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Chloroplast differentiation in angiosperm plants de-
pends on the light-dependent conversion of proto-
chlorophyllide to chlorophyllide by NADPH:proto-
chlorophyllide oxidoreductase (PORA; EC 1.6.99.1), a
nuclearly encoded protein. The protein import of the
precursor form of PORA into plastids was shown
previously to strictly depend on the presence of
its substrate protochlorophyllide. PORA seemed to
follow a novel, posttranslationally regulated import
route. Here we demonstrate that the precursor of
PORA from barley is imported into isolated barley
plastids independently of protochlorophyllide. PORA
as wellas PORB import is competed for by the precur-
sor of the small subunit of Rubisco. The data demon-
strate that the PORA precursor uses the general
import pathway into plastids. Furthermore, en route
into chloroplasts the pea POR precursor can be cross-
linked to the protein import channel in the outer enve-
lope Toc75 from pea.

Key words: Chloroplasts / NADPH:Protochlorophyllide
oxidoreductase / Pisum sativum / Protein import / Toc75.

In angiosperm plants chloroplast development and differ-
entiation is light regulated. Dark-grown etiolated leaf tis-
sue contains etioplasts, which are highly specialized pre-
cursor organelles that differentiate light-dependent into
chloroplasts (Virgin et al., 1963). Light exposure also re-
sults in the activation of transcription for many nuclear
genes that encode chloroplast proteins (Silverthorne and
Tobin, 1984). These proteins are synthesized in the cytosol
inaprecursor form, which contains a targeting signal as an
N-terminal presequence. All precursors described to date
seem to follow a general protein import pathway into the
chloroplasts which involves a translocon at the outer en-
velope of the chloroplasts, the Toc complex (Schnell etal.,
1994; Heins et al., 1998; Soll and Tien, 1998; Keegstraand
Cline, 1999).

The light-dependent reduction of protochlorophyllide
(Pchlide) to chlorophyllide (Chlide) is catalyzed by the
NADPH:protochlorophyllide oxidoreductase (POR) (Grif-
fiths, 1975). Three nuclear genes exist which encode
three POR proteins: PORA, PORB and PORC (Armstrong
etal., 1995; Holtorf et al., 1995; Oosawa et al., 2000). The
PORA isoform accumulates in dark-grown plants in large
amounts in the prolamellar bodies inside etioplasts and is
down-regulated in the light (Apel, 1981). The PORB iso-
form is present in dark-grown plants but is not down-reg-
ulated in the light and can thus supply the necessary
chlorophyll precursors during greening (Holtorf et al.,
1995). The precursor form of PORA from barley has been
reported to being imported into barley plastids only in
the presence of its substrate Pchlide (Reinbothe et al.,
1995a,b, 1997, 2000). Chloroplasts that normally do not
contain significant levels of Pchlide imported pPORA only
after the synthesis of Pchlide from added 3-aminolevulin-
ic acid (Reinbothe etal., 1995a). Pchlide was suggested to
interact with pPORA at the envelope membranes and was
thought to enable the translocation of pPORA . However,
pPORB was readily imported into chloroplasts in the ab-
sence of Pchlide. Furthermore, when the transit peptides
were exchanged between PORA and PORB the import of
PORB became substrate dependent, while PORA con-
taining the PORB transit signal was imported also in the
absence of Pchlide (Reinbothe et al., 1997). Together, the
data suggested that import of pPORA could be regulated
through a Pchlide responsive transit peptide and that
pPORA did not use the general import pathway. In addi-
tion, it was indicated that the import of pPORA into plas-
tids was notinhibited by competition with an excess of the
precursor of the Rubisco small subunit (pSS), which uses
the general import pathway (Reinbothe et al., 2000). How-
ever in the same communication it was also reported that
the pPORA translation product was notimport competent
directly by itself after translation, but first had to be dena-
tured by urea (Reinbothe et al., 2000). It seems doubtful
whether such an approach can faithfully describe a novel
import route. In our study we use an import competent
pPORA translation product and demonstrate that its im-
portinto barley chloroplasts is independent of Pchlide.

The study of protein import into isolated organelles re-
quires an elaborate in vitro system which is delicate and
susceptible to many experimental factors, e.g. organelle
isolation and translation conditions (see below). Opti-
mized experimental conditions were used here to assay
the import of pPPORA and pPORB into barley chloroplasts.
The chloroplasts were isolated from green plants which



1264 H.Aronssonetal.

A
10000} so
8000 40
i 6000 o
& N
610 630 650
4000 | {mj
2000

620 660 700 740
Wavelength [nm]

B ___min
1 2 3 4 6 8

N ——r e =

— ——— —m

ppcns'“_“"-zq-p
=-m

C i mn_____

™ 1 4 & 8 8
pSSex + + + + =

—
pPORA

DPORA N s s o= S, a — [

—

-~ -

pPORB -—-—p-’ﬂ‘; :?n

Fig.1 The Barley PORA Precursor Protein Is Imported into
Barley Chloroplasts.

