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Abstract. 1-Naphthaleneacetic acid (1-NAA), re- 
quired for in vitro flower bud formation, was taken 
up by pedicel explants of tobacco (Nicotiana 
tabacum L.) in large amounts and rapidly metabo- 
lized into various conjugates. These conjugates 
have been tentatively identified in four thin-layer 
chromatographic systems using authentic standards 
as references. The major metabolite formed during 
the first hours of culture comigrated with 1- 
NAA-glucoside (1-NAGlu). From the 6th hour on, 
most I-NAA had been converted into a yet uniden- 
tified metabolite. 1-NAglu was an intermediate in 
the formation of this metabolite. After 24 h, 1- 
NAA-aspartate (1-NAAsp) became the second ma- 
jor metabolite. The increase in I-NAAsp formation 
was induced by 1-NAA. The inactive analog 2- 
naphthaleneacetic acid (2-NAA) was metabolized 
similar te 1-NAA, but was unable to increase the 
formation of the aspartate conjugate. When ex- 
plants were fed labeled 1-NAGIu, 1-NAAsp or the 
major unidentified metabolite, radioactivity became 
associated with free 1-NAA and all major conju- 
gates, indicating interconversion of conjugates and 
breakdown to free 1-NAA. A regulatory role of con- 
jugation in maintaining a particular level of free 1- 
NAA in the tissue is proposed herein. 

Auxins are chemically modified in plant tissue (Co- 
hen and Bandurski 1982, Sembdner et al. 1980). In- 
dole-3-acetic acid (IAA) for instance, can be oxi- 
dized (Andreae 1967), or conjugated to sugar and 
amino acid derivatives (Cohen and Bandurski 
1982). This results in inactivation, since the free 
auxin is the only biologically active form (Cohen 
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and Bandurski 1982). Due to this inactivation, the 
level of active auxin in the tissue is not the sum of 
synthesis and import or, in tissue culture, synthesis 
and uptake. Oxidation and metabolism must be 
taken into account. 

Conjugated IAA is hydrolyzed in plants, yielding 
free auxin (Hangarter and Good 1981). Apparently, 
conjugated IAA serves as a transport and storage 
form for IAA. While conjugated, the IAA moiety is 
protected from enzymatic oxidation (Bandurski et 
al. 1987; Cohen and Bandurski 1982). Synthesis and 
hydrolysis of conjugates may very well constitute 
the homeostatic control mechanism of the free 
auxin level (Bandurski 1980; Bandurski et al. 1987; 
Cohen and Bandurski  1982; Grambow 1988; 
Kopcewicz et al. 1974; Magnus 1987). 

In tissue culture systems, the synthetic auxin 1- 
naphthaleneacetic acid (1-NAA) is often used in- 
stead of IAA, because it is not photodestructed or 
oxidized in the medium before entering the tissue 
(Dunlap et al. 1986). In the tissue, the substance is 
not oxidized (Andreae 1967; Zenk 1962), but it is 
conjugated into a glucose ester and several amino 
acid amides (Aranda et al. 1984; Goren and Buco- 
vac 1973; Greenwood et al. 1974; Shindy et al. 
1973). In contrast to IAA, release of free .NAA from 
its c o n j u g a t e s  has h a r d l y  b e e n  f o u n d .  1- 
NAA-aspartate (1-NAAsp) is hydrolyzed to free 1- 
NAA very slowly (Kazemie and KRimbt 1969; Vi- 
jayaraghavan and Pengelly 1986). Hydrolysis of 
other conjugates, such as 1-NAA-glucoside (1- 
NAGlu), has not been investigated. As a conse- 
quence, the homeostatic control of the free 1-NAA 
level by synthesis and breakdown of derivatives has 
been proposed but not yet confirmed (Caboche et 
al. 1984; Goren and Bucovac 1973). 

