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Chlorophyll b is one of the major photosynthetic pigments of
plants. The regulation of chlorophyll b biosynthesis is important
for plants in order to acclimate to changing environmental con-
ditions. In the chloroplast, chlorophyll b is synthesized from
chlorophyll & by chlorophyllide 2 oxygenase (CAO), a Rieske-
type monooxygenase. The activity of this enzyme is regulated at
the level of protein stability via a feedback mechanism through
chlorophyll 4. The Clp protease and the N-terminal domain
(designated the A domain) of CAO are essential for the regula-
tory mechanism. In this study, we aimed to identify the specific
amino acid residue or the sequence within the A domain that is
essential for this regulation. To accomplish this goal, we ran-
domly introduced base substitutions into the A domain and
searched for potentially important residues by analyzing 1,000
transformants of Arabidopsis thaliana. However, none of the
single amino acid substitutions significantly stabilized CAO.
Therefore, we generated serial deletions in the A domain and
expressed these deletions in the background of CAO-deficient
Arabidopsis mutant. We found that the amino acid sequence
97QDLLTIMILH!? is essential for the regulation of the protein
stability. We furthermore determined that this sequence
induces the destabilization of green fluorescent protein. These
results suggest that this sequence serves as a degradation signal
that is recognized by proteases functioning in the chloroplast.

Chlorophyll is a tetrapyrrole molecule that is indispensable
for photosynthesis. It harvests light and transfers excitation
energy (or electrons) to other components of the photosyn-
thetic electron transport chain. Land plants, green algae, and a
few groups of cyanobacteria synthesize both chlorophyll a and
chlorophyll . Chlorophyll b absorbs light at a wavelength
slightly different from that of chlorophyll a. Therefore, by uti-
lizing both chlorophyll a and b, these organisms are capable of
absorbing a wider range of light. Furthermore, chlorophyll b
plays an essential role in regulating the antenna size of both
photosystems in response to changing light conditions (1-3).

Chlorophyll b biosynthesis is catalyzed by chlorophyllide a
oxygenase (CAO),”? a Rieske-type oxygenase (4). The enzyme

* This work was supported by Ministry of Education, Culture, Sports, Science
and Technology, Japan, Grant-in-aid for Scientific Research 17770027 (to
R.T.) and Grant-in-Aid for Creative Scientific Research 17GS0314 (to A. T.).

(51 The on-line version of this article (available at http://www jbc.org) contains
supplemental Tables 1 and 2 and Figs. 1-5.

"To whom correspondence should be addressed. E-mail: sakuraba@
pop.lowtem.hokudai.ac.jp.

2 The abbreviations used are: CAO, chlorophyllide a oxygenase; chi-1, chlo-
rina1-1; CP47, chlorophyll-binding protein 47; GFP, green fluorescent pro-

DECEMBER 25, 2009 +VOLUME 284+NUMBER 52

incorporates molecular oxygen into the C7-methyl group of the
chlorophyll a precursor chlorophyllide a to form chlorophyll b
precursor chlorophyllide b (5). In plants, chlorophyllide b is
immediately converted to chlorophyll 4 by the action of chlo-
rophyll synthase (6, 7). It has been suggested that the CAO
protein level determines the rate of chlorophyll b synthesis,
because the amount of CAO protein correlates well with chlo-
rophyll b levels in various CAO-overexpressing transgenic
plants (8, 9). Although transcription of the CAO gene is regu-
lated in response to environmental light intensity (10-13), the
level of the CAO protein is mainly regulated by its protein sta-
bility rather than transcription (8, 9). Regulation of CAO pro-
tein stability is dependent on characteristic functional domains
of the CAO protein. CAO consists of three domains (14), des-
ignated as the A, B, and C domains. The C-terminal domain (C
domain) catalyzes the conversion of chlorophyllide a to chlo-
rophyllide b (14). The B domain seems to function as a linker of
the N-terminal domain (A domain) and the C domain (14). The
A domain participates in the regulation of CAO protein stabil-
ity. In previous studies, we examined the role of the A domain in
the regulation of CAO stability (8). First, we expressed full-
length CAO as well as truncated CAO protein lacking the A
domain in Arabidopsis. Transgenic plants expressing CAO
without the A domain accumulated a greater amount of the
other two domains and exhibited a marked increase in chloro-
phyll & levels. In contrast, transgenic plants expressing full-
length CAO did not accumulate CAO protein, and their chlo-
rophyll b levels were similar to the wild type. These results
indicated that the A domain is essential in maintaining the
accumulation of CAO at a low level. Subsequently, we
expressed a chimeric fusion construct of the A domain and
green fluorescent protein (GFP) in Arabidopsis. Interestingly,
the fusion protein did not accumulate when it was expressed in
wild-type plants, whereas the same fusion protein accumulated
to a greater amount when it was expressed in a chlorophyll
b-deficient mutant, chlorinal-1 (chI-I). These experiments
demonstrated that the A domain conferred CAO protein insta-
bility only when chlorophyll b was synthesized. Furthermore,
we also demonstrated that a mutation in the ClpCI gene, which
encodes a subunit of plastid Clp protease, resulted in increased
stability of CAO (15). Taken together, we hypothesized that
chlorophyll b accumulation induces degradation of CAO by
Clp protease, a process that requires the A domain (or a part of
it) to trigger degradation.

tein; CLSM, confocal laser-scanning microscopy; BC-GFP, chimeric protein
consisting of the B and C domains of CAO and GFP; DEG, degron.
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In order to understand how CAO degradation is regulated, it
is important to examine how chlorophyll 4 conditionally
induces destabilization of CAO. We first hypothesized that
chlorophyll b may trigger modifications of the A domain by
interacting with certain modifying enzymes, including kinases,
methylases, or prenylases. Such modifications may then lead to
the destabilization of CAO. Alternatively, we postulated the
presence of a degradation signal (degron) within the A domain
and that proteases are not accessible to the degron of CAO in
the absence of chlorophyll 4. Chlorophyll b may affect the
structure of the A domain so that the degron becomes exposed
to the proteases in the presence of chlorophyll b. Interestingly,
in bacteria, dozens of proteins have such degrons (16), which
are also referred to as protease recognition sequences (17).
These sequences are essential in the interaction between the
protein substrate and the recognition subunit/domain of the
protease. If such a degradation mechanism is present in CAO, it
is important to identify a degron in order to better understand
how CAO degradation is regulated.