Seedlings of barley (Hordeum vulgare cv. Carina) and pea (Pisum
sativum) were grown for 8—10 days in a greenhouse before har-
vest. Plastids were isolated from leaves (Bolter etal., 1998). Crude
plastids were further enriched by density gradient centrifugation
using a 40/80% Percoll step gradient for pea and a linear 50%
Percoll gradient for barley plastids. The Percoll step gradient was
centrifuged at 7000 g for 4 min and the linear Percoll gradient at
7000 g for 8 min. The plastids were washed twice in wash medium
(8330 mwm sorbitol, 50mm Hepes/KOH, pH 7.6 and 3mm MgCl,).
Plastids were recovered by centrifugation at 20009 for 2 min.
Chlorophyll content was determined according to Arnon (1949).
(A) Fluorescence emission spectra were recorded at 77 K with the
excitation wavelength at 440 nm according to Lindsten et al.
(1988). The insert shows the same spectrum but recorded with
higher sensitivity in the region of Pchlide fluorescence emission
(compare Figure 2A). (B,C) Barley pPORA, pPORB, pea pPOR
and pSS were synthesized by coupled in vitro transcription-trans-
lation in the presence of [*°S]-methionine/cysteine (May and Soll,
2000) for 60 min at 27-30°C in a wheat germ lysate. Translation
was stopped by cooling to 4 °C and a postribosomal supernatant
was obtained by centrifugation at 100000 g for 15min. Chloro-
plasts were incubated with [*°S]-labeled wheat germ synthesized
translation product (TP) of barley PORA and PORB precursor pro-
teins for the times indicated at 25 °C essentially as described in
Waegemann and Soll (1991). The import mixture consisted of
radiolabeled precursor protein, ATP (final concentration 2 mwm)
and chloroplasts equivalentto 10 p.g chlorophyllina 100 plimport
assay. The import reaction was run in the linear time range
and terminated by the addition of icecold EDTA (final concentra-
tion 35mwm). Chloroplasts were recovered by centrifugation and
washed once prior to analysis of the proteins by SDS-PAGE and

had been in the light for 3 h of the normal night/day cycle.
These chloroplasts did not contain detectable amounts of
Pchlide, since only the typical chlorophyll fluorescence
was measurable (Figure 1A). Both pPORA and pPORB
were imported rapidly into isolated chloroplasts with sim-
ilar efficiency. A typical experimental data set is shown
out of more than 3 repeats (Figure 1B). We conclude that
pPORA can translocate and becomes processed faithful-
ly into chloroplasts in the absence of its substrate Pchlide.
Furthermore, pPORA and pPORB seem to use compo-
nents of the general import pathway. When an excess
of the precursor form of the stroma localized Rubisco
small subunit, pSS, was added, the import of pPORA and
pPORB was completely abolished, even if longer import
times were used (Figure 1C). Import of pPORA and
pPORB was also dependent on ATP (not shown). Togeth-
er the data indicated a cosubstrate-independent import
of pPORA into chloroplasts, which could be competed for
by a substrate of the general import pathway.

Although pPORA import seemed possible in the ab-
sence of Pchlide, it might be highly stimulated by the pres-
ence of its substrate. Therefore light-grown barley plants
were cut at the base of the leaf and incubated overnightin
the presence or absence of 8-aminolevulinic acid (ALA).
This treatment resulted in a large accumulation of Pchlide
inside chloroplasts as determined by the typical fluores-
cence emmission at 637 nm (Figure 2A). pPORA import
was then tested into chloroplasts containing this large
excess of endogenous Pchlide or into chloroplasts from
mock treated plants. Both the rate as well as the yield of
import were independent of the presence of endogenous
Pchlide (Figure 2B). We conclude that pPORA import into
chloroplasts is neither stimulated nor dependent on the
presence of its substrate.

