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Plants have evolved a wide variety of responses that allow them to adapt to the variable environmental conditions in which
they find themselves growing. One such response is the phototropic response - the bending of a plant organ toward (stems
and leaves) or away from (roots) a directional blue light source. Phototropism is one of several photoresponses of plants that
afford mechanisms to alter their growth and development to changes in light intensity, quality and direction. Over recent
decades much has been learned about the genetic, molecular and cell biological components involved in sensing and re-
sponding to phototropic stimuli. Many of these advances have been made through the utilization of Arabidopsis as a model
for phototropic studies. Here we discuss such advances, as well as studies in other plant species where appropriate to the

discussion of work in Arabidopsis.

INTRODUCTION

Light, apart from being an essential source of energy for plants, also
provides a multitude of cues for proper growth and development.
Phototropism, or the directional curvature of organs in response to
lateral differences in light intensity and/or quality, represents one
of the most rapid and visually obvious of these responses (Darwin,
1880; Sachs, 1887; lino, 1990). Although a number of plant organs
appear to be responsive to phototropic stimuli (lino, 1990; Koller,
1990), a vast majority of the experimental data related to pho-
totropism deals with the responses observed in seedling stems
and primary roots. In particular, stems have been shown to exhibit
positive phototropism, or curvature towards the light (Figure 1),
while roots show negative phototropism, or curvature away from
the light. Stem phototropism is thought to provide plants with an ef-
fective means for increasing foraging potential (maximizing photo-
synthetic light capture) and is therefore likely to have appreciable
adaptive significance (lino, 1990; Stowe-Evans et al., 2001). Less
is known about the phototropic response of roots, yet it is clear that
cooperative interaction between a negative phototropic response
and a positive gravitropic response could help to ensure proper
growth of the root into the soil where water and nutrients are most
abundant and available for absorption (Galen et al., 2004; Galen
et al., 2007b). The adaptive advantage provided by stem and root
phototropic responses may be particularly important during the
early stages of growth and establishment of seedlings (lino, 1990;
Galen et al., 2004; Galen et al., 2007b) and during gap filling situ-
ations in dense canopy conditions (Ballare, 1999).

Phototropic responses are distinguished from other types of
directional growth responses, such as nastic (Satter and Galston,
1981; Forterre et al., 2005) and circadian-regulated (McClung,
2001; Moshelion et al., 2002; Ueda and Nakamura, 2007) leaf
movements, by two criteria. First, the direction of phototropic cur-
vatures is determined by the direction of the light stimulus, while
the directions of circadian-regulated movements are not (Salis-
bury and Ross, 1992). Second, many leaf movement responses
occur as a result of reversible swelling/shrinking of specialized
motor, or pulvinar, cells (Hart, 1988; Koller, 1990; Moran, 2007)
whereas all stem and root phototropic responses are driven by
changes in cell elongation rates across the bending organ. With
respect to phototropic responses, unidirectional irradiation of
seedlings with UV-A/blue light (BL) results in enhanced growth
of the stem within the flank away from the light (“shaded side”)
and generally represses growth in the flank facing the incident
light (“lit side”) (Baskin et al., 1985; Briggs and Baskin, 1988; Or-
bovic and Poff, 1993; Esmon et al., 2006), causing it to bend to-
wards the light (lino, 1990). An essentially opposite response is
observed in roots, where growth is enhanced in the “lit side” and
repressed in the “shaded side”, causing the root to bend away
from the light (Okada and Shimura, 1992; Kiss et al., 2002; Kiss et
al., 2003b). The differential growth rates driving the development
of phototropic curvatures appear to be established as a result
of differential accumulation of (Went and Thimann, 1937), and
subsequent responsiveness to, the plant hormone auxin (Went
and Thimann, 1937; lino, 1990; Liscum and Stowe-Evans, 2000;
Esmon et al., 2006).
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One feature shared between stem/root phototropic responses
and nastic leaf movement responses is co-localization of pho-
toperception and growth response, namely that the cells exhibit-
ing the “growth response”, however mechanistically different, are
the same ones perceiving the light signals (Briggs, 1963b; Koller,
1990). This is not necessarily the case with either circadian-de-
pendent or true phototropic movements of leaves, where cells in
the leaf blade perceive the signal, and pulvinar cells at the base
of the leaf or petiole exhibit the growth response (Schwartz and
Koller, 1978; Engelmann and Johnsson, 1998; Moran, 2007). In
nastic leaf movements the movements resulting from asymmetri-
cal turgor pressure changes, also referred to as an “osmotic mo-
tor”, are driven by plasma membrane ATPase affecting KCI flux
and thus water movement, into or out off the cells. Light, circadian
and exogenous mechanical signals are known to feed into this os-
motic motor to regulate leaf movements (Moshelion et al., 2002;
Moran, 2007).

“The Weed of Enlightenment”

The phototropic response has been utilized for over 100 years
as a system for studying two basic cellular processes in plants
- signal transduction and cell elongation. In the past couple of
decades, significant leaps have been made in our understanding
of the biochemical and molecular events mediating phototropism.
Although not solely responsible for these advances, the utiliza-
tion, since the mid 1980’s, of Arabidopsis as a model organism for
studies of phototropism has played an important role. In fact, it is
fair to say that like many other aspects of plant biology, “we would
not be where we are today without Arabidopsis.” This chapter
will attempt to summarize these advances, with attention being
given to both mechanism (e.g., the photoreceptor molecules and
signal-response elements associated with various components
of phototropic responses) and outcome (e.g., ecological and
evolutionary significance of phototropism). While most of the dis-
cussion presented here will revolve around studies in Arabidop-
sis, reference will be made to studies in other organisms where
contextually or historically important. For a more broad perspec-
tive on phototropism the reader is referred to a number of other
sources (Darwin, 1880; Sachs, 1887; Banbury, 1959; Thimann
and Curry, 1961; Briggs, 1963b; Firn and Digby, 1980; Dennison,
1984; Hart, 1988; lino, 1990; Firn, 1994; Whippo and Hangarter,
2006; Christie, 2007; Holland et al., 2009).

PERCEPTION OF DIRECTIONAL LIGHT CUES

Evidence for Two Distinct Blue-Light (BL) Photoreceptors
for Phototropism: A Historical Perspective

Most studies of higher plant phototropism, including those with
Arabidopsis, have been done using etiolated (dark-grown) seed-
lings and low fluence rate (< 0.5 pmol m2s™) BL (Dennison, 1984;
Hart, 1988; lino, 1990; Galland, 1992; Firn, 1994). Although the
total fluence (number of photons per unit area; e.g., pmol m?) to
which seedlings were exposed varied as much as six orders of
magnitude from one experiment to the next, results from such

Figure 1. Phototropism in Arabidopsis induced by low fluence rate blue
light. Photographs show 3-d-old etiolated seedlings 0 (A), 100 (B), 200
(C), and 300 min (D) after the blue light was turned on. Incident light (com-
ing from the left at a fluence rate of 0.002 umol m2 s') was obtained from
one blue light emitting diode (A,,.,= 440 nm, 30 nm half-band). Note that
the slight backwards bend in the upper hypocotyls region is an artifact that
results from the seedlings being grown along an agar surface such that the
cotyledons contain the positive phototropic response because they often
lodge in the agar.

studies suggested that a single photoreceptor mediates photo-
tropic responsiveness under low fluence rate conditions (Poff et
al., 1994; Liscum and Stowe-Evans, 2000). This conclusion holds
independent of whether pulses (seconds or fractions of seconds)
or extended irradiations (minutes to a few hours) are used. While
the function of a single receptor over such a broad fluence re-
sponse range might seem unlikely, similar broad fluence-respon-
sive properties have long been recognized for the red (RL)/far-red
(FR) light-absorbing phytochromes (phys) (Mancinelli, 1994).

In contrast to the single photoreceptor prediction from stud-
ies employing low fluence rate conditions, the function of at least
two distinct photoreceptor molecules has been suggested for pho-
totropic curvatures induced by high fluence rate BL (Konjevic et
al., 1989b; Konjevic et al., 1989a). In an elegant series of studies



in Arabidopsis, Konjevic and colleagues (Konjevic et al., 1989a)
obtained several pieces of physiological evidence in support of a
two-receptor model. First, while irradiation with a single pulse of
low fluence rate (e.g., 0.1 pmol m2 s™) BL (450 nm) led to a single-
peak biphasic fluence-response curve for phototropism (Figure
2A), use of higher fluence rate (e.g., 0.7 pmol m?2 s') BL resulted
in a clear dual-peak response curve (Figure 2B). Second, this curi-
ous alteration in fluence responsiveness was also dependent upon
wavelength. For example, irradiation with 490 nm light resulted in
a single peak fluence-response curve with a distinct lower-fluence
shoulder (Figure 2C), while use of 510 nm light gave rise to only a
single peak curve with no shoulder (Figure 2D). Such wavelength-
and fluence rate-dependent changes in fluence-responsiveness
are not expected for the action of a single photoreceptor. Third, the
second higher-fluence peak of the 450 nm fluence-response curve
(Figure 2B) could be eliminated by a pre-irradiation with a saturat-
ing pulse of 510 nm light (25 pmol m), a unexpected phenomenon
if a single receptor were responsible for both fluence-response
peaks. Fourth, sequential irradiation with 510 and 450 nm light at
a fluence and fluence rate that gives rise to maximal single-peak
responses (Figure 2A and D), resulted in a phototropic response
that was nearly additive. As discussed below the action of two pho-
toreceptors in high fluence rate-induced phototropism has now
been confirmed through molecular genetic studies in Arabidopsis,
though all of the photophysiological properties described by Poff
and colleagues have not been fully explained by the two identified
receptors. While the genetic identification and basic biochemical
properties of these photoreceptors will be addressed here, we refer
the reader to other sources for more detailed discussion of these
receptors and their roles in non-phototropic processes (Christie
and Briggs, 2001; Celaya and Liscum, 2005; Stone et al., 2005;
Briggs, 2007; Christie, 2007).

Phototropin 1 (phot1): A Broad Fluence Rate-Responsive
Phototropic Receptor

The first significant progress towards the identification of an
apoprotein for a low fluence rate phototropic receptor came in
1988 with a report of a BL-activated phosphorylation of a plasma
membrane-localized protein in etiolated pea seedlings (Galla-
gher et al., 1988). As discussed in a review by Short and Briggs
(Short and Briggs, 1994), the phosphorylation of a single plasma
membrane protein (114 to 130 kDa, depending upon the spe-
cies) appears to be a ubiquitous response of higher plants to BL
irradiation. Many of the photophysiological properties of this light-
dependent phosphorylation reaction, as determined in a number
of species (most notably maize, oat, pea, and later Arabidopsis),
suggested it was important for phototropic responses. For exam-
ple, the phosphorylation reaction occurs in the most phototropi-
cally sensitive tissues, it is strongest in the tissue closest to the
light and decreases in strength moving away from the lit side, it
is fast enough to precede the development of curvature, its ac-
tion spectrum matches that for phototropism, and it shows similar
dark-recovery kinetics as phototropism after a saturating irradia-
tion (Short and Briggs, 1994; Briggs and Huala, 1999).

A genetic connection between the aforementioned phosphory-
lation reaction and phototropism came in 1992, when Reymond
and colleagues (Reymond et al., 1992b) showed that a photo-

Phototropism: Mechanisms and Outcomes 3 of 26

tropic mutant of Arabidopsis, strain JK224 (Khurana and Poff,
1989), exhibited little, if any, BL-induced phosphorylation. Strain
JK224 was originally described as a mutant that exhibited a shift
in its fluence threshold (10 to 30-fold higher) for pulse light-in-
duced BL-dependent phototropism (Khurana and Poff, 1989).
It was subsequently proposed, based on responsiveness to BL
and green light (GL) at low and high fluence rates, that strain
JK224 contains a lesion in a photoreceptor (Konjevic et al., 1992),
in particular the low fluence rate receptor system described by
Konjevic and colleagues (Konjevic et al., 1989a). Liscum and
Briggs (Liscum and Briggs) demonstrated that null mutations in
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Figure 2. Fluence rate and wavelength dependence of pulsed light-in-
duced phototropism in Arabidopsis (adapted from (Konjevic et al., 1989)

(A) Phototropism induced by a single pulse of blue light (L., = 450 nm, 10
nm half-band) at a “low” fluence rate (0.1 pmol m2s™).

(B) Phototropism induced by a single pulse of blue light (L., = 450 nm, 10
nm half-band) at a “high” fluence rate (0.7 pmol m2 s).

(C) Phototropism induced by a single pulse of blue/green light (., = 490
nm, 10 nm half-band; at a fluence rate of 0.9 pmol m=2 s™).

(D) Phototropism induced by a single pulse of green light (A, = 510 nm,
10 nm half-band; at a fluence rate of 0.4 pmol m2s).



40f26  The Arabidopsis Book

the NONPHOTOTROPIC HYPOCOTYL 1 (NPH1) locus, of which
the mutation in strain JK224 is an allele (nph1-2), fail to show BL-
dependent phosphorylation because they in fact lack the target
protein. Hence, it was hypothesized that the NPH1 locus encodes
the apoprotein for a phototropic receptor and that the observed
BL-induced phosphorylation represents an autophosphorylation
response (Liscum and Briggs, 1995).

Cloning of the NPH1 gene (Table 1) showed that the encoded
protein is of the proper size (120 kD in Arabidopsis; (Reymond et
al., 1992a)) to be the substrate of the phosphorylation reaction
(Huala et al., 1997). The predicted NPH1 protein was also shown
to contain the eleven signature domains of Ser/Thr protein kinases
(Figure 3), making autophosphorylation a formal possibility. On the
other hand, nothing was found in the primary sequence that indi-
cated an obvious inherent photoreceptor activity for NPH1. Howev-
er, a repeated sequence motif within the amino-terminal portion of
NPH1 was identified (Figure 3) that exhibits homology to a subfam-
ily of PAS domains that are found within sensor-proteins (Huala et
al., 1997; Zhulin et al., 1997; Taylor and Zhulin, 1999). Both of these
PAS-like domains of NPH1, designated LOV1 and LOV2 (for their
relationship to light, oxygen, and voltage-regulated PAS domains),
were subsequently shown to bind one FMN molecule (Christie et
al., 1998), a finding consistent with the hypotheses that NPH1 rep-
resents a BL-absorbing phototropic receptor (Khurana and Poff,
1989; Konjevic et al., 1992; Liscum and Briggs, 1995). Soluble nph1
(NPH1 apoprotein with associated FMN cofactors; see Table 2 for
nomenclature) isolated from a heterologous insect cell expression
system was shown to exhibit BL-dependent autophosphorylation
with kinetic, fluence-response, and action spectrum characteristics
essentially like those obtained with native Arabidopsis nph1, and
for phototropism itself (Christie et al., 1998). Hence, in the absence
of all other plant proteins nph1 can function as a photoreceptive

molecule with the properties consistent with its function as a pho-
totropic receptor in plants.

As discussed above, genetic studies in Arabidopsis have dem-
onstrated that nph1 is necessary for normal phototropic response
to directional low fluence rate UV-A, BL, and GL, and it is presumed
that the light-activation of nph1’s kinase domain is critical to its sig-
naling properties. Biochemical and structural studies suggest that
the kinase domain of npht is activated in response to a light-de-
pendent formation of a self-contained FMN- C(4a)-cysteinyl adduct
(Salomon et al., 2000; Crosson and Moffat, 2001). The nph1 holo-
protein has been given the trivial name, phototropin 1 (phot1), in or-
der to reflect its physiological and biochemical properties (Christie
et al., 1999; Briggs et al., 2001); see Tables 1 and 2).

A second phototropin gene, PHOT2 (previously designated
NPL1, for NPH1-like; see Tables 1 and 2), has been identified in
the Arabidopsis genome (Jarillo et al., 1998; Initiative, 2000), and
the function of its encoded protein as a second phototropic recep-
tor will be discussed in the following section.

Phototropin 2 (phot2): A Second High Fluence Rate
Phototropic Receptor

As discussed earlier, pulse-irradiation experiments suggested
that two photoreceptors are capable of modulating response to
directional BL, in a fluence rate-dependent fashion (Konjevic et
al., 1989a; Konjevic et al., 1992). Additional physiological and
genetic support for this two-photoreceptor hypothesis came from
studies of etiolated nph1 (phot1)-null mutants under long-term ir-
radiation conditions (Liscum and Stowe-Evans, 2000; Sakai et al.,
2000). For example, Sakai and colleagues (Sakai et al., 2000)
found that while phot1-101 lacks hypocotyl and root phototro-

Table 1. Genes shown to be definitively involved in phototropic signal perception, transduction, and response

Genel Synonym(s)? AGl locus no. Gene ID? Phototropic function

ABCB19 MDR1,PGP19 At3g28660 822519 Regulation of auxin-transport

AXR1 none At1g05180 839286 Regulation of auxin-response

NPH3 RPT3 At5g64330 836554 Signal transduction; phot1, RPT2 and PKS1 interacting protein
NPH4 ARF7,BIEMSG1,TIR5 At5g20730 832196 Regulator of auxin-response

PHOT1 JK224,NPH1 At3g45780 823721 Primary photoreceptor

PHOT2 CAV1,NPL1 At5g58140 835926 Primary photoreceptor

PHYA FRE1,FHY2,HY8 At19g09570 837483 Major secondary/modulatory photoreceptor

PHYB HY3 At2g18790 816394 Minor secondary/modulatory photoreceptor

PIN1 none At1g73590 843693 Relocalzation of auxin

PIN3 none At1g70940 843432 Relocalization of auxin

PKS1 none At2g02950 814823 Signal transduction; phot1, phyA, phyB and NPH3 interacting protein
RPT2 none At2g30510 817601 Signal transduction; phot1 and NPH3 interacting protein

'Standard gene name established by the community or the one most commonly used in conjugation with a discussion of phototropism

2Additional names for the genes given in the first column. Citations for the first reference to the synonoymous gene are as follows: RPT3 (Okada and Shimura,
1994); BIP (GenBank only, AAD04807); MSG1 (Watahiki and Yamamoto, 1997); TIR5 (Ruegger et al., 1997); JK224 (Khurana and Poff, 1989); NPH1 (Liscum and
Briggs, 1995); CAV1 (Kagawa et al., 2001); NPL1 (Jarillo et al., 1998); FRE1 (Nagatani et al., 1993); FHY2 (Whitelam et al., 1993); HY8 (Parks and Quail, 1993);
HY3 (Koornneef et al., 1980). MDR1 (Noh et al., 2001).
3Gene ID number as recorded in NCBI Entrez Gene register (Maglott et al., 2007).



pism at fluence rates < 1.0 pmol m2 s, it retains a phototropic
response at fluence rates of BL above ~1.0 pmol m?2 s and is
essentially like wild-type at 100 pmol m2 s, Similar results have
been observed with the phot7-5 null mutant under greenhouse
conditions (T. Campbell and E. Liscum, unpublished). Thus, while
there is ample genetic, biochemical, and physiological evidence
to conclude that phot1 is a phototropic receptor under low fluence
rate (< 1.0 pymol m? s*) conditions (Liscum and Stowe-Evans,
2000), the aforementioned results clearly indicate that a second
phototropic receptor functions under high fluence rate (1 pmol m2
s) conditions (Table 2).

The most obvious candidate for a second phototropic recep-
tor apoprotein is the PHOT1 paralog PHOT2 (Jarillo et al., 1998).
Although PHOT?2 is slightly smaller than PHOT1 (110 kD versus
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Figure 3. Domain structures of the phot1 and phot2 receptors. The amino-
terminal photosensory LOV domains are shown in blue with their asso-
ciated FMN co-factor (above each LOV domain). The carboxyl-terminal
protein kinase domain of each phot is shown in red.

Table 2. phototropin nomenclature’

PHOT1,PHOT2
phot1, phot2
PHOT1, PHOT2
phot1, phot2

Wild type genes
Mutant genes
Apoprotein?

Holoprotein?

The nomenclature for the phototropins presented here has recently been de-
scribed by Briggs et. al. (2001) and is based upon the nomenclature adopted for
the phytochromes (Quail et al., 1994). PHOT1 was originally designated NPH1
(mutant=nph, for non-phototropic hypocotyl) (Liscum and Briggs, 1995), and
PHOT2 was originally designated NPL1 (NPH1-Like) (Jarillo et al., 1998).

2Phototropin apoproteins and holoproteins differ only in that holoprotein have as-
sociated with them the two flavin mononucleotide chromophores, while apopro-
teins lack these co-factors. As such the holoproteins are the “photoactive” entity.

Phototropism: Mechanisms and Outcomes 5 of 26

124 kD), sequence and structural motifs are highly conserved. In
particular, PHOT2, like PHOT1, contains a Ser/Thr protein kinase
domain in its carboxyl terminal region and two LOV domains in its
amino terminal half (Jarillo et al., 1998); (Figure 3). Moreover, the
light-dependent autophosphorylation and photocycling properties
of baculovirus/insect cell-expressed phot2 are similar to those of
phot1 (Sakai et al., 2001), suggesting that phot2 functions as a
BL receptor by a mechanism analogous to that of phot1.

While no alterations in phototropic responsiveness have been
observed in phot2 single mutants (Sakai et al., 2000; Jarillo et al.,
2001; Sakai et al., 2001), phot1phot2 double mutants fail to exhibit
seedling phototropic responses at both low and high fluence rates
(Sakai et al., 2001). The fact that phot2 single mutants retain a
phototropic response indistinguishable from wild-type under all flu-
ence rates tested (Jarillo et al., 2001; Sakai et al., 2001) while the
phot1phot2 double mutant is essentially blind (Sakai et al., 2001),
demonstrates that phot1 functions to some extent under all fluence
rate conditions, while phot2 has redundant function for phot1 spe-
cifically under high fluence rate conditions (Table 3). If the phot1
and phot2 holoproteins have similar photochemical and biochemi-
cal properties, as cited above, how can we explain these overlap-
ping yet distinct functions in the perception of phototropic stimuli?

In a study by Aihara and coworkers (Aihara et al., 2008), chi-
meric proteins were constructed between amino-terminal LOV
domains and with the carboxy-terminal kinase domains of both
phot1 and phot2 to understand the fluence rate-dependent sensi-
tivities of these photoreceptors. Chimeric proteins containing the
combination of phot1 LOV domains with the protein kinase do-
main of phot2 were as sensitive as phot1 indicating that fluence
rate sensitivity of a phototropin resides in the amino-terminal pho-
tosensory LOV domains. Moreover, combination of LOV domains
of phot2 with the protein kinase domain of phot1 was less sensi-
tive, akin to phot2. However, both these chimeras were able to
promote chloroplast avoidance response that is specific to phot2
suggesting that the fluence sensitivity is more complex for other
phototropin-dependent responses (Aihara et al., 2008).

