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The Arabidopsis CAO gene encodes a 52-kDa protein with pre-
dicted localization in the plastid compartment. Here, we report
that CAO is an intrinsic Rieske iron-sulfur protein of the plastid-
envelope inner and thylakoid membranes. Activity measurements
revealed that CAO catalyzes chlorophyllide a to chlorophyllide b
conversion in vitro and that the enzyme was only slightly active
with protochlorophyllide a, the nonreduced precursor of chloro-
phyllide a. Protein import and organelle fractionation studies
identified CAO to be distinct from Ptc52 in the substrate-depen-
dent transport pathway of NADPH:protochlorophyllide oxi-
doreductase A but instead to be part of a separate translocon
complex. This complex was involved in the regulated import and
stabilization of the chlorophyllide b-binding light-harvesting pro-
teins Lhcb1 (LHCII) and Lhcb4 (CP29) in chloroplasts. Together, our
results provide insights into the plastid subcompartmentalization
and evolution of chlorophyll precursor biosynthesis in relation to
protein import in higher plants.
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hlorophyll (Chl) is one of the most abundant organic mol-

ecules on Earth. It is estimated that several million tons of
chlorophyll are synthesized and degraded every year. The bio-
synthetic pathway of Chl is well established in higher plants and
algae (1). However, despite considerable progress made over the
last three decades toward its understanding, some details of its
compartmentalization and regulation remain obscure.

It is generally assumed that Chl a represents the precursor of
Chl b and that the pathway leading to Chl b would proceed
sequentially (1). The enzyme responsible for Chl b biosynthesis
is chlorophyllide a oxygenase (CAO) (2-4). CAO is widespread
in higher plants and also occurs in prochlorophytes and chloro-
phytes (2-4). All CAO genes share high sequence similarity
(2-4). Plant CAO expressed in bacteria has been reported to be
active as chlorophyllide (Chlide) a oxygenase in vitro but not be
active with protochlorophyllide a (Pchlide a) (5). Pchlide a
differs from Chlide a by the presence of one double bond
between C17 and C18 in ring D of the macrocycle (1). The CAO
gene is a single nuclear gene in Chlamydomonas and Arabidopsis
thaliana (2—-4), and mutants lacking CAO such as chlorina fail to
accumulate Chl b (2, 3). At first glance, these findings suggest
that there is no redundant way for making Chl b in plants.

According to recent work, this view may be too simple.
Phylogenetic analyses have revealed that CAO belongs to a large
superfamily of non-heme oxygenases sharing the same con-
served Rieske and mononuclear iron binding domains as those
found in CAO (6, 7). The other members are choline monoox-
ygenase (8), pheophorbide a oxygenase (PAO) (9), the protein
translocon protein Tic55 (6), and a 52-kDa protein associated
with the precursor NADPH:protochlorophyllide oxidoreductase
A (pPORA) translocon complex, called Ptc52 (10). Pulse-
labeling experiments using the isolated Ptc complex and the
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Pchlide precursor S5-aminolevulinic acid (5-ALA) have shown
that Ptc52 operates as Pchlide @ oxygenase in the production of
Pchlide b, an immediate precursor of Chlide b (10). Xu et al. (11)
reported that expression of the 41CAO cDNA in the cyanobac-
terium Synechocystis, which does not contain a CAO gene in its
genome, gave rise not only to Chl b, but also to low levels of
Pchlide b and Pchl b. In the present study, the Arabidopsis CAO
(AtCAO) cDNA was used to express functional protein and to
study its catalytic properties, plastid sublocalization, and role in
Chl b precursor (Chlide b and Pchlide b) biosynthesis.