Superficial explants from flower stalks of tobacco 
produce flower buds when cultured in vitro (Tran 
Thanh Van 1973; Van den Ende et al. 1984). The 
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level  o f  r egenera t ion  can  be regulated by  the con-  
cen t r a t i on  of  I - N A A  in the med ium (Smulders  et al. 
1988a,b). Because  of  the regulatory role of  1-NAA 
in f lower  bud  regenera t ion ,  we have invest igated 
the re la t ion  b e t w e e n  the exogenous  supply of this 
h o r m o n e  in the m e d i u m  and  its conver s ion  within 
exp lan t s .  In  o rder  to u n d e r s t a n d  what  reac t ions  
took  place,  the fate of  pulses  of 1-NAA was also 
de t e rmined ,  as well as the fate of 1-NAA metabo-  
lites fed to explants .  I t  will be shown that in tercon-  
ve r s ion  b e t w e e n  free N A A  and conjugates  takes 
place.  

M a t e r i a l s  a n d  M e t h o d s  

Plant and Tissue Culture 

Plants of Nicotiana tabacum L. cv. Samsun were raised from 
seeds in the greenhouse. The procedure for preparing and cul- 
turing explants was essentially as described by Van den Ende et 
al. (1984) and Smulders et al. (1988b). Briefly, flower buds with 
pedicles attached were harvested at anthesis and surface- 
sterilized in 2.5% sodium hypochlorite. Superficial explants, 8 x 
! mm and six to eight cell layers thick, were cultured on Mu- 
rashige-Skoog medium (Murashige and Skoog 1962) supple- 
mented with !% agar, 125 mM glucose, i v.M benzylaminopurine 
(BAP) (basal medium), and different concentrations of labeled or 
unlabeled I-NAA or 2-NAA as indicated. The explants were 
cultured in groups of 10 on a nylon mesh (width 180 ~m) on 25-ml 
medium in a 9-cm plastic Petri dish at 25~ under continuous 
light. 

Chemicals and Radiochemicals 

I-NAGIu was generously supplied by Dr. M. Caboche. I-NAAsp 
was a gift from Professor N. Amrhein. Agar was obtained from 
Difco Laboratories, and Murashige-Skoog medium was pur- 
chased from Flow Laboratories. l-[carboxyl-t4C]NAA (2.07 
GBq mmol -n) and 2-[3H]NAA (651 GBq mmol -t) were pur- 
chased from Amersham. The 1-[3H]NAA was custom- 
synthesized by Amersham, and purified as described previously 
(Smulders et al. 1988a). The specific activity was approximately 
185 GBq mmoi -~ at a purity of 98%, as checked by high- 
performance liquid chromatography (HPLC) (Smulders et al. 
1987). 

Radioactive Determinations 

After incubation on medium containing labeled I-NAA or 2- 
NAA, followed by the appropriate period of chase on medium 
without NAA, the explants were thoroughly rinsed. Groups of 
5-10 labeled explants were extracted twice with 0.65 ml metha- 
nol overnight at - 20~ From the combined extracts a sample of 
50 ixl was taken to determine total uptake. The remainder of the 
extracts was dried under nitrogen, dissolved in 50 V.1 methanol, 
and separated by thin-layer chromatograph (TLC) on 0.25-mm 
silica gel plates with a fluorescence indicator (Merck). The plates 
were routinely developed with chloroform:methanol:acetic acid, 
75:20:5 vol/vol/vol (solvent A, Caboche et al. 1984). In addition, 
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Fig. 1. Metabolism of pulses of I-NAA. Explants were cultured 
for 0 h (lanes 1--4) or 24 h (lanes 5--8) on medium with I txM 
I-NAA, and then transferred for 2 h to medium containing 1 I+M 
(104 kBq) 1-[carboxyl-n4C]l-NAA. After the incubation, radio- 
activity was extracted either immediately (lanes 1 and 5) or after 
a chase of 2 h (lanes 2 and 6), 6 h (lanes 3 and 7), or 24 h (lanes 
4 and 8) on medium without I-NAA. After TLC separation, an 
autoradiograph was made. The position of free I-NAA and the 
conjugates is indicated. 

