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The dynamic behavior of phytochrome A (phyA) in seedlings of
the model plant Arabidopsis was examined by in vivo spectroscopy
and by western and northern blotting. Rapid accumulation of phyA
was observed, reaching a steady state after 3 d. Both red and far-red
light initiated a rapid destruction of the far-red-light-absorbing form
of phytochrome (Pfr); the apparent half-life was only 4-fold longer
in far-red than in red light. Furthermore, the Pfr-induced destruc-
tion of the red-light-absorbing form of phytochrome (Pr) of phyA
occurred in darkness with a rate identical to that of Pfr destruction.
A 2-fold decrease in mRNA abundance was observed after irradia-
tion, irrespective of the applied light quality. However, reaccumu-
lation occurred rapidly after far-red but slowly after red irradiation,
indicating different modes of regulation of phytochrome expression
after light-dark transitions depending on the light quality of the
preceding irradiation. The wavelength dependency of the destruc-
tion rates was distinct from that of mustard, a close relative of
Arabidopsis, and was explained on the basis of Pfr-induced Pr
destruction and a simple kinetic two-step model. No dark reversion
was detectable in the destruction kinetics after a red pulse. From
these data we conclude that Arabidopsis phyA differs significantly
in several aspects from other dicot phytochromes.

Dependent on their environment, plants can adopt differ-
ent developmental programs. The light-controlled switch
from skoto- to photomorphogenesis is one of the most prom-
inent examples. The red/far-red photoreceptors of the phy-
tochrome family play a key role in sensing light conditions
(Casal et al., 1998). These chromoproteins can adopt two
major, photoconvertible conformations, Pr and Pfr. The lat-
ter is believed to be the physiologically active form.

Five genes encoding phytochromes (PHYA-PHYE) exist
in the model plant Arabidopsis (Sharrock and Quail, 1989;
Clack et al., 1994). While the chromoproteins phyB to phyE
are very stable after irradiation and are present in almost
constant amounts throughout the life of a plant (Quail,
1997), phyA is subject to a rapid, light-induced degradation
(Clough and Vierstra, 1997). The half-life of light-labile
phytochrome differs up to 100-fold (Quail et al., 1973).
Immunochemical studies indicated polyubiquitination
prior to degradation, suggesting the involvement of the
proteasome in the light-dependent destruction of phyto-
chrome (Jabben et al., 1989). Furthermore, rapid formation
of sequestered areas of phytochrome (SAPs) was observed

in several monocots prior to degradation (Clough and Vier-
stra, 1997). However, a functional connection between these
processes has not yet been demonstrated (Eichenberg et al.,
1999). The specific rates of the destruction under continuous
irradiation depend highly on the wavelength and fluence
rate (Schäfer et al., 1976) and also on the species and devel-
opmental state (McArthur and Briggs, 1971). Furthermore,
for both monocots and dicots, a Pfr-induced Pr destruction
has been described (Clough and Vierstra, 1997).

Dark reversion is the light-independent transition of Pfr
into Pr and, therefore, a competing reaction to destruction.
In planta investigations measuring mainly phyA have
shown that dark reversion occurs in dicots but not in
monocots (Briggs and Rice, 1972). Nevertheless, there are
reports about dicot phyA without any dark reversion in
vivo (Amaranthus caudatus; Kendrick and Hillman, 1971) or
in vitro (squash, Vierstra and Quail, 1985).

In addition to the posttranscriptional regulation of recep-
tor abundance, the steady-state level of the phyA mRNA is
strongly decreased in light (Colbert et al., 1985; Quail,
1994). However, the other phytochrome genes seem to be
expressed constitutively (Quail, 1997; Hirschfeld et al.,
1998). In addition to dark reversion and destruction, the
extent of regulation of phyA mRNA abundance is diverse,
especially between monocots and dicots (Quail, 1994).

As a result of the complex regulation of expression,
phyA accumulates predominantly in dark-grown seed-
lings. The total amount of photoreceptor in green tissues is
about 10 times lower than in etiolated seedlings (Clough
and Vierstra, 1997). Throughout extensive studies using
both mutants and overexpressor lines of Arabidopsis, it
became obvious that phyA mediates physiological re-
sponses in seedlings to both light pulses and continuous
irradiation (Casal et al., 1998).