Our earlier results had indicated that the POR precursor
could use components of the general import pathway (see
above, Figure 1). Toc75 forms the protein translocation
channel in the outer envelope import complex (Waege-
mann and Soll, 1991; Perry and Keegstra, 1994; Hinnah
et al., 1997). We therefore tested whether POR precursor
protein can be crosslinked to Toc75, which could indicate
the direct involvement of translocon components. The
Toc75 antiserum was raised against the pea protein
(Hinnah et al., 1997). Preliminary experiments had shown
that it was not able to immunoprecipitate barley Toc75;
therefore the subsequent experiments were done with pea

-
-

fluorography (Waegemann and Soll, 1991). Overexpressed un-
labeled pSS from inclusion bodies was used as a competitor
(Waegemann and Soll, 1995). The protein was denatured in 8m
urea and added to the import assay. The final urea concentration
did not exceeded 150 mm. p, m denote the position of the precur-
sor and mature form, respectively. (B) Time course experiment of
pPORA and pPORB importinto barley chloroplasts. (C) Competi-
tion of pPORA and pPORB import into barley chloroplasts in the
absence (-) and presence (+) of 10 uwm heterologously expressed
Rubisco small subunit precursor (pSSey).




PPOR and pea chloroplasts. Pea pPOR as well as barley
PPORA were imported into isolated pea chloroplasts in
a time- and ATP-dependent fashion (Figure 3A and not
shown), demonstrating again that even in a heterologous
system pPORA can be imported into chloroplastindepen-
dent of its substrate. The import of pea pPOR as well as of
PSS can also be competed for by the addition of overex-
pressed pSS (Figure 3B), indicating that also in this system
POR uses the general import route. Crosslinking experi-
ments were carried out under conditions which allow the
preproteins to interact and insert into the translocon, but
which do not allow complete translocation (i.e. 100 um
ATP, 2°C). Only in the presence of crosslinker several ra-
diolabeled high molecular weight products were formed
from pea pPOR (Figure 3C, lanes 1 and 3). The Toc75
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Fig.2 TheImportof pPORAIs Independent and Not Stimulated
by the Presence of Pchlide.

8-10 days old greenhouse-grown barley plants were cut at the
soil surface and immediately put into 0.1 m sucrose with or with-
out 1 mg/ml of 8-aminolevulinic acid (ALA). The plants were in-
cubated in darkness for 16 hours in a fume hood to stimulate tran-
spiration and solute uptake. Fluorescence emission spectra were
recorded as described in Figure 1. Chloroplasts were isolated
in dim green safe light from treated or non-treated plants as
described above. (A) The Pchlide content was determined by
fluorescence spectroscopy. The inset shows the Pchlide content
of mock treated leaves. Note the different scales of the relative
fluorescence emission intensity (RFE). The spectra were normal-
ized to equal fluorescence emission intensity of photosystem Il at
743 nm (not shown). (B) Chloroplasts were isolated from leaves
treated without (-) or with (+) 8-aminolevulinic acid and used
for a standard import experiment in the presence of [**S]-labeled
pPORA. The import rate is given as percentage of the total
pPORA translation product added to one import. The mean of
two independent time course experiments is shown.
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antiserum immunoprecipitated a crosslinked product of
around 120 kDa for pea pPOR (Figure 3C, lane 4). In the
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Fig.3 POR Precursor Proteins Use the General Import Route
Alsoin Pea.

(A) Purified pea chloroplasts import pea POR and barley pPORA
precursor proteins in a time-dependent manner. (B) The import of
pea pPOR as well as the import of pSS can be competed for by
heterologously expressed pSS.,. Competition of pea pPOR and
pSSimportin presence (+) of heterologous 10 M pSSe, was per-
formed simultaneously in one import reaction in a time course as-
say. The very left lane shows the longest time point in the absence
(-) of overexpressed pSS. TP denotes translation product, 10% of
which was added to an import reaction. All other conditions were
asin Figure 1. (C) Pea pPOR translation product was bound to in-
tact pea chloroplasts equivalent to 60 pg chlorophyll in 150 pl
binding buffer [330 mm sorbitol, 50 mm Hepes/KOH, pH 7.6, 3mm
MgCl,, 100 um ATP, 20 mm potassium gluconate, 10 mm methio-
nine, 10 mm cysteine, 10 mm NaHCO3, 2% (w/v) BSA] for 10 min
on ice. The chloroplasts were recovered through a 40% Percoll
cusion (Waegemann and Soll, 1991) and washed once in wash
medium before crosslinking was performed with 2.5mm sulfo-
maleimidobenzoyl-N-hydroxy-succinimide ester in 150 pl wash
medium for 15 min on ice. The chloroplasts sedimented by cen-
trifugation, were washed once in wash medium, solubilized in 2%
(w/v) SDS and used for immunoprecipitation with antiserum
against pea Toc75. A fluorogram is shown. Numbers on the left
indicate molecular mass markers in kDa.
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absence of crosslinker no labeled proteins were precipi-
tated by Toc75 antiserum (Figure 3C, lane 2). The Toc75
preimmune serum did not recognize any labeled pro-
teins (not shown). From these data we conclude that the
precursor proteins of POR from different plants use the
general import pathway.