Beyond the structural-functional divergences between phot1
and phot2, simple differences in expression patterns of the two
genes/proteins likely also contribute to the conditional differenc-
es in functions of the two receptors. It is clear that steady-state
levels of PHOT1 and PHOT2 mRNAs exhibit light-dependent dif-
ferences (Table 3). While the abundance of PHOT1 mRNA does
appear to be under the control of the circadian oscillator — with
highest levels being observed at midday (Harmer et al., 2000),
acute light-dependent regulation of PHOT1 expression has not

Table 3. Role of phototropins and associated signaling components in mediating responses in Arabidopsis

phototropism Stomatal Chloroplast Chloroplast Leaf Leaf Leaf Hypocotyl mRNA
opening accumulation avoidance expansion positioning movement inhibition stability
phot1 + + + + +
phot2 + +
NPH3 + + +
RPT2 + +
PKS1 + +!

‘+’ indicates based on published results; - * based on published results or currently the role is unknown.

'PKS family member PKS4 mediates this response (Schepens et al., 2008).
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been observed. In contrast, PHOT2 mRNA levels increase upon
exposure to UV-A, BL, RL, or white light (Jarillo et al., 2001; Sakai
et al., 2001), apparently through the action of phyA (Tepperman
etal., 2001). Strikingly, a two-fold increase in PHOTZ steady-state
message levels was observed at fluence rates of BL (~10 pmol
m2 s) where the redundant function of phot2 is most obvious
(Sakai et al., 2001). Light-dependent increase in PHOT2 mes-
sage level may, in addition to structural-functional differences
between the two phototropin proteins, contribute to the high flu-
ence rate-specific phototropic function of phot2. It is also worth
noting that a more rapid dark-recovery time required by phot2,
which is more than 10 times faster than that of phot1 (Kasahara
et al., 2002; Kagawa et al., 2004), has also been proposed as a
contributor to the higher fluence-rate threshold for phot2 activity
(Sakai et al., 2001; Takemiya et al., 2005).

LOV Domain Functionality

Independent of exactly how different fluence rate dependencies
for phot1 and phot2 responses arise, the protein kinase domain
of phot2 alone has been found to be sufficient to trigger constitu-
tive light-independent phot2 specific responses, such as stoma-
tal opening and the chloroplast avoidance response (Kong et al.,
2007). This would prompt one to ask the question, what role do
LOV photosensory domains play in photoperception? It has been
demonstrated that the LOV2 domain regulates the protein kinase
activity of phot2 in vitro (Matsuoka and Tokutomi, 2005), and that
LOV2 photoactivity is required for in vivo autophosphorylation
of phot1 and subsequent phototropism in response to BL expo-
sure (Christie et al., 2002; Cho et al., 2007). Similarly, the LOV2
domain is sufficient to stimulate phot2 protein kinase activity for
phototropism in Arabidopsis (Cho et al., 2007) and for chloroplast
movement in Adiantum (Kagawa et al., 2004). LOV1 alone is un-
able to stimulate autophosphorylation of phot1 in response to BL,
or to promote phototropism, suggesting that the LOV2 domain
plays a major role in photoperception and subsequent activation
of the protein kinase domain to promote phototropism (Christie et
al., 2002; Harper et al., 2003; Cho et al., 2007).

At this juncture, a precise role played by LOV1 domain is not
entirely clear. While LOV1 undergoes an FMN-dependent photo-
cycle like that of LOV2 (Kasahara et al., 2002; Christie, 2007), it
has been reported that LOV1 may promote dimerization of the
phots. This proposal is based on studies of amino-terminal Av-
ena sativa phot1 polypeptides expressed in E. coli and studied
in solution via gel-chromatography (Salomon et al., 2004). X-
ray crystallographic studies on the LOV1 domain of phot1 and
phot2 also support the homo-dimerization thesis (Nakasako et
al., 2008). In this latter study the authors reported that homodi-
mers were formed in crystal through face-to-face association of
the beta-sheets of respective LOV1 domains. Surprisingly, the
critical residues apparently mediating dimerization of LOV1 do-
mains differ between phot1 and phot2 (Nakasako et al., 2008).
Although further studies are required to determine if full-length
phototropins are capable of forming dimers in planta, a recent
study demonstrated that a fully active version of phot1 can trans-
phosphorylate a kinase-dead version of phot1 in planta, suggest-
ing that homodimerization is likely (Kaiserli et al., 2009). Hetero-
dimerization between phot1 and phot2 also cannot be ruled out at

this moment as phot2 is capable of cross-phosphorylating kinase-
dead phot1 mutant in vitro (Cho et al., 2007).

Light-Dependent Intracellular Relocalization of phot1 and
phot2: Receptor Desensitization, Foundation for Phototropic
Signaling, or Both?

Although phot1 and phot2 holoproteins lack obvious plasma
membrane targeting signals or post-translational lipid/fatty-acids
modification signatures, both are associated with the plasma
membrane, as observed in various plant species (Christie et al.,
1998; Sakamoto and Briggs, 2002; Knieb et al., 2004; Kong et
al., 2006; Zienkiewicz et al., 2008). While the exact mechanism
by which phototropins are associated with the plasma membrane
remains unknown, ionic interactions are not likely the basis as
extensive washing of microsomal membranes with high salt buffer
fails to release phot1 into solution (Knieb et al., 2004). Recent se-
rial-deletion analyses in Arabidopsis have however demonstrated
that the protein kinase domain of phot2 is sufficient for its plasma
membrane localization (Kong et al., 2006; Kong et al., 2007).

A study by Sakamoto and Briggs (Sakamoto and Briggs,
2002) observed movement of a phot1-GFP fusion protein from
plasma membrane into the cytosol upon BL irradiation. Con-
sistent with these observations, appreciable amounts of phot1
protein have been detected by immunoblot analysis in soluble
protein fractions prepared from in vivo BL irradiated Arabidop-
sis seedlings (Sakamoto and Briggs, 2002; Knieb et al., 2004).
Downregulation of phot1 protein levels were also observed after
prolonged treatment with BL, in a fluence and time dependent
manner (Sakamoto and Briggs, 2002; Kong et al., 2006). It has
been estimated that in etiolated mustard seedlings upon BL ir-
radiation, cytoplasmic phot1 ([phot1].,,) constitutes approximately
20% of the total cellular phot1 (Knieb et al., 2004). It is currently
unknown whether [phot1].,is part of an endosomal vesicle or oth-
er sub-cellular component (Sakamoto and Briggs, 2002; Wan et
al., 2008). Treatment of seedlings with protein synthesis inhibitor
cycloheximide fails to disrupt the production of [phot1],,, indicat-
ing that [phot1],,is derived de novo from the plasma membrane
associated phot1 (Wan et al., 2008). Moreover, it has recently
been shown that phot1 movement from the plasma membrane
apparently represents a clathrin-dependent endocytosis event
(Kaiserli et al., 2009). Though [phot1],, disappears gradually over
time, it is presently unclear whether it cycles back to the plasma
membrane or undergoes degradation.

Unexpectedly, upon BL treatment phot2 translocates from the
plasma membrane to cytoplasmic vesicles which co-localize with
a Golgi marker K.AM1/MURS in Arabidopsis (Kong et al., 2006).
In contrast to phot1, no phot2 was detected in soluble proteins ex-
tracts prepared from in vivo BL irradiated seedlings, nor did total
phot2 protein levels change appreciably (Kong et al., 2006). It is
intriguing to note that in spite of having similar overlapping photo-
sensory function in phototropism and other responses, phot1 and
phot2 relocalize to apparently distinct cellular compartments in
response to BL (Kong et al., 2006; Kong et al., 2007).

What is the functional role of BL induced relocalization of
phots? It has been hypothesized that relocalization of phots
modulates their activity (Kong et al., 2006; Wan et al., 2008). It is
attractive to speculate that different sub-cellular localizations of



a phot might elicit different responses. In this context it is worth
noting that in guard cells, [phot1],,, was not detected, indicating
that phot1 movement does not occur in all cell types, and is not
prerequisite for all responses (Wan et al., 2008). In addition, Kong
and colleagues (Kong et al., 2006) have shown that phot2 is able
to mediate chloroplast movement in cells treated with brefeldin A
(BFA), an inhibitor of vesicular endomembrane recycling (Neben-
fuhr et al., 2002). This latter observation indicates that presumed
vesicular trafficking of phot2 to Golgi is not required for chloro-
plast movement responses (Kong et al., 2006). Yet, a potential
signaling role of phots from internalized membrane vesicles
should probably not be discounted offhand since such potential
vesicle-based signaling mechanisms are not unknown in plants.
For example, BRI1 (BRASSINOSTEROID INSENSITIVE 1), the
brassinosteroid hormone receptor-like kinase (Wang et al., 2006),
localizes to both the plasma membrane and endosomes, and en-
hancement of brassinosteroid signaling is observed after treat-
ment with BFA, suggesting that signaling occurs from endosomal-
localized BRI1 (Geldner et al., 2007).

If the active site of phot signaling were to be exclusively at the
plasma membrane rather than some internalized compartment,
what then is the role of phot relocalization from the plasma mem-
brane to cytoplasmic locations? One obvious possibility is that
such internalization could serve to attenuate signaling by remov-
ing the receptor from the site of action. Such a mechanism is not
uncommon in mammals, where cell surface and plasma mem-
brane-associated receptors are regularly internalized by various
mechanisms to desensitize receptor activity (Vieira et al., 1996;
von Zastrow and Sorkin, 2007). Various receptor internalization
pathways have been documented, and of them clathrin-depen-
dent receptor endocytosis is by far the most well studied (Hol-
stein, 2002), making the findings of Kaiserli and colleagues that
phot1 is apparently endocytosed in a clathrin-dependent fashion
(Kaiserli et al., 2009) particularly intriguing. Many receptors, upon
binding their respective ligand, trigger their own internalization to
modulate signaling (Mellman, 1996). An example of such a mech-
anism in plants is the receptor-like kinase FLAGELLIN-SENSING
2 (FLS2). Upon binding of its ligand, flagellin or its derivative
flg22 peptide, FLS2 undergoes ligand-mediated endocytosis (Ro-
batzek et al., 2006). It thus seems plausible that a phot, upon per-
ceiving its ligand — BL, could induce its own internalization to re-
duce the number of signal-active receptors present on the plasma
membrane, thus desensitizing the overall cellular responsiveness
to light. It is intriguing to note phyA activation with RL can inhibit
the BL-induced movement of phot1 from the plasma membrane
(Han et al., 2008). These results are consistent with phot1 func-
tioning at the plasma membrane and internalization representing
a desensitization process since RL absorbed by phyA is known
to result in enhanced phototropic responsiveness (Parks et al.,
1996; Janoudi et al., 1997b; Stowe-Evans et al., 2001; Whippo
and Hangarter, 2004). The influences of phyA on the modulation
of phototropism will be discussed in detail later.

Are There Additional Directional Light Sensors?
As discussed above and later, there is overwhelming evidence to

conclude that phot1 and phot2 are phototropic receptors. Howev-
er, in plants, twelve photoreceptors are known to exist in addition
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to phot1 and phot2 - five phys, three cryptochromes (crys), one
chimeric phot/phy called neochrome (Adiantum PHY3) and three
ZEITLUPE/ADAGIO (ZTL/ADQ) family members (Briggs and Ol-
ney, 2001; Chen et al., 2004; Banerjee and Batschauer, 2005;
Franklin et al., 2005; Lin and Todo, 2005; Wang, 2005; Christie,
2007). The ZTL/ADO proteins have been shown to participate
in BL-dependent targeting of components of the circadian clock
for ubiquitylation and proteasomal degradation (Imaizumi et al.,
2003; Banerjee and Batschauer, 2005; Briggs, 2007; Christie,
2007; Kim et al., 2007; Sawa et al., 2007). Three members of
the ZTL/ADO family have been identified in Arabidopsis: ZTL/
ADO (Somers et al., 2000); FLAVIN-BINDING, KELCH REPEAT,
F-BOX (FKF1) (FKF1; Nelson et al., 2000); and LOV KELCH RE-
PEAT PROTEIN 2 (LKP2) (LKP2; Schultz et al., 2001). Each of
the ZTL/ADO family members contains a single LOV domain that
utilizes FMN as its BL-absorbing chromophore. Moreover, it ap-
pears that the photocycle of ZTL/ADO LOV domain-FMN interac-
tions is conserved with that of the phots (Imaizumi et al., 2003;
Kim et al., 2007; Sawa et al., 2007). The wide selection of photo-
receptors available to plants poses the question of whether any of
these, apart from phot 1 and phot 2, function as primary receptors
of directional BL cues? In etiolated seedlings the short answer to
this question is apparently no. However, to be fair the potential
role(s) of the phot-related ZTL/ADO proteins in phototropism has
yet to be extensively examined.

Crys Appear Not to Function as Directional Sensors

In 1998, Ahmad and colleagues proposed that the cry BL recep-
tors, cry1 and cry2 (Batschauer, 1999; Briggs and Huala, 1999;
Cashmore et al., 1999; Christie and Briggs, 2001), represent
redundant primary phototropic receptors in etiolated Arabidop-
sis seedlings (Ahmad et al., 1998b). This conclusion was based
upon the observations that while cry? and cry2 single mutants
(containing equivalent G to E substitutions within the FAD-binding
domain) retained a normal phototropic response, the cryicry2
double mutant lacked response, and cry1 and cry2 overexpress-
ing lines were hypersensitive to unilateral BL. Moreover, it was
suggested that cry1 and cry2 function upstream of phot1 in pho-
totropic signaling since BL-dependent autophosphorylation of
phot1 appeared impaired in the cry1cry2 double mutant.

A subsequent study by Lasceve and colleagues (Lasceve et
al.,, 1999) found that two independent cryicry2 double mutant
lines (hy4-B104cry2-1 and cry1-304cry2-1) which lack detectable
cryl and cry2 proteins altogether (Guo et al., 1998; Mockler et
al., 1999) retained both BL-induced phototropism and phot1 au-
tophosphorylation — in stark contrast to the results obtained for
the substitution mutants in the study by Ahmad and colleagues
(Ahmad et al., 1998b). Although a slight reduction in the mag-
nitude of maximal pulse-induced phototropism was observed in
the cry1cry2 double mutants, no change in the threshold or peak-
response fluence dependencies was observed (Lasceve et al.,
1999). In contrast, the phot1-2 mutant (originally designated strain
JK224) retains a phototropic response of equal magnitude to wild-
type, but exhibits a 20 to 30-fold shift in fluence responsiveness
(Khurana and Poff, 1989; Konjevic et al., 1992), as would be ex-
pected for a photoreceptor mutant that retains a response. Las-
céve and colleagues concluded that neither cry1 nor cry2 function
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as primary phototropic receptors, or as photoreceptors that medi-
ate BL-induced phosphorylation of phot1. A subsequent study of
phototropism in phot1, phot2, cry1and cry2, as single and multiple
mutants, at fluence rates of BL <100 pmol m2 s, provided addi-
tional support for the conclusion that the only primary phototropic
photoreceptors are the phototropins (Ohgishi et al., 2004).

Based on results from a study employing a sensitive math-
ematical approach to measure phototropic curvatures from time-
lapse images of etiolated Arabidopsis seedlings exposed to
unidirectional BL, Whippo and Hangarter proposed that proper
phototropism represents a balance between the differential
growth response induced by phot action and the hypocotyl growth
inhibition response mediated by crys in a fluence rate-dependent
fashion (Whippo and Hangarter, 2003). Recently it has been re-
ported that crys have a negative effect on the phot1 transcript and
protein accumulation in light grown seedlings when compared
with etiolated seedlings (Kang et al., 2008), which could provide
a more direct connection between the two pathways. While it is
quite clear that crys do not act as primary phototropic receptors,
future studies will be required to determine how much influence
crys are having on phototropism via general effects (e.g., growth
inhibition) versus those on phot signal-response more directly
(e.g., modulation of phot1 protein levels).

Phys Appear to Sense Directional R/FR Cues and Contribute
to Phototropism in De-etiolated But Not Etiolated Plants

Even before the molecular identification of the phots, the phytoto-
chrome (phy) family of RL/FR receptors (Casal, 2000; Fankhaus-
er, 2001; Bae and Choi, 2008) had been proposed to function as
mediators of phototropic responses in de-etiolated (light-grown)
seedlings of a number of species (Atkins, 1936; Shuttleworth and
Black, 1977; Ballare et al., 1992). As one example, cucumber
seedlings exhibit phyB-dependent negative phototropism in re-
sponse to perception of FR reflected from canopy plants (Ballare
et al., 1992; Ballare et al., 1995). Pretreatment of etiolated seed-
lings with RL prior to phototropic stimulation with unilateral BL is
known to modulate phototropic responsiveness (Briggs, 1963a;
Chon and Briggs, 1966; Stowe-Evans et al., 2001). RL-induced
enhancement of hypocotyl phototropism under low fluence rate
BL conditions (0.01 pymol m? s') appears to be controlled pri-
marily by phyA, whereas phyB and phyD redundantly influence
phototropism at higher fluence rates of BL (e.g., 1.0 pmol m2 s™)
(Whippo and Hangarter, 2004). Interestingly, RL promotes posi-
tive phototropism in Arabidopsis roots, while BL promotes nega-
tive root phototropism (Ruppel et al., 2001; Esmon et al., 2005).
The positive root phototropic response to RL is not very apparent,
as it is significantly weaker than BL-dependent negative photot-
ropism and strong gravitropic responses. By employing mutants
defective in gravitropism it has been demonstrated that phyA and
phyB promote positive phototropism in roots (Kiss et al., 2003a).
It is however unclear at this time precisely how phys are sensing
directional light cues to promote photo-movements.

Despite their influences on positive root phototropism, experi-
mental evidence argues against a role for a phy as a primary re-
ceptor of directional BL cues in hypocotyls of etiolated Arabidopsis
seedlings. First, RL (or FR) does not induce shoot phototropism in
etiolated seedlings of most species, including Arabidopsis (Stein-

itz et al., 1985; Liscum and Briggs, 1996). Because phy function
is coupled to its photocycling between the Pr (RL-absorbing) and
Pfr (FR-absorbing) forms which can occur in response to irradia-
tion with RL/FR or UV-A/BL (Shinomura et al., 2000; Fankhauser,
2001), it is unlikely that phy can function as a primary phototropic
receptor in BL if it is not doing so in RL or FR. Second, while
the magnitude of phototropism is reduced in phyA and phyB mu-
tants, the fluence dependencies of the responses are unchanged
(Parks et al., 1996; Janoudi et al., 1997a; Janoudi et al., 1997b;
Lasceve et al., 1999), indicating that phyA and phyB are not likely
to function as primary phototropic receptors. Thus, phys, like the
crys, have been proposed to act as modulators of phot1/phot2-
dependent phototropic responses (Liscum and Stowe-Evans,
2000; Stowe-Evans et al., 2001; Whippo and Hangarter, 2004).
This modulatory activity will be discussed later in more detail.

Chloroplastic Zeaxanthin as a Phototropic Sensor: Enigma
or Red Herring?

Historically there has been considerable debate over the identity
of the chromophore mediating absorption of UV-A and BL cues,
with two camps split between flavins and carotenoids (Shrop-
shire, 1908; Galston, 1977; DeFabo, 1980; Briggs and lino, 1983;
Quinlones and Zeiger, 1994; Palmer et al., 1996; Quinones et al.,
1996; Lasceve et al., 1999). With the identification and charac-
terization of the phots, which are clearly flavin-binding proteins
capable of mediating primary perception of direction UV-A, BL,
and GL cues in Arabidopsis, one would think the controversy over
“flavins versus carotenoids” with respect to phototropism would
be over. Not quite! In 2001, Jin and colleagues (Jin et al., 2001)
found that hypocotyl phototropism in Arabidopsis appears to re-
quire mature chloroplasts and suggested the need for a functional
xanthophyll cycle. Much of their conclusions are based upon a
simple observation that mature chloroplasts are present within
the bending region of the hypocotyl, and that RL pretreatments
that increase BL-dependent phototropism also broaden the “zone
of chloroplast maturation” within the hypocotyl.

While a causal relationship between chloroplast maturation
and phototropism is impossible to derive from these correlative
phenotypic data, the authors provided preliminary genetic evi-
dence to support their hypothesis. First, the phytoene-accumu-
lating pds2 mutant that lacks all derivative carotenoid pigments
(Norris et al., 1995) exhibited neither chlorophyll autofluorescence
associated with mature functional chloroplasts, nor detectable
hypocotyl phototropism. Second, a previously uncharacterized
mutant designated star, that apparently exhibits delayed green-
ing, failed to exhibit either phototropism or autofluorescent chlo-
roplasts after a 2 hr exposure to low fluence rate unilateral BL (0.3
pmol m2 s), but exhibited both responses if pretreated with 4 hr
of RL (4 umol m? s™') prior to BL exposure. The story is not likely
to end here however since wild-type Arabidopsis seedlings grown
on norflurazon (an inhibitor of phytoene desaturase; (Bartels and
McCullough, 1972; Britton, 1979), while exhibiting a dampened
response, retain normal phototropic sensitivity (Orbovic and Poff,
1991). Norflurazon-treated seedlings phenocopy the chloroplast
but not the phototropic defects of the pds2, similar to what has
been observed for maize seedlings deficient in phytoene desatu-
rase activity (Palmer et al., 1996).



What’s the next chapter in this saga? While nearly overwhelm-
ing evidence indicates that carotenoids are not primary receptors
of phototropic stimuli, it is equally clear that carotenoid deficiency
reduces the magnitude of phototropic curvatures. One plausible
explanation for these observations that is also consistent with the
apparent relationship between chloroplast development and pho-
totropism is that some function(s) of the chloroplast is important for
full phototropic competence, directly or indirectly, and that carot-
enoid deficiency simply impairs normal chloroplast development/
function. Although this particular hypothesis has not been tested, it
is interesting to note that the biosynthesis of the phytochromobilin
(P¢B), the phy chromophore, is entirely plastid localized (Terry et
al., 1993; Kohchi et al., 2001), and that the activity of P¢B synthase,
which converts biliverdin to P¢B (Kohchi et al., 2001), is stimulated
by light in intact plastids, likely through production of NADPH (and
ATP) via photosynthetic activity (Terry and Lagarias, 1991). Phys,
as already mentioned and to be discussed later in detail, appear
to modulate the output(s) from the phot-dependent pathways that
lead to phototropism in etiolated Arabidopsis seedlings. Hence, if
P¢B is limiting in etiolated seedlings, as appears to be the case at
least in the hook region (Murphy and Lagarias, 1997), and its plas-
tid-localized synthesis is directly related to the amounts of active
holophy (apophy plus P¢B), defective chloroplast function might
depress phototropic responses through reductions in the levels
of photoactive phys that are capable of enhancing phot-mediated
signaling. At this point it is important to keep an open mind relative
to the role of the chloroplast and/or carotenoids in phototropism,
and to develop new strategies to ask more directed questions like
the one just proposed.