Protein degradation in the chloroplast is not as well under-
stood as in bacteria. Although it has been suggested that there
are at least 13 different types of proteases present in the chlo-
roplast (18 —20), their protein substrates were only partly iden-
tified (20 -23). Moreover, since some of these proteases appear
to target a large number of proteins (e.g. Clp protease), it is
reasonable to assume that dozens of protein substrates remain
to be identified. In contrast, over 100 protein substrates were
identified in bacteria (16, 24). There are several reasons why
this research in bacteria is more advanced than in plants. Gen-
erally, bacterial strains are easier to handle and can be grown
more rapidly than plants. Furthermore, many degrons were
identified in bacteria, which greatly aided in our understanding
of the degradation mechanisms mediated by proteases (25-28).
Likewise, the identification of plant degron will contribute to
the elucidation of the protein degradation mechanisms in
plants.

In order to assess the two hypotheses mentioned above, we
followed two experimental strategies. The first one is a random
mutagenesis approach, which introduces random nucleotide
substitutions into the CAO gene in order to identify amino acid
residues that are essential for protein function. In this study, we
introduced random mutations into the A domain sequence and
examined their effects on the accumulation of the CAO protein
in transgenic Arabidopsis plants. In the second strategy, we
generated serial deletions in the N terminus of CAO and
searched for a particular region essential for the regulation of
CAO stability. We hoped that this strategy would aid in the
identification of the degron. In fact, we successfully identified a
sequence of 10 amino acids that was essential for destabiliza-
tion of CAO using the serial deletion strategy. Subsequently, we
found that this particular sequence induces the degradation of
GFP when fused to the N terminus of GFP. Therefore, we sug-
gest that this sequence functions as a degron for a chloroplast
protease (the CAO degron).

EXPERIMENTAL PROCEDURES

Plant Materials—The wild ecotype Columbia and the
chlorinal-1 (chi-1) mutant (5) of Arabidopsis thaliana plants
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were used for the transformation. For propagation, plants were
germinated on soil and grown at 23 °C under continuous light
conditions (white fluorescent light at 40 —60 mmol m 2 s~ ).
For analysis of transgenic plants, seeds were germinated on
plates containing half-strength Murashige-Skoog medium
(Wako Pure Chemical Industries, Osaka, Japan), 0.7% (w/v)
agar, and 50 mg/liter kanamycin. Plants were grown for 1 week
at 23 °C under continuous light conditions.

Plasmid Construction and Plant Transformation—In order
to express CAO-GFP fusion proteins, we modified the plasmid
vector that was constructed in our previous study (8). The vec-
tor contained the cauliflower mosaic virus 35 S promoter, the
tobacco mosaic virus w sequence, the GFP (S65T) sequence
(provided by Dr. Niwa, University of Shizuoka) (43), and the
nopaline terminator in the backbone of pGreenlI-0029 (pro-
vided by R. P. Hellens and P. Mullineaux (John Innes Centre))
(29). The GFP (S65T) gene in this plasmid was fused with trans-
genes (the full-length or truncated CAO cDNA sequences) at
the Sall and NotI sites. The plasmids were subsequently trans-
formed into an Agrobacterium tumefaciens (strain GV2260) by
electroporation using a cuvette with a 1-mm gap at 25 micro-
farads and 1.8 kV. Wild-type Arabidopsis and the ch1-1 mutant
(5) were transformed by the vacuum infiltration, as described,
by Bechtold and Pelletier (44). Primary transformants were
selected on agar plates containing 50 mg/ml kanamycin as
described above. Lines that showed elevated accumulation of
GFP fusion proteins were selected, and their progenies (the
third generation) were subjected for further analysis.

Immunoblot Analysis—Ten milligrams of rosette leaves were
homogenized with 100 ul of extraction buffer (50 mm Tris, pH
6.8,2mMEDTA, 10% (w/v) glycerol, 2% (w/v) SDS, and 6% (v/v)
2-mercaptoethanol). Homogenates were centrifuged at
10,000 X gfor 3 min, and supernatants (25 ul) were subjected to
12.5% (w/v) polyacrylamide SDS-PAGE separation. Subse-
quently, the resolved proteins were electroblotted onto a
Hybond-P membrane (GE Healthcare). The CAO-GFP trans-
ferred proteins were detected with an anti-GFP rabbit primary
antibody (Invitrogen) and an anti-CAO rabbit primary anti-
serum that was raised against the recombinant Arabidopsis
CAO polypeptide (Trp'*°~Val®'®) produced in Escherichia coli
in our laboratory. Anti-rabbit IgG linked to horseradish perox-
idase (GE Healthcare) was used as a secondary antibody. The
horseradish peroxidase activity was detected using the ECL
Plus Western blotting detection system (GE Healthcare), fol-
lowing the manufacturer’s protocol.

Analysis of GFP Expression by Confocal Laser-scanning
Microscopy—Fluorescence images were recorded at the Nikon
Imaging Centre at Hokkaido University on a Clsi Spectral
Imaging confocal laser-scanning microscopy (CLSM) system
with a TE2000-E Inverted microscope (Nikon Corp., Tokyo,
Japan). The microscope was equipped with a Nikon CFI60
objective lens series plan apochromat X100, numerical aper-
ture 1.40 oil immersion type lens (Nikon Corp.). An argon laser
(25 milliwatts) was used to generate an excitation source at 488
nm, and GFP and chlorophyll fluorescence were recorded at
500-550 and 600-680 nm, respectively. Images were pro-
cessed with EZ-C1 Viewer 3.20 (Nikon Corp.). The gain levels
of fluorescence intensity for each image were as follows:
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A7 1.6-GFP images (Fig. 6), 70; GFP images (Fig. 6), 40;
DEGp,,-GFP (Fig. 7), 70; B-GFP and GFP images (Fig. 7),
40; other images, 150.

