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Abstract The prolamellar body (PLB) proteome of dark-
grown wheat leaves was characterized. PLBs are formed
not only in etioplasts but also in chloroplasts in young
developing leaves during the night, yet their function is not
fully understood. Highly purified PLBs were prepared from
7-day-old dark-grown leaves and identified by their spec-
tral properties as revealed by low-temperature fluorescence
spectroscopy. The PLB preparation had no contamination
of extra-plastidal proteins, and only two envelope proteins
were found. The PLB proteome was analysed by a com-
bination of 1-D SDS-PAGE and nano-LC FTICR MS. The
identification of chlorophyll synthase in the PLB fraction is
the first time this enzyme protein was found in extracts of
dark-grown plants. This finding is in agreement with its
previous localization to PLBs using activity studies.
NADPH:protochlorophyllide oxidoreductase A (PORA),
which catalyses the reduction of protochlorophyllide to
chlorophyllide, dominates the proteome of PLBs. Besides
the identification of the PORA protein, the PORB protein
was identified for the first time in dark-grown wheat.
Altogether 64 unique proteins, representing pigment bio-
synthesis, photosynthetic light reaction, Calvin cycle
proteins, chaperones and protein synthesis, were identified.
The in number of proteins’ largest group was the one
involved in photosynthetic light reactions. This fact
strengthens the assumption that the PLB membranes are
precursors to the thylakoids and used for the formation of
the photosynthetic membranes during greening. The pres-
ent work is important to enhance our understanding of the
significance of PLBs in chloroplast development.

L. A. Blomgyvist ((X) - M. Ryberg - C. Sundqvist
Department of Plant and Environmental Sciences, Goteborg
University, P.O. Box 461, 405 30 Goteborg, Sweden
e-mail: Lisa.Blomqvist@dpes.gu.se

Keywords Chlorophyll synthase - Chloroplast
development - Etioplast - NADPH:protochlorophyllide
oxidoreductase - Prolamellar body

Abbreviations

1-D One-dimensional

2-D Two-dimensional

comp-PLB  Comparative-PLB

EPIM Etioplast inner membrane

nano-LC Nanoliquid chromatography

FTICR MS  Fourier transform-ion cyclotron resonance
mass spectrometry

Pchlide Protochlorophyllide

PLB Prolamellar body

POR NADPH:protochlorophyllide
oxidoreductase

PT Prothylakoid

SDS-PAGE  Sodium dodecyl sulphate polyacrylamide
gel electrophoresis

Introduction

Chlorophyll biosynthesis and chloroplast development is
favourably studied during the transition of dark-grown
plastids, etioplasts, to chloroplasts. The etioplast inner
membranes (EPIMs) are distinguished as two structurally
different, but in several respects similar, systems, namely
the tubular prolamellar bodies (PLBs) and the flat mem-
branes, the prothylakoids (PTs). PLBs of dark-grown plants
have been studied extensively (for review, see e.g. Ryberg
and Sundqvist 1991; Sundqvist and Dahlin 1997), though
their exact role during etioplast-to-chloroplast transition is

@ Springer



38

Photosynth Res (2008) 96:37-50

still not known. PLBs are believed indeed to play a role in
the chloroplast differentiation process, e.g. in young cells
and in cotyledons (Rascio et al. 1980; Rebeiz and Rebeiz
1986; Solymosi et al. 2007). The significance of PLBs for a
rapid onset of photosynthetic activity is obvious, as PLBs
host a pool of protochlorophyllide (Pchlide) that is rapidly
reduced and esterified to chlorophyll upon illumination
(Riidiger et al. 1980; Ryberg and Sundqvist 1988, 1991).
Thus, PLBs have been proposed to enhance photomor-
phogenesis (Sundqvist and Dahlin 1997).

The dominating protein of PLBs is the enzyme
NADPH:protochlorophyllide oxidoreductase (POR), which
catalyses the light-dependent reduction of Pchlide to
chlorophyllide (Chlide) in higher plants (Ikeuchi and
Murakami 1982; Ryberg and Sundqvist 1982; Lindsten
et al. 1988). Several isoforms of this enzyme, named
PORA, PORB and PORC, have been detected, and their
presence or role in various species or tissues may vary (e.g.
Armstrong et al. 1995; Holtorf et al. 1995; Masuda et al.
2003; Donnelly et al. 2005; von Zychlinski et al. 2005).
Upon illumination, most of the accumulated Pchlide of
dark-grown plants is rapidly reduced to Chlide. Pchlide is
present in different spectral forms. The low-temperature
(77 K) fluorescence emission spectra of Pchlide in leaves
show typical peaks at about 633 (Pchliderg3;) and 657
(Pchlideggs7) nm. The main reason for the formation of
different spectral forms of Pchlide is differences in the
association between Pchlide, NADPH and the POR protein
and the aggregation of this pigment-protein complex
(Ryberg and Sundqvist 1991; Schoefs and Franck 2003).
Pchlidegg;; can only to a limited amount be phototrans-
formed to Chlide (Kdsa et al. 2005), while Pchlideges; is
readily transformed with a short (ms) flash of light. This
phototransformable form of Pchlide is present in ternary
complexes of POR, Pchlide and NADPH and is by far the
most abundant Pchlide form in PLBs (e.g. Ryberg and
Sundqvist 1982, 1988, 1991). The aggregation of the
complexes in PLBs is believed to be associated with the
highly regular structure of PLBs in dark-grown leaves
(Ryberg and Sundqvist 1988; Boddi et al. 1989; Selstam
1998).

