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Investigations in vitro of the non-tryptophan auxin biosynthetic pathway.  

We studied the environmental and developmental regulation on the use of the tryptophan independent 
pathway to IAA biosynthesis in several selected systems.  These include our demonstration that there is a 
change in the utilization of the tryptophan pathway during fruit ripening in tomato (Epstein et al. 2002).  
We showed, using a mass spectrometric/stable isotope method in concert with a tomato ripening-mutant 
that the conversion from tryptophan dependent to independent pathway was associated with the transition 
to reduced cell growth that usually accompanies the initial events of ripening. Other studies showed that 
changes in growth temperature changed the pathway being utilized in Lemna gibba and this apparent 
environmental effect was further explored by a study of the effect of wounding on the change to 
tryptophan-dependent IAA biosynthesis (Rapparini et al. 2002).  Additional work has looked at this 
wounding effect by looking for possible differential utilization of the IAA produced following wounding 
depending on its biochemical origins (Sztein et al. 2002).     

A facile radiotracer method for discriminating between the activities of tryptophan-dependent and 
tryptophan-independent pathways for IAA biosynthesis was developed.  This method utilizes the 
simultaneous exposure of plants to [14C]anthranilate in the presence or absence of excess unlabeled 
tryptophan in order to determine if tryptophan feeding can affect the relative enrichment of the IAA pool. 
Using this radiotracer method, the activities of the two biosynthetic pathways were analyzed in isolated 
axes of germinating bean seedlings at various times after cotyledon excision.  Unlabeled tryptophan 
suppressed [14C]anthranilate conversion into IAA in isolated axes of different ages immediately following 
cotyledon excision.  On the other hand, tryptophan feeding did not inhibit [14C]IAA accumulation in 
isolated axes 36 or 120 h after cotyledon excision.  Thus, this method was able to resolve time-dependent 
differences following cotyledon excision in the biosynthetic activities of the two pathways. Moreover, the 
present results lend further support to the emerging consensus that the tryptophan-dependent pathway acts 
to maintain very high IAA levels required for mediating rapid cell proliferation in wounded tissues and, as 
previously shown, young embryos (Sztein et al. 2002).  
 
The direct conversion of indole to indole-3-acetic acid without tryptophan as an intermediate has 
previously been shown to occur in vivo, as well as in vitro, with seedlings of plants. In order to facilitate the 
purification of the enzymes that carry out the enzymatic synthesis of indole-3-acetic acid from labeled 



indole, it was necessary to develop an assay that had both high sensitivity and analytical precision. To 
obtain the required analytical resolution and to allow definitive product identification, [13C6]indole was 
synthesized for use in GC-MS assays of the enzymatic conversion. Plants have been shown to be able to 
synthesize indole-3-acetic acid either directly from indole as well as by degradation of tryptophan. Thus, in 
order to allow the biochemical discrimination between these processes, the synthesized [13C6]indole was 
used as a starting material for a novel enzymatic synthesis of [13C]isotopomers of L-tryptophan labeled at 
specific positions. Together, these isotope-labeled indolic compounds offer powerful new approaches to 
understanding and differentiating routes of indole-3-acetic acid biosynthesis in vitro and in vivo (Ilic and 
Cohen, 2004). 
 
IAA biosynthesis from tryptophan.  
 
In collaboration with Dr. Yunde Zhao, we characterized a dominant activation tagged Arabidopsis line, 
yucca, which contains elevated levels of free auxin.  YUCCA was found to encode a flavin 
monooxygenase-like enzyme and belongs to a family that includes at least nine other homologous 
Arabidopsis genes, a subset of which appear to have redundant functions.  Results from tryptophan analog 
feeding experiments and biochemical assays indicate YUCCA catalyzes hydoxylation of the amino group 
of tryptamine, a rate-limiting step in one of the tryptophan-dependent auxin biosynthesis pathways (Zhao et 
al. 2001).  
 