chloroform:ethylacetate:formic acid, 5:4:1 vol/vol/vol (solvent 
B) or 4:5:1 vol/vol/vol (C), and isopropanol:ammonium hydrox- 
ide:water 8:1:1 vol/vol/vol (D) were used as solvents for TLC. 
Along with the samples, 0. i v.mol quantities of authentic I-NAA, 
I-NAAsp, and I-NAGIu were cochromatographed, as well as-- 
in the case of labeling with I-[3H]NAA--10 ~.1 of an extract from 
tissue that had been labeled during 48 h with I-[n4C]NAA. After 
separation, the standards were visualized under UV light, and 
the [14C]-labeled compounds by autoradiography on Kodak 
XAR-5 film. In this way, the positions of [3H]-labeled com- 
pounds in the samples were determined. The silica was then 
scraped off into scintillation vessels. 

Radioactivity was measured after the addition of 4 ml Lumagel 
(Lumac) in a Philips PW 4540 liquid scintillation analyzer. The 
results were corrected for quenching and expressed as pmol per 
explant (for the uptake measurements) or as percentage of the 
radioactivity recovered (for the TLC samples). Through combi- 
nation of these data, the amounts of free NAA and metabolites 
present in the explants were calculated. 

R e s u l t s  

Putative Identification of  the Conjugates 

Ext rac t s  f rom exp lan t s  c u l t u r e d  48 h on  labeled  1- 
N A A  were  separa ted  by  fou r  d i f fe rent  so lven t  sys- 
tems (descr ibed  above) .  I n  s y s t e m  A,  which  gave 
the bes t  separa t ion  (see also C a b o c h e  et al. 1984), 
eight c o m p o u n d s  were  d e t e c t e d ,  s e v e n  of  which  
con ta ined  5% or  more  of  the rad ioac t iv i ty .  F igure  1 
shows examples  of  the s e p a r a t i o n  in so lven t  sys- 
tem A. 

F ree  N A A ,  1-NAGlu ,  a nd  1 - N A A s p  were  ident i-  
fied by  c o c h r o m a t o g r a p h y  wi th  au then t i c  samples  
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Fig. 2. Metabolism of 1-NAA during culture of tobacco ex- 
plants. Groups of 10 explants were cultured on 1 /~M 1-NAA 
with 37-370 kBq 1-[3H]NAA for different periods of time. Here- 
after, radioactivity was extracted from the explants. After TLC 
separation, the distribution of the radioactivity over the individ- 
ual spots was determined and expressed as percentage of total 
radioactivity recovered. Each point is the mean of five samples 
of four explants. Standard errors are indicated when larger than 
the symbol. Symbols represent free I-NAA (x, dotted line), 
NAGIu ((3), 1-NAAsp (A), and metabolites 1 (7) and 2 (Tq). 

in the four solvent systems, and compared to Rf 
values reported in the literature (Aranda et al. 1984; 
Brenner and Tonkinson 1974; Caboche et al. 1984; 
Goren and Bucovac 1973; Riov et al. 1979; Veen 
1966; Venis 1972; Vijayaraghavan and Pengelly 
1986; Zenk 1962). In solvent B, 1-NAGIu cochro- 
matographed with metabolite 1, giving the glucoside 
compound designated " B "  by Caboche et al. 
(1984), at Rf 0.05-0.09. The latter split up into two 
compounds after chromatography in solvent A, that 
is, metabolite 1 at Rf 0.25-0.29 and 1-NAGIu at Rf 
0.52-0.56.1-NAAsp resulted in a separate spot with 
all solvents. In the lower range, Rf 0.00--0.12 in sol- 
vent A, a few additional compounds were found, 
notably metabolite 4 (also found by Caboche et al. 
1984). For metabolites 2 (Rf 0.21-0.24) and 3 (0.12- 
0.16) no references have been found in the litera- 
ture. 