Results

CAO Displays in Vitro Oxygenase Activity with Chlide a and Pchlide a.
To resolve the issue of substrate specificity of CAO, activity
measurements were performed. The A. thaliana At1g44446 gene
encodes CAO. A respective cDNA clone was constructed en-
coding the putative mature CAO protein that lacked the first 36
aa representing the putative chloroplast transit peptide (5). This
clone was used for coupled in vitro transcription/translation in a
wheat germ lysate and led to the production of a 52-kDa protein
(Fig. 14, lane a). The CAO protein was catalytically active and
converted Chlide a to Chlide b in the presence of O, ferredoxin
(Fd), and a Fd-reducing system comprising glucose-6-phosphate,
NADPH, glucose-6-phosphate dehydrogenase, and F&:NADPH
oxidoreductase (FNR) (Fig. 1B, dotted line). The identity of
Chlide b was established by absorbance measurements of the
HPLC-resolved pigment eluting at 16.25 min using a photodiode
array detector (Fig. 1B Inset) as well as mass spectrometry (Fig.
1C). When wheat germ extract was programmed with the naked
vector DNA lacking the AfCAO insert, neither the CAO protein
(Fig. 14, lane b) nor Chlide b were produced (Fig. 1B, solid line),
showing that Chlide a oxygenation to Chlide b is an enzymatic
reaction. From the results shown in Fig. 1, we estimate that
~80% of Chlide a was oxygenated to Chlide b. Analytical tests
for substrate specificity revealed that the CAO protein displayed
only little activity with Pchlide a (Fig. 8, which is published as
supporting information on the PNAS web site).

A Major Part of CAO Is Localized to the Inner Plastid-Envelope
Membrane. /n vitro protein import experiments were conducted
to detect the plastid sublocalization of CAO and to test its
membrane binding. Wheat germ-translated 3S-CAO precursor
(3S-pCAO) was added to isolated, energy-depleted barley or
Arabidopsis chloroplasts. Incubations were performed either in
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Fig. 1. AtCAO displays Chlide a oxygenase activity in vitro. (A) SDS/PAGE of

355-AtCAO (lane a) and lack of 35S-AtCAO in wheat germ extracts programmed
with the naked vector DNA missing the AtCAO cDNA insert (lane b). (B) Chlide
a oxygenase activity of AtCAO (dotted line) and of the respective control
without AtCAO (solid line). The curves show HPLC tracings of acetone-
extracted pigments at 435 nm using a photodiode array detector. The pigment
eluting at 19.5 min corresponds to Chlide a, whereas the pigment eluting at
16.25 min was identified as Chlide b by absorbance measurements (Inset). (C)
Confirmation of the identity of Chlide b eluting at 16.25 min by matrix-assisted
laser desorption/ionization mass spectroscopy. The determined molecular
mass (630.7 kDa) exactly matched the theoretical isotopic distribution of
C35H32N406Mg corresponding to Chlide b. The matrix used was terthio-
phene (molecular mass of 248.4 Da).

the absence or presence of 0.1 or 2 mM Mg-ATP. Whereas
binding of 3S-pCAO to the plastids required low, 0.1 mM
concentrations of Mg-ATP and was mediated by thermolysin-
sensitive receptor components at the outer plastid-envelope
membrane, import depended on 2 mM Mg-ATP (Fig. 94, which
is published as supporting information on the PNAS web site).
After import and processing, the mature, 52-kDa 3S-CAO
attained a thermolysin-resistant but trypsin-sensitive conforma-
tion, suggesting that it was largely exposed to the intermembrane
space. Whereas thermolysin digests proteins that are exposed to
the outer surface of the chloroplast (12), trypsin traverses the
outer plastid-envelope membrane and breaks down inner enve-
lope proteins up to their membrane parts (13). Double protease
digestions and fractionation experiments showed that 3S-CAO
is located both in the inner envelope membrane and thylakoids
(Fig. 9 C-E). Salt extraction with either 1 M NaCl or 0.1 M
Na,COs3, pH 11 (12), identified 3S-CAO to be tethered to the
lipid bilayers of the inner envelope membrane by either one
a-helix or B-sheet (Fig. 9D).

