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Abstract. IAA synthesis proceeding by imlol-3-ylpyruvate (IPyA) pathway seems to be 
regulated in two steps, In the first the L-trp conversion into IPyA is reduced by a low affinity 
of L-trp to the unspecific aminotransferase, by competition of L-trp with some aminoaeids 
(e.g. L-asp) and indoles (e.g. indol-3-ylacetylaspartate). Simultaneously, a specific L-trp-dehydro- 
genase in dependence on the NAD(P)/NAD(P)H ratio regulates by its reversible effect the level 
of IPyA, connecting photosynthesis with growth. A second more "delicate" regulation of IAA level 
is carried out by the indol-3-ylacetaldehyde system. In pea plants two indol-3-ylacetaldehyde 
oxidases with pH optima 4.5 and 7.0 were found. The oxidases are differentially inhibited by an 
excess of IAA, different indoles as indol-3-ylacetylaspartate and aminoacids as L.asp. GA3 and 
kinetin stimulate the conversion of indol-3-ylacetaldehyde to IAA. 

The  pecul ia r i ty  of the  aux in  synthesis  is a big difference be tween  the  levels 
of  its precursor  L - t r y p t o p h a n  (L-trp)  and  IAA. In  tobacco  tissue cul tures  
we found  the  free L- t rp  con ten t  to  be 20- -100  t imes  higher  t h a n  t h a t  of  the  
free IAA. The necessi ty  of  an efficient regula t ion  of  the  IA A  biosynthesis  is 
obvious.  

Several  p a t h w a y s  are leading in higher  p lants  f rom L- t rp  to  IAA (SchNEI- 
DER and  WIG~TMA~ 1978). The most  widely spread  p a t h w a y  of  IAA synthes is  
seems to  be the  " i n d o l y l p y r u v a t e  p a t h w a y "  (I ~ indol) 

I - - C H 2 - - C H .  N H 2 - - C O O H  ~ I - - C H 2 - - C O - - C O O H  ~ I - - C H 2 - - C H O  -> 
--> I - - C H 2 - - C O O H  ~ 

I - - C H 2 - - C H z  . O H  

Corresponding enzymes  were de tec ted  in a wide range of  higher  p lants  
(WIG~T~IA~r and  COHEN 1968, T~UELSE~ 1973). This  way  consists of  several  
steps. The  first step,  deamina t ion  of  L- t rp  leading to  indo l -3 -y lpyruva te  
( IPyA)  could be ca ta lysed  by  several  enzymes ,  an aminot ras ferase  (TAT),  
a newly  d iscovered  L- t rp  dehydrogenase  (TDH) ,  b y  a cyclic reac t ion  of  
o-chinones. The second step, deca rboxy la t i on  of I P y A  to indol-3-ylaceta lde-  
hy de  ( IAAld)  is ca ta lysed  by  a no t  well known  decarboxylase  or is a s sumed  
to  proceed spon taneous ly  (ScHnEIDER and  WIOrtTMAN 1978). The  th i rd  step,  
ox ida t ion  of  I A A l d  to  IAA is ca ta lysed  by  IAAld-oxi .dase.  I A A l d  is also 
revers ib ly  conver t ed  to  the  growth  inact ive  t r y p t o p h o l  (TOH),  a reserve 
p r oduc t  in the  pa thway .  
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T A B L E  1 

K i n e t i c s  of pea L - t r y p t o p h a n  a m i n o t r a n s f e r a s e  

D a t a  
S u b s t r a t e  

L - t r p  6 m M  L - p h e  6 m M  

O p t i m a l  p H  8 .5  8 .5  
O p t i m a l  t e m p e r a t u r e  45  ~ 45  ~ 
L i n e a r  a e r e a  o f  e n z y m e  a c t i v i t y  3 h 3 h 
Activation b y  P R P  0 .13  m M  ~- 6 2 . 1 %  -~- 59 3 ~ )  
KM [ K G  3 r a M ]  0 .41  m M  0 . 2 l  m M  
K ~  [ K G ,  P R P ]  0 . 1 0  m M  0 . 0 7  m M  
I n h i b i t i o n  b y  L - a s p  9 m M  - -  83 .3  ~o - -  79.1 ~ 

