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SUMMARY

Phytochrome A (phyA) is the only photoreceptor in
plants, initiating responses in far-red light and, as
such, essential for survival in canopy shade.
Although the absorption and the ratio of active
versus total phyA are maximal in red light, far-red
light is the most efficient trigger of phyA-dependent
responses. Using a joint experimental-theoretical
approach, we unravel the mechanism underlying
this shift of the phyA action peak from red to far-
red light and show that it relies on specific molecular
interactions rather than on intrinsic changes to
phyA’s spectral properties. According to our model,
the dissociation rate of the phyA-FHY1/FHL nuclear
import complex is a principle determinant of the
phyA action peak. The findings suggest how higher
plants acquired the ability to sense far-red light
from an ancestral photoreceptor tuned to respond
to red light.

INTRODUCTION

Light is an abiotic factor, which is particularly important for
plants. It is used as a source of energy but also provides informa-
tion about the environment. To monitor the intensity, quality, and
direction of incident light, plants employ different types of photo-
receptors, such as the phototropins and cryptochromes, which
are blue light (B) receptors, or the red (R)/far-red (FR) light-
absorbing phytochromes (Devlin et al., 2007). In Arabidopsis,
there are five phytochromes (phyA-phyE), among which phyA
and phyB are most important. PhyB is the dominating phyto-
chrome species in light-grown and adult plants and plays
a role in the shade avoidance response, regulation of flowering,
and de-etiolation in R. In contrast, the switch from skotomorpho-

genic (development in the dark) to photomorphogenic (develop-
ment in light) growth in FR-enriched environments requires phyA,
which accumulates to very high levels in etiolated seedlings but
is rapidly degraded upon irradiation with light (Bae and Choi,
2008).

Plant phytochromes are dimeric photoreceptors containing
a covalently bound open-chain tetrapyrrole as chromophore
(Rockwell et al., 2006). They have a photocycle with Pr as the
ground state and Pfr as a longer-lived intermediate. Pr is biolog-
ically inactive and exhibits maximal absorption in R, whereas Pfr
has an absorption peak in FR and is considered the active form
of phytochromes. By absorption of light, they can reversibly
interconvert between Pr and Pfr via short-lived photochemical
intermediates (Mancinelli, 1994; Rockwell et al., 2006). Typically,
phyB-mediated responses are induced by R and can be
canceled by an FR pulse immediately following the R treatment
(Casal et al., 2003). This mode of action, termed low fluence
response (LFR), is consistent with a model in which phyto-
chromes work as light switches that can be turned on and off
by irradiation with R and FR. However, phyA-mediated
responses are induced by very low amounts of light of any wave-
length (very low fluence response [VLFR]) or by continuous irra-
diation with high fluence rate FR (high irradiance response [HIR])
and cannot be explained by a simple light switch (Casal et al.,
2003). Although Pr and Pfr have absorption peaks at 667 nm
(R) and 730 nm (FR), respectively, they absorb in FR and R as
well. Thus, irradiation with either R or FR drives the conversion
between Pr and Pfr in both directions. This results in continuous
cycling between Pr and Pfr, which establishes the equilibrium
between the two conformers depending on the wavelength,
but not on the fluence rate (Mancinelli, 1994).

PhyA localizes to the cytosol in the dark and accumulates in
the nucleus in response to irradiation with FR (Bae and Choi,
2008). Translocation of phyA into the nucleus is indispensable
for FR perception and depends on the two functional homologs
FHY1 and FHL, which physically interact with phyA (Hiltbrunner
et al., 2005, 2006; Rosler et al., 2007; Shen et al., 2009; Yang

Cell 146, 813-825, September 2, 2011 ©2011 Elsevier Inc. 813


https://core.ac.uk/display/82703865?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:christian.fleck@fdm.uni-freiburg.de
mailto:andreas.hiltbrunner@zmbp.uni-tuebingen.de
http://dx.doi.org/10.1016/j.cell.2011.07.023

et al., 2009). The amount of phyA accumulating in the nucleus of
FR-treated seedlings exceeds the total level of FHY1 and FHL
that is available in a cell by several-fold. Therefore, FHY1/FHL
have been predicted to work as shuttle proteins that cycle
between the cytosol and the nucleus (Genoud et al., 2008).

PhyA is essential for de-etiolation in FR-rich environments,
such as in canopy shade, and it may have provided an adaptive
advantage to early angiosperms during colonization of habitats
dominated by gymnosperms and ferns (Mathews, 2005).
Although, as for any other phytochrome, the Pfr/Ptot ratio
(Ptot = Pr + Pfr) is much higher in R than in FR, the action spectra
for hypocotyl growth inhibition and other high irradiance
responses (HIRs) exhibit a peak in the FR range of the spectrum
(Figure S1 available online), which is absent in phyA mutant
plants (Shinomura et al., 2000). Several models have been
proposed to explain why maximal photon efficiency is shifted
toward FR despite the lower relative abundance of the active
Pfr form, but none link the shift to defined components or molec-
ular events (Hennig et al., 1999, 2000; Schafer, 1975; Shinomura
et al., 2000). Interestingly, both HIRs and efficient accumulation
of phyA in the nucleus require continuous irradiation with high
fluence rate FR; thus, phyA nuclear transport itself can be
considered an HIR.

In this work, we show that nucleocytoplasmic shuttling of
FHY1/FHL plays a decisive role in phyA signaling and the HIR.
Based on this finding, we develop a mathematical model for
the HIR that integrates the current knowledge of phyA dynamics,
nuclear transport, and interaction with FHY1/FHL. Our investiga-
tion shows that the dynamic model of the phyA interaction
network intrinsically exhibits the typical features of the HIR and
that the principle mechanism underlying the R— FR shift of the
peak in the phyA action spectrum can be understood in simple,
molecular terms. Finally, the model presented in this report also
offers an explanation for the difference in spectral responsive-
ness of phyA and phyB despite the fact that they have identical
photophysical properties.