The localization of chlorophyll synthase, which cataly-
ses the esterification of Chlide to chlorophyll, has not been
successful up to now. The activity of this enzyme has been
studied extensively (for review, see Schmid et al. 2001).
Esterification of Chlide was possible in both PLB- and PT-
enriched fractions, but enzyme activity was latent in PLBs
as long as the PLB structure was well preserved (Lindsten
et al. 1990). Later experiments indicated a translocation of
chlorophyll synthase from transforming PLBs to develop-
ing thylakoids (Lindsten et al. 1993). The gene has been
cloned and the protein characterized for Arabidopsis
(Gaubier et al. 1995; Oster and Riidiger 1997), Avena
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(Schmid et al. 2001) and Oryza (The International Rice
Genome Sequencing Project).

The aim of the present work was to analyse the PLB
proteome, including tentative hydrophobic proteins lost in
our previous study (Blomqvist et al. 2006), to enhance our
understanding of the significance of PLB membranes in
etioplasts and their transition to chloroplasts. As an
informative subetioplast proteomic study requires highly
purified organelle subfractions, the procedure for PLB
purification was optimized. Screening of the subetioplast
location of enzymes active in pigment biosynthesis, as
well as of other proteins, will provide valuable informa-
tion for the understanding of plastid development. The
protein compositions of EPIMs (Blomgqvist et al. 2006)
and whole etioplasts (von Zychlinski et al. 2005; Kleff-
mann et al. 2007) have been analysed, though no previous
study has focused on the PLB proteome. We adopted a
relatively new combination of analytical methods, with
high potential in proteomic analysis—the one-dimensional
(1-D) sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) combined with nanoliquid
chromatography Fourier transform-ion cyclotron reso-
nance mass spectrometry (nano-LC FTICR MS), an
approach used with great success (Olsen et al. 2004;
Carlsohn et al. 2006). By this method, proteins are sepa-
rated by SDS-PAGE, and gel pieces from an entire sample
lane are excised and subjected to mass spectrometry
analysis. The use of SDS-PAGE allows separation of
proteins within a high dynamic range, compared to the
two-dimensional (2-D) PAGE approach, which is limited
by e.g. discrimination against hydrophobic proteins and
proteins with high or low molecular masses. However, it
should be mentioned that the 1-D SDS-PAGE separation
of proteins does not discriminate between different iso-
electric isoforms of proteins. Nano-LC coupled to FTICR
MS is currently the most powerful proteomic approach in
terms of overall separation power and sensitivity and is
thus compatible with the analysis of mixtures of many
proteins (Zimmer et al. 2006). Using this method we
determined the proteome of PLBs from etioplasts of dark-
grown wheat and managed to identify 64 proteins
including chlorophyll synthase, PORB and 20 proteins
known to participate in the photosynthetic light reactions.

Materials and methods

Plant material and isolation of PLBs

Wheat grains (Triticum aestivum L. cv. Kosack, Weibull,
Landskrona, Sweden) were grown in darkness for 7 days at

23°C. The isolation procedure for PLBs was based on a
method described by Ryberg and Sundqvist (1982), but
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with several modifications. Figure 1 shows a simplified
scheme of the method used here.

Purification of etioplasts

Leaf tissue from 3-cm sections taken 2 cm from the leaf
tips was used for the isolation of etioplasts in order to
obtain a homogenous etioplast population. Around 30 g
leaf material was homogenized in 250 ml sorbitol medium
(0.3 M sorbitol, 5 mM MgCl,, 5 mM EGTA, 5 mM
EDTA, 10 mM NaHCO;, 20 mM HEPES/KOH pH 8.0)
(Aronsson and Jarvis 2002). The homogenate was filtered
through two layers of gauze and four layers of nylon cloth.
The leaf residue was rehomogenized in 100 ml sorbitol
buffer. The filtered homogenates were combined and cen-
trifuged at 270g for 6 min and the pellet, likely of nuclei,

Homogenisation and centrifugations

Crude etioplasts

Percoll gradient centrifugation®

[ S—

Broken etioplasts

Intact etioplasts

Washing of intact etioplasts

Osmotic shock of intact etioplasts
Discontinuous sucrose gradient centrifugation®

0.3 M sucrose {
0.6 M sucrose {

Envelope
0.93 M sucrose {

EPIM
Washing of EPIM

Sonication of EPIM

Bottom-loaded continuous sucrose gradient centrifugation

PT/PLB

10-50% sucrose PLB

Fig. 1 The flow scheme for the isolation of highly purified
prolamellar bodies (PLBs). *Two purification steps added to the
protocol by Ryberg and Sundqvist (1982). EPIM, etioplast inner
membrane; PT, prothylakoid. For further details, see ‘Materials and
methods’

was discarded. Etioplasts were collected by centrifugation
at 1,100g for 10 min. This centrifugation step was repeated
once after resuspension of the pellet in sorbitol medium.
Crude etioplasts were resuspended in 2 ml sorbitol medium
and subjected to Percoll gradient centrifugation. The Per-
coll gradient [50% (v/v) Percoll (Amersham Biosciences,
Uppsala, Sweden) in sorbitol buffer with a trace of glu-
thathion] was performed by centrifugation at 28,000g for
30 min. The etioplast suspension was layered on top of the
gradient and centrifuged at 5,300g for 10 min. Two yel-
lowish bands were obtained and checked for plastid
intactness by phase-contrast microscopy (Olympus BXS50).
The lower band, containing intact etioplasts, was collected
and washed twice in sorbitol medium by centrifugation at
1,400g for 10 min. The pellet was resuspended in sucrose
medium (0.5 M sucrose, 1 mM MgCl,, 20 mM TES,
10 mM HEPES and 1 mM Na,—EDTA, pH 7.2).