M A T E R I A L  A N D  M E T H O D S  

The plant material were 7--9  day old etiolated pea seedlings (Pisum sati- 
vum L., cv. Jupiter). Maize (Zea mays L., cv. Ta 37/71 02), kohlrabi (Brassica 
oleracea var. gongylodes L., cv. Moravia) and tomato (Nolanum lycopersicum 
L., cv. Stupick6) seedlings were used for comparison of the results with pea 
plants. 

TAT was extracted and its activity determinated by a method derived 
from the procedure of T~UELSEN (1972) and DI~OVA and KVTX~EK (1985). 
L-trp and L-phenylManine (L-phe) were used as substrates for transamina- 
tion, e-ketoglutarate served as amino group acceptor. The activity of TAT 
was determined spectrophotometrically from the formed IPyA, stabilized 
in borate complex. 

TDH was extracted in a similar way as TAT (fraction of 60--80 ~o ammo- 
nium sulphate saturation). The activity was determined in both directions, 
using L4rp with NAD(P) and IPyA, NH4C1 with NAD(P)H as substrates and 

TABLE 2 

I n h i b i t i o n  o f  p e a  L - t r y p t o p h a n  a m i n o t r a n ~ f e r a s e  ( T A T )  a n d  L - p h ~ m y l a l a n i n e  a m i n o t r a n s f e r a s e  
( P A T )  b y  a m i n o  a c i d s  

A m i n o  a c i d  9 m M  

o I n h i b i t i o n  [ :~] 

T A T  P A T  

S u b s t r a t e  a c t i v i t y  
of a m i n o a c i d  

( L - t r p  = 100~ (25) 

L - a s p a r t i c  a c i d  - -  83 .3  - -  79.1 -~ 95 
L - J y s i n e  - -  79 .2  - 70 .4  - -  288  
L - m e t h i o n i n e  - -  65 .2  - -  81 .0  -~ 2 1 6  
L - a l a n i n e  - -  54.  l - 52 .0  § 202  
L - a s p a r a g i n e  - -  39 .2  - -  42 .7  + 213  
L - h i s t i d i n e  - -  28 .2  - -  16.1 4- 82 
L - v a l i n e  - -  15 .0  - -  15.1 q- 62  
L - c ' y s t e i n e  - -  14 .5  - -  17 .6  §  
L - g l u t a m i c  a c i d  - - 9 . 2  - -  8 .4  - -  
L 4 y r o s i n e  - -  6 .0  - -  8 .3  + 131 
D - p h e n y l a l a n i n e  - -  5 .2  - -  l 1.8 - -  
D - t r y p t o p h a n  - -  4 .8  - -  5 .9  - -  
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coenzymes (KuT-~EK and DIMOVA 1985a). The method was derived from glu- 
tamate dehydrogenase (GDH) activity determination. 

IAAld oxidase was extracted by the method of STJZVKI e t  a l .  (1981). 
As product of enzymatic activity indol-3-ylearboxylic acid (ICOOH) was 
determined arising from indol-3-ylaldehyde (IAld) as substrate (KuT~EK 
and DIMOVA 1985b). 

Proteins were determined by the Coomassie brilliant blue G-250 method 
(BI~ADFOI~D 1976). 

