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the auxin is ionized in the cell cytosplasm, due to higher pH, this
“wingless” auxin requires an active efflux complex to exit the cell as
shown schematically in Figs. 9(a) and 9(b). Figure 9(b) provides the
relatively simple transports of IAA in the tip of a young root. Note that
it appears that auxin in the root can be “recycled” from the “elonga-
tion zone” to the polar transport stream, down the center of the root,
towards the tip, at the stem cells of the root (above the columella root
cap, where there is a “fountain” of auxin biosynthesis). Thus, an
auxin maximum is established from where the auxin flow is directed
up, again, at the root periphery in the “cell division zone”. The efflux
is an active, carrier-dependent process facilitated by PIN protein and

34 Phytohormones & Patterning

Fig. 9. Auxin movement through a cell and a root. (a) Auxin movement
through plant cells. Auxin entry into plant cells is mediated by diffusion or
active uptake via an uptake carrier. Auxin export depends on an active
efflux carrier. (b) Auxin movement in a root. Auxin accumulates in a specific
pattern in root tips and is required for cell specification around the stem
cell niche. Auxin enters the auxin maximum from above and exits it through
the root cap. Auxin from the root cap is channeled back up the root and can
be recycled into the auxin maximum from above. (From Leyser, 2005).
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at least in some cases by PGP proteins, as noted above. The PIN pro-
teins cycle between the plasma membrane and intracellular vesicular
compartment. On the plasma membranes, PIN proteins are com-
monly located polarly to a specific cell surface according to the
direction of the auxin flow (Fig. 9a). While the efflux facilitators (PIN,
PGP) are always required to drive auxin outside the cell, the influx
facilitator, AUX1, is apparently critical only when rapid uptake
is required. In the latter case, the dissipation of the auxin in the
apoplast, by diffusion, is prevented. The acropetal/basipetal move-
ment of auxin in the root has its origin in the early embryo and is
further elaborated in the young seedling, when this movement affects
tissue differentiation, as shall be noted below when the plant organs
shall be handled. In animal systems, the gradient of morphogen is
decisive in differentiation along the flow. While the movement of
auxin in plants has regulators (e.g. influx and efflux facilitators), thus
the auxin movement is much less dependent on the source of auxin
and its diffusion. Also, auxin can originate from more than one
source and can be recycled as in the root (Fig. 9b) and may “pave”
its own “road” (in leaf venation and the induction of vascular tissue)
as reviewed by Berleth and Sachs (2001) (see also Galun, 2007).
“Paving its own way” is probably executed by the ability of auxin to
facilitate PIN formation. This “road-pavement” takes place when the
polar transport from the shoot apex towards the root is interrupted by
wounding. Then, auxin accumulates at the upper edge of the cut, ini-
tiating cell division to bridge the cut and reestablish polar transport.
Animal morphogens generally lack such characteristics. Plants use
the efflux facilitators, such as PIN protein, to direct auxin flow to a
specific direction. Moreover, at least in some tissues, the efflux is
driven by specific PIN proteins. For example, PIN1 directs auxin in
the shoot apical meristem toward a small location, at the flank of the
apical dome, so that surrounding locations are depleted of auxin. The
PIN7 is active in the very young embryo where the auxin level in
the small apical cell is increased while the auxin in the basal cell
is decreased. PIN7 is found in the upper side of the basal cell,
apparently “pumping” auxin from the basal to the apical cell. On the
other hand, at least some PIN proteins can compensate each other so
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that a mutation in one specific PIN gene may not result in a strong
phenotype.

Leyser (2006) compared the system of auxin flows in plants to a
complex and dynamic road network through which the traffic (the
auxin) flows. She suggested two central challenges for auxin biolo-
gists: to decipher the auxin “highway code” and to determine how
the behavior of auxin in this system is read out to drive specific pat-
terning and growth processes. Clearly, read-outs from auxin
distribution network require local sensing of auxin. For this sensing,
auxin signal transduction is a key issue. This signal transduction will
be handled in a section below.