RESULTS

Interaction with phyA Slows Down FHY1
Nucleocytoplasmic Shuttling

FHY1/FHL have been predicted to shuttle between the cytosol
and the nucleus in order to transport more than only one phyA
per FHY1/FHL (Genoud et al., 2008). We tested this using fluo-
rescence recovery after photobleaching (FRAP) and fluores-
cence loss in photobleaching (FLIP) assays to analyze the
mobility of yellow fluorescent protein (YFP)-tagged FHY1 in etio-
lated Arabidopsis seedlings. These approaches showed that
YFP-FHY1 is indeed highly mobile and moves in both directions
between the cytosol and the nucleus (Figures 1A and 1B). Inter-
estingly, the mobility of YFP-FHY1 was strongly reduced in seed-
lings, which had been irradiated for 5 min with R to establish high
levels of Pfr, whereas a 5 min R treatment did not affect the
YFP-FHY1 mobility in the absence of phyA (Figures 1C and 1D).

Pfr Is Essential for phyA Nuclear Transport

In FR (730 nm), only about 2% of the total phyA is in Pfr (Manci-
nelli, 1994). Nevertheless, under these conditions, seedlings
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accumulate high levels of phyA in the nucleus, which account
for much more than only 2% of the total phyA. This suggests
that, in seedlings grown in FR, the major part of phyA in the
nucleus is in Pr. However, phyA C323A, which is unable to
bind the chromophore and cannot be converted to Pfr (Rockwell
et al., 2006) (see Supplemental Information), did not accumulate
in the nucleus of phyA mutant seedlings, and in yeast two-
hybrid assays, it did not interact with FHY1 (Figure 2A and
Figure S2). Thus, we conclude that only Pfr can translocate
from the cytosol into the nucleus and that all nuclear-localized
Pr results from photoconversion of phyA, which has been trans-
ported as Pfr.

Constitutively Active phyA Blocks phyA Nuclear
Transport

Recently, Su and Lagarias (2007) described a phyB mutant
(Y276H), which is constitutively active. Dark-grown seedlings ex-
pressing phyB Y276H exhibited a constitutively photomorpho-
genic (cop) phenotype and resembled de-etiolated wild-type
seedlings at the transcriptome level (Hu et al., 2009; Su and La-
garias, 2007). PhyA Y242H-YFP contains a Y-to-H amino acid
substitution at position 242, which corresponds to the amino
acid change in the phyB Y276H mutant. Expression of phyA
Y242H-YFP in wild-type background resulted in a cop pheno-
type as well, which was, however, much less pronounced than
in seedlings expressing phyB Y276H (Su and Lagarias, 2007;
Figure 3A and Figure S3). gPCR analyses showed that light-
induced genes, such as PRR9 or CAB2, are upregulated
(PRR9, 3.4-fold; CAB2, 7.0-fold) in dark-grown wild-type seed-
lings containing phyA Y242H-YFP (Figures 3C and 3D). Interest-
ingly, phyA Y242H-YFP still depends on FHY1/FHL for activity,
as fhy1 fhl seedlings expressing phyA Y242H-YFP remained fully
etiolated (Figure S3).

In FR, the expression of phyA Y242H-YFP resulted in a strong
dominant-negative phenotype (Figures 3A and 3B), which is in
agreement with data by Su and Lagarias (2007) but is neverthe-
less not easy to reconcile with the idea that phyA Y242H-YFP is
a constitutively active photoreceptor. Yet, consistent with this
finding, phyA Y242H-YFP partially suppressed the upregulation
of PRR9 and CAB2 in seedlings exposed to light (Figures 3C and
3D). An important prediction of the FHY1 shuttling model sug-
gested by Genoud et al. (2008) is that any mutation that interferes
with FHY1 recycling should interfere with nuclear transport of
phyA and, as a consequence, result in reduced sensitivity to
FR. The FRAP/FLIP experiments with YFP-FHY1 indicate that
high levels of Pfr decrease the mobility of FHY1 (Figure 1). As
phyA Y242H-YFP-expressing plants contain high amounts of
“Pfr,” nuclear transport of phyA Y242H-YFP may be reduced.
Using fluorescence microscopy, we found that only very low
levels of phyA Y242H-YFP accumulate in the nucleus, irrespec-
tive of whether or not the seedlings were exposed to light (Fig-
ure 3E). Moreover, in seedlings coexpressing phyA Y242H-YFP
and cyan fluorescent protein (CFP)-tagged wild-type phyA, the
“constitutively active” phyA inhibited nuclear transport of
phyA-CFP (Figure 3E). As phyA nuclear transport is required
for FR signaling (Hiltbrunner et al., 2006; Résler et al., 2007),
these findings can explain the dominant-negative effect of
phyA Y242H-YFP in FR.
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Figure 1. FHY1 Nucleocytoplasmic Shuttling
(A and B) FHY1 is mobile between the cytosol and the nucleus.
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(A) For FRAP assays, 3-day-old etiolated fhy7-1 (open symbols) and phyA-201 seedlings (filled symbols) expressing P3ss:YFP-FHY1 (YFP-FHY1 under the control
of the constitutive 35S promoter) were used. After bleaching the nucleus of a cell, the recovery of the fluorescence was recorded in the bleached nucleus (circles)
and, as a control, in a neighboring nonbleached nucleus (triangles). n = 6. Error bars represent SEM.

(B) Seedlings for FLIP assays were grown as described in (A). While continuously bleaching an area in the cytosol of a cell, the loss of fluorescence in the nucleus
of the same cell was recorded (circles). As a control, the fluorescence in the nucleus of a nonbleached cell was measured (triangles). n = 6. Error bars represent

SEM.

(C and D) Interaction with phyA slows down shuttling of FHY1. (C) Three-day-old etiolated fhy7-1 (open symbols) and phyA-201 (filled symbols) seedlings

expressing Pgss:YFP-FHY1 were irradiated for 5 min with R (15 pmol m—2 s

and used for FRAP analyses as described in (A). n = 6. Error bars represent SEM.