CAO Is Not Part of the pPORA Translocon Complex. In barley and
Arabidopsis cotyledons, pPORA import requires Pchlide (10, 14,
15). As a result of the light-induced decline in the level of Pchlide
during greening of etiolated barley plants, pPPORA accumulates
as an envelope-bound import intermediate in planta (16). The
precursor is on a productive import pathway from which it can
be chased into the plastids in the presence of the Pchlide
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Fig.2. CAOisnot part of the Ptc complex. (A) Distribution of pPORA, OEP37,

and OEP16 in OMs, IMs, and OM-IM junction complexes containing pPORA in
barley etiochloroplasts. (B) As in A but showing, in addition, the distribution
of Toc75, OEP37, IEP36, and OEP24 in fractions 2, 5, and 8, respectively, on one
and the same blot (lanes 1-3) and that of Toc75 (lanes 4—6) and OEP16 (lanes
7-9), as well as CAO (lanes 10-12), Tic55 (lanes 13-15), and Ptc52 (lanes 16-18)
on different blots. Each lane contained 10 ug of protein. (C) Pchlide and Chlide
levels in relation to Ptc52 and CAO protein levels, respectively, across the
gradient.

precursor 5-ALA (16). During membrane passage, it interacts
with the components of the Ptc complex and establishes junction
complexes between the outer and inner plastid-envelope mem-
branes (10).

To assess the association of CAO with such junction com-
plexes containing pPORA that would be indicative of redundant
roles of CAO and Ptc52, 5-day-old etiolated barley plants were
exposed to light for 2 h. Isolated etiochloroplasts bearing
pPORA in turn were rapidly disrupted. Crude membranes were
fractionated and purified by flotation on a 20-38% sucrose
gradient to obtain a light outer membrane fraction (OM), an
intermediate density fraction presumably containing pPORA
trapped in junction complexes between the outer and inner
plastid-envelope membranes (OM-IM), and a slightly denser
inner membrane (IM) fraction (17). Immunoblots showed that
most of the outer envelope membrane marker proteins Toc75,
Oep37, and Oep24 were present in the low density, OM fraction,
and most of the inner envelope membrane protein Iep36 was
present in the IM fraction (Fig. 2 A and B). The intermediate
density (OM-IM) fraction contained large amounts of pPPORA
and therefore consisted of fragments of outer and inner mem-
branes held together by contact sites (17). Significant amounts of
precursor were present in the IM fraction (Fig. 24 and B). The
previously identified Oep16 protein, which establishes the trans-
location pore through which pPORA is imported (18), cofrac-
tionated with pPORA in OM-IM junction complexes. In addi-
tion, Ptc52 copurified in approximately stoichiometric amounts
with pPORA and Pchlide in such complexes, as estimated from
the staining intensities on the blots shown in Fig. 2B and the
pigment measurements shown in Fig. 2C. No evidence was
obtained for an interaction of CAO (Fig. 2 B and C) and PAO
(data not shown) with pPORA and Ptc proteins in the OM-IM
fraction.

Identification of Plastid-Envelope Proteins Interacting with CAO Dur-

ing and After Import. To illuminate the interaction of CAO with
other plastid-envelope proteins, chemical crosslinking was car-
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Fig. 3. AtCAO uses the general protein import pathway into chloroplasts.

(A-C) Photoaffinity crosslinking of plastid-envelope proteins interacting with
125|.APDP-pPORB (A), '251-APDP-pCAO (B), and '251-APDP-pSSU-protein A (C).
The identity of the different bands was determined by protein mass spec-
trometry and immunoprecipitations of the SDS/PAGE-resolved bands (not
shown).

ried out by using bacterially expressed and purified pCAO that
was derivatized with %I-labeled N-[4-(p-azidosalicyl-amido)-
butyl]-3’(2-pyridyldithio)propionamide (*>’I-APDP) (19, 20).
125]-labeled pCAO was incubated with isolated Arabidopsis
chloroplasts either in the absence of added nucleoside triphos-
phates (used to study energy-independent binding) or in the
presence of 0.1 mM Mg-ATP (used to study energy-dependent
binding) or 0.1 mM Mg-ATP and 0.1 mM Mg-GTP (used to
study the insertion of the precursor into the respective import
apparatus). After 15 min in the dark, APDP was activated by
exposure to UV light. Chimeric precursor consisting of pSSU of
pea and protein A, '»I-APDP-pSSU-protein A (20), and '*1-
APDP-pPORB of barley were used as controls. Mixed OM-IM
fractions were prepared from lysed chloroplasts and solubilized.
Protein was extracted, reduced with DTT, and resolved by
SDS/PAGE under reducing conditions. Protein detection was
made by autoradiography.