Kramer and Bennett (2006) focused their review on auxin transport
in plant roots. They updated the information on transport by diffusion
versus transport by the influx and efflux facilitating proteins (AUX1,
PGP and PIN). As mentioned above, the main plant auxin (IAA) can
have either a protonated form (IAAH) or an anionic form (IAA–).
Being a weak acid with a dissociation constant of pH 4.8, IAA will
be mostly (99.4%) in the IAA– form in neutral or basic pH, but in
acidic compartment (at pH 2), IAA will be mostly (99.8%) protonated
(IAAH). Because the apoplast space in Arabidopsis is commonly
about pH _~ 5.8, about 20% of this apoplast-IAA will be protonated.
The IAAH can diffuse into plant cells through their lipid plasma
membrane but at a low speed and the influx by specific protein facil-
itator seems to be, in epidermal cells of the root elongation zone
cells, much greater than diffusion. The estimated rate of facilitator-
mediated transfer/diffusion transfer, in these cells, was about 15. The
importance of the influx facilitator AUX1 is revealed by aux1 mutants
where the influx is drastically reduced. This led to an estimate that in
these root cells, the AUX1 import is about 10 times more efficient than
diffusion. Thus, Kramer and Bennett (2006) suggested that influx diffu-
sion in these root cells is only “supplemental” for root developmental
processes. It should be noted that the facilitator of influx of IAA causes
also influx of 2,4-D but not of NAA. As for the aforementioned PGP,
it is not yet clear if it can also play a role in influx of IAA (the role in
efflux of IAA by proteins, encoded in AtPGP1 and AtPGP19, was estab-
lished). It is also noteworthy that the main route of IAA transport
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appears to change with the maturation of the Arabidopsis seedling
(Ljung et al., 2005). In the root of the very young seedling, polar
auxin transport predominates, while after 5 days, phloem-mediated
transport takes over. There are large zones of PIN1 and PGP1 expres-
sion in the roots stele, while the expression of the influx facilitator
AUX1 is limited to two files of protophloem cells that connect mature
phloem with the center of the root apex. This suggests that the pro-
tophloem files unload auxin distally from the conducting phloem.
Not only PIN1 but also four additional PIN proteins (e.g., PIN2,
PIN3, PIN4 and PIN7) participate in the fine-tuning of the root apical
auxin gradient. This fine-tuning affects the expression of develop-
mental determinants, such as the PLETHORA transcription factor.
There is thus a probably additional interaction involved in the stabi-
lization of auxin gradient at the root tip.

In a recent review, J. Friml and associates (Vieten et al., 2007) were
wondering how a single hormone (IAA) can be involved in a plethora
of patterning schemes in various plant organs and responses to envi-
ronmental effectors (e.g., root meristem maintenance, vascular tissue
differentiation, hypocotyl and root elongation, apical hook formation,
apical dominance, fruit ripening, growth responses to environmental
stimuli, as well as several others). Vieten et al. (2007) looked for an
answer in the mechanisms of auxin transport, and the “position
awareness” of the affected cells. By “position awareness” I mean, for
example, that cells in the flanks of the shoot apical dome sense their
position and are “ready” to respond (directly or indirectly) to IAA in
a very specific manner that is different from the response of cells at
the periphery of young leaves, where vascular tissue is required for
veination of these leaves. In the former case, IAA will be involved in
lateral outgrowth while in the latter case, IAA will be involved in vein
formation. The “position awareness” cells should also gain the capa-
bility to sponge IAA or to remove it. For this capability, an effective
transport system is required. Transport can be long range (i.e. via the
phloem) or transport between adjacent cells. Vieten et al. (2007)
focused on the latter transport. As already noted above, the plasma
membrane location, where PIN protein is located, is providing the
direction of IAA efflux. In gnom mutant embryos, the coordinated
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polar localization of PIN1 protein is not established, resulting in
embryos with poorly defined apical basal axes and lack of bilateral
symmetry. GNOM encodes a factor which mediates formation of
exocytic vesicles at endosomes responsible for carrying PIN proteins.
We should recall that PIN proteins are capable of “constitutive
cycling” between endosomes and plasma membrane. Hence, the
GNOM protein probably has a major role in placing PINs at the
required site on the plasma membrane. GNOM is not the only factor
that affects the correct localization of PIN proteins. Moreover, it
could be that each factor affects specific PIN proteins (i.e. PIN2 but
not PIN1). PIN2 is involved in the gravitropic response. When roots
of Arabidopsis are turned sideways, there is an increase of auxin con-
centration in the epidermis and the lateral root cap on the new lower
side, and a decrease on the new upper side. This decrease coincides
with a decrease of PIN2 on the upper side. It seems that the decrease
of PIN2 is caused by ubiquitination. One additional factor identified
to mediate decisions about the polarity of PIN targeting is the Ser/Thr
kinase PINOID (PID). The pid mutants have severe phenotypes: bare
inflorescence shoot with much reduced lateral outgrowths.
Overexpression of PID also has severe morphological consequences
as primary roots collapse, due, probably to auxin depletion. It seems
that PID determines apical to basal localization of PIN in a given cell,
and by that can control the direction of IAA flow. It was pointed out
above that auxin is probably capable to pave its own road. Due to an
indication that auxin is involved in PIN expression and possibly also
its location on the plasma membrane, Vieten et al. (2007) suggested
that auxin could influence both the rate (paving its own road) and the
directionality of its own flow.