Despite the great importance of phyA in the fate of
etiolated Arabidopsis seedlings, up to now the dynamic
properties of phyA have not been studied systematically.
Based on the complexity of the nonphotochemical proper-
ties of phyA, knowledge about the amounts and dynamics
of this phytochrome is essential for the interpretation and
understanding of its function in light control of seedling
development. Conclusions based on data from other spe-
cies are difficult to extrapolate; therefore, we decided to
investigate phyA dynamics (accumulation, dark reversion,
and destruction) in Arabidopsis seedlings by in vivo spec-
troscopy, western blotting, and northern blotting. To avoid
any interfering effects mediated by the second abundant
phytochrome (phyB), we used the mutant phyB-5 (Reed et
al., 1993) throughout this study.
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MATERIALS AND METHODS

Plant Material, Growth Conditions, and Light Sources

The mutant of Arabidopsis used in this work was phyB-5
(Koornneef et al., 1980; Reed et al., 1993). Seeds were plated
on four layers of water-soaked filter papers placed into
clear plastic boxes. A 24-h dark treatment at 4°C was
followed by induction of germination by white light for
24 h and further incubation of seedlings in the dark at 25°C.
Standard red (656 nm), far-red (730 nm), blue (436 nm), or
white light fields were used (Heim and Schäfer, 1982).
Light of 718 nm, 692 nm, and long-wavelength far-red light
(lmax 5 750 nm) was applied using light projectors with
the appropriate interference filters (Schott, Mainz, Ger-
many) or with RG9 filters. The values of the photoequilib-
rium (w) as a function of the wavelength were assumed to
be close to those given by Mancinelli (1994) for oat phyA.
As the value of w in blue light may differ significantly from
the theoretical value (Jabben et al., 1982), it was determined
in etiolated dark-grown Arabidopsis seedlings. The mea-
surements showed that the applied blue light established a
w of 6.2% 6 1.4% in Arabidopsis phyB-5 seedlings (data not
shown).

For RNA blotting and immunoblotting, seedlings were
harvested under a green safelight and kept at 280°C un-
til use. In vivo spectroscopy was performed with fresh
material.

In Vivo Spectroscopy

Accumulation, destruction, reaccumulation, and dark re-
version were measured in complete seedlings (cotyledons,
hypocotyls, and roots) with a dual-wavelength ratiospec-
trophotometer at 4°C (Eichenberg et al., 1999). For the
measuring beam, interference filters (730 and 800 nm) were
used, and for actinic light, interference filters (660 nm) and
RG9 filters were used. The measured D(DA) value repre-
sents the different amounts of Pfr after saturating red or
far-red light. The total spectroscopically detectable phyto-
chrome (Ptot) was calculated based on the assumed w of
phytochrome in red light (Mancinelli, 1994). For each mea-
surement, about 10 mg of seeds were germinated, resulting
in about 100 mg fresh weight after 3 d. D(DA) values were
normalized either to the amount of seeds sown (Figs. 1A
and 6) or to the fresh weight determined immediately after
the measurements (Figs. 2A, 3A, 4, and 5). A control ex-
periment demonstrated the linear relationship between
fresh weight and D(DA) (data not shown). If not indicated
otherwise, data are means of at least three parallel mea-
surements, with error bars indicating ses.

Protein Extraction and Immunoblotting

Seedlings were extracted with SDS-sample buffer (65 mm
Tris-HCl, pH 7.8, 4 m urea, 10 mm DTE, and 5.0% [w/v]
bromphenol blue) by sonification (model GM 70 MS 72,
Bandelin Sonopuls, Berlin) and heated to 95°C for several
minutes. The crude extracts were clarified by centrifuga-
tion for 15 min at 20,000g (25°C).

SDS-PAGE, protein blotting, and immunodetection were
performed as described by Harter et al. (1993). Antiserum
raised against phyA of Sinapis alba L. was obtained from B.
Thomas (Wellesbourne, Warwick, UK).