Purification of EPIMs

Purified intact etioplasts were lysed in shock medium
(1 mM MgCl,, 20 mM TES, 10 mM HEPES and 1 mM
Na,-EDTA, pH 7.2). The lysed suspension was layered on
top of a discontinuous sucrose gradient (0.93, 0.6, 0.3 M
sucrose in shock medium). Envelope membranes were
separated from the EPIMs by centrifugation at 73,000¢ for
1 h. The envelope fraction was collected at the 0.93/0.6 M
interface (Bahl et al. 1976; Ferro et al. 2003). The pellet,
containing EPIMs, was resuspended in a few ml of sucrose
medium, diluted with shock medium, and centrifuged at
10,000g for 15 min. This washing step was repeated once.
EPIMs were resuspended in 50% (w/v) sucrose in shock
medium containing 3 mM NADPH.

Purification of PLBs

The EPIM suspension was sonicated and subjected to cen-
trifugation in bottom-loaded continuous sucrose gradients
[10-50% (w/v) sucrose in shock medium, Ryberg and
Sundqvist 1982]. The gradients were centrifuged at 93,000g
for 14.5 h. The centrifugation resulted in two bands. Sam-
ples from the two bands were withdrawn for fluorescence
spectra. All steps up to this point were performed under
weak green light. The remains of the two bands were col-
lected under white light for maximum yield and to avoid
mixing. The PLB fraction, collected from the lower band,
was diluted with seven volumes of shock medium and
centrifuged at 19,000g for 1 h. The resulting pellet was
resuspended in sodium dodecyl sulphate (SDS) sample
buffer [2.5% (w/v) SDS, 60 mM dithiothreitol and
62.5 mM Tris—Cl, pH 6.8] and proteins were denatured
according to Blomgvist et al. (2006). The protein content of
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an SDS-solubilized PLB fraction without dithiothreitol was
determined according to the method of Lowry et al. (1951).

Pigment analyses

The various fractions were analysed for presence of
Pchlide spectral forms. Samples of intact leaves, different
etioplast fractions (crude, intact and broken) as well as of
all other membrane fractions were frozen in liquid nitrogen
and fluorescence emission spectra were recorded. The very
same samples were then irradiated for 10 min at 255 K,
and new spectra were recorded to show the phototrans-
formability of Pchlide. Spectra were recorded at 77 K
using a Fluorolog 3 spectrofluorimeter (Spex instruments
S.A. Inc., New Jersey, USA). The excitation was set at
440 nm. The spectra were smoothed and corrected for the
spectral sensitivity of the photomultiplier and then nor-
malized to the highest peak. The presented spectra are the
averages of at least two recordings.

1-D gel electrophoresis and in-gel protein digestion

A sample of the PLB fraction, containing 50 ng of protein,
was precipitated with aceton (80%) and resuspended in SDS-
PAGE sample buffer [2% (w/v) SDS, 30% (w/w) glycerol,
50 mM dithiothreitol, 0.01% (v/w) bromophenol blue,
62.5 mM Tris, pH 7.2] and loaded on a Criterion gradient
gel, 10.5-14% (Bio-Rad technologies, Hercules, USA).
After staining the gel with Coomassie brilliant blue R-250
(Bio-Rad), a 2 mm broad gel slice was cut along the entire
lane and divided into six pieces. Similarly, and for compar-
ison, a sample (comp-PLB) was excised between 27 and
37 kD from a gel of separated proteins from PLBs isolated
according to the protocol by Ryberg and Sundqvist (1982).

The method for in-gel protein digestion with trypsin,
described by Shevchenko et al. (1996), was applied with
some minor modifications. Briefly, the gel pieces were
destained by washing three times in 25 mM NH4HCO; in
50% CH;CN and once in 25 mM NH4HCO; in 50%
CH;O0H. Gel pieces were dried in a vacuum centrifuge and
incubated with digestion buffer (50 mM NH4HCOj3, 10 ng/ul
trypsin) at 37°C overnight. Peptides were extracted in 50%
CH;3CN/1% CH3COOH and the supernatant was evaporated
to dryness in a vacuum centrifuge. Prior to MS analysis, the
peptides were reconstituted in 0.2% HCOOH.

Nanoflow-LC FTICR MS

Two-microlitre sample injections were made with an HTC-
PAL autosampler (CTC Analytics AG, Zwingen,
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Switzerland) equipped with a Cheminert valve (0.25 mm
bore, C2V-1006D-CTC, Valco Instruments Co, Schenkon,
Switzerland), connected to an Agilent 1100 binary pump
(Agilent Technologies, Palo Alto, CA, USA). The peptides
were trapped on a precolumn (45 x 0.075 mm i.d.) packed
with 3 um C,g-bonded particles and separated on a
reversed-phase column, 200 x 0.050 mm. Both columns
were packed in-house with 3 pm Reprosil-Pur C;g-AQ
particles (Dr Maisch, GmbH, Germany). The flow through
the analytical column was reduced by a split to approxi-
mately 100 nl/min. A 40 min gradient of 10-50% CH;CN
in 0.2% COOH was used for separation of the peptides.