PHOTOTROPIC SIGNALING COMPONENTS

Phosphorylation: An Output Signal From Phots, A Cue for
Sensor Adaptation, Both, or Neither?

As discussed above, the only photoreceptors that can clearly be
assigned a role in primary perception of phototropic stimuli as-
sociated with etiolated seedling responses are phot1 and phot2
(Liscum and Briggs, 1995; Christie et al., 1998; Sakai et al., 2001).
Given that both phot1 and phot2 are light-activated Ser/Thr pro-
tein kinases (Christie et al., 1998; Sakai et al., 2001; Matsuoka
and Tokutomi, 2005) it is quite reasonable to hypothesize that
phototropic signal transduction might involve phot-activated phos-
phorelays (Briggs and Huala, 1999; Fankhauser and Chory, 1999;
Liscum and Stowe-Evans, 2000; Briggs and Olney, 2001; Christie
and Briggs, 2001). If this hypothesis is correct the phots might be
expected to associate with protein kinases or phosphatases; how-
ever, no such interactions have yet been described. In fact the only
known in planta phosphorylation substrates for the phots are the
phots themselves, with autophosphorylation being described for
both phot1 (Christie et al., 1998) and phot2 (Sakai et al., 2001).
However, the phot2 protein kinase domain has the ability to phos-
phorylate casein in vitro (Matsuoka and Tokutomi, 2005).

While the role of phot autophosphorylation is not entirely un-
derstood, at least one property of the reaction in maize, oat, and
Arabidopsis indicates that the bulk of the phosphorylation of phot1
is not required for the induction of phototropism. Specifically, the
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fluence thresholds for low fluence rate-induced phototropism and
bulk autophosphorylation differ by several orders of magnitude
— phototropism being 2-3 orders more sensitive to BL than the
autophosphorylation response (Palmer et al., 1993; Salomon et
al., 1997; Christie et al., 1998). Generation of a protein kinase
dead mutant of phot1, through substitution of Asp®® with Asn
within the kinase domain that prevents binding of Mg?* for phos-
phate transfer (Hanks and Hunter, 1995), results in the complete
abolition of phot1 autophosphorylation and mediated responses
(Christie et al., 2002; Inoue et al., 2008). This finding indicates
that phot1 protein kinase activity is absolutely required for both
autophosphorylation and subsequent phot1-dependent respons-
es, although how the two are connected remains unknown. One
possibility may be reflected by the hierarchical nature of the auto-
phosphorylation response, where some sites exhibit BL-induced
phosphorylation at lower fluences than others (Salomon et al.,
2003). Thus it is plausible that while bulk phosphorylation may not
be necessary for phototropism, phosphorylation at specific sites
under lower fluence conditions may be prerequisite for phototro-
pic signal transduction.

Additional insights have been made on phot1 autophosphor-
ylation by comparison of phot1 phosphorylation sites between
dark and in vivo BL-irradiated seedlings using gas chromatogra-
phy-mass spectrometric techniques (Inoue et al., 2008; Sullivan
et al., 2008). Multiple Ser and Thr phosphorylation sites have
been identified throughout the phot1 polypeptide and among
them Ser®' in the activation loop of phot1 kinase domain ap-
pears to be important for both proper phot1 localization (Kai-
serli et al., 2009) and various phot1-mediated responses. For
example, transgenic Arabidopsis seedlings carrying a Ser®®' to
Ala substitution fail to exhibit normal BL-induced phototropic,
stomatal opening or chloroplast accumulation responses (Inoue
et al., 2008). However, substitution of other phosphorylatable
Ser residues with Ala, such as Ser®® in the activation loop, had
little or no effect on phototropism (Inoue et al., 2008), suggest-
ing that different sites have different biochemical roles in the
modulation of phot activity. At present it is not known whether
Ser®' represents a low or high fluence-responsive site as the
corresponding site was not identified in the oat study discussed
above (Salomon et al., 2003).

PROTEINS INVOLVED IN EARLY POST-PERCEOPTION
SIGNALING

NPH3: A Modular Adaptor Protein and Regulator of phot
Signaling

Despite extensive screening for loss-of-function phototropism
mutants, only one mutant locus, nph3, has been described that
appears to alter a protein that functions close to, but downstream
of, the phot1 photoperception event (Liscum and Briggs, 1995,
1996; Motchoulski and Liscum, 1999). In particular, nph3 muta-
tions have been shown to disrupt phototropism in etiolated seed-
lings under low fluence rate conditions (<1 pmol m2 s') (Liscum
and Briggs, 1996; Motchoulski and Liscum, 1999), as well as high
fluence conditions (>1 ymol m2 s) (Inada et al., 2004) without
affecting BL-induced autophosphorylation of phot1 (Liscum and
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Briggs, 1995). By means of combinatorial mutant analysis NPH3
has been demonstrated to function in both phot1 and phot2 pho-
totropic signaling (Inada et al., 2004).

The NPH3 gene (Table 1) was isolated by a map-based clon-
ing approach and found to encode a member of a novel family
of plant-specific proteins (Motchoulski and Liscum, 1999). Not
surprisingly, given the similarity of phenotypes and the genetic
interaction between phot and nph3 mutants, the NPH3 transcript
is expressed highly in dark-grown seedlings in all the tissues
and remains unaffected by light (A. Motchoulski and E. Liscum,
unpublished; (Inada et al., 2004), similar to what was discussed
already for PHOTT1. In rice, COLEOPTILE PHOTOTROPISM1
(CPT1), was identified as an ortholog of NPH3, and nph3 and
cpt1 mutants were found to have similar phenotypes implying that
NPHS3 and its orthologs have conserved functional roles across
plant taxa (Haga et al., 2005).

As shown in Figure 4B, NPH3 belongs to a 33-member protein
family in Arabidopsis, designated NRL (NPH3/RPT2-Like) after
the founding members of the family — NPH3 (Motchoulski and
Liscum, 1999) and ROOT PHOTOTROPISM 2 (RPT2) (Sakai et
al., 2000). Primary amino acid sequence conservation between
members of the NRL protein family is found in five discrete, posi-
tionally conserved, regions designated Dla, DIb, DII, DIll, and DIV
(Figure 4A). Within domain DIV there is a consensus metazoan
Tyr phosphorylation site ([RK]-x(2,3)-[DE]-x(2,3)-Y; (Patschinsky
et al., 1982) that is conserved in 29 of the 33 members of the
family, including NPH3 (RTCDDGLY*4%) (Motchoulski and Liscum,
1999). Although it is not known whether phosphorylation can oc-
cur on Tyr®* of NPH3, it is worth noting that the nph3-2 mutant
that carries in an in-frame deletion of this residue is phenotypi-
cally indistinguishable from a null mutant (nph3-6) that contains a
stop codon at the Trp? position (Motchoulski and Liscum, 1999).
It remains to be determined whether Tyr%*® is important for func-
tion of NPH3 (e.g., is it differentially phosphorylated in ‘signaling’
and ‘non-signaling’ NPH3 isoforms?) or as a structural motif that
regulates protein stability/abundance.

At present no general functional role for various members of
NRL family in plants is easily predictable. Yet, recent reports by
various groups suggest that the physiological roles played by
various NRL members may be quite diverse. First, mutations of
NRL20, known as mab4/enp/npy1 (macchi-boud/enhancer of pi-
noid/naked pins in yuc mutants1), were isolated separately as en-
hancers of pinoid (pid) and yucca (yuc) phenotypes (Cheng et al.,
2007; Furutani et al., 2007). Interestingly PID is a protein kinase
whose catalytic domain clusters in the same phylogenetic clade
as the phot kinase catalytic domain (Christensen et al., 2000;
Benjamins et al., 2001; Galvan-Ampudia and Offringa, 2007).
Moreover, PID appears to regulate the activity/function of PIN-
FORMED (PIN) proteins, a class of auxin efflux carriers, to mod-
ulate asymmetric and polar auxin transport (Christensen et al.,
2000; Benjamins et al., 2001; Friml et al., 2004; Galvan-Ampudia
and Offringa, 2007; Michniewicz et al., 2007; Robert and Offringa,
2008; Sukumar et al., 2009). In a phenotypic class quite distinct
from the nph3 and mab4/enp/npy1 mutants, the seth6 mutants
(containing lesions in NRL18) exhibit a block in pollen germina-
tion and tube growth (Lalanne et al., 2004), suggesting that NRL
functions are quite diverse indeed.

Members of the NRL protein family, in addition to displaying
modular sequence conservation, exhibit modular structural fea-

Dla DIb DIl a]]]] DIv
BTB/POZ Colled-Coll
NRL7 (At2923050)
NRL21 (Atdg37590)
NRL6 (At2g14820)
NRL30 (At5g67440)
——— BTENPHS 9 NRL20/ENP/MAB4/NPY 1 (Atag31820)

NRLS (At1g67900)
NRL15 (At3926490)
NRL26 (At5g47800)
—— NRL4 (At1g52770)
NRL12 (At3g15570)
NPH3 (At5g64330)
NRL23/DOT3 (At5g10250)

— NAY ems NRL22 (At5g03250)
amino acid substitutions (x100) 60.7 NRL24 (AtSg13600)
ns NRL2 (At1g30440)
NRL16 (At3g44820)

96.9

4‘ 1000 NRL19 (At3g50840)

86 _ENRLZQ (At5g66560)

1000 NRL9 (At3g03510)
NRL25 (At5917580)

—— BTB-NPH3-CC
E— NPH3-CC
60.6

466 |

NRL10 (At3g08570)
L NRL11 (At3g08660)
NRL28 (At5g48800)

NRL1 (At1g03010)

NRL8 /SETHE (At2g47860)
jos ! NRL18 (At3g49970)
NRL31 (At5g67385)

RPT2 (At2g30520)

100.0 NRL3 (At1g50280)
_EE NRL13 (At3g19850)
b NRL14 (At3g22104)

NRL27 (At5g48130)

NRL17 (At3g49900)

Figure 4. Consensus domain structure of the NPH3/RPT2 (NRL) protein
family.

(A) The Dla, DIb, DII, DIIl, and DIV regions (black bars) represent areas
of sequence conservation among members of the NPH3/RPT2 pro-
tein family. The BTB/POZ (red region) and coiled-coil (blue region) do-
mains represent structurally conserved motifs. While not all members
of the family contain all of these domains (see cladogram in Figure
4B), each domain is present in both NPH3 and RPT2 (Motchoulski and
Liscum, 1999; Sakai et al., 2000). Inter-domain regions (grey) while
not sequence conserved exhibit moderate structural similarities from
member to member (see http://www.biosci.missouri.edu/liscum/nph3-
rpt2figs.html).

(B) Cladogram of the NRL protein family based on amino acid sequence
obtained from Arabidopsis genome annotation (TAIR8) at TAIR. NRL
protein sequences were aligned by ClustalW and the resulting Clust-
alW alignment was used to generate a rooted phylogenetic tree (Clado-
gram). Corresponding AGI numbers for a given NRL member is given
in parenthesis.

tures that are positionally conserved while sequence diverged
(Figure 4A). Two of these structurally-conserved regions repre-
sent known protein-protein interaction motifs; a BTB (broad com-
plex, tramtrack, bric a brac)/POZ (pox virus and zinc finger) do-
main (Albagli et al., 1995; Aravind and Koonin, 1999; Stogios et
al., 2005) in the amino-terminal region, and a coiled-coil domain
(Cohen and Parry, 1990; Lupas, 1996) in the carboxyl-terminal
region (Motchoulski and Liscum, 1999; Sakai et al., 2000; Sto-
gios et al., 2005). While no particular function can be inferred



from the presence of a BTB/POZ (hereafter referred to simply
as BTB) or a coiled-coil domain, the fact that most of the NRL
family members contain one or both (21 of 33 members, includ-
ing NPH3 which contains both; Figure 4B) suggests that protein-
protein interactions are an important feature of the biochemical
function of this family.

While the subcellular localization of most members of the NRL
family is currently unknown, NPHS3, like phot1 (Briggs and Huala,
1999; Inada et al., 2004), has been shown to be associated with
the plasma membrane (Motchoulski and Liscum, 1999; Lariguet
et al., 2006; Pedmale and Liscum, 2007). In dark-grown wild-type
seedlings NPH3 exists in a phosphorylated form (hereafter re-
ferred to as NPH3PS; DS, dark state) that is rapidly converted into
a dephosphorylated form in response to BL irradiation (NPH3S;
LS, lit state) in a time dependent manner, but independent of flu-
ence rate (Pedmale and Liscum, 2007; Tsuchida-Mayama et al.,
2008). Moreover, NPH3'S is rapidly converted back into NPH3PS
by merely placing the light-treated seedlings in darkness (Ped-
male and Liscum, 2007; Tsuchida-Mayama et al., 2008). Since
NPH3 and phot1 share the same sub-cellular space, it seemed
possible that NPH3 might be a substrate for phot protein kinase
activity. However, Pedmale and Liscum (Pedmale and Liscum,
2007) demonstrated that NPH3PS is formed in phot1phot2 double
mutants, indicating that neither phot1 nor phot2 is required for
dark-dependent phosphorylation of NPH3. Interestingly, conver-
sion of NPH3PS to NPH3'S in BL is phot1 dependent, while phot2
does not appear to play a role (Pedmale and Liscum, 2007; Tsu-
chida-Mayama et al., 2008). This suggests that the protein phos-
phatase dephosphorylating NPH3P® might function immediately
downstream of phot1, and that phot1 might well be regulating the
unknown phosphatase.

Pedmale and Liscum (Pedmale and Liscum, 2007) showed
that dephosphorylation of NPH3 might be necessary for pho-
totropism, since conversion of NPH3PS to NPH3'S was shown to
be correlated with BL dependent phototropism. In a more recent
study Tsuchida-Mayama and colleagues (Tsuchida-Mayama et
al., 2008) came to the conclusion that conversion of NPH3PS to
NPH3 is not required for phototropic signaling. This latter con-
clusion was based largely on the observations that NPH3 phos-
phorylation incompetent mutants fail to rescue aphophototropism
in a null-mutant background. However, closer examination of
these results reveal that it may be premature to throw out the
model proposed by Pedmale and Liscum (Pedmale and Liscum,
2007). For example, all of the potential phosphorylation sites ex-
amined by Tsuchida-Mayama and colleagues (Tsuchida-Mayama
et al., 2008) were identified entirely through computational meth-
ods, and no report of in vivo confirmation currently exists. Even
more importantly, the finding that mutation of a Ser/Thr to Ala re-
sults in apparently phototropically competent NPH3 protein (Tsu-
chida-Mayama et al., 2008) is entirely consistent with a model in
which NPH3 (dephosphorylated NPH3) is the active signaling
state (Pedmale and Liscum, 2007) since those mutations would
be expected to result in a constitutively active signaling state. The
true test of the alternative model proposed by Tsuchida-Mayama
and colleagues (Tsuchida-Mayama et al., 2008) would be to gen-
erate phosphorylation mimic mutants that lock NPH3 in a pseudo-
phosphorylated state (NPH3PS-like). Such mutations would pre-
vent conversion of NPH3PS to NPH3'S, thus directly testing the
validity of the two opposing models.
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Emergent Model: NPH3 as a Component of a CULLIN3-
based Ubiquitin Ligase

Recent reports have demonstrated that BTB-domain containing
proteins can participate as a substrate-specific adaptors in CUL-
LIN3 (CUL3)-based E3 ubiquitin ligases, also known as CRL3s
(CUL3-RING-ligase) (Geyer et al., 2003; Krek, 2003; Pintard et
al., 2003; Xu et al., 2003; Willems et al., 2004; Dieterle et al.,
2005; Figueroa et al., 2005; Gingerich et al., 2005; Petroski and
Deshaies, 2005; Stogios et al., 2005; Weber et al., 2005). Inter-
estingly, the activity of E3 ubiquitin ligases can be influenced
by phosphorylation of its core components (Spanu et al., 1994;
Glickman and Ciechanover, 2002; Schwechheimer and Calde-
ron Villalobos, 2004), and the phosphorylation status of the sub-
strates themselves can influence the ability of the E3 ligase to
target those substrates (Spanu et al., 1994; Wang et al., 2004).
Hence it seems plausible that NPH3, based on its sequence and
structural properties (Motchoulski and Liscum, 1999; Inada et
al., 2004; Celaya and Liscum, 2005; Pedmale and Liscum, 2007)
represents a substrate adapter component of a CRL3, and that
the conversion of NPH3PS and NPH3"® might constitute the ‘on/
off’ switch for the activity of CRL3"""® (Celaya and Liscum, 2005;
Pedmale and Liscum, 2007). Given that BTB-containing proteins
normally function as dimers/multimers (Stogios et al., 2005) and
that NPH3 is a member of the larger NRL family, it seems appro-
priate to hypothesize that NPH3 can homodimerize with itself, or
heterodimerize with other NRL family members, allowing a CRL-
3NPHINRL to target numerous substrates. Such an arrangement ap-
pears to be common with mammalian and fungal BTB-containing
proteins. For example, homo- and heterodimerization of the mam-
malian BTB protein Keap1 allows for targeting of multiple target
proteins for ubiquitination by CRL3#' (Lo and Hannink, 2006).
Future studies on the biochemical function of NPH3 and identi-
fication of substrate(s) of CRL3""" will provide a wealth of new
insights in how early phototropic signal transduction proceeds
and the role that protein ubiquitination plays in these processes.

RPT2: A Modular Adapter for phot Signaling?

RPT2 (Table 1 and Figure 4B), the other founding member of the
NRL family, was originally identified via a mutant allele that condi-
tions reduced phototropism (Okada and Shimura, 1992). How-
ever, in the case of the rpt2 mutant a phototropic defect is only
obvious under high fluence rate BL (> 10umol m2s™') (Sakai et al.,
2000; Inada et al., 2004). It thus appears that RPT2 functions over
a fluence rate range similar to that in which phot2 functions (Sakai
etal., 2000; Sakai et al., 2001) (Table 3). A parallel between RPT2
and PHOT2 s also observed at the level of transcript abundance,
with both transcripts being detectable at only very low levels in eti-
olated seedlings but increasing in abundance in response to light
with similar fluence rate and wavelength dependencies (Sakai et
al., 2000; Sakai et al., 2001) (Table 3).

RPT2, like NPH3 (Motchoulski and Liscum, 1999; Lariguet
et al., 2006), is a plasma membrane-localized protein that has
been found to co-immunoprecipitate with phot1 in extracts from
etiolated Arabidopsis seedlings (Inada et al., 2004). It also ap-
pears that RPT2 and NPH3 can heterodimerize through their
amino-terminal BTB-domains (Inada et al., 2004), though this
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may not be particularly surprising as BTB containing domains
are known to mediate protein-protein interaction for homo- or
heterodimerization (Ahmad et al., 1998a; Stogios et al., 2005).
While Inada and colleagues proposed that RPT2 directly inter-
acts with phot1 — largely based on weak interaction in yeast
(Inada et al., 2004), the finding that RPT2 and NPHS3 strongly
interact in yeast suggests that RPT2 may co-immunoprecipitate
in plant extracts with phot1 via interaction with NPH3, which
interacts strongly and directly with phot1 in vitro, in yeast and
in planta (Motchoulski and Liscum, 1999; Lariguet et al., 2006).
The conditional phototropic phenotype of the rpt2 mutant in
comparison to the apparent complete aphototropic phenotype
of the nph3 mutants, along with the sequence and structural
homologies between the RPT2 and NPH3 proteins (Motchoul-
ski and Liscum, 1999; Sakai et al., 2000; Inada et al., 2004),
suggest that RPT2 may have partial overlapping function with
NPH3 in phototropic signaling but only under high fluence rate
conditions. While it seems appropriate to speculate that RPT2
also participates in function of a CRL3 complex, either as a
homodimer or as a heterodimer with NPH3, this has yet to be
tested.

PKS1: A Bridge Between phot and phy Signaling?

PHYTOCHROME KINASE SUBSTRATE 1 (PKS1), while iden-
tified in a yeast-two-hybrid screen that utilized the carboxyl-
terminus of phyA as a bait, is the first protein known to inter-
act with both phyA and phyB in the cytosol (Fankhauser et al.,
1999; Lariguet et al., 2003). Phys readily phosphorylate PKS1
both in vitro and in vivo in a light-dependent fashion, and it has
been hypothesized that phosphorylated PKS1 negatively regu-
lates phy function (Fankhauser et al., 1999; Schepens et al.,
2008). PKS1 is a member of a small gene family in Arabidop-
sis (PKS1 to PKS4) with no predictable functional sequence
motifs (Lariguet et al., 2003; Lariguet et al., 2006). Interest-
ingly, BL stimulates the expression of PKS1 (Lariquet, 2006),
suggesting that PKS1 may also function in BL responses such
as phototropism. In line with this possibility Lariquet and col-
leagues (Lariguet et al., 2006) have shown that pks1pks2pks4
triple mutant seedlings exhibit reduced phototropism in low flu-
ence rate BL, conditions under which phot1 operates as the
primary phototropic photoreceptor (Celaya and Liscum, 2005;
Holland et al., 2009). In the same study it was demonstrated
that PKS1 is a plasma membrane-associated protein and that
it physically interacts with both phot1 and NPHS3 in vitro and in
planta (Lariguet et al., 2006). It has recently been shown that
PKS1 also positively regulates phot1-dependent BL-induced
negative root phototropism in Arabidopsis by negatively regu-
lating gravitropism (Boccalandro et al., 2008), and that it modu-
lates phy-dependent positive root phototropism induced by RL
(Molas and Kiss, 2008). A common theme emerging from such
studies is that PKS proteins appear to regulate directional ori-
entation of organs to various stimuli by influencing asymmetric
growth (Lariguet and Fankhauser, 2004; Lariguet et al., 2006;
Boccalandro et al., 2008; Schepens et al., 2008). How exactly
the PKS proteins function biochemically is currently unknown,
although it does appear that these proteins can function in both
phy- and phot-dependent signaling pathways.