(D) The seedlings were grown as in (C) and used for FLIP experiments as described in (B). n = 6. Error bars represent SEM.

PhyA Y242H Is Constitutively in the Pfr Form
PhyA Y242H is predicted to be constitutively in Pfr (Su and Laga-
rias, 2007). In yeast two-hybrid assays, binding of phyA to FHY1,
FHL, PIF1, and PIF3 was dependent onlight, i.e., on conditions es-
tablishing high levels of Pfr. In contrast, phyA Y242H did interact
with FHY1, FHL, PIF1, and PIF3 in a light-independent manner,
indicating that it is constitutively in Pfr or at least in a Pfr-like
conformation (Figures 2A and 2B). Previously, it was shown that
the phyA-FHY1/FHL complex rapidly dissociates when phyA is
converted to Pr (Genoud et al., 2008; Sorokina et al., 2009). In
contrast, in yeast two-hybrid assays, phyA Y242H-FHY1/FHL
complexes were stable irrespective of the light conditions (Fig-
ure 2C). This further supports the notion that phyA Y242H is consti-
tutively in Pfrand cannot be converted to Pr by any light treatment.
Su and Lagarias (2007) showed that phyB Y276H still depends
on the chromophore for physiological activity. Consistent with
this notion, we found that mutating cysteine 323 in phyA, which
is essential for chromophore binding, to an alanine (C323A) abol-
ished the interaction of phyA Y242H and FHY1 (Figure 2A).

Mathematical Model Exhibits Maximal Action in FR
Although phyA Y242H-YFP is constitutively in Pfr, it is virtually
inactive at the physiological level, and seedlings expressing

phyA Y242H-YFP exhibit only a weak cop phenotype (Figure 3A
and Figure S3) (Su and Lagarias, 2007). Thus, not only Pr— Pfr
but also Pfr— Pr conversion seems to be essential for proper
phyA function. Based on these findings, we propose a model
for light- and FHY1/FHL-dependent phyA nuclear transport,
which consists of three overlapping cycles: two Pr/Pfr photocon-
version cycles—one in the cytosol and one in the nucleus—and
one FHY1/FHL-Pr/Pfr complex association/dissociation cycle,
which links the two photoconversion cycles (Figure 4A and Fig-
ure S4A). In this model, FHY1/FHL continuously shuttle between
the cytosol and the nucleus. They bind reversibly to phyA in the
cytosol and transport it into the nucleus. After dissociation,
FHY1/FHL are recycled back to the cytosol.

Due to the nonlinearity of the system shown in Figure 4A,
which arises from the phyA-FHY1/FHL complex formation, the
dynamics cannot be predicted without a more detailed mathe-
matical analysis. As most of the biochemical parameters of
the model depicted in Figure 4A are unknown and difficult to
determine experimentally, a qualitative global network analysis
was employed (Clodong et al., 2007; von Dassow et al.,
2000). The emerging reaction scheme is described by a system
of coupled ordinary differential equations (see Supplemental
Information).
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Figure 2. Constitutive Interaction of PhyA Y242H and FHY1/FHL

B-Gal Activity (M.U.)

(A) PhyA Y242H constitutively interacts with FHY1, FHL, and PIF1. Yeast cells coexpressing the indicated plasmid constructs were grown on nonselective
plates (CSM LT-) or on selective plates (CSM LTH-) supplemented with 1 mM 3-AT and 10 uM PCB (phycocyanobilin). The selective plates were incubated in FR
(15 umol m~2s " or R (1 pmol m 2 s™") to convert phyA to Pr and Pfr, respectively. AD, GAL4 activation domain; BD, GAL4 DNA-binding domain.

(B) PhyA Y242H constitutively interacts with PIF3. Yeast cells transformed with the indicated plasmids were used for an ONPG assay. The yeast cultures were
irradiated for 5 min with R (15 pmol m~2 s"), either followed by a 5 min FR (15 pmol m~2 s~ ) treatment (R/FR) or not (R), and were incubated for another 4 hr

before measuring the B-Gal activity. n = 3. Error bars represent SEM.

(C) PhyA Y242H cannot be converted to Pr. Yeast cells were transformed with the indicated plasmids and used for an ONPG assay as described in (B). n = 3.

Error bars indicate SEM.
See also Figure S2.

To study the qualitative behavior of the rescaled dynamic reac-
tion scheme of Figure 4A and Figure S4B, we defined alist of input
conditions, including the observations that FHY1/FHL protein
levels positively correlate with the action of phyA and that expres-
sion of phyA Y242H-YFP reduces the hypocotyl length in dark-
grown seedlings but interferes with hypocotyl growth inhibition
in FR (Figure 4B). Although the list of input conditions includes
the requirement that the simulated action spectrum exhibits
a peak, we did not restrict its position to a specific wavelength.
As output, we used the amount of nuclear-localized Pfr (= Pfrn).
A systematic scan of the parameter space (Table S1) found those
combinations, which reproduced all of the input conditions,
defining the “admissible parameter space” of the problem
posed. Among 108 randomly chosen parameter sets, we found
6050 admissible parameter combinations (~1 in 165), for each
of which we simulated an action spectrum between 640 and
720 nm. Surprisingly, almost all admissible combinations re-
sulted in an action spectrum with a peak in FR (Figures 5A and
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5B). Hence, the underlying structure of the dynamic model and
the input conditions defined in Figure 4B result in an obligate
shift of the action peak to FR as seen for the HIR (Hartmann,
1967; Shinomura et al., 2000; Dieterle et al., 2001) (Figure S1).

Efficient phyA nuclear accumulation requires continuous irra-
diation with FR despite maximal Pfr abundance in R, which
reflects the distinctive features of the HIR (Kim et al., 2000).
Thus, the crucial test for the theoretical description of the phyA
dynamics is whether the model correctly predicts the nuclear
abundance of phyA in R and FR. A simulation revealed that, for
92% of all admissible parameter combinations (total 5566, ~1
in 179), the total amount of phyA accumulating in the nucleus
was higher at 720 nm than at 660 nm.