RNA Gel Blotting

Total RNA was isolated from seedlings using the guani-
dinium hydrochloride method (Logemann et al., 1987).
Samples of 20 mg were separated on a 1% (w/v) agarose gel
containing formaldehyde and blotted onto a positively
charged nylon membrane (Boehringer Mannheim, Basel).
Preparation of digoxigenin-labeled probes and hybridiza-
tion were with the DIG labeling kit (Boehringer Mannheim)
according to the manufacturer’s instructions using Arabi-
dopsis phyA cDNA as the template. Bound probes were
visualized by the immunochemiluminescence protocol of
Boehringer Mannheim. For detection of phyA mRNAs, x-ray
films were exposed for 2 h. To confirm equal loading of the
mRNAs, the same blot was hybridized with a probe against
the 18S rRNA of Arabidopsis and exposed for 12 min.

RESULTS

Accumulation of Phytochrome in Dark-Grown Seedlings

Total phytochrome was measured spectroscopically in
dark-grown Arabidopsis seedlings 24 to 144 h after the
start of the 24-h germination-inducing light treatment (Fig.
1A). In the phyA-201 phyB-5 double mutant (Reed et al.,
1994), no photoreversible phytochrome could be detected.
Therefore, the entire amount of phytochrome observed by

Figure 1. Accumulation of phyA in Arabidopsis seedlings in the
dark. A, From 24 to 144 h after the start of induction of germination
by 24 h of white light, Ptot was determined by in vivo spectroscopy
in phyB-5 (F) and phyA-201 phyB-5 (E). B, Samples of etiolated
seedlings of phyB-5 and phyA-201 phyB-5 were analyzed by immu-
noblotting of 25 mg of protein and probing with an antiserum against
phyA. All subsequent experiments were performed with phyB-5 only.
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in vivo spectroscopy in the phyB-5 mutant was phyA. Sim-
ilarly, no photoreversible phytochrome (Ptot) was detect-
able at 24 h in phyB-5. In this case, however, Ptot increased
rapidly during the next 2 d, and thereafter phytochrome
levels remained almost constant until 144 h. Western-blot
analysis confirmed these results (Fig. 1B). The absence of
any signal in extracts of seedlings of the phyA-201 phyB-5
double mutant demonstrated that the antiserum is specific.
Because constant levels of phytochrome were reached in
phyB-5 after 3 d, seedlings of this age were used in all
subsequent experiments.

Destruction of Phytochrome in Continuous Light

Ptot was measured after transfer of dark-grown seed-
lings into red light. Figure 2A demonstrates that Ptot de-
clined with apparent first-order kinetics. This light-
induced destruction proceeded with a half-life of about 30
min, leading to a complete loss of spectroscopically detect-
able phytochrome after 180 min. Western-blot analysis
gave similar results: after 15 min only minor changes in
phyA were detected, but within 120 min phytochrome was
destroyed completely (Fig. 2C).

In a second experiment Ptot was measured during a
period of 0 to 24 h after transfer of seedlings into far-red
light (Fig. 2B), and a decline with an apparent half-life of
2 h was detected. However, a new steady state of about
25% of the amount in dark-grown seedlings was observed
instead of a total loss of phytochrome. Western-blot anal-
ysis yielded consistent results (Fig. 2D). Neither bands of
higher nor smaller mobility were detected on the blots (Fig.
2, C and D). Furthermore, destruction was analyzed under
monochromatic light of 436, 692, and 718 nm. Fitting the
kinetics to a first-order time law resulted in apparent half-
lives of 70, 40, and 80 min, respectively (data not shown).

In the simple classical phytochrome reaction scheme:

O¡
kS

PrL|;
w

PfrO¡
kD

(1)

kS is the zero-order rate constant of Pr synthesis and kS is
the first-order rate constant of Pfr destruction at a certain w.
Based on this scheme, the observed rates of destruction of
Ptot under continuous light (kD,obs) should depend linearly
on w. However, a strong nonlinear relation between w and
kD,obs was observed when kD,obs was plotted versus w (Fig.
3). Therefore, other regulatory mechanisms may be in-
volved (e.g. dark reversion, regulation of synthesis, or
Pfr-induced Pr destruction).

Figure 2. Destruction of phyA in continuous
light. Three-day-old etiolated seedlings were ex-
posed to continuous red light (A and C) or far-
red light (B and D). At regular time intervals Ptot
was determined by in vivo spectroscopy (A and
B) or samples were analyzed by immunoblotting
of 25 mg of protein and probing with an anti-
serum against phyA (C and D).