Other phot-Interacting Proteins: A 14-3-3 and a Dynein Light
Chain-like Protein (VfPIP)

As discussed in the previous sections, three photi-interacting
proteins have been characterized that play roles in phototropic
signaling. Two additional phot1-interacting proteins, a 14-3-3 and
a dynein light chain-like protein (VfPIP, for phot1-interacting pro-
tein) have been identified in Vicia faba (Kinoshita et al., 2003; Emi
et al., 2005), but their roles in phototropism have yet to be exam-
ined. The 14-3-3 protein was found through its reversible binding
to Vfphot1a and Vfphot1b (paralogs of Arabidopsis phot1); bind-
ing that is dependent upon specific BL-induced autophosphory-
lation of the phot1 isoforms (Kinoshita et al., 2003; Inoue et al.,
2008). Recently, it has been found that phot1 interacts with non-
epsilon type 14-3-3 proteins in Arabidopsis as well, though no in-
teractions have been observed as yet between phot2 and 14-3-3
proteins (Sullivan et al., 2009). Although it is presently not known
how 14-3-3 proteins might influence phot1 signaling several pos-
sibilities exist: for example, 14-3-3 proteins are known to interact
with a target protein to generate a scaffold so that other proteins
can dock, to inhibit a target protein’s activity, to change in sub-
cellular localization of the target protein or to tag a protein for
post-translational modification (Kinoshita et al., 2003; Ferl, 2004;
Gampala et al., 2007). Emi and colleagues (Emi et al., 2005)
proposed that VIPIP, identified by virtue of its ability to interact
with Vfphotia and found to localize to the cortical microtubules
in guard cells, functions as a motor-proteins to mediate phot1-
dependent stomatal opening in response to BL.

Ca? As a Second Messenger

It may not be too surprising given its pervasive role in intracel-
lular signaling (Bush, 1993) to find that Ca* may play a role in
the transduction of phototropic stimuli in higher plants (Gehring
et al.,, 1990; Ma and Sun, 1997; Harada and Shimazaki, 2007).
A study by Baum and colleagues (Baum et al., 1999) reported
that a transient increase in cytoplasmic Ca** ([Ca*],,,) is observed
in wild-type Arabidopsis seedlings exposed to BL, and that this
response is severely impaired in the phot1 mutant background.
It was also shown that Ca?* was moving into the cytosol across
the plasma membrane, thus placing the necessary channel activ-
ity in the same intracellular compartment as phot1 - the plasma
membrane. Use of a noninvasive ion-selective microelectrode ion
flux measurement (MIFE) technique allowed Babourina and col-
leagues (Babourina et al., 2002) to measure the net Ca?* ion flux
across the plasma membrane and cell wall in Arabidopsis seed-
lings. It was found that in phot? and phot1phot2 mutants BL did
not initiate the immediate influx of Ca?* in to the cytoplasm, while
Ca?*influx in phot2 mutant seedlings was comparable to wild-type
seedlings. These findings indicate that BL-induced influx of Ca?*
from the apoplastic space occurs primarily through the action of
phot1 (Babourina et al., 2002).

BL dependent opening of plasma membrane calcium chan-
nels characteristic of Ca?* influx is reported to be dependent on
phot1 in mesophyll cells of Arabidopsis leaves but independent of
photosynthetic activity (Stoelzle et al., 2003). In addition to phot1,
phot2 is also capable in eliciting rapid Ca? influx at higher fluence
rates (Harada et al., 2003). The investigators used the biolumi-



nescent Ca?* indicator aequorin in Arabidopsis phot1, phot2 and
photiphot2 mutant plants to demonstrate that phot1 and phot2
contributed additively in elevation of free [Ca**],,.. Given the differ-
ences in photosensitivities of phot1 and phot2, it is not surprising
that phot2 efficiently mediates the influx of Ca?* at fluence rates of
BL between 1 and 250 pumol m2s, whereas phot1 is effective in
the 0.1 to 50 umol m2 s range. At this point it is unclear if phot2
is able to mediate Ca?* influx from the apoplast independent of
phot1 since the two studies had conflicting results (Babourina et
al., 2002; Harada et al., 2003). Moreover, given the overlapping
but distinct roles of phot1 and phot2 in mediating BL responses, it
is possible that an individual phot might trigger the release of free
[Ca*],,, from different stores for specific responses. It is interest-
ing to note that the rapid transient BL-induced increase in [Ca?]
ot IS Observed in both cry? and cry2 mutants (Baum et al., 1999;
Stoelzle et al., 2003), suggesting that phots are the only class
of BL receptors responsible for this plasma membrane-localized
response.

BL is also known to induce the rapid phosphorylation and ac-
tivation of plasma membrane H*-ATPase in a phot1- and phot2-
dependent manner (Kinoshita and Shimazaki, 1999; Kinoshita et
al., 2001). Harada and Shimazaki (Harada and Shimazaki, 2009)
have shown that H*-ATPase activation is prerequisite to the phot-
dependent BL-induced [Ca*'].,, increase. Another possible regula-
tory mechanism has also been reported by Chen and colleagues
(Chen et al., 2008) who found that BL, acting through phots, sup-
presses steady-state transcript levels of INOSITOL POLYPHOS-
PHATE 5-PHOSPHATASE 13 (5PTase13), a gene encoding an
enzyme that dephosphorylates inositol polyphosphates (Ins, 45
P83, Ins;345P4 or Ptdins,sP2). The authors proposed that in
darkness 5PTase13 enzyme activity is high due to a higher level
of protein and that the reduced levels of inositol polyphosphates
keep plasma membrane Ca?* channel activity low, thus keeping
the [Ca*'],, low. In contrast, in BL 5PTase13 enzyme levels are
suppressed thereby leading to increased levels of inositol poly-
phosphates, Ca?* channel activity, and an increase in free [Ca?]
o At present it is not known how well, if at all, the temporal and
photobiological properties of 5PTase13 enzyme and Ca?* levels
correlate.

While the role of BL-induced changes in [Ca*],, in photo-
tropic signaling remains to be determined it is worth noting that
Ca?* has also been proposed as a possible second messenger
for gravitropic signaling (Trewavas and Knight, 1994; Sinclair and
Trewavas, 1997; Chen et al., 1999). Moreover, identification of
calmodulin-like TOUCH3 (TCHB3) protein and the calcium bind-
ing motif containing PINOID-BINDING PROTEIN 1 (PBP1) as
PID-interacting proteins provides evidence for the existence of
cross-talk between calcium and auxin movement (Benjamins et
al., 2003). Though PID action in phototropic signaling has yet to
be described, PID has been shown to be required for the lateral
relocalization of PIN1 (Friml et al., 2004) and to function in gravit-
ropism (Benjamins et al., 2001). Interestingly, PIN1 has also been
shown to be relocalized in response to phototropic stimulation in
a phot1-dependent manner (Blakeslee et al., 2004). As will be
discussed in the following section auxin relocalization represents
a common link between various tropic responses (Firn and Digby;,
1980; Poff et al., 1994; Kaufman et al., 1995; Estelle, 1996). It is
therefore attractive to speculate that the regulation of PIN1 local-
ization and auxin movement by both PID and phot1, members of
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the same subclade of protein kinases, the AGCVIII kinases (Gal-
van-Ampudia and Offringa, 2007; Robert and Offringa, 2008),
may utilize Ca® and Ca?*-binding proteins as common signaling
elements.

Differential Auxin Localization and Changes in Gene
Expression

Regulation of auxin transport and accumulation

Auxins have long been implicated as regulators of tropic growth
responses (lino, 1990; Kaufman et al., 1995). In fact, auxin is a
linchpin in most mechanistic models of phototropism (and gra-
vitropism) (Estelle, 1996; Chen et al., 1999; Liscum and Stowe-
Evans, 2000; Hoshino et al., 2007). The Cholodny-Went theory
(Went and Thimann, 1937) provides much of the basis for the pro-
posed central role of auxin in tropic responses. In brief, this theory
holds that tropic stimuli induce differential lateral auxin transport
that leads to the unequal distribution of auxin, and hence growth,
in the two sides of a curving organ. While differential auxin trans-
port, or accumulation, has been difficult to demonstrate in many
cases (Trewavas et al., 1992), it has become clear through the use
of Arabidopsis mutants that transport of, and response to, auxin is
prerequisite for the development of tropic curvatures (Bennett et
al., 1996; Estelle, 1996; Watahiki and Yamamoto, 1997; Chen et
al., 1998; Luschnig et al., 1998; Muller et al., 1998; Rouse et al.,
1998; Stowe-Evans et al., 1998; Utsuno et al., 1998; Chen et al.,
1999; Marchant et al., 1999; Palme and Galweiler, 1999; Rosen
et al., 1999; Yamamoto and Yamamoto, 1999; Harper et al., 2000;
Rashotte et al., 2000; Geldner et al., 2001; Swarup et al., 2001;
Friml et al., 2002; Tanaka et al., 2006). Numerous studies have
shown that auxin efflux processes, which are necessary for the
establishment of a lateral gradient of auxin (Lomax et al., 1995;
Friml et al., 2002), may be regulated via reversible protein phos-
phorylation (Bernasconi, 1996; Garbers et al., 1996; Delbarre et
al., 1998; Christensen et al., 2000; Rashotte et al., 2001; Michnie-
wicz et al., 2007). These findings provide a compelling potential
connection between the phots, which are light-activated protein
kinases (Christie et al., 1998; Sakai et al., 2001), and the differen-
tial auxin gradients that have been observed in seedlings irradi-
ated with unilateral BL (lino, 1990; Esmon et al., 2006).

Several possible biochemical pathways from phot activation
to changes in auxin transport can be postulated. First, a direct
phot1/phot2-dependent phosphorelay involving currently uniden-
tified protein kinases, or via PID, might lead to an altered auxin
transport activity. Alternatively, phots might activate/modulate
auxin transport through an indirect pathway that utilizes Ca?* as
a second messenger. In this latter scenario phot1 (phot2)-depen-
dent increases in cytoplasmic Ca?* levels might lead to activation
of a Ca?*-dependent protein kinase (CDPK) (Satterlee and Suss-
man, 1998; Harmon et al., 2000) or PID kinase via the action of
Ca?*-binding PBP1 or TCH3, which would in turn phosphorylate
an auxin transport complex and thus alter its activity. A third pos-
sible outcome of phototropin activation is the modulation of auxin
transporter localization, rather than the activity of single mol-
ecules. For example, relocalization of auxin efflux carriers from
a basal to lateral region of a cell would result in a shift from ba-
sipetal to lateral auxin transport. Geldner and colleagues (Geld-
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ner et al., 2001) have shown that the apparent static asymmetric
localization of PIN1, one member of a family of auxin efflux carri-
ers (Chen et al., 1998; Luschnig et al., 1998; Muller et al., 1998;
Utsuno et al., 1998; Palme and Galweiler, 1999; Titapiwatanakun
et al., 2009), actually results from a rapid actin-dependent cy-
cling of PIN1 between the plasma membrane and endosomal
compartments. Interestingly, though the mechanism has yet to be
resolved, phot1 has been shown to be genetically required for
the redistribution of PIN1 in the shaded flank of a phototropically-
stimulated seedling (Blakeslee et al., 2004). It is also worth noting
that it has been found that PID can directly phosphorylate the
PIN1 auxin efflux carrier to alter its endocytotic cycling (Skirpan et
al., 2009; Huang et al., 2010; Zhang et al., 2010), suggesting that
phot1 protein kinase activity could be linked to this process. An-
other auxin efflux carrier, PIN3, has been shown to localize to all
faces of the plasma membrane in non-tropically stimulated cells,
but relocalize to the lateral faces following gravitropic stimulation
(Friml et al., 2002). Though no phototropic stimulation-dependent
relocalization of PIN3 has been demonstrated (Blakeslee et al.,
2004), pin3 mutations render seedlings defective in both gravi-
tropic and phototropic responses (Friml et al., 2002), indicating
that PIN3 function is important for phototropism.

As second class of auxin transporters, the ABCB subgroup of
ABC transporter superfamily (Verrier et al., 2008), has also been
associated with tropic responsiveness. For example, mutations in
ABCB19 (also known as PGP19) result in enhanced phototropic
and gravitropic responses in Arabidopsis seedlings (Noh et al.,
20083; Blakeslee et al., 2004). In addition, PIN1 is mislocalized in
abcb19 mutants in manner similar to that observed when wild-
type seedlings are exposed to BL (Noh et al., 2003; Blakeslee et
al., 2004). Interestingly, steady-state levels of ABCB19 mRNA are
suppressed through the action of phys and crys (Nagashima et
al., 2008), suggesting yet another mechanism by which these oth-
er photoreceptors might influence phot-dependent phototropism.

Given the overlapping localization of phot, PIN and ABCB
proteins in the plasma membrane of elongating cells is seems
plausible that phots may influence auxin transport by directly in-
teracting with and modulating the activity/localization of the latter
proteins. Alternatively, phot activation could also lead indirectly
to changes in the activity/localization of auxin transporters, pos-
sibly through phosphorylation or Ca?*-dependent changes in the
activity of a variety of regulator proteins, such as the NPA (naph-
thylphthalamic acid)-binding protein (Muday et al., 1993), 3-phos-
phoinositide dependent kinase 1 (PDK1) (Zegzouti et al., 2006)
and the calossin-like protein BIG (Gil et al., 2001). Determining
exactly how phot activation leads to changes in auxin transporter
activity/localization will be one of the most active areas of photo-
tropic research over the next few years.

Changes in auxin-dependent transcription

In recent years significant advances have been made in under-
standing how differential auxin gradients established in response
to tropic stimulation are interpreted at a molecular level to give
rise to differential growth patterns. Critical to these advances was
the identification and characterization of semi-dominant muta-
tions in the NON-PHOTOTROPIC HYPOCOTYL 4/MASSUGU
1/TRANSPORT INHIBITOR RESISTANT 5 (NPH4/MSG1/TIR5)

locus (hereafter referred to as NPH4) (Table 1) of Arabidopsis
that disrupt multiple differential growth responses in aerial tis-
sues, including phototropism and gravitropism, without altering
overall growth and development of the plant (Liscum and Briggs,
1995, 1996; Ruegger et al., 1997; Watahiki and Yamamoto, 1997;
Stowe-Evans et al., 1998; Watahiki et al., 1999). These pheno-
types, together with the findings that the nph4 mutants exhibit
severely impaired auxin-induced stem bending (Watahiki and
Yamamoto, 1997), stem growth inhibition (Watahiki and Yama-
moto, 1997; Stowe-Evans et al., 1998), and gene expression re-
sponses (Stowe-Evans et al., 1998), suggested that the NPH4
protein functions as a modulator of auxin-dependent differential
growth. Map-based cloning of the NPH4 gene revealed that it en-
codes the auxin response factor ARF7 (Harper et al., 2000), a
member of a large family of transcription factors whose activities
are regulated by auxin (Guilfoyle et al., 1998; Liscum and Reed,
2002). NPH4/ARF7 functions as a transcriptional activator in tran-
sient expression assays (Ulmasov et al., 1999), consistent with
the impaired auxin-induced gene expression profiles observed in
the nph4/arf7 mutants (Stowe-Evans et al., 1998). It therefore ap-
pears that localized changes in gene expression are at least one
of the likely consequences of a differential auxin gradient estab-
lished in response to phototropic stimulation (Harper et al., 2000;
Stowe-Evans et al., 2001).

NPH4/ARF7 has been shown to interact with numerous mem-
bers of the Aux/IAA family of auxin-induced proteins that function
as dominant repressors of ARF activity (Tiwari et al., 2001; Tiwari
et al., 2004; Li et al., 2009). Of particular interest in the context of
tropic growth regulation are the MASSUGU2 (MSG2/IAA19) and
AUXIN RESISTANT5 (AXR5/IAA1) proteins, in which dominant
gain-of-function mutations condition severely impaired phototro-
pic and gravitropic responses (Park et al., 2002; Tatematsu et al.,
2004; Yang et al., 2004). These findings, together with a devel-
oping and sophisticated understanding of how auxin regulates
changes in gene expression, have allowed the development of a
relatively simple model for tropic growth can occur in response to
auxin-responsive transcription (Tatematsu et al., 2004; Holland et
al., 2009). In brief, elevated levels of free auxin, like those induced
differentially across a phototropically-induced stem (Esmon et al.,
2006; Haga and lino, 2006), promote the 26S proteasome-de-
pendent degradation of Aux/IAA proteins, such as MSG2/IAA19
and AXR5/IAAT1, through a targeting mechanism mediated by the
CRL1TR! (also known as SCF™R") complex that contains the auxin
receptor TIR1 (Tan et al., 2007). Given that MSG2/IAA19 and
AXR5/IAA1 would be found as heterodimers with NPH4/ARF7 un-
der low auxin conditions thus repressing activity of the latter, their
auxin-induced degradation would therefore allow homodimeriza-
tion of NPH4/ARF7 and subsequent transcriptional upregulation
of ‘auxin-responsive genes’ (Tatematsu et al., 2004; Celaya and
Liscum, 2005; Holland et al., 2009). In an interesting twist to this
model, it is likely that MSG2/1AA19 and AXR5/IAA1 themselves
represent target genes for NPH4/ARF7 regulation (Stowe-Evans
et al., 1998; Tatematsu et al., 2004), with the transcription and
translation of these genes providing a feed-back mechanism to
rapidly dampen the auxin response (Liscum and Reed, 2002).

A microarray approach was utilized to identify potential tran-
scriptional targets of NPH4/ARF7 under tropically-responsive
conditions. Several, tropic stimulus-responsive (TSI) transcripts
were identified by comparing expression profiles between op-



posing flanks of phototropically- and gravitropically-stimulated
hypocotyls of Brassica oleracea (Esmon et al., 2006). Among the
TSI transcripts identified were EXPANSIN (EXP) 1 and 8, whose
steady-state mRNA levels were shown to be up-regulated in a
tropic stimulation and auxin-dependent fashion in the flank far-
thest from the tropic stimulation- prior to the development of a
differential growth response (Esmon et al., 2006). These genes
are particularly interesting because they encode proteins that
are thought to break H-bonds between cellulose microfibrils and
hemicellulose in the cell wall to increase wall extensibility, allow-
ing for increased turgor-driven cell elongation (Cosgrove, 2005;
Yennawar et al., 2006; Durachko and Cosgrove, 2009). Two GH3
genes (GH3.5 and GH3.6/DFL1), known to encode enzymes that
catalyze the conjugation of free IAA to amino acids (Staswick et
al., 2005), were also identified in this study. While the steady-state
levels of these genes increased in the same spatial region and
with similar tropic stimulation- and auxin-dependencies as the
EXP genes, the timing of expression was considerably delayed in
comparison to the latter genes, consistent with the notion that the
proteins encoded by the GH3 genes would act to suppress auxin
responsiveness by decreasing the free auxin pool (Esmon et al.,
2006). Not surprisingly, given the auxin-dependencies of the TSI
genes, the promotor regions of each of these genes contain at
least one auxin responsive element (AuxRE) (Esmon et al., 2006)
known to provide a binding site for ARF proteins, like NPH4/ARF7
(Hagen and Guilfoyle, 2002; Liscum and Reed, 2002). Consistent
with this finding it was also found that auxin-induced expression
of the TSI genes in Arabidopsis is dependent upon the presence
of NPH4/ARF7 (Esmon et al., 2006). With the functional genom-
ics tools now at our disposal, additional targets for NPH4/ARF7
regulation should not remain elusive for long.

RESPONSE MODULATION VIA SECONDARY
PHOTOSENSORY EVENTS

Plants utilize a process known as photosensory adaptation to mod-
ify their sensitivity and responsiveness to changes in their light en-
vironment that occur throughout diurnal and seasonal cycles (Gal-
land, 1989, 1991). Photosensory adaptation can be separated into
two types of phenomena: 1) sensor adaptation, and 2) effector ad-
aptation. Sensor adaptation was introduced earlier in the context of
a potential role for phot1 and phot2 light-induced phosphorylation
and the phototropic desensitization process. In this section we will
discuss what is known about the molecular properties of effector
adaptation processes as they relate to phototropism in Arabidop-
sis. In particular we will focus on the amplification of signal outputs
from the phot1-dependent transduction pathway that lead to en-
hancement of a basal phototropic response in etiolated seedlings.

By definition photosensory adaptation responses include
rapid desensitization components (discussed earlier), as well as
slower recovery and responsiveness modulation (enhancement)
components (Galland, 1989, 1991). Recovery of phototropic sen-
sitivity occurs within a few minutes of onset of irradiation, while
enhancement takes place over a period of hours (Zimmerman
and Briggs, 1963; lino, 1990; Poff et al., 1994). For example, preir-
radiation results in a decrease in the lag times for recovery of pho-
totropic sensitivity (Zimmerman and Briggs, 1963; Janoudi et al.,
1992; Liu and Lino, 1996) and enhancement of curvature (Chon
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and Briggs, 1966; Janoudi and Poff, 1991; Liu and lino, 1996).
Recovery of phototropic sensitivity and response enhancement
appear to be mechanistically related and reflect effector rather
than sensor adaptation processes (lino, 1990; Poff et al., 1994).

phyA Is the Major Effector of phot1-Dependent Phototropism

Although BL can induce phototropic enhancement in monocot
(Blaauw and Blaauw-Jansen, 1970; lino, 1988) and dicot (Ja-
noudi and Poff, 1991) seedlings, RL can also induce phototropic
enhancement (Figure 5) implicating a RL-absorbing receptor in
the enhancement response (lino, 1990; Poff et al., 1994). Action
spectroscopy and partial RL/FR reversibility (Janoudi and Poff,
1992; Liu and lino, 1996), together with the absorptive proper-
ties of phys (Butler, 1964; Pratt and Briggs, 1966; Vierstra, 1983),
have suggested that one or more phy can mediate phototropic
enhancement under both BL alone and BL plus RL conditions
(Liscum and Stowe-Evans, 2000; Whippo and Hangarter, 2004).
Analyses of phy-deficient mutants of Arabidopsis provide com-
pelling support for this hypothesis and indicate that both phyA
and phyB (Table 1) function as regulators of phototropic enhance-
ment. In particular, phyA appears to act as the major receptor in
low fluence conditions, while phyB dominates under high fluences
(Parks et al., 1996; Janoudi et al., 1997a; Janoudi et al., 1997b).
As already discussed, Han and colleagues have found that phyA
activation by RL can inhibit BL-induced internalization of phot1
(Han et al., 2008). This finding, together with the aforementioned
photobiological properties, suggest that phyA-dependent en-
hancement of phototropism could result from more phot1 being
retained at the plasma membrane to allow more signal transduc-
tion, without actually altering phot1 sensitivity.