Sensitivity Analysis

To study the sensitivity to variations of individual parameters, we
took the remaining 5566 admissible parameter combinations
and varied one parameter value at a time while holding all of



the others fixed (see Supplemental Information). The position of
the action peak was mainly influenced by the Pfr-FHY1 complex
dissociation rate, followed by the Pfr degradation rate (Fig-
ure 5C). Decreasing the Pfr degradation rate shifted the position
of maximal activity to shorter wavelengths (Figure S5A), whereas
the shift of the peak due to variation of the Pfr-FHY1 complex
dissociation rate is not uniform throughout the admissible
parameter space (Figure S5B; see Supplemental Information).
Varying the other parameters only weakly influenced the peak
position. Considering the peak height, we found that the total
amount of FHY1 and FHL (fp), as well as the Pfr degradation
rate, were the most crucial parameters affecting the amount of
nuclear-localized Pfr (Figure 5D). Decreasing the Pfr degradation
rate increased the peak height (Figure S5C). It has been shown
that FHY1/FHL-overexpressing seedlings are hypersensitive to
FR, whereas fhy1 and fhy1 fhl mutant plants are hyposensitive
(Desnos et al., 2001; Whitelam et al., 1993; Zhou et al., 2005).
Variation of the parameter f, affected the peak height in a way
that is consistent with these reports (Figure S5D). For all other
parameters, we found a rather low sensitivity with respect to
the height of the action peak. Note that the sensitivities of peak
height and position are mostly nuclear specific (insets Figures
5C and 5D; see Supplemental Information).

Experimental Verification of Model Predictions

According to the model’s predictions, inserting a nuclear locali-
zation signal (NLS) into phyA Y242H-YFP or increasing the FHY1
levels in phyA Y242H-YFP-expressing plants should result in
completely light-independent signaling (Table S2; see Supple-
mental Information). To validate the predictive power of the
model, we verified these key predictions experimentally by
generating transgenic seedlings expressing phyA Y242H-NLS-
YFP or phyA Y242H-YFP in the presence of 35S promoter-driven
CFP-FHY1.

Although phyA Y242H-NLS-YFP was present at very low
levels, it induced a strong cop phenotype in dark-grown Col-0
and phyA seedlings (Figure 6A). Moreover, FR-grown Col-0 seed-
lings expressing phyA Y242H-NLS-YFP were indistinguishable
from the wild-type, suggesting that inserting a NLS into phyA
Y242H-YFP is sufficient to suppress its dominant-negative effect.
Overexpression of FHY1 in phyA Y242H-YFP-containing plants
resulted in a strong cop phenotype as well (Figure 6D). In accor-
dance with the idea that phyA Y242H-YFP interferes with FHY1
recycling, we found that increasing the FHY1 levels strongly
promotes nuclear accumulation of phyA Y242H-YFP (Figure 6E).

To demonstrate that inserting a NLS into phyA Y242H-YFP
specifically overcomes defects in nuclear transport, but not in
downstream signaling, we crossed Col-0 Ppyya:PHYA Y242H-
NLS-YFP seedlings into the hy5 mutant, which is defective in
transduction of light signals (Oyama et al., 1997). Irrespective of
whether grown in D (dark) or FR, hy5 Pphya:PHYA Y242H-NLS-
YFP seedlings had much longer hypocotyls than the parent line ex-
pressing the same construct in wild-type background (Figure 6B).
Microscopy studies confirmed the nuclear localization of phyA
Y242H-NLS-YFP in both Col-0 and hy5 seedlings (Figure S6A).

When grown on medium supplemented with sucrose seed-
lings expressing phyA Y242H-NLS-YFP continued photomor-
phogenic growth in complete darkness, developed leaves, and

started to flower after 6 weeks (Figure 6C and Figures S6B-
S6D). Under these conditions, other photoreceptors (phyB-E,
cryptochromes, phototropins, UV-B receptors) are inactive, sug-
gesting that phyA is sufficient for the development from seeds to
flowering plants.

Unraveling the Core Mechanisms for Shifting the Action
Peak to FR

In the previous sections, we have shown that our model (Fig-
ure 4A) for the phyA dynamics is capable of reproducing the
observed wavelength shift in the action spectrum and that this
property prevails in most of the admissible parameter space
defined by the input conditions given in Figure 4B. To identify
the core mechanism being responsible for the wavelength shift,
we adopted an abstract viewpoint on the phyA dynamics. We
constructed networks using the key property of phyto-
chromes—namely, their capability of interconversion between
different states via light absorption. A generic network consists
of vertexes, i.e., different states, and edges, i.e., transitions
between the states. The edges can be light regulated —like the
transition between Pr and Pfr—or light independent. Because
we singled out a state as being the effector for further down-
stream signaling, we considered the direction from the influx
into the network, i.e., synthesis, to the effector as being the
forward direction. Therefore, we distinguished between two
types of light-dependent edges. Type | consists of the light-
induced transition from a state X to a different state Y at rate of
the Pr— Pfr transition (k;) and the back transition from Y to X
with rate of the Pfr— Pr conversion (k,). Type Il represents the
reversed edge, i.e., light-induced transition from X to Y at rate
ko and the back transition from Y to X at rate k; (Figure 7A).
This means that the forward directions of the edges exhibit the
wavelength characteristics of the Pr form (type 1) and the Pfr
form (type Il), with maxima at 667 nm and 730 nm, respectively.
In addition, light-independent transitions between states (type
0 edges; e.g., biochemical reactions or transport events) could
occur as well as synthesis and degradation at the vertexes. For
simplicity, we considered synthesis or influx into the network
only at one vertex, which is attached to a type | edge. This
reflects that phytochromes are synthesized in the Pr state and
activated by the light-induced transition to Pfr. Moreover, we
considered the wavelength-dependent abundance of the
effector as the action spectrum of the network.

