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Lysine 206 in Arabidopsis phytochrome A is the major site
for ubiquitin-dependent protein degradation
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Phytochrome A (phyA) is a light labile phytochrome
that mediates plant development under red/far-red
light condition. Degradation of phyA is initiated by
red light-induced phyA-ubiquitin conjugation through
the 26S proteasome pathway. The N-terminal of
phyA is known to be important in phyA degradation.
To determine the specific lysine residues in the
N-terminal domain of phyA involved in light-induced
ubiquitination and protein degradation, we aligned the
amino acid sequence of the N-terminal domain of
Arabidopsis phyA with those of phyA from other
plant species. Based on the alignment results, phyto-
chrome over-expressing Arabidopsis plants were gener-
ated. In particular, wild-type and mutant (substitutions
of conserved lysines by arginines) phytochromes fused
with GFP were expressed in phyA 211 Arabidopsis
plants. Degradation kinetics of over-expressed phyA
proteins revealed that degradation of the K206R
phyA mutant protein was delayed. Delayed phyA deg-
radation of the K206R phyA mutant protein resulted in
reduction of red-light-induced phyA-ubiquitin conjuga-
tion. Furthermore, seedlings expressing the K206R
phyA mutant protein showed an enhanced phyA re-
sponse under far-red light, resulting in inhibition of
hypocotyl elongation as well as cotyledon opening.
Together, these results suggest that lysine 206 is the
main lysine for rapid ubiquitination and protein degrad-
ation of Arabidopsis phytochrome A.

Keywords: light-induced phyA degradation/phyto-
chrome A/proteasome/ubiquitination.

Light is one of the most important environment factors
that regulate plant growth and development. Light
provides energy for photosynthesis as well as modu-
lates many developmental processes in plants (/, 2).
Plants are very sensitive to changes in light conditions
because they have several classes of photoreceptors
such as red and far-red light-absorbing phytochromes
(3), blue/ultraviolet A (UVA) light-absorbing crypto-
chromes, phototropins, members of the Zeitlupe

family (4, 5) and ultraviolet B (UVB) light-absorbing
UV resistance eight proteins (6).

Red and far-red light-absorbing phytochromes play
many roles in the plant life cycle from seed germination
to reproductive development (7, §). Native phyto-
chromes are synthesized in the dark in an inactive
red light-absorbing form (Pr); after red light absorp-
tion, their conformation changes into the active far-red
absorbing form (Pfr). Active Pfr form can be converted
back to the inactive Pr form by absorption of specific
far-red light (9, 10). The model plant, Arabidopsis
thaliana, contains five genes (PHYA to PHYE) that
encode  phytochrome apoproteins (/1, 12).
Phytochromes are classified as light labile phyto-
chrome A (phyA) and light stable phytochromes
B—E (phyB-phyE) (/3). Among the light stable
phytochromes, phyB mediates the red high irradiance
response (red HIR) and the red/far-red reversible low
fluence response (red/far-red LFR) (/4—16). Compared
with light stable phytochromes, light labile phyA modu-
lates specific physiological processes through two action
modes: the very low fluence response (VLFR) and the
far-red HIR (/7—19). In addition, phyA also shows high
red light irradiance responses (20). To mediate
photomorphogenesis, the Pr form of phyA in the cyto-
plasm is converted to the Pfr form by light absorption,
upon which Pfr is translocated into the nucleus with the
help of Far-red Hypocotyl 1 (FHY1) and FHY1-Like
proteins (21, 22). Phytochrome A is the only phyto-
chrome that translocates to the nucleus under far-red
light conditions (23).

Phytochrome A protein is known to be degraded
rapidly in response to light absorption after conform-
ational change into the Pfr form. PhyA is expressed at
high levels in the cytoplasm in the inactive Pr form in
the dark. When a light signal is provided, the light-
induced active Pfr form of phyA translocates to the
nucleus, but degradation occurs in both the cytoplasm
and nucleus (22, 24, 25). This light-induced reduction
in phyA protein levels involves light-repressed PHY A
gene transcription (26) as well as light-induced protein
degradation (27—29). The rate of phyA degradation is
decreased in ubiquitin mutant plants, indicating that
ubiquitination by the proteasome pathway is involved
in phyA degradation (30). In addition, proteasome in-
hibitor (MG132) has been shown to slow down phyA
degradation under red light conditions, confirming
that phytochrome degradation occurs mainly via the
proteasome pathway (22, 24).