The light-dependent conversion of Pchlide to Chlide in
angiosperm plants is a sensory element in the differentia-
tion of plastids. The POR enzyme, which catalyzes the
conversion in barley, is encoded by two genes, one pre-
dominantly expressed in the dark, PORA, and one in the
light, PORB (Holtorf et al., 1995). The possibility that the
appearance of the PORA enzyme in plastids is regulated
not only at the transcriptional level but also posttranscrip-
tionally by making itsimport dependent on the presence of
the substrate was intriguing and would allow for indepen-
dentregulatory circuits in chloroplast differentiation (Rein-
bothe et al., 1995a,b, 1997, 2000). However, the data
presented here and by Dahlin etal. (2000) clearly show that
the POR expressed in the dark only, namely pPORA, can
be imported into chloroplasts in the complete absence of
its substrate. In our experiments care was taken to
measure import in the linear range of translocation time
and not as single time points as performed by Reinbothe
et al. (2000). Furthermore, import of pPORA can be com-
peted for by a standard preprotein like pSS. This result is
again different from those reported by Reinbothe et al.
(2000), where no competition could be observed between
pPORA and pSS. Further evidence that the POR precursor
takes the general import pathway comes from our
crosslinking data (Figure 3 C) which demonstrate that pea
pPOR can be crosslinked to the protein import channel
Toc75.

What could be the reasons for these discrepancies?
Protein import into plastids is prone to several in vitro ex-
perimental pitfalls (Waegemann and Soll, 1995). A major
protein import receptor, Toc160, is extremely sensitive to
proteolysis upon cell lysis (Bolter et al., 1998; Bauer et al.,
2000; Chenetal., 2000). This very recent observation indi-
cates that Toc160 degrades with a half life of a few minutes
if not strict precautions are taken, e.g. rapid chloroplast
isolation (about 15 min)at 2 °C, orinclusion of specific pro-
tease inhibitors. Prolonged isolation or incubation proce-
dures at temperatures > 2 °C (as in Reinbothe et al., 2000)
or in the absence of selective protease inhibitors result in
the degradation of Toc160 and in the formation of prote-
olytic fragments of 86 kDa and 52 kDa. The preprotein
translocation channel Toc75 has a precursor binding site
(Kouranov and Schnell, 1997), which can mediate some
protein import even in the absence of other receptor
proteins. Denatured precursor proteins seem to directly
interact with Toc75, bypassing the receptors Toc34 and
Toc160 (Soll, unpublished). The import experiments of
pPORA (Reinbothe et al., 2000) contained no less than
600-800mMm urea in addition to other salts and osmo-
active compounds. In our studies 150 mm urea is not ex-
ceeded, because higher concentrations seemto influence
chloroplast integrity and import competence. It is evident

that the functional integrity of the Toc complex strongly
influences the requirements for import in vitro.

The nature of a precursor protein after in vitro translation
depends largely on the experimental conditions used.
Synthesis in a wheat germ lysate, as also used for POR
(Reinbothe et al., 1995a, 1997, 2000), results in at least
four different preprotein populations. The preproteins can
be found as monomers, various hetero-oligomers in as-
sociation with cytosolic proteins or aggregated (May and
Soll, 2000). The different precursor forms differ in import
competence. The ratio between the precursor popula-
tions is determined by the translation conditions used
(May and Soll, 2000); prolonged incubation times > 60 min,
elevated temperatures > 30 °C or ATP >1 mm lead to more
monomeric and especially aggregated proteins, which
require special conditions to regain their import compe-
tence.

It is difficult to pinpoint which experimental deviations
described above actually caused the failure of barley
pPORA to import into chloroplasts in the absence of Pch-
lide (Reinbothe et al., 1995a, b, 1997, 2000), but in these
studies an urea denatured preprotein had to be used since
the translated protein was not import competent (Rein-
bothe et al., 2000). The presence of large amounts of the
substrate might somehow induce or stabilize an import
competent state of the denatured protein in vitro. This is
certainly unusual, but we doubt that the failure of a given
protein to import under certain conditions is conclusive
evidence for a new import pathway especially when an
unfolded denatured preprotein is used. Our positive im-
portresults of barley pPORA into barley chloroplastsinthe
absence of substrate demonstrate, that Pchlide has no
essential or regulatory role in the import of pPORA.
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