A graduate student, Angela Hendrickson, studied the Trp-D IAA biosynthesis in maize endosperm. The 
tryptophan-dependent pathway is the primary system utilized in maize endosperm during development. 
This pathway and its intermediates have not been fully elucidated, nor have the enzymes performing the 
reactions been identified and characterized.  We focused our work on development of methodology for 
optimizing the conversion of stable-labeled tryptophan ([2H5]trp) to IAA in the maize endosperm system. 
The amount of synthesized IAA was measured using GC-MS-SIM analysis and this appears necessary to 
avoid problems of data analysis. This procedure uses [13C6]IAA as an internal standard to determine the 
amount of [2H5]IAA produced. This optimized reaction was also used to determine intermediates in the 
biosynthetic pathway (such as indoleacetaldehyde) using an interference method we call “cold trapping”. 
This method helped in identifying the enzymes involved in the conversion since it allowed protein 
purification to proceed along with critical identification of reaction intermediates. Optimization included 
assessing appropriate cofactors, buffers, and experimental conditions to convert the maximum amount of 
tryptophan that the system can handle.  Most critical was the ability to purify the system using cell 
fractionation techniques and solubilization of the proteins using specific membrane detergents. Using the 
isotope-trapping techniques, putative intermediates in all tryptophan-dependent IAA biosynthesis 
pathways postulated were analyzed and tested for their involvement by examining three factors: 1) if the 
intermediate was present in endosperm, 2) if the putative intermediate was converted to IAA, and 3) if the 
putative intermediate could interfere with tryptophan conversion to IAA when fed to endosperm in 20 
times excess of tryptophan.  No putative intermediates matched all three factors, pointing to a biosynthesis 
pathway that bypassed traditional intermediates. This was confirmed by analyzing radioactive metabolites 
of tryptophan in endosperm enzyme extracts.  We thus identified a new pathway for IAA biosynthesis 
which consists of a small protein 8-16 kDa, which covalently binds tryptophan and produces IAA.  The 
bond is most likely a thio-ester, with lability around the chiral center which allows for release of a racemic 
mixture of tryptophan, although only L-tryptophan is used (Culler, 2007).   
 
 



Auxin biosynthesis during zygotic embryogenesis in carrot and other developing plant tissues.  

All plants exhibit the property of cellular totipotency, whereby individual cells can regenerate into an entire 
organism. However little is known about the underlying mechanisms regulating totipotency. Using a 
preparative microtechnique, we reported an 80-fold surge in the concentration of free auxin that is 
correlated with the initial stages of zygotic embryogenesis in carrots.  The free IAA concentration 
increased from a basal level of ca. 25 ng/g FW in unfertilized ovules, to ca. 2,000 ng/g FW in the late 
globular and early heart stages, then back to the basal level in the torpedo stage. This initial increase in IAA 
levels is diagnostic of the activity of the tryptophan-mediated pathway for IAA biosynthesis, while the 
maintenance of the basal levels is attributed to the tryptophan¬independent pathway for IAA biosynthesis.  
Our observations are consistent with the hypothesis that the sequential activation of alternative IAA 
biosynthetic pathways is a critical mechanism for regulating carrot embryogenesis and other instances of 
plant totipotency (Ribnicky et al. 2002). 

Tools necessary to determine the roles of IAA-amino acid conjugates in plants.  

The gene for a specific IAA-asp hydrolase from Enterobacter agglomerans, iaaspH, is a potentially useful 
tool for modification of IAA homeostasis in higher plants that use the IAA-asp oxidation pathway for auxin 
catabolism.  In order to optimize the utility of this gene for plant modification and to increase the success of 
obtaining iaaspH transformed plants from culture, we have investigated aspects of IAA-asp hydrolase 
catalysis. The catalytic characteristics of the IAA-asp hydrolase from Enterobacter agglomerans was 
studied using ten compounds that are structural analogues of IAA-asp. These compounds were tested as 
potential IAA-asp hydrolase substrates as well as for inhibition of IAA-asp hydrolysis. Among them, 
N-carbobenzyloxy-D-aspartic acid (N-CBZ-D-asp) and N-CBZ-L-asp were found to be the strongest 
inhibitors with more than 80% inhibition of IAA-asp hydrolysis. Aspartyl-L-aspartic acid and a 
asp-ser-asp-pro-arg peptide also showed strong inhibitory activities, reducing rates of IAA-L-asp 
hydrolysis, when added at equal molar amounts relative to the substrate, by 60% and 65%, respectively. 
N-CBZ-D-asp was chosen for further kinetic studies and for studies of its toxicity in relation to seed 
germination because it was a strong inhibitor, exhibited a very low rate of hydrolysis by the IAA-asp 
hydrolase and was commercially availability. N-CBZ-D-asp was shown to be a competitive inhibitor for 
the Enterobacter agglomerans IAA-asp hydrolase. Studies of tomato seed germination showed that 
N-CBZ-D-asp did not affect the rate of seed germination at up to 1 mM, but the growth rate of seedlings 
was significantly reduced when the concentration in the medium was 0.5 mM and higher.  These results 
indicate that, at suitable concentrations, N-CBZ-D-asp should be a useful tool for control of low level 
expression of the iaaspH in transgenic plants during critical stages of plant regeneration from culture (Chou 
et al. 2002).  