Pigment Analysis—Chlorophyll was extracted from rosette
leaves of A. thaliana using acetone. Extracts were centrifuged
at 15,000 X g for 10 min at 20 °C. The supernatant was diluted
with water to a final acetone concentration of 80% and sub-
jected to high pressure liquid chromatography analysis. Pig-
ments were separated on an octadodecyl column (Shim-pack
CLC-ODS column, 6.0 X 150 mm) (Shimadzu, Kyoto, Japan)
and eluted with methanol at a flow rate of 1.7 ml/min. Elution
profiles were monitored by measuring absorbance at 650 nm.
Chlorophyll contents were quantified from the chromato-
graphic peak area.

Random Mutagenesis of the A Domain Sequence—Random
mutagenesis was carried out by combining the methods of ran-
dom PCR (31) and of hydroxylamine treatment (30). The
cloned CAO cDNA from Arabidopsis leaves was PCR-ampli-
fied using 30 pmol of primers (caoFor2, TCTTGCGTCGA-
CATGAACGCCGCCGTGTTT; caoRev2, ACCGTCCGCG-
GCCGCTTAGCCGGAGAAAGG), 7 mm MgCl,, 0.5 mm
MnCl,, 10 mMm Tris-HCl, 50 mm KCl, 0.2 mm dATP, 0.2 mMm
dGTP, 1.0 mm dCTP, 1.0 mm dTTP, and 5 units/ul Tag DNA
polymerase (Sigma). PCR was performed for 35 cycles at 94 °C
for 1 min, 45 °C for 1 min, and 72 °C for 1min. PCR products
were separated on a 1% agarose gel and visualized by the Syber-
Safe DNA gel stain (Invitrogen) and extracted using the QIA-
quick gel extraction kit (Qiagen, Valencia, CA). Extracted DNA
(~1 ng) was treated with 1 M hydroxylamine (adjusted to pH 5
with NaOH) at 70 °C for 8 h. Treated DNA was kept at room
temperature for 30 min and was separated on 1% agarose gel
and extracted again as described above. DNA was then incor-
porated into the pGreen-II MH binary vector (8), containing
the sequences encoding the B and C domains of CAO and GFP.
The constructs were used for Agrobacterium-mediated trans-
formation of ck1-1 as described above.

RESULTS

Experimental Design of the Random Mutagenesis Experi-
ments and the Serial Deletion Approaches—To examine
whether a specific amino acid residue or a specific sequence
within the A domain is essential for the regulation of CAO
stability, we randomly introduced mutations into the A domain
sequence and then expressed the mutated CAO sequences in
Arabidopsis to assess the effect of the mutations. In the second
set of experiments, we introduced serial deletions in the A
domain sequence and expressed the truncated CAO sequences
in Arabidopsis. For these experiments, we used the pGreenlI
binary vector, which contains the kanamycin resistance gene
for selection of transgenic plants (29). We introduced the fol-
lowing sequences into this vector: the cauliflower mosaic virus
35 S promoter, the w sequence (for enhancement of transla-
tional stability), the full-length sequence for CAO, the GFP cod-
ing sequence, and the nopaline synthase terminator. The con-
struct was similar to those used in our previous study (8, 9).
However, in contrast to our previous vectors, where the GFP
sequence was inserted upstream of the CAO sequence, the GFP
sequence was inserted downstream of the C domain of CAO
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(Fig. 1A). We made this change because we anticipated that
genetic manipulations of the A domain sequence might affect
the conformation of GFP if the GFP sequence is fused adjacent
to the A domain. The vector constructs were then introduced
into a CAO-deficient mutant, ck1-1, for expression of the CAO-
GFP fusion protein. This mutant was used instead of the wild
type in order to eliminate the possibility that the endogenous
CAO interferes with the phenotype of the expressors. CLSM
and immunoblot analysis showed that the expressor of the full-
length CAO-GFP fusion did not accumulate the CAO-GFP
protein, whereas the expressor of the B and C domains fused to
GFP (BC-GFP) accumulated substantial amounts of protein
(Fig. 1, Band C). Considering the same transcriptional levels of
transgenes in BC-GFP and CAO-GEFP (supplemental Fig. 1),
these experiments demonstrated that the CAO-GFP fusion
protein was destabilized in the expressor. This was also
observed in the GFP-CAOQ expressors described in our previous
study (8). The chlorophyll 4 to b ratios in these transgenic
plants are consistent with the levels of the transgene products.
The BC-GFP expressor exhibited a lower chlorophyll a to b
ratio than the wild type and the CAO-GFP expressor (Fig. 1D).

In our initial random mutagenesis screens, we only analyzed
one seedling per line. However, for lines that showed higher
GFP signals in the first screening, we analyzed several T2 prog-
enies per line to confirm their phenotypes. In the serial deletion
experiments, we analyzed several transgenic lines for each con-
struct to circumvent the positional effects of transgene inser-
tion into the genome. Because we always observed similar phe-
notypes among the lines that contained the same transgene
construct, we present here the results from one representative
line for each construct. Note that most CAO expressors exhib-
ited stable phenotypes among transgenic lines expressing the
same construct. This suggests that the modification of CAO
protein structure gave a more pronounced effect on protein
stability than the positional effects of transgene insertion into
the genome on the CAO transcript levels. This observation may
reflect the characteristics of the regulatory mechanism of CAO,
in which the CAO protein level is primarily determined by pro-
tein stability (8).

