivity. Inh ib i to ry  effect of the  carbol igase ac t iv i ty  on the  dehyd ra t a se  ac t iv i ty  was 
examined  in cell free ex t rac t s  of  M. phlei. As shown in Table  IV, when the subs t ra tes  
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"I'AB1.E 11 

EFFECT OF ~'Ig z~ ,'~xl~ I ' ; I)TA 

t:-ach t u b e  c o n t a i n e d  3 ° / t g  of  e n z y m e ,  ~o / / ho les  of  ~ ) -amino levu l in ic  ac id ,  2~) /mmles  o f / ;Lmercap to -  
e t h a n o l ,  I o o / r a m i e s  of  "l'ris l i e 1  buffer ,  p H  9.o, a n d  t he  i n d i c a t e d  a m o u n t  of  Mg,q() 1 a n d / o r  
tCDTA. 

.4 dditio*~ I:,nz3um 
activ t:11' 
( "0 ) 

NOlle i ()() 
o.33 mM MgS()~ I LI 
[.o mM MgS()  4 r )() 
3.3 m M  MgS()4 175 

I. 7 ld\ l  E I ) T A  7 ° 
3.3 t ~M E D T A  ,v 

- 1  

6. 7/~M E D T A  S 

o .o l  mM E D T A  t~ 
o .o t  mM F.DTA , 0.33 h im MgS()  4 ~35 

and cofactors fl)r the carboligase were added to the cell free extracts, the dehydratase 
activity was inhibited to the extent of 88~{~. The inhibition was, however, I2, 13 anti 
I5~){~ when a-ketoglutarate, glyoxylate or thiamine pyrophosphate was added inde- 
pendently. When MgS().l alone was added, rather 24% activation of the dehydratase 

30 

2O 
V-1 

-20 -1O 

33 mM LA 
,ool 

[ . / , 0 . , o %  H t ~  

~ n o  LA V -I " 
4 / _, 

, , n o  H L A  

I'0 2'0 3'0 4'0 -20 -10 0 I 0 20 30 /-,O 
(AL&) -1 mM -I (ALA) -1 mM -1 

Fig.  3- l ) o u b l e  r e c i p r o c a l  p l o t s  of  i n i t i a l  v e l o c i t y  a n d  6 - a m i n o l e v u l i n i c  a c i d  c o n c e n t r a t i o n  in t h e  
a b s e n c e  a n d  p r e s e n c e  of  l e v u l i n i c  ac id  (LA). 3 ° / , g  of  e n z y m e  w a s  a s s a y e d  u n d e r  t h e  c o u d i t i o n s  
d e s c r i b e d  in t h e  t e x t .  AI .A.  ~}-aminolevul in ic  ac id  : v, v e l o c i t y  of  e n z y m e  a c t i v i t y  e x p r e s s e d  b y  
a b s o r b a n e e  a t  555 m/l- 

Fig.  4. D o u b l e  r e c i p r o c a l  p l o t s  o f  i n i t i a l  v e l o c i t y  a n d  b - a m i n o l e v u l i n i c  ac id  c o n c e n t r a t i o n  in t h e  
a b s e n c e  a n d  p r e s e n c e  of  0 - h y d r o x y l e v u l i n i c  ac id .  44 l*g of  e n z y m e  w a s  a s s a v e d  u n d e r  t i l e  c o n d i t i o n s  
d e s c r i b e d  in t h e  t e x t .  A L A ,  & a m i n o l e v u l i n i c  a c i d ;  v, v e l o c i t y  of  e n z y m e  a c t i v i t y  e x p r e s s e d  b y  
a b s o r b a n c y  a t  555 m / t ;  H L A ,  / } - h y d r o x y l e v u l i n i c  ac id .  A l m o s t  the  s a m e  r e s u l t  was  o b t a i n e d  w i t h  
O - h y d r o x y - 7 - o  xo -L-norva l ine .  

activity was observed. 88% inhibition obtained by the simultaneous addition of 
these four compounds suggests that these substances must have been used as the 
substrates and cofactors by the carboligase which was contained in the cell free 
extracts. 
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TABLE III 

E F F E C T  O F  ~ - A M I N O L E V U L I N I C  A C I D  A N A L O G U E S  

Each tube contained 15/~g of enzyme and the indicated compounds. Experimental procedures are 
described in text. 

Analogue tested Conch. Inhibition 
(raM) (%) 

6-Hydroxylevulinic acid 0.67 37 
3.3 76 

io 94 

b-Hydroxy-y-oxo-L-norvaline 

Levulinic acid 

o.67 17 
3.3 36 

IO 59 

I O  o 

2 0  I 

33 29 

D I S C U S S I O N  

The pH op t imum of 9.2 observed in our experiment  is a little lower than  tha t  
of yeast 5 and  a little higher t han  tha t  of R. spheroides enzyme s, bu t  much higher t h a n  
tha t  of the mammal i an  enzyme1,*, 7 and a p lant  enzyme 9. In  general, the pH op t imum 
of the enzyme from microorganisms seems to be higher than  tha t  of the animal  and  
the plant .  