The simplest network that one can construct with the elements
summarized in Figure 7A is the network with influx into state X
connected to Y by an edge of type | (Figure 7B). This represents
the phytochrome reaction network in which X is the Prand Y the
Pfr form (Schéafer and Mohr, 1974). The corresponding action
spectra given by the abundance of Y are shown in Figure 7B.
For low fluence rates (see Supplemental Information), the action
spectrum resembled the Pr absorption spectrum (Mancinelli,
1994), whereas it became virtually independent of the wave-
length for high fluence rates, approaching the photo-equilibrium.
The position of the maxima was almost independent of the
parameters and coincided with the position of the Pr absorption
maximum (Mancinelli, 1994), which was expected for this simple
network. To obtain a network exhibiting maximal response in FR
instead of R, we proceeded by adding an edge of type Il, the
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Figure 3. The PhyA Y242H-YFP Phenotype

(A) Expression of phyA Y242H-YFP interferes with FR perception. Wild-type (Arabidopsis Col-0), as well as several independent transgenic lines expressing
Pprya:PHYA Y242H-YFP in Col-0 background, were grown for 4 days in D (dark) or FR (15 umol m~2 s’1).

(B) PhyA Y242H-YFP expression levels correlate with the strength of the phenotype. Fifteen pg of total protein isolated from 4-day-old dark-grown seedlings
(Col-0, phyA-211, several independent lines expressing Pppya:PHYA Y242H-YFP in Col-0) were analyzed by immunoblotting with antibodies against phyA or
GFP. A section of the amido black-stained membrane is shown as loading control.

(C) PRR9 transcript levels in phyA Y242H-YFP seedlings. Five-day-old, dark-grown Col-0 and Col-0 Ppyya:PHYA Y242H-YFP (line #6941) seedlings were
irradiated for 30 s with R (0.042 pmol m~2 s~") and were incubated for different time periods in D before RNA extraction. The transcript levels of PRR9 and
ACTIN1 were determined by real-time RT-PCR. The expression levels of PRR9 were normalized to the levels of ACTIN1 (Col-0 in D was set to 1). Error bars
represent SD.

(D) CAB2 transcript levels in phyA Y242H-YFP seedlings. Col-0 and Col-0 Pppya:PHYA Y242H-YFP (line #6941) seedlings were grown for 4 days in D and either
irradiated for 24 hr with B, FR, R, or W or incubated for another 24 hr in D before RNA extraction. Real-time RT-PCR analyses were done as described in (C). The
expression levels of CAB2 were normalized to the levels of ACTIN1 (Col-0 in D was set to 1). Error bars represent SD.
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Figure 4. PhyA Signaling Model and Input Conditions for the Parameter Scan
(A) Dynamic model for phyA nuclear transport. See Figure S4B for parameter names. The HIR module (see text) is labeled in red.
(B) Experimental input conditions used for parameter scan. phy,,c, nuclear-localized phytochrome (refer to Figure S5 for exact definition). cFR, continuous FR.

See also Figure S4, Figure S5, and Table S1.

reversed light-dependent edge. For low fluence rates, the
maximal response of the extended network is close to the Pr
absorption maximum (which is reminiscent of the VLFR),
whereas it is strongly shifted toward FR for high fluence rates
(Figure 7C and Figure S7). Therefore, we discovered the smallest
network (hereafter referred to as “HIR module” or “shifting
module”) with an absorption maximum in R but exhibiting
maximal response in FR under high irradiance conditions. Note
that synthesis and degradation are absolutely essential ingredi-
ents that result in a constant particle flux through the network
and render the system out of equilibrium. Thus, all explanations
for the HIR based on equilibrium considerations are doomed to
fail. The other essential ingredients, in addition to synthesis
and degradation, are the type | and type Il edges, which have

to occur pairwise in the pathway from the influx to the effector.
They do not have to be linked directly to each other and may
be separated by one or several type 0 edges. For an extended
analysis and discussion, see the Supplemental Information.
There is a simple way to understand why the pair of type I/type
Il edges produces a shift in the action spectrum. The transition
from Pfr—Pr has its maximum in FR (Mancinelli, 1994), and
hence it is essential to have a type Il edge in forward direction,
i.e., from synthesis to the signaling state. However, as phyA is
synthesized in the Pr form, it first needs to be converted to Pfr,
which requires a type | edge in forward direction. To have both
transitions in forward direction in the pathway, it is indispensable
that the initial Pr form and the final Pr form are different, i.e., Pr—
Pfr— Pr*. How this can be achieved in planta is discussed in the

(E) PhyA Y242H-YFP inhibits nuclear accumulation of wild-type phyA. PhyA-201 Ppuya:PHYA Y242H-YFP was crossed into phyA-201 Pppya:PHYA-CFP
background. In the F2 generation, individuals homozygous for both transgenes were selected. Four-day-old dark-grown phyA-201 Ppuya:PHYA-CFP and
phyA-201 Pppya:PHYA-CFP Pppyva:PHYA Y242H-YFP seedlings were irradiated with FR (15 umol m 2s 1) for 6 hr and were used for microscopy. Scale bar,

100 pm.
See also Figure S3.
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(A) Distributions of the admissible parameter combinations exhibiting maximal action at wavelength A.x Wwhen assuming the input conditions of Figure 4B (dark
gray) or additionally assuming phy,,c(660nm) < phy,..(720nm) (light gray). The distributions were normalized to the total number of admissible parameters.
(B) Representative action spectra (for three arbitrary admissible parameter combinations) based on the relative and saturated amount of Pfrn in FR irradiation.
(C and D) Parameter sensitivity of the dynamic constants with respect to the peak position (C) and the peak height (D). The insets show the contributions from the
cytosolic (gray) and the nuclear (white) parameter variations. Error bars represent SD.