Previous phyA degradation studies (37, 32) found
that the N-terminal domain of phyA plays an import-
ant role in phyA degradation, with some contribution
from the C-terminal domain. The N-terminal domain
of potato phyA is required for phyA degradation
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through the selective recognition and ubiquitination of
Pfr function (37). In addition, a truncated Arabidopsis
phyA N-terminal mutant (PHYA686-YEP-DD) was
imported into the nucleus and degraded under red
light, even though its degradation was a little slower
than that of wild-type PHYA-YEP; however,
PHYA686-YEP-DD did not initiate far-red HIR sig-
nalling responses (25). Moreover, studies with chimeric
phytochromes between Arabidopsis PHYA and PHYB
confirmed that the 415 N-terminal amino acid (N-PAS
and GAF domain) of Arabidopsis phy A is critical for
rapid Pfr phyA degradation (32).

Our aim in this study was to identify ubiquitination
sites in the N-terminal domain of phytochrome A. For
this purpose, conserved lysines on the N-terminal
domain of Arabidopsis phyA were replaced by argin-
ines and these mutant constructs were expressed in
phyA 211 mutant plants, followed by analysis of
degradation kinetics. Degradation kinetic studies of
wild-type and mutant phyA proteins revealed delayed
degradation of the K206R phyA mutant protein.
K206R phyA showed less ubiquitination than wild-
type phyA in co-immunoprecipitation analysis as
well. Furthermore, K206R phyA-expressing plants
showed increased biological phyA responses.

Materials and Methods

Plasmid construction, site-directed mutagenesis and plant
transformation

cDNA encoding full-length wild-type 4tPHYA was amplified by
overlapping  polymerase chain reaction to generate a
AtPHYA::GFP fusion gene, which was inserted into the Xhol and
Sacl restriction sites of plant binary vector, pJJ461. Each lysine to
arginine (K_R) mutant was generated in a truncated DNA fragment
using mutated primers and inserted back into the Xhol and Avrll
restriction sites of the truncated DNA fragment of the wild-type
AtPHYA::GFP fusion gene. All primer sequences are listed in
Supplementary Table S1. All mutated DNA constructs were verified
by DNA sequencing. For protein expression, DNA constructs
cloned in binary vector pJJ461 were introduced into the phyA-null
allele of the Col-0 ecotype (phyA 211) using the Agrobacterium tume-
faciens-mediated floral dip method (33).

Plant growth conditions

Arabidopsis thaliana plants were grown in a culture room with a 16 h
light/8 h dark cycle at 23°C for general growth, transformation and
seed harvesting. For seedling growth, seeds were surface sterilized in
70% ethanol for 5 min, followed by incubation in 20% bleach (sodium
hypochlorite: 12% Cl) plus 0.05% Triton X-100 for 5Smin and washed
five times with sterile water. Seeds were placed on one-half-strength
Murashige and Skoog (MS) medium (Duchefa Biochemie) without
sucrose plus 0.8% (W/V) phyto agar (Duchefa Biochemie) in petri
dishes. Plates were stored at 4°C in the dark for 2—4 days for strati-
fication. Germination was induced by exposing seeds to white light at
23°C for 4h followed by incubation in the dark for 18—24h. Plates
were exposed to different light conditions or continuous dark.

Immunoblot analysis and co-immunoprecipitation assay

Experiments were performed under dim green light. Three-day-old
dark-grown seedlings, which had been treated with red light for dif-
ferent periods of time, were homogenized in liquid nitrogen in ex-
traction buffer (50mM Tris-HCI pH 7.5, 100mM NaCl, 0.1 mM
dithiothreitol, 0.2% Triton X-100 and 1X complete protease inhibi-
tor cocktail (Roche)). Crude extract was centrifuged at 14,000 rpm
for 15min at 4°C, and the protein concentration was measured.
Same protein concentration was mixed with the same volume of Z
buffer (125 mM Tris-HCL, 12% (w/v) sodium dodecyl sulfate (SDS),
10% (v/v) glycerol, 22% (v/v) B-mercaptoethanol and 0.001% (w/v)
bromophenol blue) and boiled for Smin. Proteins were separated
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using 8% SDS polyacrylamide gel -electrophoresis (PAGE).
Proteins were then transferred to a nitrocellulose membrane
(Whatman, Florham Park, NJ) and probed with mouse monoclonal
anti-GFP (Santa Cruz) for phyA determination.