Random Mutagenesis of the A Domain—We searched for
specific amino acids that are essential for the regulation of CAO
in the A domain by employing a random mutagenesis
approach. We introduced mutations into the DNA sequence
encoding the A domain in vitro by the combination of two
methods: hydroxylamine treatment (30) and random PCR
mutagenesis (31). The former method induces C-to-T or
G-to-A substitution. In contrast, the other method induces
A-to-T/G or T-to-C substitution. By combining both methods,
it is theoretically possible to cause all types of base substitutions
in double-stranded DNA. Mutagenized sequences were then
cloned into the pGreenll vector for subsequent expression of
the CAO-GFP fusion protein in Arabidopsis (see supplemental
Fig. 2).

To estimate the frequency of base substitution, we deter-
mined the nucleotide sequences for the A domain from 100
independent and randomly selected expressors. The average
number of nucleotide mutations per sequence was 2.36, caus-
ing an average of 1.52 amino acid substitutions/sequence.
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FIGURE 1. Characterization of transgenic plants expressing ABC-GFP and BC-GFP. A, schematic presentation of the domain structures of the transgenic
plants expressing CAO, GFP, the full-length CAO-GFP fusion, and the BC-GFP fusion. A, B, C, t, and GFP, the A, B, and C domains of CAO, the predicted transit
peptide sequence, and GFP (S65T), respectively. B, CLSM images of the wild type (WT) and transgenic plants expressing full-length (ABC)-GFP and BC-GFP
fusions. Cotyledons of these plants were excited with an argon laser at 488 nm, and chlorophyll fluorescence (bottom) and GFP fluorescence (middle) were
collected between 500 and 550 nm and between 600 and 680 nm, respectively. Merged images are at the top. Scale bar, 10 wm. C,immunoblot analysis of the
CAO-GFP fusion protein in transgenic plants. Total protein was extracted from rosette leaves of equal fresh weight (2.5 mg) (see “Experimental Procedures”)
and was subjected to SDS-PAGE. The CAO-GFP fusion or CAO proteins were detected using an anti-CAO antibody. The black arrowheads indicate the predicted
molecular sizes of CAO fusion proteins (ABC-GFP, 81 kDa; BC-GFP, 68 kDa). The gray arrowheads indicate the predicted molecular size of the native CAO protein
(54 kDa). All signals except that of 68 kDa were nonspecific to CAO. D, chlorophyll a to b ratios in cotyledons of the transgenic plants, n = 10-15. Note that we
do not include the chlorophyll a/b ratio of chi-1, which is the parental strain of our transgenic plants. It is because ch1-1 is unable to produce chlorophyll b,
therefore, that its chlorophyll a/b ratio is infinite. Instead, we use here the Columbia WT line as a control, because this line is the background of ch1-1, and it is
able to produce chlorophyll b.
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Among the 100 expressors we sequenced, 86 lines had at least a
single mutation (see supplemental Table 1). This mutation fre-
quency was comparable with those reported previously (31).
Among the 342 bases of the sequence encoding the A domain,
there are 77 guanine, 102 adenine, 54 cytosine, and 109 thymine
bases. Thymine was the most frequently substituted (see sup-
plemental Fig. 34); 51.3% of the T bases were substituted to any
other bases in at least one expressor. In contrast, the lowest
frequency of substitution was 25.9% for G bases (supplemental
Fig. 3A). Using the results from this analysis, we estimated,
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using the recurrence equation, how many expressors we should
analyze to find at least one substitution in any base in the A
domain sequence (supplemental Fig. 3B). We calculated that
more than 99% of the total bases should be mutated at least
once among a population of 1,000 expressors. Therefore, by
screening 1,000 expressors, we would expect at least one muta-
tion in any base in the A domain sequence with a probability of
99%.

Accordingly, we screened 1,000 expressors for increased
accumulation of the CAO-GFP protein by CLSM. We found 35
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FIGURE 2. Characterization of a selected random mutagenesis mutant
and site-directed mutants. A, CLSM images of transgenic leaves expressing
theintact Adomain sequence (a), of a selected random mutagenized mutant,
Ar3 (b), and of the site-directed mutants, E136V and K157R (c and d, respec-
tively). Cotyledons of these plants were excited with an argon laser at 488 nm,
and red chlorophyll and green GFP fluorescence were collected between 500
and 550 nm and between 600 and 680 nm, respectively. Guard cells of the
plants are shown in the center of each image. These cells tend to show the
highest GFP fluorescence, if any. Scale bar, 10 um. B, immunoblot analysis of
the CAO-GFP fusion protein in transgenic plants. Total protein was extracted
from rosette leaves of equal fresh weights (2.5 mg) (see “Experimental Proce-
dures”) and was subjected to SDS-PAGE. The CAO-GFP fusion or CAO proteins
were detected with an anti-CAO antibody. The black and gray arrowheads
indicate the predicted molecular sizes of the CAO fusion proteins (81 kDa) and
the native CAO protein (54 kDa), respectively. WT, wild type.

expressors exhibiting GFP fluorescence above the background
level, although the fluorescence intensities of these expressors
were much lower than those of the BC-GFP expressor (Fig. 24).
We found that accumulation of the CAO-GFP protein was
most intense in guard cells compared with other leaf cells. This
could be explained by the fact that guard cells produce less
chlorophyll than mesophyll cells, which may result in lower
degradation activity for CAO (32). Fig. 24 shows a CLSM image
of a representative single line, which we designated Ar3 (for
A-domain randomly mutagenized mechanism, line 3). Using
immunoblot analysis and a GFP-specific antibody, we found
that CAO-GEFP protein accumulated in Ar3, although that pro-
tein level was much lower than that of BC-GFP. In contrast,
CAO-GFP protein could not be detected in the control line,
Ar0, which expressed the intact A domain sequence fused with
GFP (Fig. 2B). Sequence analysis showed that Ar3 had two
amino acid substitutions (E136V and K157R) in the A domain.
In order to confirm whether one of these substitutions contrib-
uted to the phenotype of Ar3, we generated two site-directed
mutants, containing either E136V or K157R substitutions. In
the E136V site-directed mutant, the CAO(E136V)-GFEP protein
accumulated to the same level as in Ar3. In contrast, the
CAO(K157R)-GFP protein was not detected. These results
demonstrate that the E136V substitution is responsible for the
increased stability of CAO in the Ar3 expressor.