Metabolism of 1-NAA During Continuous Culture 

When extracts from explants cultured for different 
periods of time on 1-[3H]NAA were separated in 
solvent A, the distribution of the radioactivity over 
the spots showed that free 1-NAA declined rapidly 
during the first 12 h of culture, indicating rapid me- 
tabolism (Fig. 2). After 24 h, less than 5% of the 
1-NAA taken up was present as free hormone. 

During the first hour of culture, 1-NAGIu was the 
major metabolite, but from 6 h onward, metabolite 
1 increased to become the major one. The propor- 
tion of radioactivity in 1-NAGIu, about 25% after 4 
h, steadily decreased from 6 h onward, whereas that 
of metabolite 1 remained at a constant level of 
45-55%. 1-NAAsp and metabolite 2 were detected 
only after a lag period of 1-2 h (Fig. 2). 1-NAAsp 
became more abundant at 24 h of culture and re- 
mained at a stable level of -+23% of radioactivity 
thereafter. Metabolites 3 and 4 (not shown in Fig. 2) 
became more abundant after several clays of cul- 
ture, but together they never comprised more than 
15% of the total radioactivity in the explants. 

At different concentrations of 1-NAA in the me- 
dium, the same metabolites were formed in similar 
percentages (Table 1). There was, however, a ten- 
dency for a more than proportional conversion rate 
of free 1-NAA at higher 1-NAA concentrations, 
both after 2 and 24 h of culture. 

Metabolite Turnover After Application of a Pulse 
of l-NAA 

Since the percentage of I-NAGlu was found to be 
high at the early stage of culture, and to decrease in 
later stages, two possibilities exist: 1-NAA was ei- 
ther conjugated into 1-NAGIu in larger amounts at 
the onset of culture compared to later times, or 1- 
NAGlu was converted into other compounds. Dur- 
ing continuous culture, no net decrease in the total 
amount of 1-NAGlu was found (unpublished obser- 
vations). Since 1-NAA was continuously taken up 
and metabolized in large amounts, 1-NAGIu might 
be turned over extensively without any decrease in 
the actual level. 

To investigate conjugate turnover, a pulse-chase 
experiment was carried out. Explants were labeled 
for 2 h immediately after excision with radioactive 
1-NAA and subsequently metabolite levels were 
monitored during a chase. Figure 1 (lanes 1--4) 
shows that 1-NAGIu was synthesized very quickly, 
but also disappeared rapidly during the chase. The 
absolute amounts of 1-NAA and the major metab- 
olites after various chase periods are presented in 
Table 2 (upper half). These data show that the 
breakdown did not result in more free NAA, since 
its level also decreased. The radioactivity became 
for the most part associated with metabolite 1, as 
shown by the relatively constant level of 1-NAGIu 
together with metabolite 1 (Table 2). 

This conversion, and the formation of the other 
metabolites, was not affected by the presence of 
nonlabeled I-NAA in the medium during the chase 
(chase without 1-NAA in Fig. 1; chase with 1 IxM 
1-NAA not shown). 
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Table 1. Metabolism of I-NAA at different concentrations of  1-NAA. 

M. J. M. Smulders et al. 

Duration of Concentration 
the incubation a of  I-NAA (~.M) 

Distribution of  radioactivity (%)b 

Free 1-NAA I-NAAsp I -NAGlu  metabolite 1 

2 h  

24 h 

0.1 46.3 -+ 5.1 c 1.7 --- 0.7 21.9 --- 1.1 24.9 -+ 5.3 
1 38.5 • 3.8 1.5 --- 0.5 26.9 +-- 1.8 29.3 +_ 6.4 

10 35.9 -+ 5.8 1.1 • 0.0 26.5 -+ 2.8 31.8 -+ 7.5 
0.1 7.3 +-- 1.4 6.8 - 0.8 10.6 --- 1.0 55.8 --- 3.1 
1 3.1 --- 0.4 14.5 -*- 0.4 10.3 -- 0.8 56.9 - 1.I 

10 2.1 +- 0.5 13.3 +- 1.1 10.6 +- 0.4 59.3 --- 2.0 

a Groups of I0 explants were cultured on 0.1, 1, or 10 wM 1-NAA with 37 or 185 kBq I-[3H]NAA. After 2 or  24 h, radioactivity was 
extracted and separated on TLC. 
b Expressed as the percentage in a spot of the total amount of radioactivity recovered in the whole lane. 
c Each value is the mean of three samples of seven explants +- SEM. 