For co-immunoprecipitation, samples were homogenized in
extraction buffer including 1 mM phenylmethylsulfonyl fluoride.
Crude total protein extract was centrifuged and filtered through a
0.45 pm polyvinylidene difluoride membrane filter. Clear total pro-
tein extract (500 pg) was mixed with 1pg of anti-GFP antibody
(ab6556) and protein A/G agarose (Santa Cruz) and incubated for
4h at 4°C. Antibody-bound protein complexes were precipitated
with protein A/G agarose. Beads were washed five times with extrac-
tion buffer. Proteins were eluted and analysed by western blot using
anti-Ubi (ab7254) and anti-phyA antibody.

Proteasome inhibitor treatment

Three-day-old dark-grown seedlings were incubated in one-
half-strength  MS liquid media including dimethylsulfoxide
(DMSO) (Duchefa Biochemie) as a control or 50pM MG132
(Calbiochem) dissolved in DMSO for 3 h. Seedlings were exposed
to red light and protein extraction was performed using the method
described earlier.

Phenotypic assay

About 30 seeds per line were sterilized and plated on one-half-strength
MS without sucrose and incubated at 4°C in the dark for about 2—4
days. Seeds were then treated with white light at 23°C for 4 h and then
incubated in darkness for 18—24h. Seeds were grown under different
fluence continuous far-red light for 4 days or were exposed to a 3 min
far-red light pulse every hour for 3 days. Hypocotyl length and coty-
ledon opening were analysed and standardized.

Results

Lysine 206 of Arabidopsis phyA is the main ubiquiti-
nation site

The N-terminal domain of phyA has been shown to be
ubiquitinated and degraded as a result of the biochem-
ical response to light (37, 32). Identification of ubiqui-
tination site can be accomplished by either direct
analysis of ubiquitinated proteins by mass spectrom-
etry (MS) or protein degradation analysis using lysine
mutated proteins (34, 35). Here, we identified ubiqui-
tination sites of phyA by using the lysine mutated
phyA proteins because prerequisite purification of ubi-
quitinated phyA for MS analysis is really difficult pro-
cess. To identify the critical residues involved in
ubiquitination and degradation under red light, the
415 N-terminal amino acids of Arabidopsis phyA
were aligned with those of other plant phytochromes.
Amino acid alignment showed that 15 of 21
Arabidopsis phyA N-terminal lysines were highly con-
served among the 10 plant species analysed
(Supplementary Fig. S1). To analyse these 15 con-
served lysines, we generated 12 Arabidopsis mutant
phyA constructs with lysine replaced by arginine;
nine mutants with single lysine to arginine substitu-
tions, and three mutants where two lysines in close
proximity were replaced with arginines (202/2006, 284/
286 and 361/363). The 12 phyA mutant constructs
(Supplementary Table S2) and wild-type phyA were
fused with GFP (K_R phyA mutants and
AtPHYA::GFP) and introduced into a phytochrome
A null mutant of Arabidopsis (phyA211).

The degradation kinetics of the mutant phyA pro-
teins were compared with those of wild-type phyA.
Levels of AtPHYA::GFP control protein decreased
rapidly by ~50—60% after 1h of red light treatment,
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Fig. 1 Degradation kinetics of AtPHYA::GFP and K_R phyA mutants under red light. (A) Western blot of AtPHYA::GFP and K_R phyA
mutant proteins extracted from 3-day-old dark-grown seedling treated with continuous red light (12 umole m™s™!). Twenty microgram aliquots
of crude extract was separated on 8% SDS-PAGE gel and the western blot was probed with anti-GFP antibody (top). The same blots were
subjected to Coomassie blue staining (bottom) as a control. (B) Quantification of phyA levels in western blot bands. PhyA protein level was
compared with the dark levels of each genotype as a control. Data are mean of biological triplicates = SD.