Phys have also been implicated as upstream modulators of
both auxin transport (Eliezer and Morris, 1980; Behringer and Da-
vies, 1992; Jensen et al., 1998; Shinkle et al., 1998) and auxin-
regulated gene expression (Oyama et al., 1997; Soh et al., 1999;
Steindler et al., 1999; Tian and Reed, 1999; Nagpal et al., 2000).
While one can certainly imagine how phys could influence aux-
in transport or response via alteration in phot1 localization, it is
worth noting that the transcription of a large subset of genes, in
the range of ~10% of the genome, appears to be regulated by
phyA (Tepperman et al., 2001). Direct phyA-dependent transcrip-
tional regulation could provide an additional means to modulate
auxin levels in the plant, quite independent from phot function,
which does not appear to directly regulate transcription (Ohgishi
et al., 2004). By the ability to tightly control the expression of a
suite of genes, phyA is able to rapidly deploy genes leading to
a cascade in signaling. Given the apparent role of lateral auxin
gradients in the establishment and maintenance of phototropic
responses (Went and Thimann, 1937; lino, 1990; Kaufman et al.,
1995), and the transcriptional responses likely to result from such
gradients (Stowe-Evans et al., 1998; Harper et al., 2000; Esmon
et al., 2006), a phy-dependent increase in auxin responsiveness
represents an ideal mechanism by which phototropic enhance-
ment could occur (Liscum and Stowe-Evans, 2000).

Compelling support for this contention has been obtained
through studies of the nph4/arf7 mutants. In particular, while
nph4/arf7 null mutants are aphototropic in low fluence rate BL
(Liscum and Briggs, 1995, 1996), they retain a strong phototropic
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Figure 5. Phytochrome-induced enhancement of phot1-dependent pho-
totropism in Arabidopsis.

(A) Three-d-old etiolated seedlings mock-irradiated for 8 h.

(B) Three-d-old etiolated seedlings mock-irradiated for 4 h, then exposed
to 4 h of unilateral blue light (A, = 436 nm, 30 nm half-band; at a fluence
rate of 0.1 umol m2 s™) from the left.

(C) Three-d-old etiolated seedlings exposed to 4 h of red light (., = 660
nm, 30 nm half-band; at a fluence rate of 0.3 pmol m2s™') from above, then
4 h of unilateral blue light (., = 436 nm, 30 nm half-band; at a fluence rate
of 0.1 ymol m2 s°") from the left.

response in high fluence rate BL (T. Campbell, E.L. Stowe-Evans,
and E. Liscum, unpublished), or other irradiation conditions (e.g.,
low fluence rate BL plus RL) that stimulate both phot1 activity
and significant phy Pr to Pfr photoconversion (Liscum and Briggs,
1996; Stowe-Evans et al., 2001). Not only does the action of
phyA predominate in the phototropic enhancement response of

etiolated wild-type seedlings (Parks et al., 1996; Janoudi et al.,
1997a; Janoudi et al., 1997b; Stowe-Evans et al., 2001), but it
also appears to be the major modulatory photoreceptor for re-
covery of response in the nph4/arf7 background (Stowe-Evans et
al., 2001). Together these results indicate that phyA action is able
to suppress the deficiency in auxin-dependent gene expression
conditioned by the loss of NPH4/ARF7. The simplest hypothesis
to explain this phyA-dependent phototropic response in the com-
plete absence of NPH4/ARF7 activity is that another ARF may
respond to phyA signaling by activating the expression of genes
that NPH4/ARF7 would otherwise activate (Figure 6). Given that
NPH4/ARF7 activity appears genetically limiting (Liscum and
Briggs, 1996; Stowe-Evans et al., 1998), this hypothesis is also
consistent with the phyA-dependent phototropic enhancement
response in wild-type where the second ARF would stimulate ad-
ditional gene expression beyond that stimulated by the activity of
NPH4/ARF7.

Models for phyA-Dependent Changes in ARF Activity

Two mechanistic explanations for the aforementioned hy-
pothesis seem most probable. First, phyA action might lead
to increased auxin content within the hypocotyl as a result of
alterations in auxin transport (basipetal, lateral, or some com-
bination thereof) or metabolism. Hence, any differential auxin
accumulation in a phototropically-stimulated hypocotyl induced
via a phot1-dependent response pathway would be enhanced,
potentially resulting in partial activation of an ARF with a lower
sensitivity to auxin (Figure 6a). Alternatively, phyA signaling
might condition increased auxin sensitivity of a redundant ARF
system via changes in expression or activity of that ARF protein
(Figure 6b).

Relative to the first model it is worth noting that Stone and
colleagues (Stone et al., 2008) employed a second-site enhanc-
er screen to identify mutations in a nph4/arf7-null mutant back-
ground that would lead to complete loss of phototropic respon-
siveness in RL plus BL conditions where phyA activity normally
suppresses the aphototropic phenotype observed in BL alone.
Of the three enhancer mutations identified the modifer of arf7
phenotypes 1 (map1) mutation was shown to be allelic to AUXT
(Stone et al., 2008), a member of a small family of high-affinity
auxin influx carriers (Swarup et al., 2004; Yang et al., 2006; Kerr
and Bennett, 2007). The map1/aux1-201 mutation was shown to
be a missense allele converting Alay, to Val within the second
transmembrane span of AUX1 (Stone et al., 2008). While map1/
aux1-201 was identified as an enhancer of nph4/arf7 phototropic
defects, this aux? allele, as well as several previously identified
missense alleles were shown to also condition subtle but sig-
nificant reductions in phot1-dependent BL-induced phototropism
even in the presence of normal NPH4/ARF7 activity (Stone et
al., 2008). These and other results led to the proposal that phyA
influences AUX1 activity (and possibly AUX7 mRNA expression)
to increase local symplastic auxin concentrations within the elon-
gation zone of the hypocotyl/stem such that activation of another
ARF(s) with lower auxin sensitivity leads to enhanced phototropic
responsiveness in the presence of NPH4/ARF7 activity and to
partial recovery of responsiveness in the absence of NPH4/ARF7
(Stone et al., 2008).
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Figure 6. Working models to explain the phytochrome A-induced en-
hancement of phototropin-dependent phototropism in wild-type Arabidop-
sis seedlings and the recover of response in nph4 mutants lacking the
auxin response factor ARF7.

From studies of the nph4/arf7 mutants it appears that phyA-dependent in-
creases in the phototropic response of etiolated hypocotyls occur because
of a partial activation of a second ARF (Stowe-Evans et al., 2001). Two
obvious models can be developed. Both models assume that when mul-
tiple ARFs are expressed in the same cell any one ARF can specifically
regulate the expression of auxin-responsive genes involved in a distinct
biological phenomenon because of differences in the auxin sensitivities
of the different ARFs (Liscum and Reed, 2001). First (A) phyA activation
could lead to changes in auxin transport and/or metabolism leading to
increases in auxin concentration on the side away from light (red block),
above that induced by phot1 activation alone (blue block). Whereas the
auxin concentration induced by phot1 action alone would result only in
the activation of NPH4/ARF7, the auxin concentration established under
both phot1 and phyA activating conditions would lead to the activation
of both NPH4/ARF7 and ARFy. Alternatively (B) phyA action could lead
to changes in the auxin sensitivity of ARFy. Note shift of ARFy response
curve (red line) to lower auxin concentration range as compared to panel
A. These models are not mutually exclusive, but each can account for the
increase in phototropic response of wild-type seedlings, as well as the
partial recovery of response in the nph4/arf7 null mutants.

While to date there is no direct experimental evidence in sup-
port of the model in which phyA activity increases auxin sensitiv-
ity through changes in ARF activity or expression, recent find-
ings with respect to another conditional phototropic phenotype
of nph4/arf7-null mutants suggest this model has merit. It had
previously been shown that exposure to ethylene prior to, or con-
comitant with, exposure to directional BL could, like phyA activa-
tion (Stowe-Evans et al., 2001), partially suppress the aphoto-
tropic phenotype of nph4/arf7-null mutants observed in BL alone
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(Harper et al., 2000). Stone and colleagues (Stone et al., 2008)
were able to demonstrate that the combination of a nph4/arf7 mu-
tation with loss-of-function mutations in ARF19, the most closely
related ARF to NPH4/ARF7 (Remington et al., 2004), renders
Arabidopsis seedlings incapable of exhibiting BL-induced phot1-
dependent phototropism with or without ethylene exposure. Inter-
estingly, nph4/arf7arf19 double mutants still recover BL-induced
phototropism when phyA is activated (Stone et al., 2008). These
findings demonstrate that ARF19 is sufficient for the ethylene-
dependent suppression of nph4/arf7 aphototropism but not the
phyA-dependent response. What makes this finding particularly
interesting within the context of the model introduced above is the
finding that ARF19 mRNA expression is up-regulated in response
to ethylene exposure (Li et al., 2006), thus providing an obvious
explanation for the ARF19-dependent phenotype (Stone et al.,
2008). While genetic support for a similar model of increased ARF
activity does not currently exist for the phyA-dependent response,
it is intriguing that the map3 mutation (currently uncloned) influ-
ences the phyA-response specifically in much the same way the
arf19 mutations are specific to the ethylene response (Stone et
al., 2008).

Redundant ARF function could also be influenced by phyA
through promotion of Aux/IAA degradation. It is now well estab-
lished that Aux/IAA proteins are targeted for 26S proteasome-
dependent degradation by the CRL1/SCF™®' E3 ubiquitin-
ligase complex (Gray and Estelle, 2000; Ramos et al., 2001;
Schwechheimer et al., 2001; Dharmasiri et al., 2005; Kepinski
and Leyser, 2005; Quint and Gray, 2006; Dos Santos Mara-
schin et al., 2009). In yeast and flies, many proteins targeted
by a CRL1/SCF complex are first phosphorylated (Patton et
al., 1998; Maniatis, 1999; Koepp et al., 2001). Interestingly it
has been shown that phyA can interact with and phosphorylate
Aux/IAA proteins in vitro (Colon-Carmona et al., 2000). Thus it
seems plausible that phyA could influence the auxin sensitiv-
ity of a redundant ARF(s) by promoting, through phosphoryla-
tion, ubiquitylation and subsequent degradation of an Aux/IAA
protein(s) that normally inhibits the activity of the redundant
ARF(s). Although this possibility remains untested at present,
protein turnover does appear to be at least one of the com-
ponents of phyA-dependent recovery of phototropism in nph4/
arf7 mutants since nph4/arf7axr1 double mutant seedlings fail
to exhibit any phototropic response (E. L. Stowe-Evans, R. M.
Harper, and E. Liscum, unpublished). AXR1 (Table 1) encodes
one of the two components (the other being ECR1) of a het-
erodimeric ubiquitin-E1-like enzyme that functions upstream of
the CRL1/SCF™R" complex (del Pozo and Estelle, 1999; Gray
and Estelle, 2000). Not surprisingly, axr? single mutants also
exhibit impaired phototropic responses (Watahiki et al., 1999;
Yang et al., 2004).

ECOLOGICAL AND EVOLUTIONARY SIGNIFICANCE OF
PHOTOTROPISM

In contrast to the controlled and relatively simply environmental
conditions plants find themselves in under laboratory or growth
chamber conditions, growth in natural habitats results in exposure
to large variations in all sorts of environmental stimuli on tempo-
ral and spatial scales. One of the challenges that plants have to
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adapt to is the fluctuation in light quality and quantity through the
course of the day, as well as by surrounding vegetation. Given the
ubiquitous nature of phototropism within the plant kingdom, and
its potential to dramatically increase the photosynthetic foraging
capacity of a plant, it seems obvious to expect that the genes con-
trolling this response have been under positive selective pressure
during the evolution of different land plants. Yet, despite the po-
tential ecological and evolutionary significance of phototropism,
until recently no one had even asked: If two plants are growing in
a shaded or light-limited environment, would the one exhibiting a
stronger phototropic response have an adaptive advantage over
the one with a weaker response? Why hadn’t such a study been
done until recently; could it be that such a test sounds easy but
in fact has been quite difficult to design and execute? Just by the
way the aforementioned question is posed - “if...the one exhibiting
a stronger phototropic response has an adaptive advantage over
the one with a weaker response?” - it is clear that this question
has been extremely difficult to ask since it requires that one has
access to two plants, presumably within the same species, with
dramatically different phototropic potentials. With the identifica-
tion of mutants in Arabidopsis that exhibit altered phototropic re-
sponse the aforementioned question could finally be addressed.

Galen and colleagues (Galen et al., 2004) examined the fit-
ness of phot1, phot2 and nph3 mutants in comparison to wild-
type plants and found that each of these loci imparts a signifi-
cant fitness advantage to young Arabidopsis seedlings that are
germinated under simulated and natural canopy litter conditions.
In particular, it was observed that phot1, phot2 and nph3 mu-
tants had reduced lifetime fithess compared to wild-type, with
phot1 and NPH3 contributing most prominently to fitness dur-
ing seedling germination and emergence, and phot2 contribut-
ing post emergence of the seedling from the soil (Galen et al.,
2004). Given the known fluence rate sensitiveness of phot1 and
phot2 these observations were not, in hindsight, that surprising.
Consistent with these findings under natural environmental con-
ditions, Takemiya and colleagues (Takemiya et al., 2005) found
that phot1 and phot2 promote at least three-fold higher biomass
production in growth chamber-grown plants given RL sufficient
to saturate the photosynthetic response but supplemented with
low fluence rate BL conditions, as compared to plants grown
in RL alone. Both of these studies indicate that phots provide
adaptive value with respect to establishment and growth of
plants, yet they do not address how phot activity impacts physi-
ology to derive this adaptive value.

Negative phototropism and positive gravitropism direct direc-
tional growth of plant roots deeper in the soil for water and nu-
trients. A plants water status reflects the balance between ab-
sorption of water through the roots and transpiration through the
stomatal pores in the leaves. Interestingly, both negative root pho-
totropism (leading to increased access to soil-borne water) and
stomatal opening (leading to water loss) are mediated by phots.
How these two BL-induced spatially separated processes are
coordinated is largely a mystery. However, it appears that phot1
function confers an adaptive advantage to plants growing under
water-limited conditions (Galen et al., 2004). While the role of
phot1-mediated stomatal opening was not specifically addressed,
the investigators showed that roots of phot7-null mutants exhibited
largely random growth patterns compared to wild-type or PHOT1
transgene-complemented phot1 mutant plants, leading to very

shallow root growth relative to soil depth. Thus in dry soil condi-
tions roots of phot1 mutant plants simply do not penetrate the soil
deep enough to access the limited water (Galen et al., 2007b; Ga-
len et al., 2007a). Interestingly the aberrant root phenotypes of the
phot1 mutant are accentuated in dry versus wet conditions sug-
gesting that there is interplay between drought and phot1 sensing-
response systems (Galen et al., 2007b; Galen et al., 2007a).

The potential fitness advantages of maintaining phototropic
responsiveness may be further increased by the co-opting of
multiple photoreceptor systems in the modulation of phototropic
response. For example, if phototropism was an all-or-nothing re-
sponse, controlled solely by the differential activation of phot1 or
phot2 a seedling could be “misled” into bending towards an unsuit-
able source of light. It makes intuitive sense that the action of phys
and crys as modulators of the phot signal-output could be ben-
eficial for a plant, allowing it to select forage areas with the high-
est photosynthetic light quality. One clear example of the interde-
pendency, as well as complexity, of receptor systems regulating
phototropism is illustrated by the responses of phyA phyB double
mutants of Arabidopsis to unidirectional narrow-band BL. Under
low to moderate fluences of BL etiolated phyAphyB seedlings ex-
hibit < 5° total curvature, demonstrating that the magnitude of
phototropic curvature under such conditions is almost completely
determined by phy (Janoudi et al., 1997b), although phot1 is ab-
solutely required for perception of the directional stimulus (Liscum
and Briggs, 1995; Sakai et al., 2000). The story is complicated
further under high fluence conditions, because phyAphyB seed-
lings retain a phototropic response largely equivalent in magni-
tude to that of wild-type (Janoudi et al., 1997b). Hence, under low
fluence conditions phot1-activated processes dictate the direction
of growth, while phyA and phyB determine the magnitude of the
curvature response. In contrast, under high fluence conditions
phot2 likely functions as the directional BL sensor (Sakai et al.,
2001) and its activity, or that of another unidentified secondary
receptor(s), determines the magnitude of the response. One can
envision utilizing the natural variation that exists within the Arabi-
dopsis germplasm as a tool to address this, as well as additional
unresolved questions about phototropism.

The work done to date in Arabidopsis, and availability of
mutants that disrupt various components of the phototropic re-
sponse, provides an ideal system in which to examine the re-
lationship between phototropism and fitness under natural, as
well as experimentally modified, growth conditions. It is clear that
many of the advances in our understanding of phototropism in the
coming decade will require not only continued genetic, biochemi-
cal, and molecular approaches, but also their coupling to ap-
proaches aimed at addressing larger ecological and evolutionary
questions — questions undoubtedly now more easily addressed
because of the tools provided by genetic studies of phototropism
in Arabidopsis.

Acknowledgements

The authors would like to thank National Science Foundation for funding
the research being conducted in the Liscum Laboratory through grants no.
IBN0415970 and 10S-0817737. U.V.P was supported by MU-Monsanto
Graduate Fellowship and Multiagency Maize training grant. R.B.C was
supported by Monsanto and MU Graduate School Fellowships.



REFERENCES

Ahmad, K.F., Engel, C.K., and Prive, G.G. (1998a). Crystal structure
of the BTB domain from PLZF. Proc. Natl. Acad. Sci. USA 95: 12123-
12128.

Ahmad, M., Jarillo, J.A., Smirnova, O., and Cashmore, A.R. (1998b).
Cryptochrome blue-light photoreceptors of Arabidopsis implicated in
phototropism. Nature 392: 720-723.

Aihara, Y., Tabata, R., Suzuki, T., Shimazaki, K., and Nagatani, A.
(2008). Molecular basis of the functional specificities of phototropin 1
and 2. Plant J. 56: 364-375.

Albagli, O., Dhordain, P., Deweindt, C., Lecocq, G., and Leprince, D.
(1995). The BTB/POZ domain: a new protein-protein interaction mo-
tif common to DNA- and actin-binding proteins. Cell Growth Differ. 6:
1193-1198.

The Arabidopsis Genome Initiative (2000). Analysis of the genome se-
quence of the flowering plant Arabidopsis thaliana. Nature 408, 796-
815.

Aravind, L., and Koonin, E.V. (1999). Fold prediction and evolutionary
analysis of the POZ domain: structural and evolutionary relationship
with the potassium channel tetramerization domain. J. Mol. Biol. 285:
1353-1361.

Atkins, G.A. (1936). The effect of pigment on phototropic response: A
comparative study of reactions to monochromatic light. Ann. Bot. 50:
197-218.

Babourina, O., Newman, I., and Shabala, S. (2002). Blue light-induced
kinetics of H+ and Ca2+ fluxes in etiolated wild-type and phototropin-
mutant Arabidopsis seedlings. Proc. Natl. Acad. Sci. USA 99: 2433-
2438.

Bae, G., and Choi, G. (2008). Decoding of light signals by plant phyto-
chromes and their interacting proteins. Annu. Rev. Plant Biol. 59: 281-311.

Ballare, C.L. (1999). Keeping up with the neighbours: phytochrome sens-
ing and other signalling mechanisms. Trends Plant Sci. 4: 97-102.

Ballare, C.L., Scopel, A.L., Radosevich, S.R., and Kendrick, R.E.
(1992). Phytochrome-mediated phototropism in de-etiolated seedlings
: Occurrence and ecological significance. Plant Physiol. 100: 170-177.

Ballare, C.L., Scopel, A.L., Roush, M.L., and Radosevich, S.R. (1995).
How plants find light in patchy canopies. A comparison between wild-
type and phytochrome-B-deficient mutant plants of cucumber. Funct.
Ecol. 9: 859-868.

Banbury, G.H. (1959). Phototropism of Lower Plants. (Berlin: Spinger-
Verlag).

Banerjee, R., and Batschauer, A. (2005). Plant blue-light receptors. Plan-
ta 220: 498-502.

Bartels, P.G., and McCullough, C. (1972). A new inhibitor of carotenoid
synthesis in higher plants: 4-chloro-5-(dimethylamino)-2- , , ,(trifluoro-
m-tolyl)-3(2H)-pyridazinone. Biochem. Biophys. Res. Comm. 48: 16-22.

Baskin, T.l., lino, M., Green, P.G., and Briggs, W.R. (1985). High-resolu-
tion measurement of growth during first positive phototropism in maize.
Plant Cell Environ. 8: 595-603.

Batschauer, A. (1999). Light perception in higher plants. Cell. Mol. Life
Sci. 55: 153-166.

Baum, G., Long, J.C., Jenkins, G.l., and Trewavas, A.J. (1999). Stimu-
lation of the blue light phototropic receptor NPH1 causes a transient
increase in cytosolic Ca2+. Proc. Natl. Acad. Sci. USA 96: 13554-13559.

Behringer, F.J., and Davies, P.J. (1992). Indole-3-acetic acid levels after
phytochrome-mediated changes in the stem elongation rate of dark-
and light-grown Pisum seedlings. Planta 188: 85-92.

Benjamins, R., Ampudia, C.S., Hooykaas, P.J., and Offringa, R. (2003).
PINOID-mediated signaling involves calcium-binding proteins. Plant
Physiol. 132: 1623-1630.

Phototropism: Mechanisms and Outcomes 19 of 26

Benjamins, R., Quint, A., Weijers, D., Hooykaas, P., and Offringa, R.
(2001). The PINOID protein kinase regulates organ development in Ara-
bidopsis by enhancing polar auxin transport. Development 128: 4057-
4067.

Bennett, M.J., Marchant, A., Green, H.G., May, S.T., Ward, S.P., Millner,
P.A., Walker, A.R., Schulz, B., and Feldmann, K.A. (1996). Arabidop-
sis AUXT gene: A permease-like regulator of root gravitropism. Science
273: 948-950.

Bernasconi, P. (1996). Effect of synthetic and natural protein tyrosine ki-
nase inhibitors on auxin efflux in zucchini (Cucurbita pepo) hypocotyls.
Physiol. Plant. 96: 205-210.

Blaauw, O.H., and Blaauw-Jansen, G. (1970). The phototropic respons-
es of Avena coleoptiles. Acta Bot. Neerl. 19: 755-763.