Fig. 3 shows crosslinked products obtained with the different
precursors. The results revealed that >I-APDP-pPORB, 2°1-
APDP-pCAO, and '»I-APDP-pSSU-protein A produced simi-
lar product patterns, comprising major crosslink products of
~159, =86, and ~75 kDa. The main bands were identified as
Toc159 and its major proteolytic product Toc86 as well as Toc75
by immunoprecipitation and protein mass spectrometry (data
not shown). In addition, several other bands were obtained,
whose labeling intensities were different for the three precursors
(Fig. 3). For example, a heavily labeled ~34-kDa band repre-
senting Toc34 was detectable with '»I-APDP-pCAO, but only
trace amounts of this band were found for '»I-APDP-pSSU-
protein A and '»I-APDP-pPORB (Fig. 3).

To assess whether the imported and processed CAO remained
associated with the import apparatus or was sorted out toward
other protein complexes, '*I-APDP-derivatized pCAO was
imported into isolated Arabidopsis chloroplasts in the presence
of 0.1 mM Mg-GTP and 2 mM Mg-ATP. Proteins crosslinked to
CAO-(His), were purified from isolated, decyl maltoside-
solubilized mixed envelope membranes by Ni-NTA agarose
chromatography. Proteins adhering to CAO were resolved by
SDS/PAGE and blotted onto poly(vinylidene difluoride) mem-
branes, and replicate membranes were used for protein detection
by autoradiography, Western blotting, and protein mass spec-
trometry. Import and crosslinking of !I-APDP-derivatized
pTic55-(His)s and pPtc52-(His)s were followed in parallel.

Proteins that were crosslinked after import of pCAO-(His)s,
pTic55-(His)e, and pPtc52-(His)e are indicated in Fig. 44. Re-
spective Western blots are shown in Fig. 4B. Although CAO and
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Fig. 4. CAO, Tic55, and Ptc52 establish distinct Tic subcomplexes. (A) 125
APDP crosslinking of plastid-envelope proteins that interact with CAO, Tic55,
and Ptc52, respectively, afterimport. (B) Western blot of CAO, Tic55, and Ptc52
as well as Toc75 and Oep16 in the different recovered inner envelope mem-
brane complexes. “Total" refers to a blot that was probed with a mixed CAO,
Ptc52, and Tic55 antiserum together. Note the differential interaction of CAO
and Tic55 with Toc75 and that of Ptc52 with Oep16.

Tic55 likewise crosslinked Toc75, Tic40, and Tic20, they differ-
entially interacted with Tic22 (only found with CAO) and two
closely related 33/34-kDa bands. CAO gave rise to an ~34-kDa
band representing Toc34, whereas Tic55 gave rise to a slightly
smaller, ~33-kDa band, which was due to Toc33. Ptc52
crosslinked the same Toc33 band and additionally interacted
with Oepl6 and a 27-kDa band. No signal was obtained in the
75-kDa range containing Toc75 (Fig. 4 A and B).

CAO Is Involved in the Regulated Import and Stabilization of Light-
Harvesting Chl a/b-Binding Proteins. Chlorina mutants (e.g., chl-3)
of Arabidopsis and other plant species and algae lack a functional
CAO gene and, for this reason, fail to accumulate Chl » and LHC
proteins (2, 3, 21). These mutants seemed ideally suited to
perform in vitro import experiments along with in vivo pulse-
labeling studies because they would allow direct testing of the
involvement of CAO in the import of Chl b-containing LHC
proteins. In the first set of experiments, 3S-pLhcb1 (the pre-
cursor to the LHCII apoprotein) and 33S-pLhcb4 (the precursor
to the pCP29 apoprotein) were synthesized by coupled tran-
scription/translation of respective cDNA clones in a wheat germ
lysate and incubated with isolated chloroplasts of wild-type or
chl-3 mutant Arabidopsis plants. Because of a 213-bp deletion
that removed part of exon 3, intron 4, and exon 4, and a 5-bp
insertion at the site of the deletion, 40 aa are removed from the
CAO protein that include most of the mononuclear nonheme
Fe-binding site (S334 through T375) and replaced by Val and
Ala, respectively (3). As a result, chl-3 plants lack intact Cao
gene and protein. After incubation for 10 min in darkness in the
presence of 0.1 mM Mg-GTP and 2 mM Mg-ATP, the chloro-
plasts were recovered by centrifugation, and the amount of
imported and processed precursor, as well as unimported, plas-
tid-bound precursor, was determined. As a control, the plasto-
cyanin precursor was used (3S-pPC).