We found that among the 35 expressors, six lines contained
the same mutations. This may be explained by the fact that we
amplified the plasmid constructs after mutagenesis, which were
then used for plant transformation. We therefore conclude that
the 35 expressors were transformants of 29 independent
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FIGURE 3. Summary of amino acid substitutions within the 29 selected
transformants in the random mutagenesis experiments. Shown are
amino acid substitutions in 29 transformants that exhibited GFP fluores-
cence. Original residues are shown in circles. Replacing residues are indicated
with lines pointing to the original residues. The red letters indicate the substi-
tution by proline, which is known to disrupt protein structure. The blue circles
indicate the amino acids that have multiple substitutions in different clones.
The shaded residues indicate conserved amino acids within the CAO
sequences of five higher plant species. (A. thaliana, Oryza sativa, Lycoperiscon
esculentum, Poplus trichocarpa, and Hordeum vulgare). The green characters
indicate the position numbers of the amino acid residues of CAO. The orange
box indicates the degron of CAO (the CAO degron was determined in a sub-
sequent set of experiments). The purple box indicates mutations of single
mutation lines (see supplemental Table 2).

mutant plasmids. In Fig. 3, we summarized the identified sub-
stitutions of amino acids within the 29 expressors. Redundant
mutations from the same clones were omitted from this sum-
mary. The average number of amino acid substitutions in the 29
expressors was 2.8. When multiple substitutions were present
in one clone, it is possible that only one of them contributed to
the increase in CAO stability. Therefore, it is possible that a
substantial portion of these substitutions did not contribute to
the increase in CAO stability. When a clone contained a single
substitution, it is most likely that this mutation contributed to
increased CAO stability. We found three such mutations in
three independent clones (purple boxes in Fig. 3). Alternatively,
when the substitutions in the same amino acid were found in
different clones, it is possible that the amino acid contributed to
increased CAO stability. For 19 amino acids, we found multiple
substitutions in different clones (blue circles in Fig. 3). These
amino acids, whose mutations probably contributed to
increased CAO stability in the expressors, were distributed
throughout the A domain sequence (Fig. 3). Taking into
account our observation that none of the 35 expressors showed
a level of GFP fluorescence equivalent to that of the BC-GFP
expressor, we concluded that there is no unique amino acid in
the A domain sequence vital in the regulation of CAO stability.
It is likely that multiple amino acid substitutions at one time
may be required to eliminate the function of the A domain. We
therefore speculate that modification of a single specific amino
acid is not involved in the regulation.
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FIGURE 4. Effects of serial deletions of the A domain sequence. A, schematic presentation of the consecutively deleted A domain sequences, which were
fused to the transit peptide (t), the B and C domains, and GFP. The predicted molecular masses for the fusion proteins are indicated. B, CLSM observations of
transgenic plants expressing serially deleted A domain sequences. Cotyledons of these plants were excited with an argon laser at 488 nm, and red chlorophyll
and green GFP fluorescence was detected between 500 and 550 nm and between 600 and 680 nm, respectively. C,immunoblot analysis of the CAO-GFP fusion
protein in transgenic plants. Total protein from rosette leaves of equal fresh weight (2.5 mg) was extracted (see “Experimental Procedures”) and was subjected
to SDS-PAGE. The CAO-GFP fusion or CAO proteins were detected using an anti-CAO antibody. The black arrowheads indicate predicted molecular sizes of
CAO-fusion proteins (ABC-GFP, 81 kDa; BC-GFP, 68 kDa), respectively. The gray arrowheads indicate the predicted molecular size of the native CAO protein (54
kDa), which was not detected. D, the chlorophyll a to b ratios in cotyledons of the transgenic plants (n = 5-8). WT, wild type.

Identification of the Degradation Signal Sequence in the A
Domain—In a second set of experiments, we generated serial
deletions of the A domain sequence by consecutively deleting
10 amino acids (30 nucleotides) using the plasmid construct
that contains the A domain fused to B and C domains of CAO
and GFP (Fig. 4A). Consequently, we obtained ten plasmid con-
structs, containing different lengths of the A domain (Fig. 44).
These constructs were then introduced into the c¢k1-1 mutant.
Deletions of the A domain sequence up to amino acid GIn-97
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had no effect on GFP fluorescence in the expressors (Fig. 4B). In
contrast, deletions up to amino acid His-106 or further dele-
tions resulted in significant accumulation of the CAO-GFP
fusion proteins in the respective expressors (Fig. 4B). The
intensities of GFP fluorescence in the deletion mutants up to or
beyond His-106 were equivalent to that in the expressor lacking
the entire A domain (the BC-GFP expressor). The same conse-
quences of protein level of transgene products were detected by
immunoblot analysis (Fig. 4C). Deletions up to or beyond His-
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106 resulted in a drastic increase in CAO-GEFP protein levels in
the expressors (Fig. 4C). Chlorophyll 4 to b ratios were ~2.8 in
the expressors with deletions up to Arg-96, whereas ratios
decreased to less than 2.0 in the expressors with deletions
beyond GIn-97 (Fig. 4D). Collectively, these results indicate
that the amino acid sequence from GIn-97 to His-106 is essen-
tial in the regulation of the CAO protein level.