Table 2. Distribution of radioactivity over the different compounds during a chase. 

Duration of Amounts present (pmol explant-t)b 
pretreatment, 
pulse + Free I-NAGIu 
chase (h) a I-NAA I-NAGIu metabolite 1 + metabolite 1 1-NAAsp Others 

0, 2 + 0 2.9 -+ 0.4 c 2.9 -+ 0.1 3.5 - 1.5 6.4 - 0.3 0.1 - 0.0 0.4 + 0.0 
0, 2 + 2 0.5 -+ 0.0 1.0 - 0.0 7.9 --- 0.1 8.4 --- 0.3 0.2 -+ 0.1 0.8 - 0.0 
0, 2 + 24 0.1 +-- 0.0 0.2 ~ 0.0 8.1 ~ 0.1 8.3 - 0.1 0.2 -+ 0.0 1.2 - 0.1 

24, 2 + 0 1.5 -+ 0.1 4.0 --- 0.0 1.8 --+ 0.1 5.8 -+ 0.1 1.6 - 0.2 0.9 -.+ 0.0 
24, 2 + 2 0.3 - 0.0 1.4 - 0.1 3.8 +- 0.2 5.2 --- 0.1 2.8 • 0.2 1.4 -+ 0.1 
24, 2 + 24 0.1 --- 0.0 0.2 --- 0.0 4.2 --- 0.0 4.4 + 0.0 3.2 - 0.1 2.0 --- 0.1 

a Explants were cultured for 0 or 24 h on medium with 1 ~M I-NAA, and then transferred for 2 h to medium containing 1 I~M (104 kBq) 
1-[carboxyl-~4C]NAA. After the incubation, radioactivity was extracted either immediately or after a chase  of  2 or 24 h on medium 
without I-NAA. 
b A sample of the extract was used to determine the total amount of radioactivity present. The remainder was separated on TLC, the 
silica was scraped off, and the radioactivity in the spots was determined. From these data, the amounts  of  chemicals present was 
calculated. 

Each point is the mean of two samples of  10 explants +- SEM. 

Changes in Metabolism During Culture 

In order to investigate how I-NAA metabolism 
changed during culture, a similar pulse-chase exper- 
iment was carried out with explants cultured for 24 
h on 1 I~M 1-NAA (Fig. 1, lanes 5-8). The turnover 
of I-NAGlu was similar to that of freshly cut ex- 
plants, although the sum of I-NAGIu and metabo- 
lite 1 slightly decreased during the chase (Table 2). 
This suggests interconversion between metabolites, 
or release of free 1-NAA. 

The major change in the pattern of metabolites 
was the enhanced synthesis of I-NAAsp, from 
hardly any synthesis in freshly cut explants to more 
than 20% of the total amount of radioactivity in 1- 
day-old explants (Fig. I, compare lanes 5-8 with 
I-4). Presumably, the enzyme for the synthesis of 
this metabolite is not yet present when the explants 
are cut. 

To check whether exposure to 1-NAA induced 

these differences in metabolism, explants were pre- 
cultured for 24 h on either 1-NAA, the inactive an- 
alog 2-NAA, or on basal medium without additions, 
before they received a 2-h pulse with labeled 1- 
NAA, followed by a 24-h chase (Fig. 3). Only the 
explants which had been in contact with I-NAA 
formed considerable amounts of 1-NAAsp. Prein- 
cubation on basal medium, or  basal medium supple- 
mented with 2-NAA, resulted in a 1-NAA metabo- 
lism comparable to that in freshly cut explants. The 
only effect brought about by the 24-h preincubation 
was a 10% rise in the fraction of metabolites 3 and 
4. Enhanced synthesis of these metabolites appar- 
ently did not depend on the presence of active 
auxin. 