Boutte et al. (2007) of the Swedish Agricultural University in Umeå
also updated the advances towards an understanding of cellular
auxin transport activities of presumptive carrier proteins, as well as
the intercellular signaling of auxin-dependent cell and tissue polarity.
One of the questions that was recently asked was whether the auxin
influx and efflux proteins (AUX1, PIN and PGP) can mediate the
auxin transfer only by complexing with other (not yet revealed) pro-
teins or they do not require such “helpers.” To answer such questions,
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the influx and efflux facilitators were introduced into heterologous
cells, such as yeast, mammalian cells and Xenopus oocytes. For
AUX1, a simple answer was obtained. This influx facilitator can
import auxin across the plasma membrane of yeast and human HeLa
cells. Hence, AUX1 can be regarded as a bona fide auxin influx car-
rier. Surprisingly, the proteins PGP1, PGP19 and PGP4 can also
cause influx of auxin into HeLa cells. Such an influx activity was
attributed in the past to PGP4 but not to PGP1 and PGP19 that were
considered efflux facilitators. Do PGP1 and PGP19 reverse the direc-
tion of their transport in the heterologous cells? Clearly, in
heterologous cells, each of the four presumed transport facilitators,
PGP1, PGP19, PIN2 and PIN7, act as efflux carrier. However, this
does not exclude the possibility that in Arabidopsis cells (or in some
of them), in planta PIN proteins require a complex (that includes
PGP) for efficient efflux activity. As for PIN2 and root gravitropism, it
was found that a specific directionality of polar PIN2 localization is
required for the realization of the bending of the root. Not only trans-
port facilitators such as PIN1 and PIN2 can affect IAA transport, but
also IAA itself can affect the intracellular localization of these facili-
tators: IAA can affect its own transfer by preventing endocytosis of
PIN1 and PIN2 and retain them in the plasma membrane. However,
the endocytosis of PIN proteins can be mediated by other cellular
factors. Moreover, evidence exists that at least PIN2 can undergo
ubiquitination. It is not only the efflux facilitators that can move
(in both ways) from the plasma membrane to the endocytic compart-
ment; such a movement was revealed also for AUX1, an influx
facilitator. However, the route of this movement by AUX1 differs from
the route of PIN proteins.