In order to assess whether the sequence from GIn-97 to His-
106 was sufficient to induce destabilization of CAO, this
sequence was fused to BC-GFP and expressed in the chi-1
mutants (A,,_,,-BC-GFP; Fig. 54). As controls, the other
parts of the A domain were fused to BC-GFP and expressed in
the same mutant (A5, o5-BC-GFP, Ao, 1,6-BC-GFP, A 5, 146"
BC-GFP, and A,,, ;,0-BC-GFP). In the Ay, ;,,-BC-GFP
expressor, GFP fluorescence was not detected, whereas the
other expressors showed significant GFP fluorescence (Fig. 5B).
Consistent with these results is the fact that the Ay, ;,4-BC-
GEFP expressor did not have detectable amounts of the fusion
protein, whereas the expressors for the other parts of the A
domain accumulated significant amounts of the fusion proteins
(Fig. 5C). Accordingly, the chlorophyll 4 to b ratio was similar to
that of wild type in the Ay, ;,,-BC-GFP expressor. In contrast,
the chlorophyll a to b ratios decreased to ~2.0 in the other
expressors, which did not contain the sequence from GIn-97 to
His-106. Taken together, we conclude that the 10-amino acid
sequence QDLLTIIMILH in the A domain is the degradation
signal sequence. We designated it the CAO degron.

The CAO Degron Targets the Attached Protein for Degrada-
tion—Subsequently, we tested whether the CAO degron regu-
lates degradation of proteins other than CAO. We fused the
CAO degron to GFP and expressed the protein (Ay,_,,,-GFP)
in wild type and chI-1 (Fig. 6A). As a control, we expressed the
fusion of the sequence from Asp-107 to Val-126 with GFP
(A,97_106-GEP) in wild type and ch1-1 (Fig. 6A). Expression of
GEFP alone in the chloroplast resulted in strong GFP fluores-
cence in entire chloroplasts (Fig. 6B, 4 and /) of the wild type
and chl-1 backgrounds. The A,,,_,,,-GFP expressor also
showed significant GFP fluorescence (Fig. 6B, b and ). In con-
trast, when the CAO degron was fused to GFP, the GFP signal
was detected neither in the wild type nor ch1-1 (Fig. 6B, a and e).
There was a notable difference in GFP fluorescence of the
Ay 106-GFP and A-GFP constructs when expressed in chI-1: GFP
fluorescence was detected in the A-GFP expressor but not in
the Ay, 04 GFP expressor (Fig. 6, e and g). The results of the
CLSM analysis were consistent with the immunoblot analysis.
The A-GFP expressor accumulated a substantial amount of the
A-GFP protein, whereas the A, ;,,-GFP expressor did not
accumulate detectable protein levels (Fig. 6C). These results
demonstrate that the CAO degron functions as a degradation
signal sequence for proteins other than CAO. Our data also
suggest that the other part of the A domain is necessary to
confer chlorophyll b dependence of the degradation process.

Arabidopsis CP47 Has CAO Degron-like Sequences—Next,
we examined whether the other sequences similar to the CAO
degron participated in the regulation of protein stability in the
chloroplast. In order to find such sequences, we first searched
the Arabidopsis protein data base for sequences similar to the
CAO degron, using the Patmatch program at the web site of the
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Arabidopsis Information Resource. We did not find any
sequences that matched more than 7 residues of the 10 CAO
degron residues. There were six sequences that matched the
CAO degron with 7 residues. However, these proteins are all
predicted to localize outside of the chloroplast. Therefore,
these sequences may not function as degrons. These results are
not surprising because bacterial degrons are not strictly con-
served, as described above (16). When we allowed various pat-
terns of mismatches in our sequence search, we obtained a
greater number of sequences using the Arabidopsis protein
data base. For example, if we searched the data base with
“QXLLTJMJLX” as a query (where X denotes any residue, and /
denotes any hydrophobic residue) and if we allowed 2 mis-
matches for the search, we found that 1,343 sequences matched
these conditions. In these 1,343 sequences, we found that CP47,
a core subunit of photosystem II (33), contains a sequence sim-
ilar to the CAO degron. This sequence shares four identical
amino acids and common features with the CAO degron, con-
taining a charged residue followed by a stretch of hydrophobic
residues and ending with a histidine residue (Fig. 7A4). We ten-
tatively named this sequence the CP47 degron-like sequence
(DEGcp,,)- The sequence locates near the N terminus of CP47.
To examine whether the amino acid sequence functions as a
degron, we made a transgenic plant that expressed GFP fused
with DEG¢p,, (DEG(p,,-GEP) (Fig. 7B).

In order to determine the level of DEGp,,-GFP, we carried
out confocal microscopy and immunoblot analyses. The GFP
fluorescent signal in the DEGp,, expressor was substantially
lower than those of B-GFP or GFP expressors (Fig. 7C), but it
was higher than that in A,,_;,,-GFP expressor. By immuno-
blotting analysis, we estimated that the level of the GFP fusion
protein in the DEGcp,, expressor was about 5% of the GFP
expressor (Fig. 7D). These results indicate that DEGp,, func-
tions as a weak degron in the chloroplast.