and complete degradation was observed after 3h
(Fig. 1). Most K_R phyA mutants had similar degrad-
ation kinetics to AtPHY A::GFP; the exception was the
K(202/206)R phyA mutant. This phyA double mutant
degraded more slowly than wild-type phyA protein
under red light conditions (Fig. 1 and Supplementary
Fig. S2). To further investigate the effects of the other
conserved N-terminal lysines of phyA on degradation,
triple or quadruple K_R phyA mutants were generated
in combination with K(202/206)R (Supplementary
Table S3). No additive degradation effects were
observed for these triple or quadruple mutants relative
to K(202/206)R phyA (Supplementary Fig. S3).
Therefore, single K202R and K206R phyA mutants
were generated. Degradation kinetics of K202R
phyA were similar to those of AtPHYA::GFP, while
the degradation kinetics of K206R phyA were similar
to those of dual K(202/206)R phyA (Fig. 2).

Ubiquitination is a prerequisite process for phyA
degradation (28, 29). To confirm that the lysine at
206 was the main target for ubiquitination,
ubiquitination levels of wild type, K202R and K206R
phyA proteins were analysed. Seedlings expressing
AtPHYA::GFP, K202R and K206R phyA were
exposed to red light for different periods of time, and
phyA proteins were purified by co-immunoprecipita-
tion. Ubiquitinated phyA protein conjugate was de-
tected by western blot analysis with anti-ubiquitin
antibody. Ubiquitinated phyA protein was detected
after red light treatment in all phyA samples.
However, the level of ubiquitinated K206R phyA
was much lower than levels of AtPHYA::GFP and
K202R phyA (Fig. 3). These results indicate that
K206 plays a greater role than the other conserved
N-terminal lysines in rapid ubiquitination and degrad-
ation of phyA. Proteasome inhibitor MG 132 has been
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Fig. 2 Degradation kinetics of K202R and K206R phyA mutants. (A) Western blot of AtPHYA::GFP, K(202/206)R, K202R and K206R phyA
proteins extracted from 3-day-old dark-grown seedling treated with continuous red light (12 pmolem™2s~"). Twenty microgram aliquots of
crude extract was separated on 8% SDS-PAGE gel and the western blot was probed with anti-GFP antibody (top). The same blots were
subjected to Coomassie blue staining (bottom) as a control. (B) Quantification of phyA levels in western blot bands. PhyA protein level was
compared with the dark levels of each genotype as a control. Data are means of biological quintuplicates + SD.

reported to partially inhibit the phyA degradation in
response to red light (22, 24, 29). To investigate the
effect of MG132 on the degradation of K(202/206)R,
K202R and K206R phyA mutant proteins, 3-day-old
dark-grown seedlings were treated with MG132
(50 uM), and phyA protein degradation was analysed
after red light treatment (Fig. 4A). The K202R phyA
mutant protein showed delayed degradation similar to
that of wild-type phyA protein in response to MG132
treatment (Figs. 4B and D), consistent result with a
previous study that MG132 slows down phyA degrad-
ation (22, 24). However, K(202/206)R and K206R
phyA mutant proteins had a similar degradation pat-
tern with and without MG132 treatment (Fig. 4C and
E), suggesting that K206 is required for the degrad-
ation of phyA through the proteasome pathway.

Seedlings expressing K206R phyA showed inhibition
of hypocotyl elongation and cotyledon opening

Unlike light stable phytochromes (phyB-E), phyto-
chrome A mediates VLFR and far-red HIR responses
such as germination, hypocotyl elongation and
cotyledon opening under very low fluence red light
conditions or far-red light conditions (17, 18, 36, 37).
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Fig. 3 Western blot analysis of phytochrome-ubiquitin conjugates of
wild type, K202R and K206R phyA proteins. Proteins were extracted
from 3-day-old etiolated seedlings exposed to continuous red light
(12 pmole m~2s~") and immunoprecipitated using anti-GFP poly-
clonal antibody. Immunoprecipitated samples were separated on 6%
SDS-PAGE gels and probed with anti-Ubi or anti-phyA antibodies.
Arrowhead indicates unubiquitinated AtPhyA::GFP (~150kDa).