Metabolism of  2-NAA 

The question arose whether 2-NAA, which could 
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Fig. 3. Metabolism of  I -NAA after different treatments. Freshly 
cut explants and explants preincubated for 24 h on medium con- 
taining no auxin, 1 ~M 2- NAA, or I p,M I-NAA, were cultured 
for 2 h on medium containing 1 I~M 1-NAA and 185 kBq 
I-[3H]NAA. After a 24-h chase on medium without auxin, radio- 
activity was extracted and separated, and the distribution of the 
radioactivity was determined.  Columns from left to right: t- 
NAA, I-NAGIu, I -NAAsp,  metabolites 1, 2, 3, and 4. Each point 
is the mean of  three samples of  seven explants. Standard errors 
are indicated when larger than 0.25%. 

not induce changes in the metabolism of I-NAA 
was also metabolized differently. To test this, ex- 
plants were cultured for 1 or 24 h on 1 t~M labeled 
1-NAA or 2-NAA, or on labeled 2-NAA in the pres- 
ence of unlabeled 1-NAA. As shown in Fig. 4, the 
metabolism of 2-NAA was initially the same as the 
metabolism of 1-NAA. Later on differences oc- 
curred, notably the absence of an increase in the 
synthesis of 2-NAAsp. The reduced synthesis was 
not due to a lower affinity of the aspartate-forming 
enzyme for 2-NAA, since in the presence of unla- 
beled 1-NAA, the synthesis of labeled 2-NAAsp 
was at the same level as that of labeled 1-NAAsp. 
The synthesis of metabolite 3 of 2-NAA was higher 
than that for 1-NAA. 

Conversion of Metabolites and Release of 1-NAA 

To obtain conclusive evidence for the release of 
1-NAA from conjugates, radioactivity was ex- 
tracted from explants cultured for 6 h on medium 
containing 10 IxM 1-[zaC]NAA. After separation, 
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the labeled metabolites were extracted from the 
TLC plate and fed to explants. After 2 h of culture 
on labeled 1-NAGlu, the radioactivity was ex- 
tracted from explants and again separated on TLC 
(Table 3). The very large fraction of 1-NAGlu (44%) 
indicated that the radioactivity had indeed been 
taken up in the form of the glucoside (compare Ta- 
ble 3 with Fig. 2). Radioactivity was also found in 
free 1-NAA and metabolite 1 (Table 3). After 3-day 
incubations on labeled 1-NAGIu, 1-NAAsp, or me- 
tabolite 1, all of the radioactivity had been con- 
verted to all these metabolites in the same propor- 
tions, irrespective of which conjugate had been ap- 
plied. 

Discussion 

1-NAA is quickly metabolized in tobacco explants 
(Figs. 1 and 2). The metabolites were only analyzed 
by TLC. Their behavior in four solvent systems was 
considered sufficient proof for identification within 
the scope of this study. 1-NAGIu is the first major 
metabolite after feeding of 1-NAA (Goren and Bu- 
covac 1973; Riov et al. 1979; Zenk 1962). In the 
experiments described herein, it was found that the 
I-NAGIu formed is further metabolized, presum- 
ably into metabolite 1. This metabolite--probably 
also a sugar ester (Caboche et al. 1984)---within a 
few hours becomes the most abundant conjugate. 
The turnover of 1-NAGlu is indicated by (a) the 
synthesis and disappearance of I-NAGlu during a 
pulse-chase experiment (Fig. 1), (b) the turnover 
both at the beginning of culture and 24 h later, and 
(c) the constancy of the sum of 1-NAGlu and me- 
tabolite 1 during the disappearance of 1-NAGIu (Ta- 
ble 2). At this moment, two possible mechanisms 
for this interconversion can be envisaged: direct 
conversion of 1-NAGIu into metabolite 1, or break- 
down to free 1-NAA, from which metabolite 1 is 
subsequently metabolized. 