DISCUSSION

Random Mutagenesis of the A Domain—The random
mutagenesis experiments of the A domain showed that substi-
tutions of many amino acid residues enhanced the stability of
the CAO protein (Fig. 3). These results suggest that there is no
specific residue in the A domain that induces destabilization of
the CAO protein. Therefore, we have to refute our first hypoth-
esis, which predicted that the modification of a specific residue
is involved in the regulation of CAO stability. Instead, it is more
likely that the mutations shown in Fig. 3 modified the correct
folding of the A domain, which interferes with the destabiliza-
tion mechanism of the CAO protein. This idea is consistent
with our observation that about 10% of the substitutions affect-
ing CAO stability were changes from or to proline residues (Fig.
3). Since proline is less flexible in its conformation than the
other amino acids, it tends to disrupt the secondary structure of
a protein in the middle of regular structural elements, such as
an a-helix, whereas it tightens these elements when it locates
their edges (34). Therefore, it is possible that substitutions from
or to proline had a greater effect on the structure of the CAO
protein than the other substitutions. We speculate that the
mutations shown in Fig. 3 result in tighter folding of the CAO
protein, thereby impairing access of proteases to the A
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FIGURE 5. Characterization of transgenic plants expressing different parts of the A domain sequence. A, schematic presentation of the domain structures
of the CAO-GFP fusion proteins that expressed various parts of the A domain. A, B, C, t, and GFP, the A, B, and C domains of CAO, the predicted transit peptide
sequence, and GFP (S65T), respectively. B, CLSM images of the transgenic plants shown in A. Cotyledons of these plants were excited with an argon laser at 488
nm, and red chlorophyll and green GFP fluorescence was detected between 500 and 550 nm and between 600 and 680 nm, respectively. Scale bar, 10 um.
C,immunoblot analysis of the CAO-GFP fusion protein in transgenic plants. Total protein was extracted from rosette leaves of equal fresh weights (2.5 mg) (see
“Experimental Procedures”) and was subjected to SDS-PAGE. The expressed proteins were detected using an anti-CAO antibody. The black arrowheads indicate
the predicted molecular sizes of ABC-GFP (81 kDa) and BC-GFP (68 kDa). The gray arrowheads indicate the predicted molecular size of the native CAO protein
(54 kDa). D, the chlorophyll a to b ratios in the cotyledons of the transgenic plants, expressing various parts of the A domain sequence (n = 5-8). WT, wild type.
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FIGURE 6. Characterization of transgenic plants expressing GFP fused to various parts of the A domain.
A, schematic presentation of the domain structures of the fusion proteins, containing GFP and various parts of
the A domain. A, t, and GFP, the A domain of CAQ, the predicted transit peptide sequence, and GFP (S65T),
respectively. B, CLSM images of the transgenic plants expressing GFP fused to various parts of the A domain.
Cotyledons of these plants were excited with an argon laser at 488 nm, and red chlorophyll and green GFP
fluorescence was collected between 500 and 550 nm and between 600 and 680 nm, respectively. Scale bar, 10
um. C, immunoblot analysis of the transgenic plants described in A. Total protein was extracted from rosette
leaves of equal fresh weights (2.5 mg) (see “Experimental Procedures”) and was subjected to SDS-PAGE. The
fusion proteins were detected using an anti-GFP antibody. The black arrowheads indicate the predicted molec-
ular sizes of GFP (27 kDa) and the fusion protein (A;,;_;,6-GFP, 29 kDa; A-GFP, 40 kDa), respectively.

It is noteworthy that the levels of
CAO protein in any random
mutagenesis mutant were much
lower compared with mutants in
which the A domain was completely
removed (BC-GFP). GFP fluores-
cence in the selected random
mutagenesis mutants was only mar-
ginally increased in the mesophyll
cells, whereas it was significantly
increased in the guard cells (Fig.
2A). These observations suggest
that even if the structure of the A
domain affected the regulation of
CAO as we discussed above, the
structural changes might not be suf-
ficient to prevent access of pro-
teases to the CAO protein.

Protease Recognition Sequence of
CAO—Our experiments, in which
the CAO degron was removed
from the A domain, clearly dem-
onstrated that this region is essen-
tial in the destabilization of CAO
(Figs. 4 and 5). In addition, the
CAO degron was shown to induce
destabilization of GFP (Fig. 6).
Thus, the CAO degron fulfills the
criteria by which bacterial degrons
were identified (16). Therefore, we
suggest that the CAO degron is a
plant degron. A degron usually
interacts with the substrate recog-
nition domain (or subunit) of a
protease (16). Such an interaction
is essential in determining the
substrate specificity of a protease.
Degrons are most extensively stud-
ied in E. coli. Several types of recog-
nition signal sequences have been
identified for bacterial proteases
(16, 35-37). In contrast, to the best
of our knowledge, the CAO degron
is the first such recognition se-
quence identified for chloroplast
proteins. In bacterial protease
studies, determination of protease
recognition signals helped in the
identification of interactions be-
tween the substrate and the sub-
strate recognition domain (or sub-
unit) of proteases (24, 38, 39).

domain. This hypothesis may explain why the amino acid  Likewise, the identification of the CAO degron will result in
substitutions shown in Fig. 4 stabilized the CAO protein, further experiments that will contribute to our understand-
whereas the deletions up to Arg-96 (Fig. 5) did not affect CAO  ing of how overall protein degradation is controlled in the

stability. It is plausible that deletions shown in Fig. 4 never con-  chloroplast.

tributed to strengthen the folding of the CAO protein; thus, the In bacteria, some degrons share common properties. For exam-
A domain may not be protected from attack by proteases. ple, one type of Clp degron located at the N terminus of the sub-
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FIGURE 7. Characterization of the transgenic plant expressing a fusion of
GFP and the hypothetical degron of CP47. A, sequence alignment of the
degron of Arabidopsis CAO and the hypothetical degron (DEGcp,,) of Arabi-
dopsis CP47. The amino acid letters between the two sequences indicate con-
served amino acid residues. The plus sign indicates that two amino acid resi-
dues have similar properties. B, schematic presentation of the domain
structures of the fusion proteins, containing GFP and DEGp,,. 47, t, and GFP,
CP474_,4, the predicted transit peptide sequence of CAO, and GFP (S65T),
respectively. C, CLSM images of the transgenic plants expressing the CAO
degron and GFP (a), the DEG¢p,, and GFP (b), the Bdomain of CAO and GFP (c),
and GFP protein (d). Cotyledons of these plants were excited with an argon
laser at 488 nm, and red chlorophyll and green GFP fluorescence were col-
lected between 500 and 550 nm and between 600 and 680 nm, respectively.
Scale bar, 10 um. D,immunoblot analysis of the transgenic plants described C.
Total protein was extracted from rosette leaves of equal fresh weights (2.5
mgq) (see “Experimental Procedures”) and was subjected to SDS-PAGE. Serial
dilutions (20, 10, 5, 2, and 1%) of the extract of the GFP-expressing plant were
prepared to compare with the DEGp,,-GFP fusion protein. The fusion pro-
teins were detected using an anti-GFP antibody. The black arrowheads indi-
cate the predicted molecular sizes of GFP (27 kDa) and the fusion protein
(B-GFP; 30 kDa), respectively. WT, wild type.

strate protein has a consensus sequence consisting of polar-T/hy-
drophobic-hydrophobic-basic-hydrophobic residues (16).