To investigate the biological effects of the K206R
mutation of phyA, VLFR and far-red HIR photo-
morphogenesis, such as inhibition of hypocotyl elong-
ation under continuous far-red light, were analysed.
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Fig. 4 The effects of proteasome inhibitor (MG132) on phyA degradation. (A) Degradation kinetics of AtPhyA::GFP and K_R phyA mutant
proteins. Three-day-old dark-grown seedling were incubated with DMSO or 50 uM MG132 for 3h and then exposed to red light

(12 pmole m~2s~!). Twenty microgram aliquots of crude extract were separated on 8% SDS-PAGE gel, and the western blot was probed with
anti-GFP antibody (top). The same blots were subjected to Coomassie blue staining (bottom) as a control. (B—E) Quantification of phyA levels
in western blot bands. PhyA protein level was compared with the dark levels of each genotype as a control. Data are means + SDs of three
replicates. Statistical significance of the difference in expression according to DMSO or MG132 was determined using the t-test as implemented
in IBM SPSS Statistics 21 with P<0.05 considered statistically significant.

In contrast to a null phyA mutant (phyA211) seedling,
the hypocotyl elongation of all phyA expressing seed-
lings including Col-0, AtPHYA::GFP, K(202/206)R,
K202R and K206R was inhibited by an increase in
far-red light intensity (Fig. 5SA). However, hypocotyl
elongation was inhibited to a greater extent in K(202/
206)R and K206R phyA mutant seedlings than Col-0
and AtPHYA::GFP seedlings (Fig. 5A). Because coty-
ledon opening is a well-known phyA phenotype under
far-red light conditions (36—38), the degree of cotyle-
don opening under different fluence far-red light con-
ditions was investigated. The phyA null plant
phyA211 did not display cotyledon opening under
dark or far-red light conditions, whereas all phyA-
expressing plants showed increased cotyledon opening
as the fluence of far-red light increased gFig. 5B).
Under low fluence (below 1pmolems™') far-red
light, cotyledon opening of K(202/206)R and K206R
phyA mutant plants occurred to a greater extent than
that of Col-0 and AtPHYA::GFP plants, consistent

with increased phyA activity due to delayed phyA deg-
radation (Fig. 5B). However, K202R phyA mutant
plants showed longer hypocotyl length and inhibited
cotyledon opening compared with AtPHYA::GFP
plants, indicating that the K202R phyA mutant pro-
tein showed decreased phyA function (Fig. 5A and B).
These phenotypic results were duplicated even under
very low fluence far-red light pulses (Fig. 6A and B). It
is unclear why K202R shows decreased photomorpho-
genesis. Nevertheless, these results suggested that
delayed phyA degradation resulted in an increase in
phyA effects on early photomorphogenic responses
such as inhibition of hypocotyl elongation and cotyle-
don opening under far-red light conditions.

Discussion

Light-induced phyA degradation by ubiquitination via
the 26S proteasome pathway is an important biochem-
ical process that controls phyA signalling (27—29).
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Fig. 5 Phenotypic analysis of phyA-expressing seedlings grown under continuous far-red conditions. (A) Hypocotyl length and (B) angle of
cotyledon opening of seedlings grown under continuous far-red light for 4 days. Hypocotyl lengths relative to those of dark grown seedlings are

reported. Data are means + SDs (n = 30). Col-0, Columbia.