A rather elaborate issue is the involvement of IAA transfer and root
hair formation in the root of young seedlings. Root hair formation was
studied in detail in Arabidopsis (see Galun, 2007). Files of epidermal
cells have the potential to develop hairs. Only those files of which
the epidermal cells face two (rather than one) cortex cells will pro-
duce hairs. But not all the cells in such a file will produce hairs. Also,
the distance from the root tip to the hair initiation can be changed.
Triple mutants of the genes AUX1, EIN2 and GNOM (i.e. aux1, ein2,
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gnom) perturb the coordination of hair positioning and also perturb
the auxin level gradient. Precise localization of applied IAA (by the
application of an IAA-containing sephadex bead) will strongly pro-
mote hair formation near the IAA application site. The actual control
of root hair localization is probably more complicated because
another family of proteins, Rho-of-plant (ROP2 and ROP4) also seem
to be involved. We shall not elaborate this subject but shall point out
that an external application of IAA (by IAA-coated sephadex beads)
can change the polarity of PIN proteins in cortical, endodermal and
vascular cells — in line of the above mentioned presumption that
IAA can affect its own transport. An IAA effect on the polarity of PIN,
that is followed by PIN regulating the direction of IAA flow, is appar-
ently also happening in the early vascular differentiation in young
leaves as well as in the replacement of the vasculature (e.g. in pea
epicotyls) that were cut by wounding. The latter system was morpho-
logically and histologically described in the classical work of the late
Tsvi Sachs (Sachs, 1991) of the Hebrew University of Jerusalem.
There is another link between efflux facilitators and auxin flow.
Under regular conditions, PIN4 is located at the basal plasma mem-
brane (PM) of the quiescent center (QC) cells. But after ablating (by
a laser beam) the QC, and in mutants termed shr and scr, the loca-
tion of the PIN4 is reversed and this protein is relocated to the PM,
away from the ablated QC. Whatever the measure of this relocation
of PIN4, it is clear that PIN4 can undergo such a relocation in certain
conditions and consequently reverse the flow of auxin.

Perception, Signaling and Ubiquitination

As an introduction to the perception and signaling of auxin (we shall
focus on IAA), let us start from the “end” and work our way back to
the start (the perception). Albeit we should recall that the “end” is still
enigmatic. Meaning, we do not know how specific genes impose a
three-dimensional structure (an organ) in a plant (or in any other
multicellular organism). We do have considerable information on
how genes change the differentiation of an organ. This apparently
strange statement will become clear by an example that was already
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mentioned in the Introduction. Trichomes are formed on the surface
of leaves in Arabidopsis and in many other plants. We have informa-
tion on genes that suppress or promote the differentiation of
trichomes from epidermal cells. Also, there are known genes that will
affect the branching of trichomes. However, we have no knowledge
on how the conceptual blueprint of a normal mature trichome is
translated, by the plant’s genetic information, that is stored in the
plant’s genome (in the form of linear sequences of nucleotides), to
create the typical three-dimensional trichome. In other words, when
we speak of genes that have a role in patterning, we mean a role in
amending (changing) that pattern rather than fundamentally shaping
plant organs. These considerations apply also to those genes, in
which the level of expression is regulated by auxin and the changes in
this level have morphogenetic impact. These are the auxin responsive
genes (ARG). Auxins were found to have many effects in plant pat-
terning such as in affecting lateral outgrowth from the shoot, initiation
of secondary roots from the main root, causing vein production in
leaves, differentiation of vascular tissue, etc. The impact on these phe-
nomena is mediated by specific ARGs as shall be mentioned in Part II
of this book, where the roles of phytohormones in shaping specific
plant organs will be discussed. This means that the expression of
these genes (commonly encoding proteins) affects these phenomena.
Clearly, the level of expression is regulated by various means (at the
levels of chromatin, DNA, messenger RNA and proteins, as discussed
in some detail in Chapter 5 of Galun, 2007). One important mean of
regulating the expressions of ARGs is by controlling their transcription
that is mediated by transcription factors, termed auxin responsive
factors (ARF) that bind to the promoters of ARGs. Although the
regulation of ARGs transcription is an important mean of controlling
the expression of these genes, and much work was conducted
with this regulation, there are other regulatory mechanisms that
control the expression of ARGs. Many ARGs were characterized
in Arabidopsis and other angiosperms, and most of them have a
similar basic composition: (1) an amino-terminal DNA-binding
domain (DBD); (2) a middle region that functions as an activation
domain (AD) or as a repression domain (RD); (3) a carboxy-terminal
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dimerization domain (CTD). The DBD binds to a consensus DNA
sequence: TGTCTC of the promoter region of the ARGs.