No difference in import of 3>S-pPC by chloroplasts from the
two strains could be detected (Fig. 54 and D). Similar amounts
of precursor were imported and processed to mature size in
wild-type and chl-3 chloroplasts. By contrast, import of both
33S-pLhcbl and 33S-pLhcb4 were virtually undetectable with
chi-3 chloroplasts (Fig. 5 B and C; and see Fig. 5D for a
quantification of the data). Interestingly, different amounts of
precursor were bound to the plastids after their resedimenta-
tion (Fig. 5, compare B and C). Some minor bands between the
sizes of the precursor and mature proteins may represent
nonspecific background signals or partially processed inter-
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Fig. 5. Ch1-3 mutant chloroplasts are drastically impaired in pLHCII and
CP29, but not pPC, import. (A-C) Import of 355-pPC (A), 35S-pLHCII (B), and
355-pCP29 (C) into wild-type (wt) and chlorina (ch) 1-3 chloroplasts. P, precur-
sors; m, mature proteins. (D) Quantification of the import data for wild-type
and ch1-3 chloroplasts. n.d., not detectable mature LHCIl and CP29 protein
levels. (E) Time courses of 35S-pPC, 35S-pLHCII, and 35S-pCP29 import into
wild-type (open circles) and ch1-3 (filled circles) chloroplasts. Percentages in D
and E refer to input radioactivities, set as 100%.

mediates of pLhcbl and pLhcb4 that were stuck in the
envelopes because of the lack of Chlide b as import trigger.
Careful time course analyses confirmed the lack of import of
35S-pLhcb1 and 33S-pLhcb4 as compared with that of 3°S-pPC
in chl-3 chloroplasts (Fig. 5E).

The latter results implied that the lack of import of pLhcb1 and
pLhcb4 in chi-3 chloroplasts may be due to the lack of Chlide b.
To further test this hypothesis and to directly demonstrate the
interaction of the LHCII precursor with CAO, pLhcbl was
expressed in Escherichia coli as a (His)s-containing precursor,
purified on a Ni-NTA agarose column, and incubated in the
presence of different Mg-GTP and Mg-ATP concentrations with
Arabidopsis chloroplasts isolated from either wild-type or chl-3
plants. After import, the plastids were collected by centrifuga-
tion through Percoll, repurified, and lysed. Plastid-envelope
proteins bound to the precursor and/or its processed, mature
form were isolated from detergent-solubilized mixed envelope
membranes by Ni-NTA agarose chromatography, separated by
SDS/PAGE, and detected by Coomassie staining.

In Fig. 64 are shown Coomassie-stained envelope proteins
that interacted with pLhcb1 in wild-type chloroplasts at different
stages of import. Because of the absence or presence of Mg-ATP
and Mg-GTP, pLhcbl differentially bound Tocl159 and its
proteolytic fragment Toc86, as well as Toc75. These interactions
were consistent with previous observations made for other
precursors entering the chloroplast through the general protein
import site. According to Kouranov and Schnell (20), these
interactions can be referred to as energy-independent and
energy-dependent binding as well as insertion of pLhcb1 into the
respective import machinery. A fraction of pLhcb1 was present

4780 | www.pnas.org/cgi/doi/10.1073/pnas.0511066103
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Fig.6. pLHCIlinteracts with CAO during importinto wild-type but notch1-3,
chloroplasts. (A) Detection of plastid-envelope proteins interacting with pL-
hcb1/Lhcb1-(His)g [pLHCII/LHCII-(His)g] in wild-type chloroplasts at different
Mg-GTP and Mg-ATP concentrations. (B) Time course of pLhcb1-(His)s import
into wild-type (open circles) and ch1-3 (filled circles) Arabidopsis chloroplasts.
Percentages refer to input radioactivities, set as 100%. (C) Purification of
plastid-envelope proteins interacting with pLhcb1-(His)e at different stages of
import into wild-type and ch7-3 mutant chloroplasts. Lanes 1 and 2 show
products formed after 15 min, whereas lanes 3-5 show products obtained at
the indicated time intervals. (D) Toc159, Toc75, Toc34, CAO, and Ptc52 levels
in envelopes of ch1-3 mutant and wild-type chloroplasts. Note the lack of
Ptc52 in the recovered envelope complexes but its detection in OM-IM junc-
tion complexes containing pPORA used as control (Ctr).