Blakeslee, J.J., Bandyopadhyay, A., Peer, W.A., Makam, S.N., and Mur-
phy, A.S. (2004). Relocalization of the PIN1 auxin efflux facilitator plays
a role in phototropic responses. Plant Physiol. 134: 28-31.

Boccalandro, H.E., De Simone, S.N., Bergmann-Honsberger, A.,
Schepens, |, Fankhauser, C., and Casal, J.J. (2008). PHYTO-
CHROME KINASE SUBSTRATE 1 regulates root phototropism and
gravitropism. Plant Physiol. 146: 108-115.

Briggs, W.R. (1963a). Red light, auxin relationships, and the phototropic
responses of corn and oat coleoptiles. Am. J. Bot. 50: 196-207.

Briggs, W.R. (1963b). The phototropic responses of higher plants. Annu.
Rev. Plant Physiol. 14: 311-352.

Briggs, W.R. (2007). The LOV domain: a chromo-phore module servicing
multiple photoreceptors. J. Biomed. Sci. 14: 499-504.

Briggs, W.R., and lino, M. (1983). Blue-light-absorbing photoreceptors in
plants. Phil. Trans. Royal Soc. London, Ser. B, Biol. Sci. 303: 347-359.
Briggs, W.R., and Baskin, T.I. (1988). Phototropism in higher plants. Con-

troversies and caveats. Bot. Acta. 101: 133-139.

Briggs, W.R., and Huala, E. (1999). Blue-light photoreceptors in higher
plants. Annu. Rev. Cell Dev. Biol. 15: 33-62.

Briggs, W.R., and Olney, M.A. (2001). Photoreceptors in plant photomor-
phogenesis to date. Five phytochromes, two cryptochromes, one pho-
totropin, and one superchrome. Plant Physiol. 125: 85-88.

Briggs, W.R., Beck, C.F., Cashmore, A.R., Christie, J.M., Hughes, J.,
Jarillo, J.A., Kagawa, T., Kanegae, H., Liscum, E., Nagatani, A., Oka-
da, K., Salomon, M., Rudiger, W., Sakai, T., Takano, M., Wada, M., and
Watson, J.C. (2001). The phototropin family of photoreceptors. Plant
Cell 13: 993-997.

Britton, G. (1979). Carotenoid biosynthesis — A target for herbicide activ-
ity. Z. Natrforsch. Sect. C Biosci. 34: 979-985.

Bush, D.S. (1993). Regulation of cytosolic calcium in plants. Plant Physiol.
103: 7-13.

Butler, W.L., Hendricks, S.B., Siegleman, H.W. (1964). Action spectra of
phytochrome in vitro. Photochem. Photobiol. 3: 521-528.

Casal, J.J. (2000). Phytochromes, cryptochromes, phototropin: photore-
ceptor interactions in plants. Photochem. Photobiol. 71: 1-11.

Cashmore, A.R., Jarillo, J.A., Wu, Y.J., and Liu, D. (1999). Crypto-
chromes: blue light receptors for plants and animals. Science 284: 760-
765.

Celaya, R.B., and Liscum, E. (2005). Phototropins and associated sig-
naling: providing the power of movement in higher plants. Photochem.
Photobiol. 81: 73-80.

Chen, M., Chory, J., and Fankhauser, C. (2004). Light signal transduction
in higher plants. Annu. Rev. Genet. 38: 87-117.

Chen, R., Rosen, E., and Masson, P.H. (1999). Gravitropism in higher
plants. Plant Physiol. 120: 343-350.

Chen, R., Hilson, P., Sedbrook, J., Rosen, E., Caspar, T., and Masson,
P.H. (1998). The arabidopsis thaliana AGRAVITROPIC 1 gene encodes
a component of the polar-auxin-transport efflux carrier. Proc. Natl. Acad.



20 of 26 The Arabidopsis Book

Sci. USA 95: 15112-15117.

Chen, X., Lin, W.H., Wang, Y., Luan, S., and Xue, H.W. (2008). An Inositol
Polyphosphate 5-Phosphatase functions in PHOTOTROPIN1 signaling
in Arabidopis by altering cytosolic Ca2+. Plant Cell 20: 353-366.

Cheng, Y., Qin, G., Dai, X., and Zhao, Y. (2007). NPY1, a BTB-NPH3-like
protein, plays a critical role in auxin-regulated organogenesis in Arabi-
dopsis. Proc. Natl. Acad. Sci. USA 104: 18825-18829.

Cho, H.Y., Tseng, T.S., Kaiserli, E., Sullivan, S., Christie, J.M., and
Briggs, W.R. (2007). Physiological roles of the light, oxygen, or volt-
age domains of phototropin 1 and phototropin 2 in Arabidopsis. Plant
Physiol. 143: 517-529.

Chon, H.P., and Briggs, W.R. (1966). Effect of red light on the phototropic
sensitivity of corn coleoptiles. Plant Physiol. 41: 1715-1724.

Christensen, S.K., Dagenais, N., Chory, J., and Weigel, D. (2000).
Regulation of auxin response by the protein kinase PINOID. Cell 100:
469-478.

Christie, J.M. (2007). Phototropin blue-light receptors. Annu. Rev. Plant
Biol. 58: 21-45.

Christie, J.M., and Briggs, W.R. (2001). Blue light sensing in higher
plants. J. Biol. Chem. 276: 11457-11460.

Christie, J.M., Swartz, T.E., Bogomolni, R.A., and Briggs, W.R. (2002).
Phototropin LOV domains exhibit distinct roles in regulating photore-
ceptor function. Plant J. 32: 205-219.

Christie, J.M., Salomon, M., Nozue, K., Wada, M., and Briggs, W.R.
(1999). LOV (light, oxygen, or voltage) domains of the blue-light pho-
toreceptor phototropin (nph1): binding sites for the chromophore flavin
mononucleotide. Proc. Natl. Acad. Sci. USA 96: 8779-8783.

Christie, J.M., Reymond, P., Powell, G.K., Bernasconi, P., Raibekas,
A.A., Liscum, E., and Briggs, W.R. (1998). Arabidopsis NPH1: a flavo-
protein with the properties of a photoreceptor for phototropism. Science
282: 1698-1701.

Cohen, C., and Parry, D.A. (1990). Alpha-helical coiled coils and bundles:
how to design an alpha-helical protein. Proteins 7: 1-15.

Colon-Carmona, A., Chen, D.L., Yeh, K.C., and Abel, S. (2000). Aux/
IAA proteins are phosphorylated by phytochrome in vitro. Plant Physiol.
124:1728-1738.

Cosgrove, D.J. (2005). Growth of the plant cell wall. Nature Rev. 6: 850-
861.

Crosson, S., and Moffat, K. (2001). Structure of a flavin-binding plant
photoreceptor domain: insights into light-mediated signal transduction.
Proc. Natl. Acad. Sci. USA 98: 2995-3000.

Darwin, C. (1880). The Power of Movements in Plants. (London: John
Murray).

DeFabo, E. (1980). On the nature of the blue light receptor: still an open
question. In The Blue Light Syndrome, H. Senger, ed (Springer-Verlag:
Berlin), pp. 187-197.

del Pozo, J.C., and Estelle, M. (1999). Function of the ubiquitin-proteos-
ome pathway in auxin response. Trends Plant Sci. 4: 107-112.

Delbarre, A., Muller, P., and Guern, J. (1998). Short-lived and phosphory-
lated proteins contribute to carrier-mediated efflux, but not to influx, of
auxin in suspension-cultured tobacco cells. Plant Physiol. 116: 833-844.

Dennison, D.S. (1984). Phototropism. In Encyclopedia of Plant Physiol-
ogy, Vol. 7, W. Haupt, ed (Springer-Verlag: Berlin), pp. 506—566.

Dharmasiri, N., Dharmasiri, S., and Estelle, M. (2005). The F-box protein
TIR1 is an auxin receptor. Nature 435: 441-445.

Dieterle, M., Thomann, A., Renou, J.P., Parmentier, Y., Cognat, V.,
Lemonnier, G., Miiller, R., Shen, W.H., Kretsch, T., and Genschik, P.
(2005). Molecular and functional characterization of Arabidopsis Cullin
3A. Plant J. 41: 386-399.

Dos Santos Maraschin, F., Memelink, J., and Offringa, R. (2009). Auxin-
induced, SCF™R'-mediated poly-ubiquitination marks AUX/IAA proteins

for degradation. Plant J. 59: 100-109.

Durachko, D.M., and Cosgrove, D.J. (2009). Measuring plant cell wall
extension (creep) induced by acidic pH and by alpha-expansin. J. Vis.
Exp. 1263.

Eliezer, J., and Morris, D.A. (1980). Cell length, light and 14C-labelled
indol-3yl-acetic acid transport in Pisum satisum L. and Phaseolus vul-
garis L. Planta 149: 327-331.

Emi, T., Kinoshita, T., Sakamoto, K., Mineyuki, Y., and Shimazaki, K.
(2005). Isolation of a protein interacting with Vfphot1a in guard cells of
Vicia faba. Plant Physiol. 138: 1615-1626.

Engelmann, W., and Johnsson, A. (1998). Rhythms in organ movement.
In Biological Rhythms and Photoperiodism in Plants, P.J. Lumsden and
A.J. Millar, eds (Oxford: BIOS Scientific Publishers), pp. 35-50.

Esmon, C.A., Pedmale, U.V., and Liscum, E. (2005). Plant tropisms: pro-
viding the power of movement to a sessile organism. Int. J. Dev. Biol.
49: 665-674.

Esmon, C.A,, Tinsley, A.G., Ljung, K., Sandberg, G., Hearne, L.B., and
Liscum, E. (2006). A gradient of auxin and auxin-dependent transcrip-
tion precedes tropic growth responses. Proc. Natl. Acad. Sci. USA 103:
236-241.

Estelle, M. (1996). Plant tropisms: The ins and outs of auxin. Curr. Biol.
6: 1589-1591.

Fankhauser, C. (2001). The phytochromes, a family of red/far-red absorb-
ing photoreceptors. J. Biol. Chem. 276: 11453-11456.

Fankhauser, C., and Chory, J. (1999). Light receptor kinases in plants!
Curr. Biol. 9: R123-126.

Fankhauser, C., Yeh, K.C., Lagarias, J.C., Zhang, H., Elich, T.D., and
Chory, J. (1999). PKS1, a substrate phosphorylated by phytochrome
that modulates light signaling in Arabidopsis. Science 284: 1539-1541.

Ferl, R.J. (2004). 14-3-3 proteins: regulation of signal-induced events.
Physiol. Plant. 120: 173-178.

Figueroa, P., Gusmaroli, G., Serino, G., Habashi, J., Ma, L., Shen, Y.,
Feng, S., Bostick, M., Callis, J., Hellmann, H., and Deng, X.W. (2005).
Arabidopsis has two redundant Cullin3 proteins that are essential for
embryo development and that interact with RBX1 and BTB proteins to
form multisubunit E3 ubiquitin ligase complexes in vivo. Plant Cell 17:
1180-1195.

Firn, R.D. (1994). Phototropism. In Photomorphogenesis in Plants, R. E.
Kendrick and G. H. M. Kronenberg, eds (Kluwer Acadeemic: Dordrecht,
The Netherlands), pp. 659-681.

Firn, R.D., and Digby, J. (1980). The establishment of tropic curvatures in
plants. Annu. Rev. Plant Physiol. 31: 131-148.

Forterre, Y., Skotheim, J.M., Dumais, J., and Mahadevan, L. (2005).
How the Venus flytrap snaps. Nature 433: 421-425.

Franklin, K.A., Larner, V.S., and Whitelam, G.C. (2005). The signal trans-
ducing photoreceptors of plants. Int. J. Dev. Biol. 49: 653-664.

Friml, J., Wisniewska, J., Benkova, E., Mendgen, K., and Palme, K.
(2002). Lateral relocation of auxin efflux regulator PIN3 mediates tro-
pism in Arabidopsis. Nature 415: 806-809.

Friml, J., Yang, X., Michniewicz, M., Weijers, D., Quint, A., Tietz, O.,
Benjamins, R., Ouwerkerk, P.B., Ljung, K., Sandberg, G., Hooykaas,
P.J., Palme, K., and Offringa, R. (2004). A PINOID-dependent binary
switch in apical-basal PIN polar targeting directs auxin efflux. Science
306: 862-865.

Furutani, M., Kajiwara, T., Kato, T., Treml, B.S., Stockum, C., Torres-
Ruiz, R.A., and Tasaka, M. (2007). The gene MACCHI-BOU 4/EN-
HANCER OF PINOID encodes a NPH3-like protein and reveals similar-
ities between organogenesis and phototropism at the molecular level.
Development 134: 3849-3859.

Galen, C., Huddle, J., and Liscum, E. (2004). An experimental test of the
adaptive evolution of phototropins: Blue-light photoreceptors controlling



phototropism in Arabidopsis thaliana. Evolution 58: 515-523.

Galen, C., Rabenold, J.J., and Liscum, E. (2007a). Light-sensing in
roots. Plant Signal. Behav. 2: 106-108.

Galen, C., Rabenold, J.J., and Liscum, E. (2007b). Functional ecology
of a blue light photoreceptor: effects of phototropin-1 on root growth
enhance drought tolerance in Arabidopsis thaliana. New Phytol. 173:
91-99.

Gallagher, S., Short, T.W., Ray, P.M., Pratt, L.H., and Briggs, W.R.
(1988). Light-mediated changes in two proteins found associated with
plasma membrane fractions from pea stem sections. Proc. Natl. Acad.
Sci. USA 85: 8003-8007.

Galland, P. (1989). Photosensory adaptation in plants. Bot. Acta 102: 11-
20.

Galland, P. (1991). Photosensory adaptation in aneural organisms. Photo-
chem. Photobiol. 54: 1119-1134.

Galland, P. (1992). Forty years of blue-light research and no anniversary.
Photochem. Photobiol. 56: 847-853.

Galston, A.W. (1977). Riboflavin retrospective of deja-vu in blue. Photo-
chem. Photobiol. 25: 503-504.

Galvan-Ampudia, C.S., and Offringa, R. (2007). Plant evolution: AGC
kinases tell the auxin tale. Trends Plant Sci. 12: 541-547.

Gampala, S.S., Kim, T.W., He, J.X., Tang, W., Deng, Z., Bai, M.Y., Guan,
S., Lalonde, S., Sun, Y., Gendron, J.M., Chen, H., Shibagaki, N., Ferl,
R.J., Ehrhardt, D., Chong, K., Burlingame, A.L., and Wang, Z.Y.
(2007). An essential role for 14-3-3 proteins in brassinosteroid signal
transduction in Arabidopsis. Dev. Cell 13: 177-189.

Garbers, C., DeLong, A., Deruere, J., Bernasconi, P., and Soll, D.
(1996). A mutation in protein phosphatase 2A regulatory subunit A af-
fects auxin transport in Arabidopsis. EMBO J. 15: 2115-2124.

Gehring, C.A., Williams, D.A., Cody, S.H., and Parish, R.W. (1990). Pho-
totropism and geotropism in maize coleoptiles are spatially correlated
with increases in cytosolic free calcium. Nature 345: 528-530.

Geldner, N., Friml, J., Stierhof, Y.D., Jurgens, G., and Palme, K. (2001).
Auxin transport inhibitors block PIN1 cycling and vesicle trafficking. Na-
ture 413: 425-428.

Geldner, N., Hyman, D.L., Wang, X., Schumacher, K., and Chory, J.
(2007). Endosomal signaling of plant steroid receptor kinase BRI1.
Genes Dev. 21: 1598-1602.

Geyer, R., Wee, S., Anderson, S., Yates, J., and Wolf, D.A. (2003). BTB/
POZ domain proteins are putative substrate adaptors for cullin 3 ubiqui-
tin ligases. Mol. Cell 12: 783-790.

Gil, P., Dewey, E., Friml, J., Zhao, Y., Snowden, K.C., Putterill, J., Palme,
K., Estelle, M., and Chory, J. (2001). BIG: a calossin-like protein re-
quired for polar auxin transport in Arabidopsis. Genes Dev. 15: 1985-
1997.

Gingerich, D.J., Gagne, J.M., Salter, D.W., Hellmann, H., Estelle, M., Ma,
L., and Vierstra, R.D. (2005). Cullins 3a and 3b assemble with mem-
bers of the broad complex/tramtrack/bric-a-brac (BTB) protein family
to form essential ubiquitin-protein ligases (E3s) in Arabidopsis. J. Biol.
Chem. 280: 18810-18821.

Glickman, M.H., and Ciechanover, A. (2002). The ubiquitin-proteasome
proteolytic pathway: destruction for the sake of construction. Physiol.
Rev. 82: 373-428.

Gray, W.M., and Estelle, I. (2000). Function of the ubiquitin-proteasome
pathway in auxin response. Trends Biochem. Sci. 25: 133-138.

Guilfoyle, T.J., Ulmasov, T., and Hagen, G. (1998). The ARF family of
transcription factors and their role in plant hormone-responsive tran-
scription. Cell. Mol. Life Sci. 54: 619-627.

Guo, H.,Yang, H., Mockler, T.C., and Lin, C. (1998). Regulation of flower-
ing time by Arabidopsis photoreceptors. Science 279: 1360-1363.

Haga, K., and lino, M. (2006). Asymmetric distribution of auxin correlates

Phototropism: Mechanisms and Outcomes 21 of 26

with gravitropism and phototropism but not with autostraightening (au-
totropism) in pea epicotyls. J. Exp. Bot. 57: 837-847.

Haga, K., Takano, M., Neumann, R., and lino, M. (2005). The Rice COLE-
OPTILE PHOTOTROPISM1 gene encoding an ortholog of Arabidopsis
NPH3 is required for phototropism of coleoptiles and lateral transloca-
tion of auxin. Plant Cell 17: 103-115.

Hagen, G., and Guilfoyle, T. (2002). Auxin-responsive gene expression:
genes, promoters and regulatory factors. Plant Mol. Biol. 49: 373-385.
Han, I.S., Tseng, T.S., Eisinger, W., and Briggs, W.R. (2008). Phyto-
chrome A regulates the intracellular distribution of phototropin 1-green

fluorescent protein in Arabidopsis thaliana. Plant Cell 20: 2835-2847.

Hanks, S.K., and Hunter, T. (1995). The eukaryotic protein kinase super-
family: kinase (catalytic) domain structure and classification. FASEB J.
9: 576-596.

Harada, A., and Shimazaki, K. (2007). Phototropins and blue light-de-
pendent calcium signaling in higher plants. Photochem. Photobiol. 83:
102-111.

Harada, A., and Shimazaki, K. (2009). Measurement of changes in cyto-
solic Ca2+ in Arabidopsis guard cells and mesophyll cells in response
to blue light. Plant Cell Physiol. 50: 360-373.

Harada, A., Sakai, T., and Okada, K. (2003). Phot1 and phot2 mediate
blue light-induced transient increases in cytosolic Ca2+ differently in
Arabidopsis leaves. Proc. Natl. Acad. Sci. USA 100: 8583-8588.

Harmer, S.L., Hogenesch, J.B., Straume, M., Chang, H.S., Han, B., Zhu,
T.,Wang, X., Kreps, J.A., and Kay, S.A. (2000). Orchestrated transcrip-
tion of key pathways in Arabidopsis by the circadian clock. Science 290:
2110-2113.

Harmon, A.C., Gribskov, M., and Harper, J.F. (2000). CDPKs - a kinase
for every Ca2+ signal? Trends Plant Sci. 5: 154-159.

Harper, R.M., Stowe-Evans, E.L., Luesse, D.R., Muto, H., Tatematsu,
K., Watahiki, M.K., Yamamoto, K., and Liscum, E. (2000). The NPH4
locus encodes the auxin response factor ARF7, a conditional regulator
of differential growth in aerial Arabidopsis tissue. Plant Cell 12: 757-770.

Harper, S.M., Neil, L.C., and Gardner, K.H. (2003). Structural basis of a
phototropin light switch. Science 301: 1541-1544.

Hart, J.W. (1988). Light and Plant Growth. (London: Unwin Hyman).

Holland, J.J., Roberts, D., and Liscum, E. (2009). Understanding photot-
ropism: From Darwin to today. J. Exp. Bot. 60: 1969-1978.

Holstein, S.E. (2002). Clathrin and plant endocytosis. Traffic 3: 614-620.

Hoshino, T., Miyamoto, K., and Ueda, J. (2007). Gravity-controlled asym-
metrical transport of auxin regulates a gravitropic response in the early
growth stage of etiolated pea (Pisum sativum) epicotyls: studies using
simulated microgravity conditions on a three-dimensional clinostat and
using an agravitropic mutant, ageotropum. J. Plant Res. 120: 619-628.

Huala, E., Oeller, P.W., Liscum, E., Han, I.S., Larsen, E., and Briggs,
W.R. (1997). Arabidopsis NPH1: a protein kinase with a putative redox-
sensing domain. Science 278: 2120-2123.

Huang, F., Zago, M.K., Abas, L., van Marion, A., Galvan-Ampudia, C.S.,
and Offringa, R. (2010). Phosphorylation of conserved PIN motifs
directs Arabidopsis PIN1 polarity and auxin transport. Plant Cell 22:
1129-1142.

lino, M. (1988). Pulse-induced phototropisms in oat and maize coleoptiles.
Plant Physiol. 88: 823-828.

lino, M. (1990). Phototropism: Mechanisms and ecological implications.
Plant Cell Environ. 13: 633-650.

Imaizumi, T., Tran, H.G., Swartz, T.E., Briggs, W.R., and Kay, S.A. (2003).
FKF1 is essential for photoperiodic-specific light signalling in Arabidop-
sis. Nature 426: 302-306.

Inada, S., Ohgishi, M., Mayama, T., Okada, K., and Sakai, T. (2004).
RPT2 is a signal transducer involved in phototropic response and sto-
matal opening by association with phototropin 1 in Arabidopsis thaliana.



22 0of 26 The Arabidopsis Book

Plant Cell 16: 887-896.

Inoue, S., Kinoshita, T., Matsumoto, M., Nakayama, K.l., Doi, M., and
Shimazaki, K. (2008). Blue light-induced autophosphorylation of pho-
totropin is a primary step for signaling. Proc. Natl. Acad. Sci. USA 105:
5626-5631.

Janoudi, A.K., and Poff, K.L. (1991). Characterization of adaptation in
phototropism of Arabidopsis thaliana. Plant Physiol. 95: 517-521.