Guilfoyle and Hagen (2007) updated the research on ARFs in
Arabidopsis and other plants. The details are outside the scope of
this book but some of this information shall be noted here. Twenty-
two full-length ARFs and one partial-length ARF were found in
Arabidopsis and the respective genes are distributed in all five
chromosomes. In rice, there are 25 ARF loci distributed in 10 out
of 12 chromosomes. The expression of the different ARFs in
Arabidopsis is apparently different in different organs. For example,
the ARFs of chromosome 1 appear to be restricted in their expression
to embryogenesis/seed development. The ARF1 gene was found to be
expressed in developing flowers and ARF2 in developing floral organs.
Other organ-specific expressions were revealed for ARF3, ARF4,
ARF5, ARF6, ARF7, ARF8, ARF12, ARF16 and ARF19. Environmental
conditions, light and even hormone signals, do affect the expression
of some Arabidopsis and rice ARF genes. The level of expression of
the ARF genes (i.e. the level of resulting protein) is also regulated, at
least in some of the genes, by RNA silencing (see Galun, 2005, for a
detailed discussion). Thus, for example, ARF6 and ARF8 are targets
for miR167 and ARF10, ARF16 and ARF17 are targets for miR160.
Other ARFs, such as ARF3 and ARF4 are targeted by trans-acting-
small interfering RNA (ta-siRNA). The various regulations have
different effects; for example, the regulation of ARF6 and ARF8 has
effects on anther and ovule development. ARFs were mutated by
several methods, such as T-DNA insertion in the ARF genes. Such
mutagenesis yielded 18 or more ARF mutations. The respective plants
had typical altered phenotypes. We face the situation that ARGs are
regulated by ARFs but the expression of the ARF genes themselves is
also regulated and can be changed by several mechanisms… .
Complicated? Yes, it probably is, but we shall see that the further IAA
signaling is far more complicated. The 33rd US president, Harry S.
Truman (1884–1972) in an address to fellow politicians said: “Those
who cannot endure the heat, should not enter the kitchen.” In our
case, those who shunt from complicated biological systems, should
not study the role of phytohormones on plant patterning… .
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Double ARF mutants have frequently much stronger phenotypes
than single mutants. This was revealed for arf1 arf2, for arf3 arf4 and
arf5 arf7. The arf5 arf7 are severely defective in embryo patterning
and in vasculature. Also, single mutants arf6 and arf8 show delayed
flower maturation and reduced fertility but the double mutant plants
arf6 arf8 have early arrest of flower formation, before bud opening,
and are completely infertile (Nagpal et al., 2005). Moreover, no phe-
notypes were revealed in either arf10 or arf16 but the double mutant
arf10 arf16 has a severe root cap defect. These stronger phenotypes
of double mutants suggest that some of the ARF genes are at least
partially redundant. Let us turn to the ARGs and how they can be
identified. By ARG, we define a gene that in response to an
increased level of auxin will change the patterning of a plant tissue
or a plant organ. We commonly mean the terminal link of genes
between the perception of the auxin and the morphogenetic mani-
festation. One indication that a gene is indeed an ARG, is that in the
DNA of its promoter region is a sequence of nucleotides that have
the potential to bind regulatory proteins of the ARF family; hence,
the AUXRE sequences TGTCTC or GAGACA. There is a method to
test whether or not a given ARG is itself the target for an ARF. One
measures the transcript level in the presence and in the absence of
the proper ARF and repeats these measurements with and without
an inhibitor of protein synthesis. When the transcript is changed
(usually increased) even without protein synthesis, this indicates that
the changed transcript is from the target ARG. If for a change of tran-
script level protein synthesis is required, the analyzed gene is not
the terminal link in a chain of genes that is regulated by the ARF
used in such a test.