R E S U L T S  A N D  D I S C U S S I O N  

L-tryptophan Aminotransferase 

E n z y m e  s p e c i f i c i t y :  

TAT is an enzyme with a group specificity for amino acids and L-trp 
represents on]y one of the substrates belonging to this group. This could be 
clearly seen when comparing L-trp and L-iohe as substrates of the amino- 
transferase (Table 1). The identity of the enzyme eatalysing the transamina- 
tion of both amino acids, L-trp and L-phe, is evident from identical pH-, 
temperature-oiotima, similar duration of the linear phase of activity, similar 
increase of activity with added coenzyme P RP  and similar inhibition of activ- 

i / ', i 
40 ~- 200 ~ t �89 

:: W ' , \  
~20  ~,oo , , '  ! ", ; / ~- 

~ ' v\ TDHi [ I GDH '/ : 0.2 

io ~ 50- ]~ i4  I , \ ! ~\Vi~ ! ' \ \ 

o L _ _ _  o I_. ~ ~'~ ~ , " ' ~ ~ ' ~  . . . .  ~ -  o 
24 32 40 48 56 64 

NUMBER OF FRAC'rION 

Fig. 1. Separation of pea L- t ryptophan dehydrogenase (TDH) from L-glutamate dehydrogonase 
(GDH), L- t ryptophan aminotransferaso (TAT) and L-phenylalanine aminotransferaso (PAT) 
by gel chromatographj~ on Sephadex G-200 column (50 mM[ TI{IS-HC1 buffer pH 8.5; 2.5 x 120 
cm; 6 em a h-l) .  
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TABLE 3 

Compar i son  of L - t r y p t o p h a n  a m ino t r a ns f e r a s e  (TAT) and  L - p h e n y l a l a n i n e  a m i n o t r a n s f e r a s e  
(PAT) ac t iv i t i e s  in  different  p l an t s  (K,~ va lues ;  P R P  50 btg em -a) 

P l a n t  
TAT (KM . 10 -4 M) P A T  (K~i �9 10 -'l M) 

-- P R P  ~ - P R P  -- P R P  ~ P R P  

Pisum sativum (Fob(tcec~e) 

Zea m~lys ( Poe~ceae) 

4.16 1.04 2.10 0.72 

6.82 3,04 4,96 1.97 

Lycopersicum esculent~m 
(Sohlnaceae) 9.07 7.45 7.11 4.25 

Brassica olerace(i var .  gongy- 
lodes (Br(tssic(tceae) 0 0 0 0 

ity with L-asp. Gel chromatography on a Sephadex G-200 column showed 
an identical fraction of proteins to transaminate L-trp and L-phe. Differences 
in KM indicate a higher affinity of L-phe to the aminotransferase. In an 
interaction L-phe inhibits the transamination of L-trp to IPyA more strongly 
(--87.4 %) than in the reverse L-trp inhibits L-phe conversion to phenyl- 
pyruvate (--15.0 %). The more intense transamination of L-phe as well the 
interaction with TAT activity are in agreement with the higher content of 
phenylacetic acid (PAA) in the plan~s in comparison with IAA. 

The  r e g u l a t o r y  p r o p e r t i e s  of L - t r p  a m i n o t r a n s f e r a s e  in IAA 
s y n t h e s i s :  

The transamination of L-trp is fundamentally influenced by the relatively 
low affinity of L-trp to the enzyme with a broad specificity (KM = 4.16 • 
X 10-4M). The first reaction of IAA synthesis has not a specific character 

and only a limited amount of L-trp from his wide pool enters into the path- 
way. 

The activity of an aminotransferase is induced by a catalytical amount 
of keto acid, serving as acceptor of the amino group (BALDWIN 1949). The 
specificity of TAT for keto acids is still not well understood. In extracts from 
the whole plant a series of keto acids is active (mung bean -- TRUELSEN 
1972, pea -- DI~OVA and KUTACEK 1985). In contrast to that, TAT localized 
in spinach peroxisomes is induced only by glyoxylate and hydroxypyruvate 
(NOGVC~ and HAYASHI 1980). It  seems that a narrower specificity of the 
aminotransferase towards keto acids could be expected in a compartmented 
form of the enzyme which was also observed in the case of aminotransferases 
of other aminoacids (e.g. LIu and HUANG 1977). 