See also Figure S5 and Figure S7.

next section. Whether the wavelength characteristic of the Pr—
Pfr transition (peak at 667 nm) or the Pfr— Pr transition (peak at
730 nm) dominates depends on the degradation rates and the
light intensity (see Supplemental Information). It is important to
note that, in order to obtain the shift of the action peak from R
to FR, the degradation rate of the intermediate state (Y in Fig-
ure 7C) needs to be higher than that of the initial state (X in Fig-
ure 7C; see Supplemental Information). Thus, it follows that, in
a realistic phyA network, the stability of the intermediate Pfr state
has to be reduced compared to the stability of the Pr state, which
is in accordance with experimental data (Hennig et al., 2000).
To investigate the effect of having more than one HIR module,
we concatenated several modules, with influx into the first
module and state Z of the last module being the effector (Fig-
ure 7D). The serial connection of wavelength-shifting modules
resulted in sharpening of the peak, which, in planta, may be

820 Cell 146, 813-825, September 2, 2011 ©2011 Elsevier Inc.

important to better separate the action of phyA from that of other
phytochromes (e.g., phyB) having an action peak in R. Using
measured data (Dieterle et al., 2001), we estimated that the shift
and the observed narrow range of the phyA action spectrum in
planta is achieved by concatenating three to four shifting
modules (see Supplemental Information).

Network Realization In Planta

Using an abstract viewpoint, we unraveled the essential building
elements to construct a network with an absorption maximum in
R but maximal response in FR. In Figures 7E-7G, we suggest
three different possibilities of how such a network can be real-
ized in planta. The first one is that, upon binding to a kinase,
phyA is phosphorylated (Figure 7E). It is important that the kinase
dominantly and strongly binds to Pfr. This ensures that the re-
versed light-induced transformation is indispensable to release
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Figure 6. PhyA Y242H-NLS-YFP Seedlings Exhibit a cop Phenotype
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(A) Targeting phyA Y242H-YFP to the nucleus results in a cop phenotype. Wild-type (Arabidopsis Col-0) and phyA-211 seedlings, as well as independent
transgenic lines expressing Pprya:PHYA Y242H-NLS-YFP in Col-0 or phyA-211 background, were grown for 4 days in D or FR (15 umol m2 s~ 7).

(B) The hy5 mutant reduces the cop phenotype of phyA Y242H-NLS-YFP-expressing lines. Col-0 Ppyya:PHYA Y242H-NLS-YFP (line #6648) was crossed into
hy5-215 mutant background. Col-0, phyA-211, and hy5-215 seedlings, as well as transgenic lines expressing Pppya:PHYA Y242H-NLS-YFP in Col-0 or hy5-215
background, were grown for 4 days in D or FR (15 pmol m 2 s™").

(C) PhyA Y242H-NLS-YFP-expressing plants flower in D. Col-0 plants expressing Pprya:PHYA Y242H-NLS-YFP were grown for 6 weeks in the dark on 1/2 x MS,
0.7% agar supplemented with 1% sucrose.

(D) Overexpression of FHY1 induces a strong cop phenotype in phyA Y242H-YFP seedlings. PhyA-201 seedlings expressing Ppuya:PHYA Y242H-YFP were
crossed into fhy1-1 P355:CFP-FHY1 background. A line that is homozygous for the phyA-201 and fhy1-1 mutations, as well as for both transgenes, was selected
and grown for 4 days in D or FR (15 pmol m~2 s7"). The respective parent lines, as well as wild-type (Arabidopsis Ler-0), phyA-201, and fhy1-1 seedlings, were
grown under the same conditions.

(E) PhyA Y242H-YFP accumulates in the nucleus of FHY1-overexpressing lines. PhyA-201 Pppya:PHYA Y242H-YFP and phyA-201 fhy1-1 Ppuya:PHYA-YFP

P355:CFP-FHY1 seedlings were grown for 4 days in D and were used for microscopic analysis. Only the YFP channel is shown. Scale bar, 5 um.

See also Figure S6.

phosphorylated phyA, which is considered to be the effector.
Alternatively, phyA interacts with another protein (C), which is
subsequently marked (Figure 7F). The marked form of this
protein is the active form for further downstream signaling.
Again, it is important that the interacting protein C dominantly
binds to Pfr. Finally, the network with the pair of type I/type Il
edges can also be realized using different compartments (Fig-
ure 7G). Here, Pfr strongly binds to a transport protein and is
released after the light-induced back transformation to Pr.
Note that, in all three examples, the Pfr complex dissociation
rate needs to be significantly lower than ko, the rate of Pfr—Pr

photoconversion, and the stability of the Pfr complex must be
higher than that of the Pr complex. Otherwise the type Il edge,
i.e., the light-induced conversion of Pfr—Pr, would not be
necessary, and the HIR module would be lost.

The network presented in Figure 4A predominantly produces
action spectra with peaks shifted toward FR. Comparing the
signaling network shown in Figure 4A with the shifting modules
presented in Figures 7E-7G reveals that, in the phyA-signaling
network, the shifting module is realized using different compart-
ments (Figures 7G and 7H; highlighted in Figure 4A). Thus, in
planta, the pair of type I/type Il edges is represented by the
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cytosolic and nuclear photoconversion cycles, which operate in
opposite directions. As both photoconversion cycles are essen-
tial to generate the shift of the action peak from R to FR, the
FHY1-Pfr complex dissociation rate needs to be lower than the
rate of Pfr—Pr photoconversion, and the FHY1-Pfr complex
has to be more stable than the FHY1-Pr complex. Consistent
with these requirements, yeast two-hybrid and in vitro pull-
down assays support the idea that FHY1-Pfr complexes are
more stable than FHY1-Pr complexes (Hiltbrunner et al., 2005,
2006; Sorokina et al., 2009). However, despite the fact that the
Pfr/Ptot ratio is roughly 40-fold higher in R than FR, the amount
of FHY1-phyA complexes in planta is higher in FR than in R,
i.e., under conditions in which the Pfr/Ptot ratio is very low
(Shen et al., 2009; Yang et al., 2009). Yet, our model is in agree-
ment with this counterintuitive result. When we analyzed the rela-
tive levels of FHY1-phyA complexes, we found that, for 79% of
the admissible parameters, the relative amount of FHY1-phyA
complexes is higher at 726 nm (FR) than at 660 nm (R)
(Figure S7C).