The nanoflow LC-MS/MS was performed on a hybrid
linear ion trap-FTICR mass spectrometer equipped witha 7T
ICR magnet (LTQ-FT, Thermo Electron, Bremen, Ger-
many) equipped with a nanospray source modified in-house.
The spectrometer was operated in a data-dependent mode,
automatically switching to MS/MS mode. MS spectra were
acquired in the FTICR, while MS/MS spectra were acquired
in the LTQ trap. For each scan of FTICR, the three most
intense, doubly or triply charged, ions were sequentially
fragmented in the linear trap by collision-induced dissocia-
tion. All the tandem mass spectra were searched by
MASCOT (Matrix Science, London) against the NCBInr
database, restricted to plants. The search parameters were set
to: MS accuracy of 5 ppm, MS/MS accuracy of 0.5 Da, one
missed cleavage by trypsin allowed, fixed propionamide
modification of cysteine and variable modification of oxi-
dized methionine. For protein identification, the minimum
criteria were at least one peptide matched at, or above, the
99% level of confidence and one at the 95% level.

Bioinformatic analyses

The TargetP program (http://www.cbs.dtu.dk/services/
TargetP/) was used for the prediction of transit peptides
of the identified proteins not annotated with a location in
the NCBI database (http://www.ncbi.nlm.nih.gov/). The
unassigned identified proteins were searched against the
Swiss-Prot database for homologous proteins using the
Blast program (http://www.expasy.org/tools/blast/). A
function was assigned for proteins sharing at least one of
the matched peptides with the homologue.

Results

The novel systematic analysis of the PLB fraction from
dark-grown wheat identified 64 unique proteins (Table 1).
The modified protocol for PLB isolation (Fig. 1) developed
in the present study resulted in highly purified PLBs as
confirmed by pigment and proteomic analyses.
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Table 1 Proteins identified in prolamellar bodies (PLBs) from dark-grown wheat

Protein name® Mass Accession Cover % Protein source® Genome® Additional
(kDa) number® MS* bioinformatic
analysis®

Pigment biosynthesis

PORA (NADPH:protochlorophyllide 41.4 gil510677 75 Triticum aestivum N
oxidoreductase A)

PORB (NADPH:protochlorophyllide 42.4 gil683476 63.5 Hordeum vulgare N
oxidoreductase B)

Protoporphyrinogen IX oxidase 57.2 gil6715441 32 Zea mays N

Mg-protoporphyrin IX ester cyclase 48.4 gil58617796 32.1 Hordeum vulgare N

Chlorophyll synthase 41.1 gil7378659 8.5 Avena sativa N

GGH (Geranylgeranyl hydrogenase) 51.1 gil72256525 38.1 Triticum aestivum N

Phytonene desaturase 46.4 gil19879445 6.4 Hordeum vulgare N

Photosynthetic light reaction

CFlo (ATP synthase o-chain, AtpA) 553 gil14017569 50.8 Triticum aestivum C

CF1p (ATP synthase ff-chain, AtpB) 53.9 gil14017579 61.2 Triticum aestivum C

CFle (ATP synthase e-chain, AtpE) 15.3 gil67870 43.8 Hordeum vulgare C

CF1y (ATP synthase y-chain, AtpC) 40.2 gil110278822  12.5 Zea mays N

CFO b (ATP synthase B-chain, AtpF) 21.0 gil224550 36.1 Triticum aestivum C

OEC16 (Oxygen-evolving complex 16 kDa, 20.1 gil32400800 27.7 Triticum aestivum N
PsbQ)

OEC23 (Oxygen-evolving complex 23 kDa, 27.5 gil21837 26.4 Triticum aestivum N
PsbP)

OEC33 (Oxygen-evolving complex 33 kDa, 35.0 gil21844 335 Triticum aestivum N
PsbO)

PC (Plastocyanin) 15.8 gil130269 20.6 Hordeum vulgare N

Cyt b559 (Cytochrome 0559 alpha chain, PsbE) 9.5 gil14017588 22.9 Triticum aestivum C

Cyt b6 (Cytochrome b6, PetB) 26.2 gil11596 14.2 Hordeum vulgare C

Cyt f (Cytochrome f, PetA) 35.5 gil758344 48.8 Triticum aestivum C

10 kD phosphoprotein (PsbH) 7.8 gill1595 41.1 Hordeum vulgare C

Rieske Fe-S protein (PetC) 242 gil32394644 25.7 Triticum aestivum N

FNRI (Ferredoxin-NADPH oxidoreductase) 39.3 gil20302471 38.8 Triticum aestivum N

FNRII (Ferredoxin-NADPH oxidoreductase) 40.6 gil20302473 51.5 Triticum aestivum N

PsbS (PSII subunit, 22 KDa, PSII-S) 27.9 2il34908652 21.6 Oryza sativa N

Hcf136 (PSII stability/assembly factor) 45.5 2il54291349 233 Oryza sativa N

PS1 assembly protein (Stress-inducible protein) 14.6 gil50944589 11.6 Oryza sativa N

PSII lumenal subunit 31.8 £il50878369 12.7 Oryza sativa N

Calvin cycle

RbcS (Ribulose-1,5-bisphosphate carboxylase ~ 19.8 gil1167948 35.1 Hordeum vulgare N
small subunit)

RbcL (Ribulose-1,5-bisphosphate carboxylase  53.5 £il61378609 31.2 Australopyrum C
large subunit) retrofractum

RcaB (Ribulose 1,5-bisphosphate carboxylase  47.5 gil167095 29.2 Hordeum vulgare N
activase)