In consequence of the relatively higher affinities of several other amino 
acids to the aminotransferase, an interaction of them with L-trp transamina- 
tion could be expected. In the extreme case they can be transaminated in 
preference to L-trp. The transamination of L-trp is mainly influenced by 
L-asp, L-lys, L-met, L-ala and L-phe (see also FOREST and ~;IGI~TM&N 1972, 
DIMOVA and KUTA~EK 1985) (Table 2). The mentioned amino acids are active 
substrates of TAT, with the exception of L-asp, which influence on the whole 
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Fig. 2. Inf luence of p H  on the pea 
indol- 3 -y lace ta ldehyde  oxidaso 
act iv i ty .  -- A: aqueous  e n z y m e  
extract  of  p lant  material;  B: enzy- 
me extract  from acetone  powder.  
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IAA synthetic pathway seems to be of a more specific character. L-glu is 
nearly without influence. 

An inhibitory effect was also detected with a series of naturally occurring 
indoles (DI~ovA and KUTJ~hEK 1985). Most efficient as inhibitors of TAT 
activity were TOH (--83 % at 9 mmol 1-1 TOH), indol-3-ylacetylasparate 
(IAAsp) (--88 ~o at 9 mmol 1-1 IAAsp), both indoles show a competitive 
character of inhibition; IAA was without feed back effect. 

Both, amino acids and indoles, influenced TAT activity in relatively high 
concentrations. However, it may be assumed that these substances could 
regulate TAT activity in the cell as a group of naturally occurring compounds. 

TAT activity was proved in pea, maize and tomato seedlings (Table 3). 
Aromatic aminoacids L-trp and L-phe served not as substrates for transami- 
nation with enzyme extracts from kohlrabi seedlings. It corroborates the 

TABLE 4 

I~egulation of pea indol-3-ylacetaldehyde oxidases (pH 4.5 and 7.0) by  auxins,  indole compounds ,  
amino  acids, and  growth substances  

Inhibi tor  % inhibit ion I A A l d x .  Inhibi tor  % inhibit ion IAAldx.  
[10 -a M] p H  4.5 p H  7.0 [10 a M] p H  4.5 p H  7.0 

A u x i n s  A m i n o  a c i d s  

IAA --88.9 --34.0 Aspart ic  acid --81.6 --31.0 
NAA -- 63.9 -- 77.5 Asparagine + 12.0 -- 71.0 
2,4-D --50.0 --30.0 Glutamic acid 4- 5.0 +24 .0  

I n d o l e  c o m p o u n d s  Glutamine  0 --15.0 
IAAsp  -- 67.8 -- 31.0 L-Trp  -- 5.6 0 
T O H  --75.0 --31.0 D-Trp  --1.1 0 
I A N  -- 30.9 -- 20.0 L-Phe + 2.2 + 10.0 
IAA 44.5 55.0 D-Phe 0 + 2.0 
I -COOH 74.6 --26.0 G r o w t h  s u b s t a n c e s  

GA3 +16 .7  +40 .0  
Kinet in  + 52.4 + 21.3 
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presence of a specific pa thway of auxin synthesis in plants of the Brassicacea 
family (KuTX~EX and KEFELI 1968, MA~DV~VXN and STOWE 1972). 