Janoudi, A.K., and Poff, K.L. (1992). Action spectrum for enhancement of
phototropism by Arabidopsis thaliana seedlings. Photochem. Photobiol.
56: 655-659.

Janoudi, A.K., Konjevic, R., Apel, P., and Poff, K.L. (1992). Time thresh-
old for second positive phototropism is decreased by a preirradiation
with red-light. Plant Physiol. 99: 1422-1425.

Janoudi, A.K., Gordon, W.R., Wagner, D., Quail, P., and Poff, K.L.
(1997a). Multiple phytochromes are involved in red-light-induced en-
hancement of first-positive phototropism in Arabidopsis thaliana. Plant
Physiol. 113: 975-979.

Janoudi, A.K., Konjevic, R., Whitelam, G., Gordon, W., and Poff, K.L.
(1997b). Both phytochrome A and phytochrome B are required for the
normal expression of phototropism in Arabidopsis thaliana seedlings.
Physiol. Plant. 101: 278-282.

Jarillo, J.A., Ahmad, M., and Cashmore, A.R. (1998). NPH2: A second
member of the NPH serine/threonine kinase family. Plant Physiol. 117:
717-720.

Jarillo, J.A., Gabrys, H., Capel, J., Alonso, J.M., Ecker, J.R., and Cash-
more, A.R. (2001). Phototropin-related NPL1 controls chloroplast relo-
cation induced by blue light. Nature 410: 952-954.

Jensen, P.J., Hangarter, R.P., and Estelle, M. (1998). Auxin transport
is required for hypocotyl elongation in light-grown but not dark-grown
Arabidopsis. Plant Physiol. 116: 455-462.

Jin, X., Zhu, J., and Zeiger, E. (2001). The hypocotyl chloroplast plays
a role in phototropic bending of Arabidopsis seedlings: developmental
and genetic evidence. J. Exp. Bot. 52: 91-97.

Kagawa, T., Kasahara, M., Abe, T., Yoshida, S., and Wada, M. (2004).
Function analysis of phototropin2 using fern mutants deficient in blue
light-induced chloroplast avoidance movement. Plant Cell Physiol. 45:
416-426.

Kaiserli, E., Sullivan, S., Jones, M.A., Feeney, K.A., and Christie, J.M.
(2009). Domain swapping to assess the mechanistic basis of Arabidop-
sis phototropin 1 receptor kinase activation and endocytosis by blue
light. Plant Cell 21: 3226-3244.

Kang, B., Grancher, N., Koyffmann, V., Lardemer, D., Burney, S., and
Ahmad, M. (2008). Multiple interactions between cryptochrome and
phototropin blue-light signalling pathways in Arabidopsis thaliana. Plan-
ta 227: 1091-1099.

Kasahara, M., Swartz, T.E., Olney, M.A., Onodera, A., Mochizuki, N.,
Fukuzawa, H., Asamizu, E., Tabata, S., Kanegae, H., Takano, M.,
Christie, J.M., Nagatani, A., and Briggs, W.R. (2002). Photochemical
properties of the flavin mononucleotide-binding domains of the photo-
tropins from Arabidopsis, rice, and Chlamydomonas reinhardtii. Plant
Physiol. 129: 762-773.

Kaufman, P.B., Wu, L.-L., Brock, T.G., and Kim, D. (1995). Hormones
and the orientation of growth. In Plant Hormones, P. J. Davies, ed (Klu-
wer Academic Press: Dordrecht, The Netherlands), pp. 547-557.

Kepinski, S., and Leyser, O. (2005). The Arabidopsis F-box protein TIR1
is an auxin receptor. Nature 435: 446-451.

Kerr, 1.D., and Bennett, M.J. (2007). New insight into the biochemical
mechanisms regulating auxin transport in plants. Biochem. J. 401: 613-
622.

Khurana, J.P., and Poff, K.L. (1989). Mutants of Arabidopsis thaliana with
altered phototropism. Planta 178: 400-406.

Kim, W.Y., Fujiwara, S., Suh, S.S., Kim, J., Kim, Y., Han, L., David, K.,
Putterill, J., Nam, H.G., and Somers, D.E. (2007). ZEITLUPE is a cir-
cadian photoreceptor stabilized by GIGANTEA in blue light. Nature 449:
356-360.

Kinoshita, T., and Shimazaki, K. (1999). Blue light activates the plasma
membrane H(+)-ATPase by phosphorylation of the C-terminus in sto-
matal guard cells. EMBO J. 18: 5548-5558.

Kinoshita, T., Doi, M., Suetsugu, N., Kagawa, T., Wada, M., and Shima-
zaki, K. (2001). Phot1 and phot2 mediate blue light regulation of stoma-
tal opening. Nature 414: 656-660.

Kinoshita, T., Emi, T., Tominaga, M., Sakamoto, K., Shigenaga, A., Doi,
M., and Shimazaki, K. (2003). Blue-light- and phosphorylation-depen-
dent binding of a 14-3-3 protein to phototropins in stomatal guard cells
of broad bean. Plant Physiol. 133: 1453-1463.

Kiss, J.Z., Miller, K.M., Ogden, L.A., and Roth, K.K. (2002). Phototro-
pism and gravitropism in lateral roots of Arabidopsis. Plant Cell Physiol.
43: 35-43.

Kiss, J.Z., Mullen, J.L., Correll, M.J., and Hangarter, R.P. (2003a). Phy-
tochromes A and B mediate red-light-induced positive phototropism in
roots. Plant Physiol. 131: 1411-1417.

Kiss, J.Z., Correll, M.J., Mullen, J.L., Hangarter, R.P., and Edelmann,
R.E. (2003b). Root phototropism: how light and gravity interact in shap-
ing plant form. Gravity Space Biol. Bull. 16: 55-60.

Knieb, E., Salomon, M., and Rudiger, W. (2004). Tissue-specific and
subcellular localization of phototropin determined by immuno-blotting.
Planta 218: 843-851.

Koepp, D.M., Schaefer, L.K., Ye, X., Keyomarsi, K., Chu, C., Harper,
J.W., and Elledge, S.J. (2001). Phosphorylation-dependent ubiquitina-
tion of cyclin E by the SCF™"7 ubiquitin ligase. Science 294: 173-177.

Kohchi, T., Mukougawa, K., Frankenberg, N., Masuda, M., Yokota, A.,
and Lagarias, J.C. (2001). The Arabidopsis HY2 gene encodes phy-
tochromobilin synthase, a ferredoxin-dependent biliverdin reductase.
Plant Cell 13: 425-436.

Koller, D. (1990). Light-driven leaf movements. Plant Cell Environ. 13:
615-632.

Kong, S.G., Suzuki, T., Tamura, K., Mochizuki, N., Hara-Nishimura, I.,
and Nagatani, A. (2006). Blue light-induced association of phototropin
2 with the Golgi apparatus. Plant J. 45: 994-1005.

Kong, S.G., Kinoshita, T., Shimazaki, K., Mochizuki, N., Suzuki, T., and
Nagatani, A. (2007). The C-terminal kinase fragment of Arabidopsis
phototropin 2 triggers constitutive phototropin responses. Plant J. 51:
862-873.

Konjevic, R., Steinitz, B., and Poff, K.L. (1989a). Dependence of the
phototropic response of Arabidopsis thaliana on fluence rate and wave-
length. Proc. Natl. Acad. Sci. USA 86: 9876-9880.

Konjevic, R., Grubisic, D., and Neskovic, M. (1989b). Growth retardant-
induced changes in phototropic reaction of Vigna radiata seedlings.
Plant Physiol. 89: 1085-1087.

Konjevic, R., Khurana, J.P., and Poff, K.L. (1992). Analysis of multiple
photoreceptor pigments for phototropism in a mutant of Arabidopsis
thaliana. Photochem. Photobiol. 55: 789-792.

Krek, W. (2003). BTB proteins as henchmen of Cul3-based ubiquitin li-
gases. Nat. Cell Biol. 5: 950-951.

Lalanne, E., Michaelidis, C., Moore, J.M., Gagliano, W., Johnson, A.,
Patel, R., Howden, R., Vielle-Calzada, J.P., Grossniklaus, U., and
Twell, D. (2004). Analysis of transposon insertion mutants highlights
the diversity of mechanisms underlying male progamic development in
Arabidopsis. Genetics 167: 1975-1986.

Lariguet, P., and Fankhauser, C. (2004). Hypocotyl growth orientation in
blue light is determined by phytochrome A inhibition of gravitropism and
phototropin promotion of phototropism. Plant J. 40: 826-834.



Lariguet, P., Boccalandro, H.E., Alonso, J.M., Ecker, J.R., Chory, J.,
Casal, J.J., and Fankhauser, C. (2003). A growth regulatory loop that
provides homeostasis to phytochrome a signaling. Plant Cell 15: 2966-
2978.

Lariguet, P., Schepens, I., Hodgson, D., Pedmale, U.V., Trevisan, M.,
Kami, C., de Carbonnel, M., Alonso, J.M., Ecker, J.R., Liscum, E.,
and Fankhauser, C. (2006). PHYTOCHROME KINASE SUBSTRATE
1is a phototropin 1 binding protein required for phototropism. Proc. Natl.
Acad. Sci. USA 103: 10134-10139.

Lascéve, G., Leymarie, J., Olney, M.A., Liscum, E., Christie, J.M.,
Vavasseur, A., and Briggs, W.R. (1999). Arabidopsis contains at least
four independent blue-light-activated signal transduction pathways.
Plant Physiol. 120: 605-614.

Li, H., Cheng, Y., Murphy, A., Hagen, G., and Guilfoyle, T.J. (2009). Con-
stitutive repression and activation of auxin signaling in Arabidopsis.
Plant Physiol. 149: 1277-1288.

Li, J., Dai, X., and Zhao, Y. (2006). A role for auxin response factor 19 in
auxin and ethylene signaling in Arabidopsis. Plant Physiol. 140: 899-
908.

Lin, C., and Todo, T. (2005). The cryptochromes. Genome Biol. 6: 220.

Liscum, E., and Briggs, W.R. (1995). Mutations in the NPH1 locus of
Arabidopsis disrupt the perception of phototropic stimuli. Plant Cell 7:
473-485.

Liscum, E., and Briggs, W.R. (1996). Mutations of Arabidopsis in poten-
tial transduction and response components of the phototropic signaling
pathway. Plant Physiol. 112: 291-296.

Liscum, E., and Stowe-Evans, E.L. (2000). Phototropism: a “simple
physiological response modulated by multiple interacting photosenso-
ry-response pathways. Photochem. Photobiol. 72: 273-282.

Liscum, E., and Reed, J.W. (2002). Genetics of Aux/IAA and ARF action
in plant growth and development. Plant Mol. Biol. 49: 387-400.

Liu,Y.J., and Lino, M. (1996). Effects of red light on the fluence-response
relationship for pulse-induced phototropism of maize coleoptiles. Plant
Cell Environ. 19: 609-614.

Liu, Y.J., and lino, M. (1996). Phytochrome is required for the occurrence
of time-dependent phototropism in maize coleoptiles. Plant Cell Envi-
ron. 19: 1379-1388.

Lo, S.C., and Hannink, M. (2006). PGAM5, a Bcl-XL-interacting protein,
is a novel substrate for the redox-regulated Keap1-dependent ubiquitin
ligase complex. J. Biol. Chem. 281: 37893-37903.

Lomax, T.L., Muday, G.K., and Rubery, P.H. (1995). Auxin transport. In
Plant Hormones, P. J. Davies, ed (Kluwer Academic Press: Dordrecht,
The Netherlands), pp. 509-530.

Lupas, A. (1996). Coiled coils: new structures and new functions. Trends
Biochem. Sci. 21: 375-382.

Luschnig, C., Gaxiola, R.A., Grisafi, P., and Fink, G.R. (1998). EIR1, a
root-specific protein involved in auxin transport, is required for gravitrop-
ism in Arabidopsis thaliana. Genes Dev. 12: 2175-2187.

Ma, L.-G., and Sun, D.-Y. (1997). The involvement of calcium in light signal
transduction chain for phototropism in sunflower seedlings. Biol. Plant.
39: 569-574.

Mancinelli, A.L. (1994). The physiology of phytochrome action. In Photo-
morphogenesis in Plants, R. E. Kendrick and G. H. M. Kronenberg, eds
(Kluwer Acadeemic: Dordrecht, The Netherlands), pp. 211-269.

Maniatis, T. (1999). A ubiquitin ligase complex essential for the NF-kap-
paB, Wnt/Wingless, and Hedgehog signaling pathways. Genes Dev. 13:
505-510.

Marchant, A., Kargul, J., May, S.T., Muller, P., Delbarre, A., Perrot-Rech-
enmann, C., and Bennett, M.J. (1999). AUX1 regulates root gravitrop-
ism in Arabidopsis by facilitating auxin uptake within root apical tissues.
EMBO J. 18: 2066-2073.

5

Phototropism: Mechanisms and Outcomes 23 of 26

Matsuoka, D., and Tokutomi, S. (2005). Blue light-regulated molecular
switch of Ser/Thr kinase in phototropin. Proc. Natl. Acad. Sci. USA 102:
13337-13342.

McClung, C.R. (2001). Circadian rhythms in plants. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 52: 139-162.

Mellman, I. (1996). Endocytosis and molecular sorting. Annu. Rev. Cell
Dev. Biol. 12: 575-625.

Michniewicz, M., Zago, M.K., Abas, L., Weijers, D., Schweighofer, A.,
Meskiene, ., Heisler, M.G., Ohno, C., Zhang, J., Huang, F., Schwab,
R., Weigel, D., Meyerowitz, E.M., Luschnig, C., Offringa, R., and
Friml, J. (2007). Antagonistic Regulation of PIN Phosphorylation by
PP2A and PINOID Directs Auxin Flux. Cell 130: 1044-1056.

Mockler, T.C., Guo, H., Yang, H., Duong, H., and Lin, C. (1999). Antago-
nistic actions of Arabidopsis cryptochromes and phytochrome B in the
regulation of floral induction. Development 126: 2073-2082.

Molas, M.L., and Kiss, J.Z. (2008). PKS1 plays a role in red-light-based
positive phototropism in roots. Plant Cell Environ. 31: 842-849.

Moran, N. (2007). Osmoregulation of leaf motor cells. FEBS Lett. 581:
2337-2347.

Moshelion, M., Becker, D., Czempinski, K., Mueller-Roeber, B., Attali,
B., Hedrich, R., and Moran, N. (2002). Diurnal and circadian regulation
of putative potassium channels in a leaf moving organ. Plant Physiol.
128: 634-642.

Motchoulski, A., and Liscum, E. (1999). Arabidopsis NPH3: A NPH1
photoreceptor-interacting protein essential for phototropism. Science
286: 961-964.

Muday, G.K., Brunn, S.A., Haworth, P., and Subramanian, M. (1993).
Evidence for a single naphthylphthalamic acid binding site on the zuc-
chini plasma membrane. Plant Physiol. 103: 449-456.

Muller, A., Guan, C., Galweiler, L., Tanzler, P., Huijser, P., Marchant, A.,
Parry, G., Bennett, M., Wisman, E., and Palme, K. (1998). AtPIN2 de-
fines a locus of Arabidopsis for root gravitropism control. EMBO J. 17:
6903-6911.

Murphy, J.T., and Lagarias, J.C. (1997). The phytofluors: a new class of
fluorescent protein probes. Curr. Biol. 7: 870-876.

Nagashima, A., Suzuki, G., Uehara, Y., Saji, K., Furukawa, T., Koshiba,
T., Sekimoto, M., Fujioka, S., Kuroha, T., Kojima, M., Sakakibara, H.,
Fujisawa, N., Okada, K., and Sakai, T. (2008). Phytochromes and cryp-
tochromes regulate the differential growth of Arabidopsis hypocotyls in
both a PGP19-dependent and a PGP19-independent manner. Plant J.
53: 516-529.

Nagpal, P., Walker, L.M., Young, J.C., Sonawala, A., Timpte, C., Estelle,
M., and Reed, J.W. (2000). AXR2 encodes a member of the Aux/IAA
protein family. Plant Physiol. 123: 563-574.

Nakasako, M., Zikihara, K., Matsuoka, D., Katsura, H., and Tokutomi, S.
(2008). Structural basis of the LOV1 dimerization of Arabidopsis photo-
tropins 1 and 2. J. Mol. Biol. 381: 718-733.

Nebenfiihr, A., Ritzenthaler, C., and Robinson, D.G. (2002). Brefeldin
A: deciphering an enigmatic inhibitor of secretion. Plant Physiol. 130:
1102-1108.

Nelson, D.C., Lasswell, J., Rogg, L.E., Cohen, M.A., and Bartel, B.
(2000). FKF1, a clock-controlled gene that regulates the transition to
flowering in Arabidopsis. Cell 101: 331-340.

Noh, B., Bandyopadhyay, A., Peer, W.A., Spalding, E.P., and Murphy,
A.S. (2003). Enhanced gravi- and phototropism in plant mdr mutants
mislocalizing the auxin efflux protein PIN1. Nature 423: 999-1002.

Norris, S.R., Barrette, T.R., and DellaPenna, D. (1995). Genetic dissec-
tion of carotenoid synthesis in Arabidopsis defines plastoquinone as an
essential component of phytoene desaturation. Plant Cell 7: 2139-2149.

Ohgishi, M., Saji, K., Okada, K., and Sakai, T. (2004). Functional analysis
of each blue light receptor, cry1, cry2, phot1, and phot2, by using com-



24 of 26 The Arabidopsis Book

binatorial multiple mutants in Arabidopsis. Proc. Natl. Acad. Sci. USA
101: 2223-2228.

Okada, K., and Shimura, Y. (1992). Mutational analysis of root gravitrop-
ism and phototropism of Arabidopsis thaliana seedlings. Aust. J. Plant
Physiol. 19: 439-448.

Orbovic, V., and Poff, K.L. (1991). Kinetics for phototropic curvature by
etiolated seedlings of Arabidopsis thaliana. Plant Physiol. 97: 1470-1475.

Orbovic, V., and Poff, K.L. (1993). Growth distribution during phototro-
pism of Arabidopsis thaliana seedlings. Plant Physiol. 103: 157-163.

Oyama, T., Shimura, Y., and Okada, K. (1997). The Arabidopsis HY5
gene encodes a bZIP protein that regulates stimulus-induced develop-
ment of root and hypocotyl. Genes Dev. 11: 2983-2995.

Palme, K., and Galweiler, L. (1999). PIN-pointing the molecular basis of
auxin transport. Curr. Opin. Plant Biol. 2: 375-381.

Palmer, J.M., Short, T.W., and Briggs, W.R. (1993). Correlation of blue
light-induced phosphorylation to phototropism in Zea mays L. Plant
Physiol. 102: 1219-1225.

Palmer, J.M., Warpeha, K.M., and Briggs, W.R. (1996). Evidence that
zeaxanthin is not the photoreceptor for phototropism in maize coleop-
tiles. Plant Physiol. 110: 1323-1328.

Park, J.Y., Kim, H.J., and Kim, J. (2002). Mutation in domain Il of IAA1
confers diverse auxin-related phenotypes and represses auxin-activat-
ed expression of Aux/IAA genes in steroid regulator-inducible system.
Plant J. 32: 669-683.

Parks, B.M., Quail, P.H., and Hangarter, R.P. (1996). Phytochrome A reg-
ulates red-light induction of phototropic enhancement in Arabidopsis.
Plant Physiol. 110: 155-162.

Patschinsky, T., Hunter, T., Esch, F.S., Cooper, J.A., and Sefton, B.M.
(1982). Analysis of the sequence of amino acids surrounding sites of
tyrosine phosphorylation. Proc. Natl. Acad. Sci. USA 79: 973-977.

Patton, E.E., Willems, A.R., and Tyers, M. (1998). Combinatorial control
in ubiquitin-dependent proteolysis: don’t Skp the F-box hypothesis.
Trends Genet. 14: 236-243.

Pedmale, U.V., and Liscum, E. (2007). Regulation of phototropic signal-
ing in Arabidopsis via phosphorylation state changes in the phototropin
1-interacting protein NPH3. J. Biol. Chem. 282: 19992-20001.

Petroski, M.D., and Deshaies, R.J. (2005). Function and regulation of
cullin-RING ubiquitin ligases. Nat. Rev. Mol. Cell Biol. 6: 9-20.

Pintard, L., Willis, J.H., Willems, A., Johnson, J.L., Srayko, M., Kurz,
T., Glaser, S., Mains, P.E., Tyers, M., Bowerman, B., and Peter, M.
(2003). The BTB protein MEL-26 is a substrate-specific adaptor of the
CUL-3 ubiquitin-ligase. Nature 425: 311-316.

Poff, K.L., Janoudi, A.-K., Rosen, E.S., Orbovic, V., Konjevic, R., Fortin,
M.-C., and Scott, T.K. (1994). The physiology of tropisms. In Arabidop-
sis, E. M. Meyerowitz and C. R. Somerville, eds (Cold Spring Harbor
Laboratory Press: Plainview, New York), pp. 639-664.

Pratt, L.H., and Briggs, W.R. (1966). Photochemical and nonphotochemi-
cal reactions of phytochrome in vivo. Plant Physiol. 41: 467-474.

Quinlones, M.A., and Zeiger, E. (1994). A putative role of the xantho-
phyll, zeaxanthin, in blue light photoreception of corn coleoptiles. Sci-
ence 264: 558-561.

Quinones, M.A., Lu, Z., and Zeiger, E. (1996). Close correspondence
between the action spectra for the blue light responses of the guard cell
and coleoptile chloroplasts, and the spectra for blue light-dependent
stomatal opening and coleoptile phototropism. Proc. Natl. Acad. Sci.
USA 93: 2224-2228.

Quint, M., and Gray, W.M. (2006). Auxin signaling. Curr. Opin. Plant Biol.
9: 448-453.

Ramos, J.A., Zenser, N., Leyser, O., and Callis, J. (2001). Rapid degrada-
tion of auxin/indoleacetic acid proteins requires conserved amino acids
of domain Il and is proteasome dependent. Plant Cell 13: 2349-2360.

Rashotte, A.M., DeLong, A., and Muday, G.K. (2001). Genetic and
chemical reductions in protein phosphatase activity alter auxin trans-
port, gravity response, and lateral root growth. Plant Cell 13: 1683-1697.

Rashotte, A.M., Brady, S.R., Reed, R.C., Ante, S.J., and Muday, G.K.
(2000). Basipetal auxin transport is required for gravitropism in roots of
Arabidopsis. Plant Physiol. 122: 481-490.