Figure 3. Kinetic analysis of the destruction of phyA in continuous
light. Data of Figure 2, A and C, and of similar destruction kinetics at
718, 692, and 436 nm were fitted to a first-order time law. kD,obs was
plotted against w.
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Destruction and Dark Reversion of Phytochrome after a
Red-Light Pulse

To analyze the reaction of phyA after a light pulse,
dark-grown seedlings were irradiated with red light for 5
min, transferred back to the dark, and the levels of Ptot and
Pfr were measured (Fig. 4). Total phytochrome levels de-
creased with an apparent half-life of 20 min. The Pfr trace
indicates that almost 30% of total phytochrome remained
in its Pfr form. In contrast, a complete loss of phytochrome
was observed in continuous red light. No increase of Pr
suggesting dark reversion could be observed. Furthermore,
no changes in the amount of Ptot were detected during the
5-min red-light pulse (data not shown).

Levels of Phytochrome mRNA after Irradiation

In conjunction with light-induced destruction, the abun-
dance of the phyA mRNA determines steady-state
amounts of the photoreceptor. In continuous red and far-
red light, Ptot reaches a new steady state after about 2 and
6 h, respectively (Fig. 2). Therefore, phyA transcript levels
after these irradiations were analyzed by northern blotting
(Fig. 5A). Total RNA was extracted from 48-h-old dark-
grown seedlings after 2 h in red light (lane 1) or after 2 h in
the dark (lane 2). Alternatively, RNA was extracted from
seedlings of the same age after 6 h in far-red light (lane 3),
after 6 h in the dark (lane 4), or after 6 h in white light (lane
5). RNA blotting and hybridization revealed a moderate
decrease of phyA transcript levels. Quantification showed
that the reduction was about 2-fold after red and far-red
light, and about 4-fold after white light (data not shown).

Thus, the results in Figure 5A do not indicate a strong
difference in transcriptional regulation by red or far-red
light. Reprobing the blot with 18S rRNA demonstrated
equal loading and transfer of RNA (Fig. 5B).

Reaccumulation of Phytochrome after Continuous Red or
Far-Red Light

After treatment for either 2 h in red light or 6 h in far-red
light, seedlings were transferred into the dark and the Ptot
was measured spectroscopically (Fig. 5C). Following far-red
irradiation, Ptot first decreased further and then started to
increase after a lag period of only about 2 h. This transient
decrease of Ptot in the dark suggests the occurrence of Pr
destruction. Thereafter, a reaccumulation was observed that
leveled off after 6 h at about 60% of the amount of Ptot in
dark-grown seedlings. In seedlings irradiated with red light,
Ptot also started to reaccumulate after 2 to 4 h. Nonetheless,
only after 15 h was a new steady state of about 30% of the
amount of Ptot in dark-grown seedlings reached.

Figure 4. Destruction and dark reversion of phyA after a red-light
pulse. Following a red-light pulse of 5 min and retransfer into dark-
ness (23°C), Ptot (F) and Pfr (M) were determined in 3-d-old etiolated
seedlings by in vivo spectroscopy. Pr (f) was calculated as difference
between Ptot and Pfr. Data were fitted to a first-order time law (lines).
Destruction (decrease of Ptot) proceeded with a half-life of 20 min.
The decrease in Pfr (destruction plus dark reversion) paralleled the
decrease of Ptot exactly. There was no dark reversion (increase in Pr)
detectable. Data points represent the means of six parallels for Pfr-Pr
pairs and means of eight parallels for Ptot values. Error bars in-
dicate SEs.

Figure 5. Levels of phyA mRNA after irradiation and subsequent
reaccumulation of phyA. After 2 h of red light (lane 1), 2 h of
darkness (lane 2), 6 h of far-red-light (lane 3), 6 h of darkness (lane 4),
or 6 h of white light (lane 5), 3-d-old etiolated seedlings were
harvested and total RNA was extracted. Blots were hybridized with a
probe against Arabidopsis phyA (A), and reprobed with an Arabidop-
sis 18 S rRNA as a loading control (B). Following 2 h of red light (F)
or 6 h of far-red light (E) and retransfer into darkness, Ptot was
determined by in vivo spectroscopy in 3-d-old etiolated seedlings (C).
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Red-Light-Induced Pr Destruction