The indole-3-acetyl-L-aspartic acid (IAA-Asp) hydrolase of Enterobacter agglomerans has also shown 
very high substrate specificity compared to similar IAA-amino acid hydrolase enzymes (ILR1, IAR3¡K) 
found in Arabidopsis. In addition, the IAA-Asp hydrolase also exhibits, relative to the Arabidopsis-derived 
enzymes, a very high Vmax (fast reaction rate) and a higher Km (lower substrate affinity). These two 
characteristics indicate there are fundamental differences in the catalytic activity between this bacterial 
enzyme and the Arabidopsis enzymes. Understanding the basis for these differences may provide a route to 
optimize the bacterial enzyme to retain the high Vmax but obtain a lower Km. By employing a computer 
modeling approach, a catalytic residue, His385, from a non-sequence related zinc-dependent exopeptidase 
(carboxypeptidase G2, 1cg2) of Pseudomonas was found to structurally match the His405 of IAA-Asp 



hydrolase. The His405 residue is conserved in all related sequences of bacteria and Arabidopsis. Point 
mutation of this His405 to seven different amino acids (Asp, Glu, Val, Thr, Ser, Cys, or Lys) resulted in 
completely eliminating enzyme activity. However, point mutation on the neighboring His404 to eight other 
residues (Arg, Lys, Phe, Tyr, Val, Asp or Glu) resulted in reduction, to various degrees, of the enzyme 
activity. Amino acid substitutions for His404 also showed this residue influenced the minor activity of the 
IAA-Asp hydrolase for the substrates IAA-Gly, IAA-Ala, IAA-Ser, IAA-Glu, and IAA-Asn. These results 
show the value of structural modeling for predicting target residues for further study and for directing 
bioengineering of enzyme structure and function. Bacterial indole-3-acetyl-L-aspartic acid (IAA-Asp) 
hydrolase has shown very high substrate specificity compared with similar IAA-amino acid hydrolase 
enzymes found in Arabidopsis thaliana. The IAA-Asp hydrolase also exhibits, relative to the Arabidopsis 
thaliana-derived enzymes, a very high Vmax (fast reaction rate) and a higher Km (lower substrate affinity). 
These two characteristics indicate that there are fundamental differences in the catalytic activity between 
this bacterial enzyme and the Arabidopsis enzymes. By employing a computer simulation approach, a 
catalytic residue, His-385, from a non-sequence-related zinc-dependent exopeptidase of Pseudomonas was 
found to structurally match His-405 of IAA-Asp hydrolase. The His-405 residue is conserved in all related 
sequences of bacteria and Arabidopsis. Point mutation experiments of this His-405 to seven different 
amino acids resulted in complete elimination of enzyme activity. However, point mutation on the 
neighboring His-404 to eight other residues resulted in reduction, to various degrees, of enzyme activity. 
Amino acid substitutions for His-404 also showed that this residue influenced the minor activity of the 
IAA-Asp hydrolase for the substrates IAA-Gly, IAA-Ala, IAA-Ser, IAA-Glu and IAA-Asn. These results 
show the value and potential of structural modeling for predicting target residues for further study and for 
directing bioengineering of enzyme structure and function (Chou et al. 2004). 

Esterification of indole-3-acetic acid (IAA) is thought to be an important component in the homeostatic 
regulation of the levels of this phytohormone. To better understand the role of the initial step in IAA 
esterification in the control of IAA levels, transgenic tomato plants were generated that either express 
maize IAGLU or have reduced levels of the enzyme IAA-glucose synthetase. These plants were obtained 
by expressing maize IAGLU in either sense or antisense orientation using the CaMV35S promoter.  The 
maize IAGLU probe hybridized to two transcripts (1.3 kb and 2.5 kb) in wild-type tomato vegetative tissue 
and green fruit. The sense and antisense transformants exhibited distinct phenotypic characteristics. Sense 
transformants showed an almost complete lack of root initiation and development. Antisense transgenic 
plants, on the other hand, had unusually well developed root systems at early stages in development, and 
the amount of the endogenous 75 kDa IAGLU protein was reduced. IAGLU antisense plants also had 
reduced levels of IAA-glucose and lower esterified IAA (Iyer et al. 2005).  
 