L-tryptophan Dehydrogenase Activity 

S o m e  c h a r a c t e r i s t i c s  o f  t h e  e n z y m e :  

Earlier no pyridine nncleotide dehydrogenase eatalysing the transforma- 
tion of an aromatic amino acid was known; it was supposed that  only aliphatic 
amino acids could serve as substrates for dehydrogenases (e.g. glutamate 

L-TRP 

POOL 

N A D P >  NAD dependent 

L-trp dehydrocjenase (pH 8,5) 
NADPH > N A D H  dependent 

L-trp aminot rans ferase (pHS.$) 
PRP dependent 

1 
r~ulation [ I I I 

f I IAAsp > TOH> Asp I I 

J I 
. . . .  _.o-._di_p~n_oi~ . . . . . .  } I 

decarboxylase T N H 2 

I 
i 
I 

IAAId 

- - - - -  desthio G L U ~  . . . .  GLUBR 

I P y A  - '  = -  = -  IAA,  

IAN 

NADH 

IAA4d 

T O H  

POOL 

I A A  

Fig. 3. Pathwa~s of auxin biosynthosts. IReglflation of mdol-3-y[pyruvate biosynthesis. 

dehydrogenase -- GDH). L-trp dehydrogenase (TDH) is the first specific 
dehydrogenase with an aromatic amino acid as substrate; L-phe is enzymatic- 
ally not  transformed (KuTiSEK and DIMOVA 1985a). 

The new L-trp specific enzyme has (at room temperature) a pH opt imum 
8.5. In the presence of both coenzymes NAD and NADP it catalyses a revers- 
ible deamination of L-trp and amination of IPyA.  The latter reaction pro- 
ceeds more intensively. On a Sephadex G-200 column T D H  is well separated 
from TAT as well from GDH (Fig. 1). Using specific inhibitors, the presence 
of a carbonyl group in the active centre as well as the absence of a heavy metal 
could be demonstrated.  Pea T D H  inhibited by  EDTA could be react ivated 
by  Ca 2§ and Mn 2+ ions. TDH differs from GDH by less sensitivity to SH- 
inhibitors and by  a higher act ivi ty with N A D P  as coenzyme. In case of GDH 
it is the coenzyme NAD which activates the enzyme more intensely. T D H  
activi ty was proved in pea, maize and tomato  seedlings, but  not in kohlrabi, 
where only GDH activity could be demonstrated (EBEID et al. 1985). 
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Indo l -3 -y lace ta ldehyde  Oxidase System in Pea Plan t s  

S o m e  c h a r a c t e r i s t i c s  of  t h e  s y s t e m :  
Two oxidases differing in their pH optima were isolated from pea plants 

(Fig. 2). The oxidase pH 4.5 is twice as active as the oxidase with pH opt imum 
7.0. In the molecule of the oxidase pH 7.0 is evidently built in a lipidic com- 

I AA > A sp>TOH>IAAsp>NAA> 2,zl. O 

(by 10"3M>SO% inh. ) 

OXIDASE I (pH4.S) BE 

L-TRP ::~--IhAId ~ IAA 

T0H 
POOL 

WE 
OXIDASE II (pH ZO) 

~ C b y  m'3M> so% i.s. 

NAA~Asp  

Fig. 4. I~egulation of pea indol-3-ylacotahtehyde oxidases a('tivity. 

ponent essential for its activity, which can be split off by acetone. The pea 
enzymes have not a character of dismutase and their activity is not stimulated 
by addition of pyridine nucleotides (KcTX~EK and DI~ovA 1985b). I t  seems 
that  IAld-oxidases in single plants could be of a different character ( S c ~ I -  
DE~ and WIO~TMA~ 1978). 

S o m e  r e g u l a t o r y  p r o p e r t i e s  of  t h e  o x i d a s e s :  
Higher concentrations of IAA (mM), IAAsp and of synthetic auxins 

inhibit the single oxidases to different degrees (Table 4). 
L-asp strongly inhibits both oxidases. The enzymes are well differentiated 

by the effect of L-asparagine. 
Gibberellic acid and cytokinin enhance the activity of the oxidases at a 

mM concentration. 

Regu la t ion  o f  Aux in  Synthes is  on the  Molecu l a r  Level  (a Dra f t )  

We assume two steps in regulation of the indolylpyruvate pathway of 
auxin synthesis (Fig. 3). The first step consists of a reduced L4rp  influx into 
the biosynthetic pathway. The second involves a finer regulation of the IAA 
level in tissues in accordance with its actual physiological need, e.g. in bio- 
rhythms etc. 