DISCUSSION

Three Cycles to Explain phyA Nuclear Accumulation

The core structure of our model for light- and FHY1/FHL-depen-
dent phyA nuclear transport consists of a cytosolic and
a nuclear-localized Pr/Pfr photoconversion cycle and an FHY1/
FHL-Pr/Pfr complex association/dissociation cycle, which links
the two photoconversion cycles (Figure S4 and Figure 4A). In
this report, we suggest that photocycling between Pr and Pfr
per se is essential for responsiveness to FR. Consistent with
this notion, phyA mutant versions, which are constitutively in
Pfr- or Pr-like states (i.e., phyA Y242H and phyA C323A), cannot
substitute for wild-type phyA, which continuously cycles
between Pr and Pfr when irradiated with light. It was shown
that phyA-FHY1/FHL complexes rapidly dissociate after conver-
sion of Pfr to Pr (Genoud et al., 2008; Sorokina et al., 2009). Thus,
photocycling between Pr and Pfr results in continuous assembly
and disassembly of phyA-FHY1/FHL complexes. Successive
cycles of binding to FHY1/FHL in the cytosol and dissociation
of phyA-FHY1/FHL transport complexes in the nucleus after
photoconversion of Pfr to Pr would lead to nuclear accumulation
of phyA. One concern with this model is that the half-life of Pfr-
FHY1/FHL complexes may not be long enough to complete
transport through the nuclear pore before photoconversion of
Pfr to Pr results in dissociation of the complexes. However,
active transport of NLS-containing proteins or protein
complexes across the nuclear membrane requires 10-20 ms,
whereas even in high fluence rate FR, the half-life of Pfr is roughly

three orders of magnitude longer (Frey and Gorlich, 2007; Man-
cinelli, 1994). Importantly, this model also offers an explanation
for the fluence rate dependence of phyA nuclear transport. The
rate of photocycling is proportional to the fluence rate, i.e., light
intensity (Mancinelli, 1994). Thus, high light intensities (at least in
the range occurring under natural conditions) would increase the
transport capacity by increasing the rate of FHY1/FHL-phyA
complex assembly and disassembly.

Toward Understanding the HIR in Molecular and
Mathematical Terms

Although the Pfr/Ptot ratio is highest in R, phyA-mediated
responses are most efficiently triggered by FR, in which the
Pfr/tot ratio is roughly 40-fold lower than in R. PhyA is unique
to higher plants and enables them to de-etiolate in shady habi-
tats, which are characterized by a high FR content. As such,
phyA may have provided an adaptive advantage to angio-
sperms, promoting their rapid radiation in the mid-Cretaceous
(Mathews, 2005). The shift from maximal absorption in R to
maximal activity in FR (Figure S1) has been known for more
than half of a century (Mohr, 1957) but could not be linked to
defined components or molecular events so far.

The mathematical model presented here integrates the current
knowledge on phyA nuclear transport and degradation into
a dynamic interaction network. A systematic sampling of the
parameter space found the admissible parameter combinations
for which the model in Figure 4A reproduced a list of input condi-
tions, including the existence of a peak in the action spectrum.
Although the position of the peak was not defined in the list of
input conditions, the simulated action spectra exhibited a peak
in FR throughout the admissible parameter space (Figure 5).
Moreover, for almost all admissible parameter combinations,
the total amount of phyA in the nucleus was maximal in FR.
Therefore, the shift of the peak in the action spectrum from R
to FR, as well as maximal nuclear accumulation of phyA in FR,
are intrinsic features of our model (Figure 4A and Figure S4).

Defining the “HIR Module”
Our investigation of small light-regulated networks revealed the
fundamental structural requirements for the HIR: nonequilibrium,
i.e., synthesis and degradation, and a pair of reversed light-
dependent edges in the pathway from synthesis to the effector.
Consistent with the scenario in Figure 7G, our model for phyA
nuclear transport contains a pair of spatially separated, reversed
light-dependent edges, i.e., the cytosolic and nuclear Pr/Pfr pho-
toconversion cycles, which operate in opposite directions (Fig-
ure 4A, Figure 7H, and Figure S4). As both cycles are required
to generate the shift of maximal action from R to FR, the

B) Network reflecting the usual phytochrome reaction network.
C

E-H) Possible network realization in planta.

F) Phosphorylation of a binding partner, which is the effector.

) Response shifting/HIR module. The position of the action peak is fluence rate dependent and for high fluence rates in the FR region of the spectrum.
D) Serial connection of several HIR modules. Concatenating multiple HIR modules leads to sharpening of the action peak.

G) Binding of a transporter, which transports phyA into a different compartment, where it acts as the effector.

(
(
(
(
(E) Binding of a kinase results in a phosphorylated phyA, which is the effector.
(
(
(

H) HIR module realized in planta.
See also Figure S7.
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FHY1-Pfr complex dissociation rate has to be lower than k,, the
rate of Pfr— Pr photoconversion, and the stability of the Pfr-
FHY1 complex needs to be higher than that of the Pr-FHY1
complex. Bypassing the need of the Pfr— Pr photoconversion
cycle in the nucleus by having an FHY1-Pfr complex dissociation
rate higher than k, and/or a lower stability of the Pfr-FHY1 than
the Pr-FHY1 complex would result in a loss of the HIR module.
Importantly, our analysis also revealed that phyA degradation
is essential not only to prevent excessive signaling and interfer-
ence with the shade avoidance response (Debrieux and Fank-
hauser, 2010), but also to obtain a maximal response in FR.