The review of Guilfoyle and Hagen (2007) lists many analyses
on the roles of Arabidopsis ARFs in patterning. Many of these
focused on ARF7 alone or on ARF7 in combination with one other
ARF (e.g. ARF19). The details will not be presented here but it
should be noted that ARFs commonly activated ARG genes but in
some cases, ARFs were found to repress ARGs. It is also notewor-
thy that a given ARG may be a target of more than one ARF. In the
case of the GH3 genes (involved in conjugating IAA to Ala and
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Leu, see Fig. 5), there are indications for the three ARF activators
and one ARF repressor.

As we are going backwards in looking at the auxin signal transduc-
tion, we should now know that the ARFs are not the direct targets of
auxin. For auxin response, the ARF has to interact with the AUX/IAA
repressor. This interaction is most probably through the CTD domain
(at the carboxy-terminal) of the ARF rather than with either the amino-
terminal domain (DBD) or the AD or RD domains. However, what
affects the association or the dissociation of ARFs from ARGs? In most
(or all?) cases, these are proteins termed AUX/IAA repressors. The lat-
ter can form a complex with the ARFs, on the promoters of ARGs and
consequently repress the transcription of the ARGs. But the AUX/IAA
repressors are labile: they can be degraded by a ubiquitination
process that requires binding of IAA to the TIR1 protein of the SCFTIR1

complex, as shall be narrated below. There is one further issue that
should be remembered before we leave the interactions between ARG
genes, ARFs and AUX/IAA suppressors, and it is the following: The
family of ARF proteins is large, even in Arabidopsis, and the various
family members have to compete among themselves for a target on an
ARG. There is also a large family of AUX/IAA repressors (29 family
members were revealed in Arabidopsis). It was estimated that there
are, in Arabidopsis, five ARF activators that could interact with 29
AUX/IAA repressors. Again, there may be a competition among the
AUX/IAA repressors for this interaction.

The molecular mechanisms of the activation and repression of
ARG genes by ARFs and the repression imposed by AUX/IAA is still
not clear. On the other hand, there is evidence for “co-regulators”
that also participate in regulating the transcription level of ARG
genes. One of these is the PICKLE (PKL) protein that is predicted to
be a component of an ATP-dependent chromatin-remoduling com-
plex, involved in histone deacetylation (causing the reduction of the
transcription from the deacetylated region). Another protein, SEUSS
(SEU) appears to function by directly interacting with an ARF (e.g.
ARF3) and promotes floral organ development.

After dealing with the AUX/IAA repressor/ARF/ARG interaction, we
can move “upstream” towards the ubiquitination and the perception
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of auxin (which in planta is IAA and in some cases IBA, only there is
very little information on IBA perception and ubiquitination).

The overall picture, after neglecting some exceptions, is that
when the level of IAA is low, the AUX/IAA complexed with the ARF
represses the transcription of the ARG. However, when the level of
IAA is increased, the AUX/IAA repressor protein (that commonly
exists in low levels), is degraded, enabling the free ARF to promote
the transcription from the ARG gene.

Now we can ask how the increased level of IAA is perceived. To
answer this question, we have to look again at the SCFTIR1 complex,
this complex was mentioned in the section of ubiquitination in the
Introduction. In brief, the complex has the following components:
(1) an Skp1 protein; (2) a Cullin protein; (3) an F-box protein that
in the IAA ubiquitination process is termed TIR1. These three com-
ponents comprise the SCFTIR1. There are two additional proteins that
complex with the Cullin: RUB1 and Rbx1.

A breakthrough in our understanding of the IAA signal transduc-
tion was the verification that the TIR1 F-box is a receptor of IAA. This
verification was published, sequentially, in two articles in Nature
(Dharmasiri et al., 2005a; Kapinski and Leyser, 2005). The two arti-
cles had the same title (only Kapinski and Leyser added
“Arabidopsis” to their title). Both teams were careful with the phras-
ing of their title and claimed that the F-box protein TIR1 is an auxin
receptor (not the auxin receptor). By an in vitro assay, Dharmasiri
et al. (2005a,b) found that the interaction between TIR1 and AUX/IAA
proteins does not require stable modification of either protein.
Instead, auxin promotes AUX/IAA-SCFTIR1 through its TIR1. Also, TIR1
binds to AUX/IAA proteins in an auxin-dependent manner. The study
of Kapinski and Leyser likewise provided evidence that there is a
direct binding of auxin to TIR1, showing that TIR1 is an auxin recep-
tor that mediates the transcriptional response to auxin.