Dark-grown seedlings were irradiated for 5 min with red
light and transferred into darkness. After 15 min, the dark
period was interrupted by a long-wavelength far-red-light
pulse of 5 min, and Ptot was monitored over the following
3 h (Fig. 6). The curve of Ptot destruction after a 5-min
red-light pulse is redrawn from Figure 4. Immediately after
the far-red-light pulse, 80% of the starting total phytochrome
content was present. During the course of the next 3 h, Ptot
declined in the dark to 60%. Because of the reverting far-red
pulse, the amount of phytochrome present in the Pfr form
during this period was too low to account for the decay of
Ptot levels. Therefore, the observed decrease must have been
the result of Pr destruction. The reverting far-red-light pulse
caused a decrease in the fraction of Ptot, which was de-
stroyed after the first 20 min following the red-light pulse,
from 35% to 17%. The apparent half-life of destruction was
significantly shorter after the far-red-light pulse (10 min)
than after the red-light pulse alone (20 min). A far-red-light
pulse that was not preceded by a red-light pulse did not lead
to any signs of phyA destruction.

DISCUSSION

The complex, light-controlled regulation of phyto-
chromes has been the focus of research for many years.
Light-induced destruction and dark reversion of phyto-
chrome have been extensively analyzed in mustard, pea,
oat, and other species, resulting in kinetics of great vari-

ability between different species and developmental
stages. The majority of results seem to apply to phyA-like
phytochromes, while data obtained by analyzing light-
grown tissue probably represent the properties of a mix-
ture of phyA-like and phyB-like phytochromes. Recent
investigations of the phytochrome system have been based
on the physiology of mutants and transgenic lines of Ara-
bidopsis. Therefore, we wanted to give a framework of
data describing the kinetic behavior of endogenous phyA
in seedlings of Arabidopsis. The availability of mutants
allowed us to distinguish between the two most abundant
phytochromes phyA and phyB and to unequivocally ob-
serve only phyA. However, the use of the phyB-5 mutant
could alter the results if levels of phyA were in part con-
trolled by the action of phyB.

During seedling development in the dark, Ptot increased
almost linearly until a constant level was reached within
3 d (Fig. 1A). This pattern resembles that of GUS activity in
the phyA-promoter-GUS lines (Somers and Quail, 1995).
Transcripts of phyA can be detected after 2 d (Fig. 6) and
after 7 d (Sharrock and Quail, 1989). This indicates that the
constant level of spectroscopically detectable phyA is the
result of a steady state of synthesis and phyA degradation
in darkness. The half-life of Pr turnover can be estimated to
be 35 h, a value comparable to that observed in squash
(Quail et al., 1973).

Analysis of light-induced destruction by in vivo spec-
troscopy and by western blotting demonstrated that the
decrease in the photoreversible photoreceptor was caused
by a loss of phyA protein (Fig. 2). Thus, destruction in-
volved bona fide proteolysis of phyA, as has already been
shown for grass seedlings (Pratt et al., 1974). While destruc-
tion follows zero-order kinetics in monocots in both red
and far-red light (Schäfer et al., 1976), first-order kinetics
were observed in Arabidopsis. In continuous red light, Ptot
disappeared with a half-life of 30 min and after 180 min,
photoreversible phytochrome was undetectable. In contin-
uous far-red light, Ptot declined with a half-life of 2 h, and
a steady-state level of 25% was observed (Fig. 2). Thus,
neither steady-state levels nor rates of destruction reflect
the photoequilibria, i.e. the abundance of light-labile Pfr.
One of the reasons for this discrepancy could be a differ-
ential regulation of Pr synthesis in red and far-red light.
Nevertheless, measurements of phyA mRNA levels did not
indicate a strong differential regulation of Pr synthesis in
red and far-red-light (Fig. 5A). In addition, similar results
were obtained with 7-d-old Arabidopsis seedlings (Shar-
rock and Quail, 1989), implying that the regulation of phyA
transcripts does not differ between these two developmen-
tal stages.