GAPA (Glyceraldehyde-3-phosphatase A) 43.1 gil50924788 154 Oryza sativa N TargetP:C2

FBP aldolase (Fructose 1,6-bisphosphate 42.2 gil8272480 54 Avena sativa N
aldolase)

Chaperones/proteases

FtsH 72.6 2il52075838 219 Oryza sativa N

FtsH 76.2 gil1483215 26.8 Arabidopsis thaliana N

ClpC 98.6 2il50923949 7.3 Oryza sativa N
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Table 1 continued

Protein name® Mass (kDa) Accession number® Cover % Protein source? Genome® Additional
MS*© bioinformatic
analysisf
FKBP-type PPlase 27.7 gil50948109 10.3 Oryza sativa N TargetP:Cl
Cyclophilin-type PPlase (CYP38) 48.2 2il45680876 8.5 Arabidopsis thaliana N TargetP:C1
Cyclophilin-type PPlase (CYP20) 26.1 gil37788308 23.7 Triticum aestivum N TargetP:C1
Protein synthesis
Poly A polymerase 50.5 2il2623246 10.1 Pisum sativum N TargetP:C4
RpoA (RNA polymerase alpha subunit) 39.2 gil12372 8.8 Triticum aestivum C
RpoB (RNA polymerase beta subunit) 122.1 2il902212 4.9 Zea mays C
CL9 (Plastid ribosomal protein CL9) 21.6 gil22204126 13.6 Triticum aestivum N
L11 (Ribosomal protein L11) 23.4 gil50916344 10.9 Oryza sativa N
L12 (Ribosomal protein L12) 18.4 2il288584 19 Secale cereale N
L14 (Ribosomal protein L14) 13.7 2il14017608 47.2 Triticum aestivum C
L19 (Ribosomal protein L19) 25.5 gil14140122 7.7 Oryza sativa C
Other/unknown functions
PrxQ (Peroxiredoxin Q) 23.8 gil55833012 38.7 Triticum aestivum N
APX (Thylakoid-bound ascorbate peroxidase) 41.5 gil25992557 222 Triticum aestivum N
Oxidase (IM1) 26.6 2il9837152 7.6 Triticum aestivum N
DNAJ homologue 47.5 gil16326131 53 Oryza sativa N
HAD-superfamily hydrolase 117.8 gil108707786 1.8 Oryza sativa N
NADH dehydrogenase J 18.8 gil14017575 13.8 Triticum aestivum C
Ferritin 28.4 2il49615739 7.8 Triticum monococcum N
Thylakoid lumenal 20 kDa protein-like 29.0 2il55296826 8.5 Oryza sativa N
Unknown (Similar to thylakoid lumenal protein) 34.7 2il54290425 6.7 Oryza sativa N BLAST (7E-
78)
Unknown 28.9 2il50944807 20.7 Oryza sativa N TargetP:C2
Unknown 20.7 gil34895746 20.2 Oryza sativa N TargetP:C3
Unknown 19.4 gil77556201 10.0 Oryza sativa N TargetP:C4
Unknown 27.8 £il34905300 12.7 Oryza sativa N TargetP:C1
Unknown 38.0 2il50928489 7.5 Oryza sativa N TargetP:C3
Unknown 42.0 gil50917939 10.6 Oryza sativa N TargetP:C2
Envelope proteins
Chloroplast inner envelope protein 108.3 gil37535626 2.8 Oryza sativa N
Fatty acid hydroperoxide lyase 539 2il22265999 55 Hordeum vulgare N

Proteins were separated by SDS-PAGE and identified by nano-LC FTICR MS. All proteins were identified with at least one peptide at, or above,
the 99% level and one peptide at the 95% level

? Protein name/protein name abbreviation

® Accession number in the NCBI database of the identified protein sequence

¢ The percentage of the identified protein’s sequence covered at 5 ppm for the MS/MS peptides
4 The source organism of the identified protein

¢ The genome coding for the protein. C, chloroplast genome; N, nuclear genome

T One of the unknown proteins could be assigned by homology using the Blast program (with the corresponding E-value). The TargetP was used
for the prediction of location for unknown proteins and for proteins not annotated with a location. The sequence contains a predicted chloroplast
(C) transit peptide; reliability class 1-5, where 1 indicates the strongest prediction

Purification of PLBs Steer 1996; Wellburn et al. 1986, see ‘Materials and

methods’). The PLB isolation procedure was based on the
PLBs were isolated from the part of dark-grown wheat  method described by Ryberg and Sundqvist (1982) but with
leaves that contains well-developed etioplasts, which rap-  certain modifications in order to optimize the purity
idly turn into chloroplasts upon illumination (Gunning and  (Fig. 1). The first modification was etioplast purification by
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Percoll gradient centrifugation, which resulted in a signif-
icant reduction of broken etioplasts (Aronsson and Jarvis
2002). At the same time the intact etioplasts were purified
from contaminants from nuclei and mitochondria. Two
yellowish bands were obtained as well as a brown-white
pellet not further analysed. Intact etioplasts were concen-
trated to the lower band, as verified by phase-contrast
microscopy.