Overexpression of the IAGLU gene from maize (ZmIAAGLU) in Arabidopsis thaliana, under the control of 
the CaMV 35S promoter, inhibited root but not hypocotyl growth of seedlings in four different transgenic 
lines. Although hypocotyl growth of seedlings and inflorescence growth of mature plants was not affected, 
the leaves of mature plants were smaller and more curled as compared to wild-type and empty vector 
transformed plants. The rosette diameter in transgenic lines with higher ZmIAGLU expression was also 
smaller compared to the wild type. Free indole-3-acetic acid (IAA) levels in the transgenic plants were 
comparable to the wild type, even though a decrease in free IAA levels might be expected from 
overexpression of an IAA-conjugate–forming enzyme. IAA-glucose levels, however, were increased in 
transgenic lines compared to the wild type, indicating that the ZmIAGLU gene product is active in these 
plants. In addition, three different 35SZmIAGLU lines showed less inhibition of root growth when 
cultivated on increasing concentrations of IAA but not indole-3-butyric acid (IBA) and 
2,4-dichlorophenoxyacetic acid (2,4-D). Feeding IAA to transgenic lines resulted in increased 



IAA-glucose synthesis, whereas the levels of IAA-aspartate and IAA-glutamine formed were reduced 
compared to the wild type. Our results show that IAA homeostasis can be altered by heterologous 
overexpression of a conjugate-forming gene from maize (Ludwig-Müller et al. 2005). 
 
Determine using short term in vivo labeling studies in Lemna gibba how tryptophan dependent and 
independent pathways change based on environmental signals.  
 
Auxins control many different aspects of plant growth and development and it has been known for over a 
century that auxin act as the messenger linking plant development to specific environmental changes. An 
often-overlooked aspect of how auxin accomplishes this involves how the environment alters the 
metabolism the major plant auxin, indole-3-acetic acid (IAA).  We reported that one environmental 
variable, growth temperature, significantly alters several aspects of IAA metabolism. The model system 
used was an inbred line of the aquatic monocot Lemna gibba G-3, 3F7-11, grown at temperatures ranging 
from 5 to 35C. IAA levels, the rate of IAA turnover, and the patterns of label incorporation from IAA 
precursors were measured using stable isotope-mass spectrometric techniques and evaluated relative to 
growth at the experimental temperatures.  IAA levels exhibited unusually high variability in plants grown 
at 15°C and 20°C. Turnover rates were quite rapid throughout the range of experimental temperatures 
except at 25°C, where IAA turnover was notably slower. These results suggested that a transition occurred 
over these temperatures for some aspect of IAA metabolism. Analysis of [15N]anthranilate and 
[2H5]tryptophan incorporation into IAA showed that tryptophan dependent biosynthesis predominated at 
15°C however, tryptophan-independent biosynthesis of IAA was the major route to IAA at 30°C. The 
effects of growth temperature on auxin levels have been reported previously, however, no prior studies 
correlated these effects with which pathway becomes the primary one for IAA production (Rapparini et al. 
2002).  

Auxin response factors ARF6 and ARF8 promote jasmonic acid production and flower maturation  

 
Pollination in flowering plants requires that anthers release pollen when the gynoecium is competent to 
support fertilization. We show that in Arabidopsis thaliana, two paralogous auxin response transcription 
factors, ARF6 and ARF8, regulate both stamen and gynoecium maturation. arf6 arf8 double-null mutant 
flowers arrested as infertile closed buds with short petals, short stamen filaments, undehisced anthers that 
did not release pollen and immature gynoecia. Numerous developmentally regulated genes failed to be 
induced. ARF6 and ARF8 thus coordinate the transition from immature to mature fertile flowers. Jasmonic 
acid (JA) measurements and JA feeding experiments showed that decreased jasmonate production caused 
the block in pollen release, but not the gynoecium arrest. The double mutant had altered auxin responsive 
gene expression. However, whole flower auxin levels did not change during flower maturation, suggesting 
that auxin might regulate flower maturation only under specific environmental conditions, or in localized 

organs or tissues of flowers. arf6 and arf8 single mutants and sesquimutants (homozygous for one mutation 
and heterozygous for the other) had delayed stamen development and decreased fecundity, indicating that 
ARF6 and ARF8 gene dosage affects timing of flower maturation quantitatively (Nagpal et al. 2005). 
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