One intriguing point is whether or not the CAO degron-like
sequences in chloroplast function as degrons. In order to
answer this question, we searched the public Arabidopsis pro-
tein data base, and we found that CP47 protein contains a
sequence similar to the CAO degron. We demonstrated that
the CP47 degron compromised the accumulation of GFP pro-
tein (Fig. 7, C and D), implying that this sequence functions as a
degron (CP47 degron) in the chloroplast. It is possible that
some other sequences among the 1343 sequences that we iden-
tified also function as degrons. Our study may prompt
researchers to test the function of these possible degrons with
their own proteins of interest. Collection of the results of such
functional studies may lead to identification of the consensus
sequence, if any, of the chloroplast sequences.

The CAO degron is well conserved in CAO sequences from
various plant species (supplemental Fig. 4). 8 of the 10 CAO
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degron residues are perfectly conserved, and the other two res-
idues are replaced by similar amino acids. In addition, the
sequences surrounding the CAO degron are also well con-
served. Although there is no information on the function of
these sequences, one might speculate that these sequences are
involved in the correct folding of the A domain and/or in the
chlorophyll b dependence of protein destabilization.

Conditional Destabilization of CAO in the Presence of Chlo-
rophyll b—The majority of bacterial degrons determines the turn-
over rates of substrate proteins (16, 17, 40). The CAO degron is
distinct from most other degrons identified so far, because the
CAO degron conditionally accelerates the degradation of CAO in
the presence of chlorophyll 5. The CAO degron therefore resem-
bles the degron of the Salmonella glutamyl-tRNA reductase (41,
42); this protein undergoes a rapid turnover in the presence of
heme. In addition, a truncated glutamyl-tRNA reductase lacking
the degron becomes stable with or without heme (42). Since the
CAO degron and the degron of the glutamyl-tRNA reductase
share hydrophobic residues (supplemental Fig. 5), one may spec-
ulate that the hydrophobic properties of these residues are essen-
tial in the function of these proteins. Indeed, Wang et al. (41) dem-
onstrated that substitution of two leucine residues into 2 lysine
residues eliminated the heme-dependent destabilization of glu-
tamyl-tRNA reductase. Because hydrophobic residues tend to
reside in the interior of a soluble protein, it is plausible that these
sequences are structurally embedded in the CAO protein or glu-
tamyl-tRNA reductase. The interior location of degrons may pre-
vent access of proteases (Fig. 8). This hypothesis may explain why
these proteins are resistant to degradation in certain conditions,
such as in the absence of chlorophyll b or heme. Furthermore, this
hypothesis also suggests that a structural change of the A domain
may occur in the presence of chlorophyll 4. Such a structural
change is predicted to be necessary to expose the CAO degron to
the exterior of the A domain, which in turn is thought to enable the
interaction between proteases and the CAO degron (Fig. 8).

Two hypotheses may explain how chlorophyll » induces
destabilization of CAO. First, chlorophyll » modifies the structure
of the A domain to increase the susceptibility of the A domain to
proteolysis. Second, chlorophyll b activates the protease. We
believe that the second possibility is unlikely, because if the activa-
tion of the protease is required for degradation of the CAO degron,
the Ay, _;,,-GFP fusion protein should have been stabilized in the
absence of chlorophyll 5. Our experiments demonstrated that
Ay, 106-GFP was degraded despite the absence of chlorophyll b
(see Fig. 6). Therefore, we suggest that the first hypothesis is more
likely; chlorophyll » may modulate the structure of the A domain
either by direct interaction with the A domain or by other factors.
If we assume that chlorophyll b directly interacts with the A
domain and if only a single or a few residues are involved in the
interaction, it would be likely that substitution of a single specific
amino acid residue greatly decreases the effects of chlorophyll .
However, we did not find any mutations that led to elimination of
the destabilization effect of chlorophyll b (Fig. 2; see “Random
Mutagenesis of the A Domain”). Thus, we postulate that chloro-
phyll » modulates the structure of the A domain by other yet un-
identified factors (Fig. 8). However, we cannot exclude the possi-
bility that multiple and direct binding of chlorophyll & to the A
domain modulates its structure. Taken together, in our current
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(a) Stable form

(b) Degradation form

(¢) Degradation by protease

FIGURE 8. Tentative model for the mechanism of CAO degradation. g, stable
form. In the absence of chlorophyll b, the CAO degron lies within the hydropho-
bic (interior) region of the protein and is protected by the A domain structure. The
thick gray lines designate the A domain. The red box indicates the CAO degron.
b, degradation form. When chlorophyll b is sufficiently synthesized by CAO, chlo-
rophyll b and a yet unidentified factor or factors, depicted as X, may interact with
the A domain. As a result, the A domain unfolds and thus exposes the CAO
degron to the exterior of the protein. ¢, degradation by protease. The ClpC sub-
unit of the CIpCP protease and the recognition subunit/domain of other chloro-
plast proteases recognize the CAO degron of the A domain and pull the CAO
protein to the proteolytic subunit/domain of the proteases. Finally, the proteo-
lytic subunit/domain of the proteases degrades the entire CAO protein. ClpCP
protease is depicted as blue and red spheres.

model, chlorophyll » modulates the structure of the A domain by
the aid of some unknown factors, which may lead to the exposure
of the CAO degron to the exterior of the protein. Then the recog-
nition subunit (or domain) of Clp and/or other proteases recog-
nize the CAO degron, drawing the whole protein into the proteo-
lytic subunit (or domain) of the proteases. If this model is correct,
it will be important to identify the unknown factors that are
involved in the regulation of CAO in order to understand the
entire regulatory mechanism. We are in the process of identifying
such factors using a genetic approach (32). The conditional
destabilization mechanism of CAO may be used as a model
system to elucidate how protein degradation is controlled
within chloroplast.
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