Using of the protocol from Ryberg and Sundqvist (1982)
might lead to a comigration of envelope membranes and
EPIMs. To diminish the comigration intact etioplasts were
lysed and subjected to discontinuous sucrose gradient
centrifugation. EPIMs were concentrated in the pellet
while envelope membranes were trapped at the 0.93/
0.6 M interface (Bahl et al. 1976; Ferro et al. 2003).
The envelope fraction contained known envelope proteins
such as the triose phosphate translocator and Toc34, as
proven by proteomic analyses (data not shown). The pig-
ment dominating the envelope fraction was the non-
phototransformable Pchlidegss3, while phototransformable
Pchlidergs; was the dominating pigment of the EPIM
fraction (Fig. 2a). The Pchlide present in the envelope
fraction was not transformed to Chlide during irradiation.
To separate PLBs from PTs, EPIMs were sonicated in 50%
sucrose medium in the presence of 3 mM NADPH to
increase the preservation of native Pchlide-POR complexes
(cf. Ryberg and Sundqvist 1988). The membranes were
then subjected to bottom-loaded continuous sucrose gra-
dient centrifugation giving a separation of the membranes
into two bands.

The lower band contained PLBs and the upper band
contained PTs and fragments of PLBs. This conclusion is
based on studies where PLBs and PTs were characterized
by their spectral properties in combination with electron
microscopy (Ryberg and Sundqvist 1982, 1988, 1991;
Lindsten et al.1988). The position of the PLB band in the
gradient was approximately at the same density as in Ry-
berg and Sundqvist (1982) and showed spectral properties
of PLBs. This band was used for the analysis of the PLB
proteome. NADPH preserved the PLB structure intact
through the final collection and centrifugation steps,
despite collection in light, as indicated by the preservation
of the Chlidegeg, (Fig. 2c, cf. Ryberg and Sundqvist 1988).
The upper band contained Pchlideggs; as well as Pch-
lidegrgss (Fig. 2b). This band is enriched in PTs, but
contains also fragments of PLBs and is here referred to as
the PT/PLB fraction.

Separation and identification of PLB proteins

PLB proteins were analysed by combining SDS-PAGE
with nano-LC FTICR MS, an extremely sensitive and
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Fig. 2 Fluorescence emission spectra of membrane fractions iso-
lated from wheat etioplasts. Samples were frozen in liquid nitrogen
and spectra recorded at 77 K. The excitation wavelength was
440 nm. (a) Fractions of envelope (envel) and etioplast inner
membrane (EPIM) separated by a discontinuous sucrose gradient
before and after illumination (ill) at 255 K for 10 min; (b)
Prolamellar body (PLB) fraction and a mixed membrane fraction
(PT/PLB) before and after illumination (ill) at 255 K for 10 min; (c)
Sample of PLB fraction collected (PLB col) in white light and
sample of the PLB fraction after pelleting and resuspension (PLB
cent) for solubilization in SDS buffer. The preservation of Chlideggoy
during centrifugation indicates the conservation of the regular PLB
structure

accurate proteomic approach (Olsen et al. 2004; Carlsohn
et al. 2006). The SDS-PAGE allows the separation of
proteins with various hydrophobicity in a wide molecular
mass range. All proteins presented in Table 1 and Fig. 3
were unambiguously identified with a high confidence
level (see ‘Materials and methods’). This proteomic
approach, SDS-PAGE combined with mass spectrometry,
however, does not reveal any quantitative differences in the
expression rates of different proteins. Consequently, this
approach allows only a mapping of which proteins are
present in the gel at a detectable level. It should also be
mentioned that a prerequisite for a separated protein to be
identified is that it is either sequenced in the organism
being examined, or that it shares a high sequence similarity
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A B Proteins identified in comp-PLB
Protein name" Mass Accession Cover% Additional
PLB (kDa) number® MS®  bicinformatic
. analysis’
previous protocol Plastid proteins identified also in the PLB-fraction (Table 1)
PORA (Pr phyllide A) 414 gill0720235 51,8
PORB (Pr phyllide oxi B) 424 gill0720236 218
Chlorophyll synthase 412 gi378659 10,6
CFly (ATP synthase y-chain, AtpC} 402 gill10278822 12,5
Cyt F(Cytochrome f, PetA) 355 gill4017584 38,8
OEC33 (Oxygen evolving complex 33 kDa, Psb0) 266 gil739292 46,6
FNRI (F in-MADPH oxi 393 giR0302471 10.5
FNRII (F in-NADPH 406  gil20302473 23
PshS (PSIT subunit, 22KDa, PSI1-S) 279 gill15441299 158
Hefl136 (PSI stahility/assembly factor) 455 gis252730 154
FBP aldolase (Fructose | 6-bisphosphate aldolase) 424 giR18155 129
Unknown (Similar to thylakoid lumenal protein) 345 gil54290426 6,7 Blast: 3E-76
~37 kDa Plastid proteins not identified in the PLB-fraction (Table 1)
lope triose phosph 1 435 gill3195734 72
comp-PLB Harpin binding protein 1 295 giB867933l 332
Mg-protoporphyrin IX meth L 351 gilb006382 89
~27 kDa Ribosomal protein L3 230 giM2409125 219
Cyclophilin PPlase 363 gill 15475740 6,7 TargetP: C2
Unknown 328 gill15461160 57 TargetP: C1
Unknown 380 gi8344143 9.5 TargetP: C3
Unknown 319 gill 15440489 52 TargetP: C1
Unknown 376 gill 15459540 6,4 TargetP: Cl
Mi ial proteins not identified in the PLB-fraction (Table 1)
ADP/ATP carrier protein 360 gil9a48e2 178
Prohibitin-like protein 162 gil63080996 124
Malate dehydrogenase 365  giR1388550 93
2-oxoglutarate 325 gillloo739 6,6
Cytochrome ¢ oxidase 29.9  gill4321 6,5
Nuclease 351 gil58531976 10,5  TargetP: M5
Unknown 295 gill15441101 56 TargetP; M5

Fig. 3 (a) SDS-PAGE of prolamellar bodies (PLBs) isolated accord-
ing to (Ryberg and Sundqvist 1982). The sample was denatured in
SDS buffer, separated in a 10.5-14% gradient gel and stained with
Coomassie brilliant blue R-250. A sample of proteins, comp-PLB,
was excised from the lane as indicated and analysed by nano-LC
FTICR MS for comparison with the PLB fraction using the new

with a sequenced protein from another organism. It is thus
likely that the proteome of PLBs consists of more proteins
than the ones identified in the present analysis.