An important further step towards understanding the regulation of
plant development imposed by auxin was made by a team of eight
investigators from the University of Cambridge (Tan et al., 2007).
They described the crystal structure of a TIR1 complex and revealed
how auxins fit into a “pocket” of TIR1 and stabilize the binding of the
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AUX/IAA repressor to this pocket. The AUX/IAA repressors have four
conserved domains. One of these domains has an amino acid motif
of Gly-Trp-Pro-Pro-Val (GWPPV). This domain is recognized by the
TIR1. However, this “recognition” is not sufficient for binding. To
enhance the binding (or stabilize it), auxin is recruited. The study
of Tan et al. (2007) was based on crystalizing a TIR1-ASK1 (adaptor)
complex. They found that the complex had a mushroom shape with
the Leu-rich-repeat domain of the TIR1 forming a cap. A pocket on
the top of the Leu-rich-repeat domain functions in both the auxin
binding and the AUX/IAA binding. The auxin occupies the lower part
of the pocket and the AUX/IAA is above it. The GWPPV motif of
AUX/IAA is packed directly against the auxin and covers the auxin
binding site. This suggests that the auxin is trapped in the pocket until
the AUX/IAA is removed from it. The presence of auxin at the bottom
of the pocket probably also assures the binding of AUX/IAA. The
investigators tested the binding of three auxins to TIR1: the natural
auxin, IAA and the two synthetic auxins 1-NAA and 2,4-D. All these
three bound auxins enhanced the recruitment of AUX/IAA to TIR1,
but the affinity of IAA was higher than the affinities of the synthetic
auxins. One may ask, then, why does at least in some cases, 2,4-D
have a stronger auxin effect than IAA? The answer, by the present
author, is that it probably results from the quicker degradation of IAA
in the plant, than 2,4-D. 

The study of the crystal structures performed by Tan et al. (2007)
revealed that an inositol hexakisphosphate (InsP6) is tightly bound to
TIR1 and the association of InsP6 may be essential for auxin binding
and the function of the receptor. 

The studies on the perception of auxin, its role in the ubiquitination
of the transcription inhibitors (e.g. AUX/IAA) and the impact of these
issues on plant patterning are being performed currently by several
research teams. It is expected that in future, research will focus on
very specific ARGs in which the coding sequence as well as the
sequence of the promoter region are known, and the impact of this
ARG on morphogenesis is direct and well characterized.

There was a fundamental question: How can a very specific pro-
tein, such as one of the AUX/IAA proteins, be degraded by a process

46 Phytohormones & Patterning

b935_Chapter-01.qxd  6/9/2010  2:54 PM  Page 46



PHYTOHORMONES AND PATTERNING - The Role of Hormones in Plant Architecture
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/lifesci/7602.html

Auxin 47

Fig. 10. Ubiquitination of auxin/IAA.
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(ubiquitination) that is conserved in eukaryotes? The answer to this
question is emerging! The recognition of the protein that is targeted
for degradation is a multistep process. It requires the proper F-box
(TIR1) and carrier of the Ub (E1, E2 and occasionally also E3) to mark
the target with polyubiquitin. The marked target is then recognized
by the proteasome. The ubiquitin molecules are then recycled and
the target protein is degraded and the degradation products can also
be recycled to build new proteins.

Figure 10 provides simplified schemes for the inhibition of tran-
scription from an ARG gene, in the absence of auxin (Fig. 10A), for
the ubiquitination of the AUX/IAA inhibitor, in the presence of high
auxin (IAA) level (Fig. 10B) and for the derepression of the transcrip-
tion from an ARG gene after the AUX/IAA is degraded by
ubiquitination (Figure 10C).
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