To address the question of whether there is a similar
capacity of phyA synthesis after light-induced destruction
of the photoreceptor, the reaccumulation of phyA was
measured after both red- and far-red-light treatments. In
both cases an increase started after only a lag period of
approximately 2 h, and supplied about 30% of Ptot of the
dark control. Only the kinetics of resynthesis depended on
the light quality, as synthesis led to a new steady state after
about 6 h in far-red-light-irradiated seedlings, compared
with 15 h in red-light-irradiated seedlings. mRNA resyn-

Figure 6. Pfr-induced Pr destruction. Following a red-light pulse of 5
min and retransfer into darkness, Ptot was determined in 3-d-old
etiolated seedlings by in vivo spectroscopy (E, replot of data from
Fig. 3). Alternatively, 15 min after the red-light pulse, a far-red-light
pulse of 5 min was applied. The time course of Ptot in subsequent
darkness was measured (f). Similarly, the time course of Ptot after
the far-red-light pulse alone was measured (F). The ordinate was
shifted by 20 min to have the end of the initial red light pulse at 220
min for both curves and the end of the reverting far-red-light pulse at
0 min. Data points after 0 min were fitted to a first-order time law
(lines). Destruction of Pfr (E) and Pr (f) proceeded with half-lives of
20 and 10 min, respectively. The amplitude of Pr destruction (17%)
was one-half of the amplitude of Pfr destruction (36%) after 20 min.
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thesis in parsley is much slower after a red-light pulse than
after a far-red-light pulse (Poppe et al., 1994), suggesting
that differential mRNA reappearance in darkness could
cause different reaccumulation kinetics of phyA. In fact,
Ptot reaccumulation after 2 h of red light followed by 5 min
of far-red light occurred with the same kinetics as reaccu-
mulation after 6 h of far-red light (data not shown). Alter-
natively, the light regulation of phyA resynthesis could be
the result of light regulation of the translation rather than
transcription.

Differences in destruction in red and far-red light could
be due to dark reversion, which is discussed as a process
opposing both light-induced destruction of phyA and the
activation of signal transduction chains by Pfr. Regarding
the assumption that all dicot phytochromes display dark
reversion except those in the family Centrospermae (Ken-
drick and Hillman, 1971), it is surprising that dark rever-
sion could not be detected in Arabidopsis phyB-5 seedlings
(Fig. 4). Recently, the functional relevance of phytochrome
dark reversion was emphasized (Elich and Chory, 1997).
That study demonstrated that the loss-of-function muta-
tion E812K in Arabidopsis phyB (phyB-101) caused a
strongly enhanced dark reversion. Based on the failure to
detect dark reversion in Arabidopsis phyB-5 seedlings, it
will be very interesting to determine whether some of the
known missense phyA alleles behave differently in this
respect, in a manner similar to phyB-101.

While dark reversion was not observed, Pfr-induced Pr
destruction remains an alternative possibility to explain the
destruction kinetics. Figure 6 demonstrates that red-light-
initiated destruction of Ptot continued even after a revert-
ing far-red-light pulse, which is similar to data reported for
oat (Stone and Pratt, 1979; Jabben et al., 1989). Previous
studies have suggested that Pfr-induced Pr destruction is
composed of two competing parallel reactions, destruction
and escape. Both start from cycled Pr and are controlled by
two first-order rate constants (Speth et al., 1987). Such a
treatment predicts that the ratio of the degraded fraction of
Ptot after the far-red-light pulse (17%) to the degraded
fraction after the red-light pulse (36%) is determined by the
ratio of the two rate constants, and that the apparent rate of
Ptot destruction after the far-red-light pulse is accelerated.
After an appropriate reanalysis of the data shown in Figure
6, a half-life of 14 min for escape and 18 min for destruction
was calculated. The latter value is in perfect agreement
with the half-life of Pfr obtained independently (20 min,
time points .20 min from Fig. 4). Thus, Pfr destruction and
Pfr-induced Pr destruction proceed with similar rates. The
kinetics of destruction of Ptot under continuous irradiation
should be affected by Pfr-induced Pr destruction.