The modified protocol for PLB isolation used in this
study resulted in an improved purity of the PLB fraction.
For a comparison a sample of PLB proteins, here referred
to as comp-PLB (Fig. 3), was isolated using the protocol of
Ryberg and Sundqvist (1982). The comp-PLB contained
several proteins, which were not found in the present PLB
fraction. Of the 28 identified proteins in the comp-PLB,
seven are mitochondrial proteins (25%) and one is the most
abundant protein of envelopes, the triose phosphate trans-
locator. Nine true plastid proteins (see below for criteria of
accepted true plastid proteins) were identified in the comp-
PLB but not in the PLB fraction.

Proteome of the PLB fraction

The lack of contaminants in the PLB fraction isolated in
this novel study was confirmed by proteomic analyses
(Fig. 4, Table 1). Proteins from the mitochondrion, an
organelle known to be a classical contaminant of purified
plastids (Ferro et al. 2003), were totally excluded from the
PLB fraction. Neither were any nucleus proteins found. All
64 identified proteins can be considered as genuine plastid
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protocol. (b) Of the 28 proteins identified by nano-LC FTICR MS
analysis, 12 proteins were identified in both the comp-PLB and in the
PLB fraction. Nine plastid proteins as well as seven mitochondrial
proteins were identified in the comp-PLB sample but not in the PLB

fraction. (a’c’rsee footnotes in Table 1; M, mitochondrial transit
peptide)

proteins. Proteins were accepted as true plastid proteins
when they either were annotated as plastid proteins in the
NCBI/TrEMBL databases, were predicted to have a plastid
transit peptide or were highly homologous to a known
plastid protein. The presence of some stromal proteins
probably reflects the trapping of these proteins within the
three-dimensional network of the PLBs (Wellburn et al.
1977, 1982). The identification of merely two envelope
proteins raises the question on how the inner envelope
participates in the formation of EPIMSs, which is discussed
later.

For most of the identified proteins the possible functions
were previously described or assessed here by homology
searches using the bioinformatic tool Blast. Many of the
proteins are directly or indirectly involved in the photo-
synthetic machinery. Seven different enzymes involved in
pigment biosynthesis were identified. Interestingly, the
chlorophyll synthase protein was identified for the first
time in plant extracts, and PORB was identified for the first
time in dark-grown wheat.

A considerable number of proteins participating in the
photosynthetic light reactions were identified in the PLB
fraction, though only one known chlorophyll a/b-binding
protein (PsbS) was identified. Fourteen of the 64 identified
proteins are encoded by the chloroplast genome in wheat.
Six proteins, with predicted plastid transit peptides but with
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250 kD [
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Fig. 4 SDS-PAGE separation of proteins from purified prolamellar
bodies (PLBs). The sample was denatured in SDS buffer, separated
in a 10.5-14% gradient gel and stained with Coomassie brilliant blue
R-250. A gel slice of the entire lane was excised and divided into six
pieces as indicated in the Figure. The mass spectra produced by nano-
LC FTICR MS of the six gel pieces were merged before MASCOT
searches. The heavy band at 34 kDa corresponds to NADPH:proto-
chlorophyllide oxidoreductase A (PORA)

unknown functions, could not be assessed a function by
homology searches. These proteins represent proteins that
potentially comprise a novel etioplast function.

Discussion

The number of previously described PLB proteins is rather
few. Rough estimations of the protein composition of PLBs
has been based mostly on SDS-PAGE gel patterns and
concluded to be rather simple (for review, see Bruce et al.
1998). The dominating protein of PLBs is POR (Ikeuchi
and Murakami 1982; Ryberg and Sundqvist 1982). Pres-
ence of a number of other proteins have been observed,
though shown only for the large subunit of Ribulose-1,5-
bisphosphate carboxylase (RbcL) and cytochrome f (e.g.
Liitz et al. 1981; Shaw et al. 1985; Lindsten et al. 1988).
During the past decades the refinements of sensitivity and
accuracy of mass spectrometry and bioinformatic data
analysis have highly improved the identification of

complex protein samples from a number of biological
sources. Subcellular proteomics allows a more detailed
localization and has improved the proteome coverage (for
review, see Chen et al. 2006; Rossignol et al. 2006). Not
only the proteome of whole plastids has been described
(Kleffman et al. 2004; Baginsky et al. 2005) but more
important the proteome of sub-organelle fractions such as
plastid envelope (Ferro et al. 2003; Froehlich et al. 2003),
thylakoids (Friso et al. 2004; Peltier et al. 2004), thylakoid
lumen (Peltier et al. 2002; Schubert et al. 2002) and plas-
toglobuli (Ytterberg et al. 2006). Inevitably, the increased
sensitivity of proteomic techniques sets higher demands on
the purity of the samples analysed. Our identification of 64
proteins in highly purified PLBs has thus proven the PLB
proteome to be more complex than previously described.
The present study resulted in three major findings. The
first, and most interesting finding, is the novel detection of
the chlorophyll synthase protein. The second finding, and
not too surprising one, is the detection of PORB in dark-
grown wheat. The third finding, and perhaps the most
challenging one to discuss, is the detection of many thy-
lakoid proteins in the PLBs of a plant that was grown in
darkness. These findings are discussed in the light of the
improved isolation method, which resulted in a PLB frac-
tion devoid of detectable contamination, as well as the
improved protein analysis that allowed detection of both
hydrophilic and hydrophobic proteins. We discuss the
impact of our results on the significance of PLBs for a rapid
ontogenesis of photosynthetically functioning chloroplasts.