Remington, D.L., Vision, T.J., Guilfoyle, T.J., and Reed, J.W. (2004).
Contrasting modes of diversification in the Aux/IAA and ARF gene fami-
lies. Plant Physiol. 135: 1738-1752.

Reymond, P., Short, T.W., and Briggs, W.R. (1992a). Blue light activates
a specific protein kinase in higher plants. Plant Physiol. 100: 655-661.
Reymond, P., Short, T.W., Briggs, W.R., and Poff, K.L. (1992b). Light-
induced phosphorylation of a membrane protein plays an early role in
signal transduction for phototropism in Arabidopsis thaliana. Proc. Natl.

Acad. Sci. USA 89: 4718-4721.

Robatzek, S., Chinchilla, D., and Boller, T. (2006). Ligand-induced endo-
cytosis of the pattern recognition receptor FLS2 in Arabidopsis. Genes
Dev. 20: 537-542.

Robert, H.S., and Offringa, R. (2008). Regulation of auxin transport po-
larity by AGC kinases. Curr. Opin. Plant Biol. 11: 495-502.

Rosen, E., Chen, R., and Masson, P.H. (1999). Root gravitropism: a com-
plex response to a simple stimulus? Trends Plant Sci. 4: 407-412.

Rouse, D., Mackay, P., Stirnberg, P., Estelle, M., and Leyser, O. (1998).
Changes in auxin response from mutations in an AUX/IAA gene. Sci-
ence 279: 1371-1373.

Ruegger, M., Dewey, E., Hobbie, L., Brown, D., Bernasconi, P., Turner,
J., Muday, G., and Estelle, M. (1997). Reduced naphthylphthalamic
acid binding in the tir3 mutant of Arabidopsis is associated with a reduc-
tion in polar auxin transport and diverse morphological defects. Plant
Cell 9: 745-757.

Ruppel, N.J., Hangarter, R.P., and Kiss, J.Z. (2001). Red-light-induced
positive phototropism in Arabidopsis roots. Planta 212: 424-430.

Sachs, J.V. (1887). Lectures on the Physiology of Plants. Oxford; Claren-
don Press.

Sakai, T., Wada, T., Ishiguro, S., and Okada, K. (2000). RPT2. A signal
transducer of the phototropic response in Arabidopsis. Plant Cell 12:
225-236.

Sakai, T., Kagawa, T., Kasahara, M., Swartz, T.E., Christie, J.M., Briggs,
W.R., Wada, M., and Okada, K. (2001). Arabidopsis nph1 and npl1:
blue light receptors that mediate both phototropism and chloroplast re-
location. Proc. Natl. Acad. Sci. USA 98: 6969-6974.

Sakamoto, K., and Briggs, W.R. (2002). Cellular and subcellular localiza-
tion of phototropin 1. Plant Cell 14: 1723-1735.

Salisbury, F.B., and Ross, C.W. (1992). Plant Physiology. (Belmont, CA:
Wadsworth Publishing Co.).

Salomon, M., Lempert, U., and Rudiger, W. (2004). Dimerization of the
plant photoreceptor phototropin is probably mediated by the LOV1 do-
main. FEBS Lett. 572: 8-10.

Salomon, M., Zacherl, M., Luff, L., and Rudiger, W. (1997). Exposure of
oat seedlings to blue light results in amplified phosphorylation of the
putative photoreceptor for phototropism and in higher sensitivity of the
plants to phototropic stimulation. Plant Physiol. 115: 493-500.

Salomon, M., Knieb, E., von Zeppelin, T., and Rudiger, W. (2003). Map-
ping of low- and high-fluence autophosphorylation sites in phototropin
1. Biochemistry 42: 4217-4225.

Salomon, M., Christie, J.M., Knieb, E., Lempert, U., and Briggs, W.R.
(2000). Photochemical and mutational analysis of the FMN-binding
domains of the plant blue light receptor, phototropin. Biochemistry 39:
9401-9410.

Satter, R.L., and Galston, A.W. (1981). Mechanisms of control of leaf
movements. Annu. Rev. Plant Physiol. 32: 83-110.



Satterlee, J.S., and Sussman, M.R. (1998). Unusual membrane-asso-
ciated protein kinases in higher plants. J .Membr. Biol. 164: 205-213.
Sawa, M., Nusinow, D.A., Kay, S.A., and Imaizumi, T. (2007). FKF1 and
GIGANTEA complex formation is required for day-length measurement

in Arabidopsis. Science 318: 261-265.

Schepens, |., Boccalandro, H.E., Kami, C., Casal, J.J., and Fankhaus-
er, C. (2008). PHYTOCHROME KINASE SUBSTRATE4 modulates
phytochrome-mediated control of hypocotyl growth orientation. Plant
Physiol. 147: 661-671.

Schultz, T.F., Kiyosue, T., Yanovsky, M., Wada, M., and Kay, S.A. (2001).
A role for LKP2 in the circadian clock of Arabidopsis. Plant Cell 13:
2659-2670.

Schwartz, A., and Koller, D. (1978). Phototropic response to vectorial
light in leaves of Lavatera cretica L. Plant Physiol. 61: 924-928.

Schwechheimer, C., and Calderon Villalobos, L.I. (2004). Cullin-con-
taining E3 ubiquitin ligases in plant development. Curr. Opin. Plant Biol.
7: 677-686.

Schwechheimer, C., Serino, G., Callis, J., Crosby, W.L., Lyapina, S.,
Deshaies, R.J., Gray, W.M., Estelle, M., and Deng, X.W. (2001). Inter-
actions of the COP9 signalosome with the E3 ubiquitin ligase SCF™! in
mediating auxin response. Science 292: 1379-1382.

Shinkle, J.R., Kadakia, R., and Jones, A.M. (1998). Dim-red-light-in-
duced increase in polar auxin transport in cucumber seedlings. I. De-
velopment of altered capacity, velocity, and response to inhibitors. Plant
Physiol. 116: 1505-1513.

Shinomura, T., Uchida, K., and Furuya, M. (2000). Elementary processes
of photoperception by phytochrome A for high-irradiance response of
hypocotyl elongation in Arabidopsis. Plant Physiol. 122: 147-156.

Short, T.W., and Briggs, W.R. (1994). The transduction of blue light signals
in higher plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 45: 143-171.

Shropshire, W. (1908). Carotenoids as primary photoreceptors in blue
light responses. In The Blue Light Syndrome, H. Senger, ed (Springer-
Verlag: Berlin), pp. 172—186.

Shuttleworth, J.E., and Black, M. (1977). The role of cotyledons in pho-
totropism of de-etiolated seedlings. Planta 135: 51-55.

Sinclair, W., and Trewavas, A.J. (1997). Calcium in gravitropism. A re-
examination. Planta 203: S85-S90.

Skirpan, A., Culler, A.H., Gallavotti, A., Jackson, D., Cohen, J.D., and
McSteen, P. (2009). BARREN INFLORESCENCE2 interaction with
ZmPIN1a suggests a role in auxin transport during maize inflorescence
development. Plant Cell Physiol. 50: 652-657.

Soh, M.S., Hong, S.H., Kim, B.C., Vizir, I., Park, P.H., Choi, G., Hong,
M.Y., Chung, Y.-Y., Furuya, M., and Nam, H.G. (1999). Regulation of
both light- and auxin-mediated development by the Arabidopsis IAA3/
SHY2 gene. J. Plant Biol. 42: 239-246.

Somers, D.E., Schultz, T.F., Milnamow, M., and Kay, S.A. (2000). ZEIT-
LUPE encodes a novel clock-associated PAS protein from Arabidopsis.
Cell 101: 319-329.

Spanu, P., Grosskopf, D.G., Felix, G., and Boller, T. (1994). The appar-
ent turnover of 1-aminocyclopropane-1-carboxylate synthase in tomato
cells is regulated by protein phosphorylation and dephosphorylation.
Plant Physiol. 106: 529-535.

Staswick, P.E., Serban, B., Rowe, M., Tiryaki, |., Maldonado, M.T., Mal-
donado, M.C., and Suza, W. (2005). Characterization of an Arabidop-
sis enzyme family that conjugates amino acids to indole-3-acetic acid.
Plant Cell 17: 616-627.

Steindler, C., Matteucci, A., Sessa, G., Weimar, T., Ohgishi, M., Aoya-
ma, T., Morelli, G., and Ruberti, I. (1999). Shade avoidance responses
are mediated by the ATHB-2 HD-zip protein, a negative regulator of
gene expression. Development 126: 4235-4245.

Steinitz, B., Ren, Z., and Poff, K.L. (1985). Blue and green light-induced

Phototropism: Mechanisms and Outcomes 25 of 26

phototropism in Arabidopsis thaliana and Lactuca sativa L. seedlings.
Plant Physiol. 77: 248-251.

Stoelzle, S., Kagawa, T., Wada, M., Hedrich, R., and Dietrich, P. (2003).
Blue light activates calcium-permeable channels in Arabidopsis meso-
phyll cells via the phototropin signaling pathway. Proc. Natl. Acad. Sci.
USA 100: 1456-1461.

Stogios, P.J., Downs, G.S., Jauhal, J.J., Nandra, S.K., and Prive, G.G.
(2005). Sequence and structural analysis of BTB domain proteins. Ge-
nome Biol. 6: R82.

Stone, B.B., Esmon, C.A., and Liscum, E. (2005). Phototropins, other
photoreceptors, and associated signaling: the lead and supporting cast
in the control of plant movement responses. Curr. Top. Dev. Biol. 66:
215-238.

Stone, B.B., Stowe-Evans, E.L., Harper, R.M., Celaya, R.B., Ljung, K.,
Sandberg, G., and Liscum, E. (2008). Disruptions in AUX1-dependent
auxin influx alter hypocotyl phototropism in Arabidopsis. Mol. Plant 1:
129-144.

Stowe-Evans, E.L., Luesse, D.R., and Liscum, E. (2001). The enhance-
ment of phototropin-induced phototropic curvature in Arabidopsis oc-
curs via a photoreversible phytochrome A-dependent modulation of
auxin responsiveness. Plant Physiol. 126: 826-834.

Stowe-Evans, E.L., Harper, R.M., Motchoulski, A.V., and Liscum, E.
(1998). NPH4, a conditional modulator of auxin-dependent differential
growth responses in Arabidopsis. Plant Physiol. 118: 1265-1275.

Sukumar, P., Edwards, K.S., Rahman, A., Delong, A., and Muday, G.K.
(2009). PINOID kinase regulates root gravitropism through modula-
tion of PIN2-dependent basipetal auxin transport in Arabidopsis. Plant
Physiol. 150: 722-735.

Sullivan, S., Thomson, C.E., Kaiserli, E., and Christie, J.M. (2009). In-
teraction specificity of Arabidopsis 14-3-3 proteins with phototropin re-
ceptor kinases. FEBS Lett. 583: 2187-2193.

Sullivan, S., Thomson, C.E., Lamont, D.J., Jones, M.A., and Christie,
J.M. (2008). In vivo phosphorylation site mapping and functional char-
acterization of Arabidopsis phototropin 1. Mol. Plant 1: 178-194.

Swarup, R., Friml, J., Marchant, A., Ljung, K., Sandberg, G., Palme,
K., and Bennett, M. (2001). Localization of the auxin permease AUX1
suggests two functionally distinct hormone transport pathways operate
in the Arabidopsis root apex. Gene Dev. 15: 2648-2653.

Swarup, R., Kargul, J., Marchant, A., Zadik, D., Rahman, A., Mills, R.,
Yemm, A., May, S., Williams, L., Millner, P., Tsurumi, S., Moore, .,
Napier, R., Kerr, 1.D., and Bennett, M.J. (2004). Structure-function
analysis of the presumptive Arabidopsis auxin permease AUX1. Plant
Cell 16: 3069-3083.

Takemiya, A., Inoue, S., Doi, M., Kinoshita, T., and Shimazaki, K. (2005).
Phototropins promote plant growth in response to blue light in low light
environments. Plant Cell 17: 1120-1127.

Tan, X., Calderon-Villalobos, L.I., Sharon, M., Zheng, C., Robinson,
C.V,, Estelle, M., and Zheng, N. (2007). Mechanism of auxin percep-
tion by the TIR1 ubiquitin ligase. Nature 446: 640-645.

Tanaka, H., Dhonukshe, P., Brewer, P.B., and Friml, J. (2006). Spatio-
temporal asymmetric auxin distribution: a means to coordinate plant
development. Cell. Mol. Life Sci. 63: 2738-2754.

Tatematsu, K., Kumagai, S., Muto, H., Sato, A., Watahiki, M.K., Harper,
R.M., Liscum, E., and Yamamoto, K.T. (2004). MASSUGUZ2 encodes
Aux/IAA19, an auxin-regulated protein that functions together with the
transcriptional activator NPH4/ARF7 to regulate differential growth re-
sponses of hypocotyl and formation of lateral roots in Arabidopsis thali-
ana. Plant Cell 16: 379-393.

Taylor, B.L., and Zhulin, I.B. (1999). PAS domains: internal sensors of
oxygen, redox potential, and light. Microbiol. Mol. Biol. Rev. 63: 479-506.

Tepperman, J.M., Zhu, T., Chang, H.S., Wang, X., and Quail, P.H. (2001).



26 of 26 The Arabidopsis Book

Multiple transcription-factor genes are early targets of phytochrome A
signaling. Proc. Natl. Acad. Sci. USA 98: 9437-9442.

Terry, M.J., and Lagarias, J.C. (1991). Holophytochrome assembly. Cou-
pled assay for phytochromobilin synthase in organello. J. Biol. Chem.
266: 22215-22221.

Terry, M.J., Wahleithner, J.A., and Lagarias, J.C. (1993). Biosynthesis of
the plant photoreceptor phytochrome. Arch. Biochem. Biophys. 306: 1-15.

Thimann, K.V., and Curry, G.M. (1961). Phototropism. In Light and Life,
W. D. McElroy and B. Glass, eds (Johns Hopkins University Press: Bal-
timore, Maryland), pp. 646—672.

Tian, Q., and Reed, J.W. (1999). Control of auxin-regulated root develop-
ment by the Arabidopsis thaliana SHY2/IAA3 gene. Development 126:
711-721.

Titapiwatanakun, B., Blakeslee, J.J., Bandyopadhyay, A., Yang, H.,
Mravec, J., Sauer, M., Cheng, Y., Adamec, J., Nagashima, A., Geisler,
M., Sakai, T., Friml, J., Peer, W.A., and Murphy, A.S. (2009). ABCB19/
PGP19 stabilises PIN1 in membrane microdomains in Arabidopsis.
Plant J. 57: 27-44.

Tiwari, S.B., Hagen, G., and Guilfoyle, T.J. (2004). Aux/IAA proteins con-
tain a potent transcriptional repression domain. Plant Cell 16: 533-543.

Tiwari, S.B., Wang, X.J., Hagen, G., and Guilfoyle, T.J. (2001). AUX/IAA
proteins are active repressors, and their stability and activity are modu-
lated by auxin. Plant Cell 13: 2809-2822.

Trewavas, A., and Knight, M. (1994). Mechanical signalling, calcium and
plant form. Plant Mol. Biol. 26: 1329-1341.

Trewavas, T., Briggs, W.R., Bruinsma, J., Evans, M.L., Firn, R., Hertel,
R., lino, M., Jones, A.M., Leopold, A.C., Pilet, P.E., Poff, K.L., Roux,
S.J., Salibury, F.B., Scott, T.K., Sievers, A., Zieschang, H.E., and
Wayne, R. (1992). Forum: What remains of the Cholodny-Went theory?
Plant Cell Environ. 15: 759-794.

Tsuchida-Mayama, T., Nakano, M., Uehara, Y., Sano, M., Fujisawa, N.,
Okada, K., and Sakai, T. (2008). Mapping of the phosphorylation sites
on the phototropic signal transducer, NPH3. Plant Sci. 174: 626-633.

Ueda, M., and Nakamura, Y. (2007). Chemical basis of plant leaf move-
ment. Plant Cell Physiol. 48: 900-907.

Ulmasov, T., Hagen, G., and Guilfoyle, T.J. (1999). Activation and repres-
sion of transcription by auxin-response factors. Proc. Natl. Acad. Sci.
USA 96: 5844-5849.

Utsuno, K., Shikanai, T., Yamada, Y., and Hashimoto, T. (1998). AGR, an
agravitropic locus of Arabidopsis thaliana, encodes a novel membrane-
protein family member. Plant Cell Physiol. 39: 1111-1118.

Verrier, P.J., Bird, D., Burla, B., Dassa, E., Forestier, C., Geisler, M.,
Klein, M., Kolukisaoglu, U., Lee, Y., Martinoia, E., Murphy, A., Rea,
P.A., Samuels, L., Schulz, B., Spalding, E.J., Yazaki, K., and Theo-
doulou, F.L. (2008). Plant ABC proteins--a unified nomenclature and
updated inventory. Trends Plant Sci. 13: 151-159.

Vieira, A.V., Lamaze, C., and Schmid, S.L. (1996). Control of EGF recep-
tor signaling by clathrin-mediated endocytosis. Science 274: 2086-2089.

Vierstra, R.D., Quail, P.H. (1983). Purification and initial characterization of
124-kilodalton phytochrome from Avena. Biochemistry 22: 2498-2505.

von Zastrow, M., and Sorkin, A. (2007). Signaling on the endocytic path-
way. Curr. Opin. Cell Biol. 19: 436-445.

Wan, Y.-L., Eisinger, W., Ehrhardt, D., Kubitscheck, U., Baluska, F., and
Briggs, W.R. (2008). The subcellular localization and blue-light-induced
movement of phototropin 1-GFP in etiolated seedlings of Arabidopsis
thaliana. Mol. Plant 1: 103-117.

Wang, H. (2005). Signaling mechanisms of higher plant photoreceptors: a
structure-function perspective. Curr. Topics Dev. Biol. 68: 227-261.

Wang, K.L., Yoshida, H., Lurin, C., and Ecker, J.R. (2004). Regulation
of ethylene gas biosynthesis by the Arabidopsis ETO1 protein. Nature
428: 945-950.

Wang, Z2.Y., Wang, Q., Chong, K., Wang, F., Wang, L., Bai, M., and Jia,
C. (2006). The brassinosteroid signal transduction pathway. Cell Res.
16: 427-434.

Watahiki, M.K., and Yamamoto, K.T. (1997). The massugu1 mutation of
Arabidopsis identified with failure of auxin-induced growth curvature of
hypocotyl confers auxin insensitivity to hypocotyl and leaf. Plant Physiol.
115: 419-426.

Watahiki, M.K., Tatematsu, K., Fujihira, K., Yamamoto, M., and Yama-
moto, K.T. (1999). The MSG1 and AXR1 genes of Arabidopsis are
likely to act independently in growth-curvature responses of hypocotyls.
Planta 207: 362-369.

Weber, H., Bernhardt, A., Dieterle, M., Hano, P., Mutlu, A., Estelle, M.,
Genschik, P., and Hellmann, H. (2005). Arabidopsis AtCUL3a and
AtCUL3b form complexes with members of the BTB/POZ-MATH protein
family. Plant Physiol. 137: 83-93.

Went, F.W., and Thimann, K.V. (1937). Phytohormones. (New York: Mac-
millan).

Whippo, C.W., and Hangarter, R.P. (2003). Second positive phototro-
pism results from coordinated co-action of the phototropins and crypto-
chromes. Plant Physiol. 132: 1499-1507.

Whippo, C.W., and Hangarter, R.P. (2004). Phytochrome modulation of
blue-light-induced phototropism. Plant Cell and Environ. 27: 1223-1228.

Whippo, C.W., and Hangarter, R.P. (2006). Phototropism: bending to-
wards enlightenment. Plant Cell 18: 1110-1119.

Willems, A.R., Schwab, M., and Tyers, M. (2004). A hitchhiker’s guide
to the cullin ubiquitin ligases: SCF and its kin. Biochim. Biophys. Acta
1695: 133-170.

Xu, L., Wei, Y., Reboul, J., Vaglio, P., Shin, T.H., Vidal, M., Elledge, S.J.,
and Harper, J.W. (2003). BTB proteins are substrate-specific adaptors
in an SCF-like modular ubiquitin ligase containing CUL-3. Nature 425:
316-321.

Yamamoto, M., and Yamamoto, K.T. (1999). Effects of natural and syn-
thetic auxins on the gravitropic growth habit of roots in two auxin-resis-
tant mutants of Arabidopsis, axr1 and axr4: evidence for defects in the
auxin influx mechanism of axr4. J. Plant Res. 112: 391-396.

Yang, X., Lee, S., So, J.H., Dharmasiri, S., Dharmasiri, N., Ge, L., Jen-
sen, C., Hangarter, R., Hobbie, L., and Estelle, M. (2004). The 1AA1
protein is encoded by AXR5 and is a substrate of SCF(TIR1). Plant J.
40: 772-782.

Yang, Y., Hammes, U.Z., Taylor, C.G., Schachtman, D.P., and Nielsen, E.
(2006). High-affinity auxin transport by the AUX1 influx carrier protein.
Curr. Biol. 16: 1123-1127.

Yennawar, N.H., Li, L.C., Dudzinski, D.M., Tabuchi, A., and Cosgrove,
D.J. (2006). Crystal structure and activities of EXPB1 (Zea m 1), a beta-
expansin and group-1 pollen allergen from maize. Proc. Natl. Acad. Sci.
USA 103: 14664-14671.

Zegzouti, H., Anthony, R.G., Jahchan, N., Bégre, L., and Christensen,
S.K. (2006). Phosphorylation and activation of PINOID by the phos-
pholipid signaling kinase 3-phosphoinositide-dependent protein kinase
1 (PDKT1) in Arabidopsis. Proc. Natl. Acad. Sci. USA 103: 6404-6409.

Zhang, J., Nodzynski, T., Pencik, A., Rolcik, J., and Friml, J. (2010). PIN
phosphorylation is sufficient to mediate PIN polarity and direct auxin
transport. Proc. Natl. Acad. Sci. USA 107: 918-922.

Zhulin, I.B., Taylor, B.L., and Dixon, R. (1997). PAS domain S-boxes in
Archaea, Bacteria and sensors for oxygen and redox. Trends Biochem.
Sci. 22: 331-333.

Zienkiewicz, A., Zienkiewicz, K., and Kopcewicz, J. (2008). Intracellular
distribution of phototropin 1 protein in the short-day plant jpomoea nil.
Protoplasma 233: 141-147.

Zimmerman, B.K., and Briggs, W.R. (1963). Phototropic dosage-re-
sponse curves for oat coleoptiles. Plant Physiol. 38: 248-253.