Direct conversion of IAA-glucose into IAA- 
myo-inositol has been found in maize kernels 
(Bandurski 1984; Michalczuk and Bandurski 1982). 
Recently, IAA-myo-inositol has also been detected 
in tobacco (Aharoni and Cohen 1986). The IAA- 
glucose synthase (UDP-glucose: IAA glucosyl 
transferase) from maize kernels has been reported 
to have a high affinity for 1-NAA. The same en- 
zyme may therefore be active in our tobacco tissue. 
The IAA-myo-inositol synthase (indoleacetyl- 
glucose: myo-inositol indoleacetyl transferase) from 
maize kernels only has a very low affinity toward 
1-NAGlu compared to IAA-glucose (Bandurski 
1984; Michalczuk and Bandurski 1982). In view of 
its rapid synthesis (Fig. 2), metabolite 1 would not 
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Fig, 4. Compar i son  o f  t h e  metabol i sm of  I -NAA and 
2-NAA. Explants  were cu l t u r ed  for 1 h on 1 I~M 
I -NAA and 370 kBq I - [3H]NAA or 24 h on 1 ~,M 
1-NAA and 37 kBq 1-[3H]NAA. Other  explants  were 
cul tured for 1 h on 1 p.M 2 -NAA and 370 kBq 
2-[3H]NAA or for 24 h o n  1 I~M 2-NAA and 37 kBq 
2-[3HINAA. Finally, exp l an t s  were  cul tured for 24 h 
on I g M  I -NAA and 37 kBq  2-[3H]NAA. After  the 
incubation,  radioactivity was  determined.  Columns  
as in Fig. 3. 

Table 3. Fate  o f  I -NAA metaboli tes  fed to explants.  

Time of  
Metabolite incubation 
fed ~ (h) 

Distribution of  the radioactivity (%)b 

I -NAA I-NAGIu I -NAAsp  metabol i te  1 Others  

I -NAGlu 2 23.5 - 0.3 c 44.0 _+ 1.4 0.9 • 0.2 26.1 - 0.5 5.2 +-- 0.8 
I-NAGIu 24 2.4 +-- 0.1 10.3 --- 1.2 3.3 • 0.8 61.7 • 0.4 22.1 - 0.9 
I -NAGIu 72 0.3 --. 0.0 2.2 • 0.2 1.4 --- 0.1 53.1 -+ 1.2 42.9 --- 1.8 
I -NAAsp  72 0.8 - 0.8 3.9 --- 1.5 3.5 _ 1.8 60.7 - 2.0 31.1 -+ 0.5 
metaboli te 1 72 1.3 - 0.3 2.2 - 0.1 1.2 • 0.I 65.0 --- 0.5 30.3 --- 0.1 

a Labeled I -NAA metaboli tes  were obtained from groups o f  40 explants  incubated for 6 h on medium con ta in ing  I0 I~M (1040 kBq) 
I-[~"C]NAA by extract ion and separation on TLC.  The conjugates were fed to explants  for 2, 24, or  72 h .  
b Extracts  f rom these  explants  were separated,  and the distribution of  the radioactivity over  the spots  w a s  de termined.  
c Each point is the mean  of  two samples  of  five explants  - SEM. 

be expected to be 1-NAA-myo-inositol. Alterna- 
tively, the IAA-inositol synthase in tobacco could 
have a higher affinity for 1-NAA. 