F i r s t  p a r t  of  I A A  s y n t h e s i s ,  L - t r p  c o n v e r s i o n  to  i n d o l - 3 - y l p y -  
r u v a t e  : 

The low affinity of L-trp to unspecific TAT (expressed by a relatively high 
vah]e of KM) has several consequences. A reduced amount  of L-trp is entering 
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L I G H T ~  NAD(P)H predominant 

N 2 P )  TDH NAD(PIH 
_ ~ ~  

L-IRP DARK ~ N A D ( p )  Im , I 
POOL predominanf: , 

PRP ~ pR~.. NH 2 

No I;ght effect 

Fig. 5. Influence of light on tl~e regulation 
of indol-:/-ylpyruvato biosynthesis by 
L-tryptophan dehydrogenate and L-tryp- 
tophan aminotransferase. 

the pathway of IAA synthesis. The interference of a group of amino acids and 
indoles showing a higher affinity to the enzyme than L-trp may influence 
the TAT activity. Noteworthy is the inhibiting effect of L-asp, L-phe, IAAsp. 

Interrelation between the catalytic effects of the enzymatic systems of 
TAT and TDH will be discussed later. 

S e c o n d  p a r t  of  t he  IAA s y n t h e s i s ,  i n d o l - 3 - y l a e e t a l d e h y d e  
c o n v e r s i o n s  : 

The fine regulation is executed by the reversible conversion of IAAld into 
TOH, a reserve product without auxin activity. The conversion of IAAld 
into TOH is catalysed by the allosteric iAAld-reductase, the reverse reaction 
by TOH-oxidase. Both enzymes regulate the level of IAAld, which is a direct 
precursor of IAA. The conversion of IAAld to IAA is catalysed by IAAld- 
oxidase (B~owN and Pv~v~s 1980). 

In pea plants it was shown that a system of two oxidases, one, more active, 
of optimal pH 4.5 and the other of 7.0 convert IAAld into IAA (Fig. 4). 
Both oxidases are inhibited to a different degree by indoles (IAA, IAAsp) 
and amino acids (L-asp). We suppose an allosteric character of the oxidases, 
as a positive effect of gibberel|ic acid and cytokinin on the enzyme activities 
was found. 

I n f l u e n c e  and  r e g u l a t i o n  by  e c o l o g i c a l  f a c t o r s :  
The stimulatory effect of bivalent cations (Ca 2+ and Mn ~+) on TDH activity 

can be considered as a link between p]ant nutrition and auxin synthesis 
(VAcI~ov~ et al. 1985). 

The influence of light on a decrease of the IAA content in comparison with 
dark grown plants (SuzuK~ et al. 1981) could be explained by the TDH re- 
versible activity (Fig. 5). The e f f e e t  of  l i gh t  transmitted by photosynthesis 
leads to an accumulation of the reduced form of pyridine nueleotide coenzy- 
mes. TDH activated by NAD(P)H reduces the size of the IPyA poo], the 
intermediary product of IAA synthesis. In d a r k  g rown  p l a n t s  accumu- 
lates the oxidized form of pyridine nueleotide coenzymes. TDH enhances the 
production of IPyA synergically with TAT, the plants consequently contain 
more IAA. The pyridine nucleotide regulated activity of TDH connects IAA 
synthesis with photosynthesis and by that  way with the effect of light. The 
TDH-aetivity located in the cell in the chloroplast fraction is relatively high 
(VAc~:ov~ et al. 1985). 
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We expect that the study of enzyme compartmentation and the resolution 
of their forms in the single compartments will afford further important infor- 
mation and will improve our present knowledge concerning the regulation of 
auxin synthesis on the molecular level, collected in this draft. 
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