in a processed form (Fig. 6A4), suggesting that its NH-terminal
presequence was exposed to the stromal processing peptidase
before plastid-envelope re-isolation. Time courses of import
performed in the presence of 0.1 mM Mg-GTP and 2 mM
Mg-ATP suggested that chl-3 chloroplasts were unable to
import pLhcbl (Fig. 6B). Consistent with this interpretation
were crosslinking studies using pLhcb1-(His)e, which revealed a
strong correlation between the lack of CAO and the accumu-
lation of unimported pLhcbl in chl-3 versus wild-type chloro-
plasts (Fig. 6 C and D). No evidence was obtained for an
interaction of pLhcbl and its processed form with Ptc52
(Fig. 6D).

Because isolated envelope membranes were analyzed in the
experiment described in Fig. 6, it could not be excluded that the
block of pLhcbl import was not complete and that the coupling
of pLhcb1 translocation and CAO-driven Chlide b synthesis was
leaky in chl-3 chloroplasts. For example, Chlide a could replace
Chlide b in binding to and triggering pLhcb1 import. To test this
hypothesis, pulse-labeling experiments were performed with
[**S]methionine in vivo. Leaf tissues from light-grown Arabidop-
sis wild-type and chl-3 plants were cut and incubated for 2 h in
darkness with the radioisotope. Chloroplasts were isolated on

Reinbothe et al.
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Percoll, and 33S-labeled plastid proteins were extracted with
acetone. Lhcb1 and Lheb4 were resolved electrophoretically and
detected by Western blotting or subjected to prior immunopre-
cipitations by using respective antisera. Lhcb1l and Lhcb4 were
below the limit of detection in chl-3 versus wild-type chloro-
plasts (Fig. 7, lanes 1 and 2). However, trace amounts of Lhcb1
and Lhcb4 could be immunoprecipitated. These tiny amounts
corresponded to ~0.6% of that amount recovered from wild-
type plastids, showing that import of pLhcbl and pLhcb4 was
drastically reduced but not entirely abolished in chi-3 chloro-
plasts and that both proteins most likely underwent proteolytic
degradation in the absence of Chl(ide) b in planta.

Discussion

In the present study, biochemical evidence is provided for a role
of CAO in Chlide b synthesis and protein import. We report that
CAO is a protein of the inner envelope and thylakoid membranes
of Arabidopsis and barley chloroplasts. Protein import and
fractionation experiments revealed that CAO is synthesized as a
larger precursor that is imported into the intermembrane space
via the general protein import machinery comprising Toc159,
Toc75, and Toc34. After import and processing, a fraction of the
mature CAO accumulated in the inner envelope membrane and
remained associated with Toc75 and Toc34. The proteins that
interact with thylakoid-associated CAO were not determined in
this study. CAO imported into the plastid inner envelope also
interacted with Tic40, Tic22, and Tic20 and established a novel
Tic subcomplex. This complex was involved in import of Chl(ide)
b-binding light-harvesting proteins. Evidence for the existence of
distinctive import pathways and respective import machineries in
chloroplasts has been provided by genetic and biochemical
approaches, highlighting the presence of multiple Toc159- and
Toc75-related genes and proteins in Arabidopsis (22, 23). In
addition, twin GTP-binding proteins were identified called
Toc34 and Toc33 that displayed different expression patterns
and precursor specificities in vitro (24, 25). We observed that
imported CAO interacted with Toc34, whereas Tic55 and Ptc52
crosslinked Toc33. Except for this difference, the crosslink
patterns from CAO and Tic55 were very similar and suggested
a modular arrangement of Toc75, Toc33/34, Tic40, and Tic20 as
well as Tic55 and CAO. Tic 22, by contrast, interacted only with
CAO in the in vitro tests, a result that is at variance with the
original report of Kouranov et al. (26) describing the co-isolation
of Tic22 and Tic20 in conjunction with pSSU.