E3 ligase, a key protein in the proteasome pathway,
recognizes the target protein for ubiquitination and
consequently transfers ubiquitin to specific target
lysine residues. COP1 have been identified as E3 ligases
in the proteasome pathway, which with CULI is
involved in phyA degradation under different growth
media conditions (29, 30). To define specific ubiqui-
nated lysines in phyA, C-terminal conserved lysines
within the region required for Pfr signal transduction
of oat phyA were replaced with arginines but these
mutant phyA proteins showed the same degradation
kinetics as wild-type phyA (37). Recent phyA func-
tional studies showed that the N-terminal domain of
phyA is important for ubiquitination and degradation
(25, 31, 32). We identified lysines in the N-terminal of
phyA involved in ubiquitination and degradation. We
found that dual mutation of lysines 202 and 206
delayed phyA degradation wunder red light
(Supplementary Fig. S2). The single mutation of
lysine 206 was sufficient to delay phyA degradation.
To determine if additional lysines were important for
phyA degradation, we generated a construct in which
all 15 conserved lysines were replaced with arginines
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(15K_Rs phyA mutant). The degradation kinetics of
the 15K_Rs phyA mutant was similar to those of the
K206R phyA mutant (Supplementary Fig. S4). These
results suggested that only lysine 206 in the N-terminal
of phyA plays an important role in phyA degradation.

Ubiquitination is a prerequisite process for all pro-
teins targeted for degradation through the proteasome
pathway; less ubiquitinated proteins are degraded to a
lesser extent than more ubiquitinated proteins. PhyA is
ubiquitinated before degradation but phyA-ubiquitin
conjugation was reduced in the K206R mutant
(Fig. 3). This result indicates that lysine 206 of
Arabidopsis phyA is an important N-terminal lysine
for ubiquitination. Only the K206R phyA mutant
showed delayed phyA degradation as well as reduced
phyA-ubiquitin conjugation. The K206R mutant
phyA protein was still degraded by ubiquitination, al-
though degradation was delayed. We expected phyA to
be stable when all 15 conserved N-terminal lysines
were replaced with arginines, but the mutant was still
degraded. In addition, missense mutations in the N-
terminal of phyA resulting in amino acid changes or
interruption of autophosphorylation reduced phyA
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degradation, suggesting that there might be other deg-
radation mechanisms for phyA degradation in add-
ition to the proteasome pathway (39—41). These data
suggest that if the main ubiquitination site in the
N-terminal domain is excluded, E3 ligase ubiquitinates
alternative lysines to degrade phyA and/or other un-
known mechanisms are involved in phyA degradation.
To evaluate these possibilities, we used a proteasome
inhibitor to confirm that phyA is degraded via the pro-
teasome pathway. MG132 is a protease inhibitor, and
treatment of plant with MG132 has been shown to
delay phyA degradation under red light conditions
(22, 24). In this study, MG132 had no effect on the
degradation of K206R phyA protein, even though
wild-type phyA degradation was delayed (Fig. 4).
These data strengthen our hypothesis that lysine 206
is the main N-terminal lysine in phyA for ubiquitina-
tion and degradation. Therefore, we should think
about there might be other major degradation mech-
anisms except proteasome pathway for phyA degrad-
ation process.

N-terminal domain of phyA is important for the
biological activities of phytochrome A (32, 42). Some
point mutations in the N-terminal domain of phyA
adversely affect the biological functions of phyA
(43). However, most point mutations of phyA that
involved substitution of conserved lysines by arginines
in the N-terminal domain had normal phyA activity,
with the exception of K202R. K202R phyA had
reduced phyA activity, even though the degradation
kinetics of this mutant protein was normal (Fig. 2).
The reason for this is unclear. There may have been
some structural change in the phytochrome A protein
due to this substitution.

PhyA signalling during early development is regu-
lated by protein stability (47, 42). Therefore, if phyA
degradation is delayed, phyA function could be
enhanced during the early stage of development. We
analysed the effect of mutating K206 of phyA to R206
on the inhibition of hypocotyl elongation and cotyle-
don opening under far-red light. PhyA null mutant
seedlings are characterized by loss of inhibition of
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hypocotyl elongation and cotyledon opening under
far-red light conditions, which can be rescued by intro-
duction of full-length phytochrome A (25, 42, 44).
Stable phyA mutants exhibit hypersensitive responses
to light due to increased phyA activity (47). Our results
were consistent with these previous reports; delayed
phyA degradation due to mutation of an ubiquitina-
tion site (lysine 206) enhanced phyA function in terms
of inhibition of hypocotyl elongation and cotyledon
opening (Figs 6 and 7). These data indicate that
lysine 206 of Arabidopsis phyA is the main ubiquitina-
tion site among the N-terminal conserved lysines and
that phyA stability is important for the biological func-
tions of phyA.
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