Analysis of Ptot levels in continuous light revealed a
nonlinear relationship between kD,obs and w (Fig. 3). While
in other dicots the expected linearity could be found (e.g.
A. caudatus, Kendrick and Frankland, 1968; Mirabilis jalapa,
Kendrick and Hillman, 1971), a saturation-like dependency
was observed in oat (Schäfer et al., 1976), which is similar
to our results. To account for the nonlinear relationship of
kD,obs to w and the observed Pfr-induced Pr destruction, a
simple two-step model of phytochrome destruction was
employed (Fig. 7A, modified after Brockmann et al. [1987]

and Vierstra [1994]): After the formation of Pfr, a modifi-
cation is required for the start of destruction—only the
modified Pfr (Pfr*) is degraded. Pfr*, being still photocon-
vertible, yields modified Pr (Pr*) subject to Pfr-induced Pr
destruction and to an escape reaction forming Pr. The de
novo synthesis of phytochrome, which was low at 3 d (Fig.
1), and dark reversion, which was not detectable (Fig. 4),
were neglected. The formalization of this model contains
the light reactions (rate constants k1 and k2), the first-order
formation of Pfr* (rate constant k3), the first-order escape of
Pr* to Pr (rate constant k4), and the first-order destruction
of Pr* and Pfr* (rate constant kD).

According to this model, Ptot destruction is composed of
two consecutive first-order reactions. Only the apparent k
of the first step (k3,app) is expected to depend on w, because
subsequently both Pr* and Pfr* are degraded with similar
rates. All destruction data were reanalyzed assuming a
variable k3,app and an invariable kD. The obtained k3,app

values were plotted against w (Fig. 7B). This analysis of the
experimental data resulted in a linear relationship between
rate constants and w, demonstrating that the employed
model (Fig. 7A) is a satisfactory description of the observed
destruction kinetics. Consequently, in far-red-light (low
Pfr) the kD,obs is determined by the apparent slow modifi-
cation (k3,app), while in red light (high Pfr) the degradation
step (kD) becomes rate limiting.

The molecular nature of the proposed modification re-
mains elusive. Biochemical data have indicated that phyA
is ubiquitinated prior to degradation, probably without
impairing the photoreversibility (Shanklin et al., 1989). Be-
cause polyubiquitination is a commonly observed prereq-
uisite for regulated proteolysis, it is tempting to speculate
that the modification is a ligation of ubiquitin moieties to
phyA. Data analysis based on the proposed model suggests
that a large fraction of Ptot transiently accumulates in the
modified state (up to 95% after 20 min in red light, calcu-
lations not shown). However, the absence of any signals of
higher molecular mass in the western blots argues against
polyubiquitination as the rate-limiting degradation signal

Figure 7. Model of phyA destruction in continuous light. A, Sche-
matic representation of the employed two-step model of destruction
(for details, see text). B, Data of destruction kinetics (Fig. 3) were
fitted according to the model in Figure 7A. The apparent rate con-
stant k3,app was plotted against w; kD was 2.53 3 1022 min21.

576 Hennig et al. Plant Physiol. Vol. 121, 1999



at this stage. Due to their short half-life, ubiquitinated
forms of phyA may have escaped detection in the western
blot, requiring overdevelopment of the blots. On the other
hand, formation of SAPs may provide an initial degrada-
tion signal by means of intracellular localization. Never-
theless, there have thus far been no reports about SAPs in
Arabidopsis. Two further striking findings are the high
steady-state level of Ptot in far-red-light (25%) and the sig-
nificant fraction of stable Pfr after a red-light pulse (30%)
that undergoes neither destruction nor dark reversion. Ex-
periments addressing both phenomena are in progress.

To summarize, phyA in Arabidopsis is characterized by
several properties that have so far been primarily observed
in monocots. Light regulation of the synthesis of phyA and
Pr destruction could not be observed in mustard, a close
dicot relative of Arabidopsis. However, dark reversion oc-
curs. In contrast, there is both a pronounced regulation of
the synthesis of phyA and Pr destruction, but no dark
reversion in oat and other monocots. Therefore, Arabidop-
sis, which displays a moderate regulation of the synthesis of
phyA, no dark reversion, and Pr destruction, differs signif-
icantly not only from monocots but also from other dicots.
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vivo charcterization of chimeric phytochromes in yeast. J Biol
Chem 274: 354–359

Elich TD, Chory J (1997) Biochemical characterization of Arabidop-
sis wild-type and mutant phytochrome B holoproteins. Plant
Cell 9: 2271–2280

Harter K, Talke-Messerer C, Barz W, Schäfer E (1993) Light-
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