Ptc52 generated a crosslink pattern that was distinctive from
those obtained for CAO and Tic55. Major products included
Toc33 and Oepl6. No signal was obtained in the 75-kDa range,
consistent with previous results on the roles and interactions of
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Toc33 and Oepl6 in the pPORA translocon, which lacks Toc75
(10, 18, 27). Consistent with these differential interactions of
CAOQ and Ptc52 are their functions in protein import. We found
CAO to participate in the chloroplast import of the nucleus-
encoded Chl(ide) b-binding light-harvesting proteins pLhcbl
and pLhcb4, whereas Ptc52 operated in the pPORA translocon
(10, 27). With isolated chloroplasts of the chll-3 mutant of
Arabidopsis lacking CAO, drastic reductions of import of pLhcb1
and pLhcb4 were observed in vitro and in planta, but no
comparable effect was seen for the import of plastocyanin.
Bellemare et al. (28) reported that chloroplasts from the chlorina
f> mutant of barley were as capable of importing pLHCP as
wild-type chloroplasts. However, the overall amount of imported
pLHCII was negligible in either case as compared with that of
other precursors. It is not clear whether the prehistory and
nature of the precursor and/or source of the plastids (barley
versus Arabidopsis) may have affected import. Work is needed to
more precisely determine this point.

CAO differs from Tic55, Ptc52, and PAO by its topology and
the presence of a large, hydrophilic NH,-terminal domain.
Interestingly, this domain contains a binding maquette for
Chl(ide) similar to that identified by Eggink and Hoober (29).
Yamasato et al. (30) proposed that this motif may provide a
sensor for synthesis of Chl(ide) b in chloroplasts and observed
that its deletion drastically affected the stability of the enzyme.
The NH; terminus of the CAO from Chlamydomonas also
contains a similar Chl(ide)-binding motif (2). Kohorn (31) found
that replacement of His in the NH,-terminal Chl-binding motif
drastically reduced import of pLhcbl. These findings support a
ratchet model of pLhcbl import in which binding of Chlide a
and, more strongly, Chlide b would prevent the precursor from
slipping back into the cytosol. Structural data for the crystallized
LHCII (32) provoke the hypothesis that the peptidyl carbonyl of
Tyr-24 may provide a Chlide b-binding site necessary for Lhcbl
import. Successive binding of Chlide to helix-1 and Tyr-24 thus
would favor pLhcbl import.

We hypothesize that the NH,-terminal pigment sensor domain
of CAO may additionally be involved in the recognition of the
Chl(ide) b-binding proteins pLhcbl and pLhcb4. CAO and
pLhcbl1 copurified in approximately stoichiometric amounts in
the envelope of wild-type chloroplasts, and there was good
coincidence between the lack of CAO protein and pLhcbl
import in c¢hl-3 mutant chloroplasts. Because minor traces of
mature Lhcbl and Lhcb4 could nevertheless be detected by
pulse-labeling in ch1-3 plants, the coupling between LHC import
and CAO-driven Chlide b biosynthesis appears not to be com-
plete. We hypothesize that small amounts of truncated CAO
protein lacking the Rieske iron-sulfur center may accumulate in
chi-3 chloroplasts and could provide Chlide a to imported
pLhebl and pLhcb4 via the NHj-terminal pigment sensor do-
main. Alternatively, Tic55 could substitute for CAO in chl-3
mutant chloroplasts. However, because of its unknown substrate
specificity and presumed incapacity to bind and oxygenate
Chlide a, Tic55 would not be able to functionally replace CAO.
As a consequence, imported and processed Lhcbl and Lhcb4
would be degraded in the stroma. By contrast, Ptc52 was
incapable of replacing CAO; otherwise, Chlide b-complexed
LHC proteins should have accumulated in chl-3 chloroplasts,
which was not the case. At first glance, this is an unexpected
result because etiolated plants accumulate large amounts of
Pchlide b that could give rise to Chlide b (33). We hypothesize
that Chlide b that cannot be assembled with the nuclear-encoded
Chl b-binding proteins during import is converted to Chl(ide) a
by virtue of Chlide b reductase (synonymous with 7-formyl
reductase) (33). Owing to this mechanism, the risk of photooxi-
dative membrane damage by free, photoexcitable Chlide b would
be kept low. In summary, our results provide strong evidence for
nonredundant roles of CAO and Ptc52 as part of distinctive
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protein import complexes in the inner envelope of chloroplasts
and highlight the existence of a branched pathway of Chlide b
biosynthesis in higher plants.