An alternative to a direct conversion of 1-NAGIu 
into metabolite 1 is that 1-NAGlu is hydrolyzed into 
free NAA, from which metabolite 1 is subsequently 
synthesized directly. Hydrolysis of 1-NAGlu into 
1-NAA is possible, as shown in explants that were 
fed 1-NAGIu (Table 3). The synthesis of IAGIu 
from IAA is reversible (Leznicki and Bandurski 
1988). If formation of metabolite 1 were to occur 
from free 1-NAA, one would expect compartmen- 
tation of the conjugation processes because 1-NAA 
newly entering the cell is first converted to 1- 
NAGIu and not metabolite 1. 1-NAGIu is possibly 
hydrolyzed into free 1-NAA in a compartment dif- 
ferent from where it is formed, and in this new com- 
partment the formation of metabolite 1 could take 

place. Compartmentation o f  conjugation processes 
was also suggested by Davidonis et al. (1980) for 
2,4-dichlorophenoxyacetic acid (2,4-D) conjuga- 
tion. 

When explants were fed 1-NAGIu o ro the r  me- 
tabolites, both free 1-NAA and all other metabolites 
were consistently found (Table 3). Conjugates of 
1-NAA were considered stable. Hydrolysis at a low 
rate has only been reported for 1-NAAsp (Kazemie 
and Kl~imbt 1969; Vijayaraghavan and Pengelly 
1986). Release of free hormone from conjugates has 
been found for IAA (Hangarter and Good 1981). 
Also the synthetic auxin 2,4-D is released from its 
metabolites in plant tissues (Davidonis et al. 1980). 
In the light of our results, it appears that 1-NAA 
metabolites are also subject to such degradation. 

Release of free 1-NAA from the conjugates (Ta- 
ble 3) indicates that the low level of free 1-NAA 
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after longer incubations is the result of an equilib- 
rium between conjugate synthesis and degradation. 
In this way, a low level of 1-NAA is maintained as 
free hormone--a mechanism also proposed for IAA 
(Bandurski 1980; Cohen and Bandurski 1982; 
Leznicki and Bandurski 1988) and 2,4-D (Davidonis 
et al. 1980). From the results in Fig. 2, it appears 
that the level of free hormone is 2-4% of the total 
amount taken up. 

The metabolism of 1-NAA changes during the 
course of culture (Fig. 1), that is, at different stages 
in culture metabolites are formed in varying 
amounts (Caboche et al. 1984; Stidi 1964, 1966; 
Zenk 1962). The change in the amount of 1-NAAsp 
is important. 1-NAAsp is formed at a high rate after 
24 h of culture, but hardly at the start of culture 
(Figs. I and 3). The change in metabolism was in- 
duced by 1-NAA but not by 2-NAA (Fig. 3). This 
was not due to the lack of affinity of the aspartate- 
forming enzyme for 2-NAA, since 2-NAAsp was 
accumulated in almost the same amount as 1- 
NAAsp when both substances were supplied to the 
explants (Fig. 4). Therefore, the difference in effect 
must be related to the difference in activity as an 
auxin, 2-NAA being an inactive analog (Smulders et 
al. 1988a). It has also been found for other chemi- 
cals that the capacity to induce the formation of the 
aspartate-conjugate is dependent on the activity as 
an auxin (Bandurski 1984; Stidi 1964, 1966; Venis 
1972). The induct ion is also concent ra t ion-  
dependent, since high concentrations of 1-NAA 
lead to more than proportional increase in the NAA 
conjugation (Table 1). Thus the induction of auxin- 
aspartate synthase may be a specific and quick re- 
sponse to auxin-receptor binding. However, the 
physiological function of this induced synthesis re- 
mains unclear. From the data on the metabolism of 
2-NAA (Fig. 4), it appears that if the aspartate for- 
mation is not induced, this does not lead to a higher 
concentration of free NAA in the tissue. 

In conclusion, it appears that conjugation of 1- 
NAA has more in common with IAA metabolism 
than generally assumed. In particular, 1-NAA con- 
jugation, as IAA-conjugation, seems to play a reg- 
ulatory role in maintaining a particular level of free 
hormone in the tissue. 
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