The Km value for 6-aminolevulinic acid in this s tudy (7.7" lO-5 M, Figs. 3 and  4) 
is lower than  those reported by  all other investigators,  e.g. 1.4. lO-4 M for the ox liver 
enzyme 7 or I.O. lO -3 M for R. spheroides (calculated from ref. i i ) .  

Mg 2÷ was the absolute requirement  for the dehydratase of N.  tabacum 9. This 
was the case for the present enzyme preparation.  Mg *+ was necessary for the maxi-  
m u m  act ivi ty  of the dehydratase and E D T A  was inhibitory.  These results suggest 
tha t  Mg *+ is absolutely necessary for the act ivi ty  and  E D T A  might  chelate endo- 
genous Mg 2+. 

TABLE IV 

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

S U B S T R A T E S  A N D  C O F A C T O R S  F O R  T H E  C A R B O L I G A S E  

Preincubation without 6-aminolevulinic acid was carried out for 6o min. Each tube contained IO 
/~moles of ~-aminolevulinic acid, 2o ~umoles of fl-mercaptoethanol, ioo ~umoles of potassium phos- 
phate buffer, pH 7.0, I ml of the dialyzed cell free extracts (6.5 mg protein/ml) and the indicated 
substances. 

A ddition System 

a-Ketoglutarate, o.67 mM 
Glyoxilate, o.67 mM 
MgSOa, 3.3 mM 
Thiamine pyrophosphate, o. 17 mg/ml 

Inhibition (%) 

- -  + - -  _ + 

_ _ + - -  + 

. . . .  L + 

1 1 . 8  3 1 . O  --24.0 1 4 . 8  8 8 . 2  
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Recently we have reported the inhibitory effect of a-ketoglutarate :glyoxylate 
carboligase activity on porphyrin synthesis of M. phlei and postulated that  a reaction 
product, &hydroxylevulinic acid, might inhibit &aminolevulinic acid dehydratase 
competitively 21. We confirmed this suggestion by demonstrating a direct inhibitory 
effect of 5-hydroxylevulinic acid on the partially purified dehydratase (Table II1, 
Fig. 4). Inhibition of the dehydratase activity by the substrates and cofactors for 
the carboligase was observed in the cell free system of M. phlei (Table IV). In addition 
this inhibition was very marked at neutral pH where the carboligase activity is high, 
and almost no inhibition was observed at 9.o where the dehydratase is very active 
and the carboligase is almost inactive (not shown). These findings are very suggestive 
that  a-ketoglutarate:glyoxylate carboligase might be playing a regulatory role on 
(5-aminolevulinic acid dehydratase by producing &hydroxylevulinic acid, which is a 
competitive inhibitor of the dehydratase. However, the role of this carboligase on 
the regulation of porphyrin synthesis inside the cell is yet to be assessed. 

As for the regulation of porphyrin synthesis, ()-aminolevulinic acid synthase 
has long been believed to be playing an important  role. Recently, however, NANI)I 
el al.8,11 reported some evidence that  &aminolevulinic acid dehydratase might be 
the second point of the regulation of porphyrin synthesis in R. spheroides. They 
reported that  the enzyme activity versus substrate concentration plot shows a 
sigmoidal response. In addition, this sigmoidality becomes hyperbolic saturation 
curve in the presence of K +, Li ~ or Rb +. Direct conformational changes by K * which 
promotes association of the enzyme to an equilibrium mixture of monomer, dimer 
and trimer, was observed. Low concentration of hemin or protoporphyrin inhibited 
the dehydratase activity 8. Thus the dehydratase of R. @heroides exhibits many of 
the characteristics of an allosterie enzyme which might play some role in the regu- 
lation of metabolism. The enzyme from wheat leaves'°a 2 and ox liver ~2, however, 
exhibits no allosteric effect by addition of K+. Recently, SHETTY AND MILLI';Id 2 
reported that  the dehydratases from these two sources were activated bv P()4 '~ . In 
our present study, the dehydratase activity of M. phlei was neither dependent on 
the addition of K + nor was inhibited by hemin. These results suggest that  there 
might exist species differences in the regulation mechanism of porphyrin synthesis. 
Regulatory role of a-ketoglutarate :glyoxylate carboligase activity on this regulation 
suggested above, is very interesting because the earboligase activity has already 
been detected in animals '8,'9 and in a variety of bacteria (refs. 2o, 2I and unpublished 
observation). 

5-Hydroxy-7-oxo-L-norvaline, which is also similar in structure to ~)-amin~.)- 
levulinic acid, is an antituberculous amino acid isolated from the culture broth of 
Streptomvces akiyoshiensis 2~. Although the amino acid has been reported to be 
effective only against strains of human and bovine tubercle bacilli, we found that  
this compound inhibits the dehydratase activity of a saprophytic acid-fast bacillus, 
M. phlei. 

Competitive nature of inhibition on &aminolevulinic acid dehydratase caused 
by &hydroxylevulinic acid and &hydroxy-7-oxo-L-norvaline might suggest the for- 
mation of a Schiff-base enzyme-substrate  intermediate as NANDI At<D SHEMIN 13 have 
reported using another competitive inhibitor, levulinie acid. 

Biochim. Biophys. Acta, 227 (t971) 698 705 
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