“Ecological” Relevance and Evolution of the HIR

PhyA is the most abundant phytochrome species in etiolated
seedlings, whereas phyB dominates in plants grown in light. It
has been hypothesized that degradation of phyA in R is impor-
tant to clearly separate between the action of phyA and phyB.
An alternative way to increase the specificity between phyA
and phyB is to sharpen the peaks of their action spectra in order
to minimize the overlap. For phyA, this can be achieved by
concatenating several HIR modules, as shown in Figure 7D.
Based on our theoretical analysis, we estimate the number of
HIR modules in planta to be three to four. So far, we discovered
one of these modules, the FHY1 import cycle. It is well estab-
lished that phyA nuclear transport is a prerequisite for FR
perception and that it works most efficiently under HIR condi-
tions (Hiltbrunner et al., 2006; Kim et al., 2000; Rosler et al.,
2007). These findings are consistent with the idea that the
FHY1 import cycle is one of the HIR modules. In line with our esti-
mate, there is strong experimental evidence for the existence of
additional HIR modules. Fusing a NLS directly to phyA bypasses
the FHY1 import cycle (i.e., the “first” HIR module) and, as
a consequence, should result in a loss of the R—FR shift of
the action peak. Yet, phyA localizing constitutively to the nucleus
perfectly responds to FR, and expression of phyA-NLS restores
sensitivity to FR in the absence of FHY1 (Genoud et al., 2008).
This strongly argues for the existence of at least one additional
HIR module acting in the nucleus (i.e., downstream of phyA
nuclear transport).

Light filtering through the foliage of forest trees is depleted of
photosynthetically active radiation (mainly B and R) and is
strongly enriched in FR. The colonization of understory areas
has been associated with the emergence of a photoreceptor
system that is able to perceive FR (Mathews, 2005). Data pre-
sented in this report suggest that higher plants acquired such
a FR sensing system by using a photoreceptor with maximal
absorption in R and adjusting its molecular interactions rather
than changing the photophysical properties of the photoreceptor
itself. The Pr and Pfr absorption spectra of phyA and phyB are
virtually identical, whereas the action spectra differ dramatically,
with phyA having an action peak in FR and phyB in R (Eichenberg
et al., 2000; Hartmann, 1967; Shinomura et al., 1996, 2000). Two
main differences between phyA and phyB are the Pfr degrada-
tion rate and the mechanism employed for nuclear transport.
Whereas phyA is rapidly degraded in Pfr, phyB is much more
stable and, in contrast to phyA, does not depend on FHY1/FHL
for nuclear transport (Bae and Choi, 2008; Hiltbrunner et al.,
2006). Strong Pfr degradation and the FHY1/FHL transport cycle
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are essential components of the HIR module that we identified.
Increasing the Pfr degradation rate of phyB and rendering its
nuclear transport FHY1/FHL dependent may therefore result in
a shift of its action peak toward FR. Currently, the amino acid
residues that are responsible for the different behavior of phyA
and phyB regarding Pfr stability and nuclear transport are
unknown. However, once these residues have been identified,
it seems feasible to recapitulate the evolution of the phyA-based
FR sensing system that is present in today’s plants by changing
the respective residues in phyB and shifting its action peak to FR.

Conclusion

Previous models for the HIR assumed that neither dark-synthe-
sized Pr nor photoconverted Pfr is the phyA species mediating
the HIR but that it has to be modified in some way (Schéafer
etal., 1975; Shinomura et al., 2000). Data presented in this report
suggest that nuclear-localized Pfr is active in signaling (Figure 6)
but that photocycling between Pr and Pfr is essential to shift the
peak in the action spectrum from R to FR. This is consistent with
the idea by Shinomura et al. (2000) that the HIR depends on pho-
tocycling of phyA. However, the strength of our model is that it
provides an explanation in molecular and mathematical terms
of why photocycling is essential for phyA nuclear transport and
HIR signaling.

EXPERIMENTAL PROCEDURES

Fluorescence Microscopy and FRAP/FLIP Analyses

Fluorescence microscopy was done as described (Hiltbrunner et al., 2006).
Three-day-old etiolated seedlings expressing Psss:YFP-FHY1 in either
fhy1-1 or phyA-201 background were used to perform FRAP and FLIP assays
as described in the Extended Experimental Procedures.

Plasmid Constructs and Plant Material

A detailed description of the plasmid construct used in this study can be found
in the Extended Experimental Procedures. The phyA-201 (= fre1-1) and fhy1-1
mutants (in Ler), as well as the phyA-211, fhy1-3 (= pat3), fhl-1, and hy5-215
mutants (in Col) have been described (Desnos et al., 2001; Oyama et al.,
1997; Quail et al., 1994; Whitelam et al., 1993; Zeidler et al., 2001; Zhou
et al., 2005). Col-0 and Ler-0 were used as wild-type.

The fhy1-3 fhi-1 double mutant was obtained by crossing the respective
single mutants. The transgenic lines expressing Passs:YFP-FHY1 (fhy1-1
pCHF70-FHY1) and Ppyya:PHYA-CFP (phyA-201 pphyA40-phyA) have been
described (Genoud et al., 2008; Hiltbrunner et al., 2005). All other lines were
obtained by Agrobacterium-mediated transformation or by crossing pre-exist-
ing lines, as described in the Extended Experimental Procedures. For details
regarding growth conditions, refer to the Extended Experimental Procedures.

Yeast Two-Hybrid Assays, Inmunoblot Analyses, and qPCR

Yeast two-hybrid growth and ONPG assays and immunoblot analyses were
done as described (Genoud et al., 2008; Hiltbrunner et al., 2006). The antibody
against phyA has been described in Hiltbrunner et al. (2006). Antibodies
specific for green fluorescent protein (GFP)/YFP/CFP were purchased from
Covance (Princeton, NJ, USA). gPCR was done according to standard proto-
cols using gene-specific primers and probes for PRR9, CAB2, and ACTIN1.
See the Extended Experimental Procedures for details.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven
figures, and three tables and can be found with this article online at doi:10.
1016/j.cell.2011.07.023.
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