Materials and Methods

Isolation of Plastid-Envelope Proteins Interacting with CAO. Chem-
ical crosslinking was performed according to Ma et al. (15) and
Kouranov and Schnell (16). Briefly, '*I-APDP-derivatized,
hexahistidine [(His)s]-tagged CAO, Tic55, and Ptc52, respec-
tively, were imported into the inner envelope membrane of
isolated, energy-depleted Arabidopsis wild-type or chl-3 chlo-
roplasts in the presence of 2 mM Mg-ATP and 0.1 mM Mg-GTP.
After 15 min in darkness, the samples were exposed to UV light.
Plastids in turn were lysed, and mixed envelopes were separated
on a sucrose gradient. After their solubilization with 1.3% decyl
maltoside (6), proteins adhering to CAO, Tic55, and Ptc52,
respectively, were purified by Ni-NTA agarose chromatography,
eluted, resolved by electrophoresis, and detected by Coomassie
staining, Western blotting using respective antisera, and/or
autoradiography. Control blots were probed with antisera
against Toc75 and Oepl6. Import and chemical crosslinking of
12I-APDP-pLhcb1l were performed essentially in the same
manner.

Isolation and fractionation of barley etiochloroplasts contain-
ing pPORA trapped in junction complexes between the outer
and inner envelope membranes is described in refs. 10 and 16.

Measurement of CAO Activity. Activity measurements were per-
formed with CAO protein that had been expressed from a clone
corresponding to At1g44446 in wheat germ lysates or produced
in E. coli strain SG13009 (Qiagen). Bacterially expressed pre-
cursor was recovered from inclusion bodies by dissolution in 8 M
urea containing 20 mM imidazole-HCI, pH 8.0, as described in
ref. 18. Final protein preparations were ~85% pure. Enzyme
assays were conducted in 50-ul assays containing the following
supplements: 2 uM Chlide a or Pchlide a dissolved in dimethyl
sulfoxide, 10 ug of Fd (Sigma), and a Fd-reducing system [2 mM
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glucose-6-phosphate/1 mM NADPH/50 milliunits of glucose-
6-phosphate dehydrogenase/10 milliunits of Fd-NADPH-
oxidoreductase (Sigma)] (modified after refs. 5 and 9). In the
case of the bacterially expressed and denatured protein, wheat
germ extract was added to the assays and the functional protein
reconstituted during a preincubation. To this end, the final
protein was dissolved in assay buffer to give rise to a final
concentration of 1-2 mg/ml. Appropriate aliquots then were
withdrawn and diluted into 1 ml of wheat germ extract (1.2
mg/ml protein concentration) such that the protein concentra-
tion was 60 pg/ml with respect to the CAO protein. Enzyme
assays were carried out at 23°C in darkness. Pigments were then
extracted with 100% acetone and separated by HPLC on either
C18 reverse-phase columns (Hypersil ODS, Shandon; 5 um;
used for Pchlides @ and b) or C30 reverse-phase columns (YMC,
Wilmington, NC; 250 X 4.6 mm, 5 um; used for Chlides a and
b) (33). Detection and quantification of pigments were made by
absorbance measurements using synthetic standards (33). Mass
spectroscopy of HPLC-separated pigments was performed by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (Voyager-DE STR biospectrometry work station;
Applied Biosystems). Before analysis, 10 ug of either Chlide b or
Pchlide b was mixed with terthiophene (used as matrix) dissolved
in acetone.

Miscellaneous. Pulse-labeling of proteins with [3S]methionine
and immunoprecipitations with respective anti-LHCII and anti-
CP29 antisera were carried out according to Scharf and Nover
(34). Protein analysis was made by SDS/PAGE and Western
blotting using the indicated antisera (10). Protein mass spec-
trometry was done according to Ferro et al. (35).
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