The isolation of PLBs and PTs

The protocol for PLB isolation used in this study resulted
in an altered migration pattern of PLBs and PTs in the
continuous sucrose gradient (Fig. 1), as compared to the
protocol from Ryberg and Sundqvist (1982). The lower
band, the PLB band, was recognized by its density and
spectral properties similar to those of previous PLB prep-
arations (Ryberg and Sundqvist 1982, 1988, 1991; Lindsten
et al. 1988) characterized also with electron microscopy.
The high content of Pchlidergs; and the lack of contami-
nating proteins from other organelles as shown by the
proteomic analyses (Table 1) underline the purity of the
PLB fraction. The PT-containing band (described here as
PT/PLB), is commonly contaminated by fragments of
PLBs (Ryberg and Sundqvist 1988, 1991) and often
referred to just as the “PT-enriched” band.

In previous studies, the “PT-enriched” band was found
at higher density, below the PLB band in the gradient, and
the dominating pigment was Pchlideggs; (e.g. Ryberg and
Sundqvist 1982; Lindsten et al. 1988). The high portion of
Pchlidergs; in the PT/PLB band in this study (Fig. 2b)
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suggests that PLBs constitute a relatively higher part of the
membrane content of the PT-containing band than in pre-
vious results. The reason for the changed migration pattern
of the PT-containing band could be an effect of the
increased exposure of the membranes to different sucrose
solutions, i.e. during centrifugation on the additional dis-
continuous sucrose gradient and/or the increased
centrifugation time of the continuous sucrose gradient.
During isolation, PTs form vesicles entrapping fluids which
could result in a different density. A part of the PT mem-
branes might comigrate with the envelope in the
discontinuous sucrose gradient and the Pchliderg;; domi-
nating the pigment content of the envelope fraction could
in part originate from PTs, though it has been shown that
envelope membranes of chloroplasts contain Pchlideges;
(Pineau et al. 1986; Joyard et al. 1990). The possible loss
of some PTs in the discontinuous sucrose gradient could
explain the increased proportion of Pchlidegss,/Pchlidergs;
in the PT/PLB fraction compared to previous results
(Ryberg and Sundqvist 1982; Lindsten et al. 1988).

The novel detection of the chlorophyll synthase protein

The presence of the chlorophyll synthase protein was
established for the first time in higher plants. We conclude
that it is a true component of PLBs, since it was found in an
etioplast membrane fraction with no contaminating pro-
teins known to originate from other organelles and with a
density and spectral properties typical of PLBs. Chloro-
phyll synthase activity was previously localized in both
PLB- and PT-enriched fractions (Lindsten et al. 1990), but
many attempts to confirm the localization of the enzyme
protein have failed. We do not exclude presence of chlo-
rophyll synthase also in PTs. However, neither was the
proteome of PTs the topic of this study, nor were PTs
isolated to purity. In this context it may be of interest to
note that protochlorophyll, i.e. esterified Pchlide, is present,
albeit in low amounts, in PTs (Boddi et al. 1989). How-
ever, it is not known whether the esterification of Pchlide is
catalysed by chlorophyll synthase.

Another strong indication that chlorophyll synthase is a
true component of PLBs is that the light-induced relocal-
ization of POR from transforming PLBs to developing
thylakoids was accompanied by an increased chlorophyll
synthase activity in the PT fraction and a concomitant
decrease of activity in the PLB fraction (Lindsten et al.
1993). It was hypothesized that POR and chlorophyll
synthase form a complex in PLBs (Domanskii et al. 2003),
though the possibility of simultaneous binding of the two
enzymes to Chlide was excluded (Riidiger et al. 2005).
This conclusion is strengthened by the observation that no
chlorophyll synthase activity took place in isolated PLBs as
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long as Chlide was still in complex with POR (Lindsten
et al. 1990). A detailed review of the esterification of
chlorophyll, catalysed by chlorophyll synthase, and its
implication for thylakoid development was given by
Riidiger (1993).

The chlorophyll synthase proteins that have been cloned
were described as highly hydrophobic with as many as nine
transmembrane helices, as predicted by HMMTOP (Gau-
bier et al. 1995; Oster and Riidiger et al. 1997; Schmid
et al. 2001). Proteins with such high hydrophobicity can
hardly be separated by 2-D gel electrophoresis; thus, it is
not surprising that chlorophyll synthase was not identified
in our previous proteomic study (Blomqvist et al. 2006).
With the present identification and localization of chloro-
phyll synthase, also the final major step in chlorophyll
biosynthesis in greening leaves was shown to be connected
with PLBs.

The detection of PORB in wheat

PORB, another enzyme in chlorophyll biosynthesis that has
been the subject of extensive research and discussion, was
identified here for the first time in dark-grown wheat. This
protein was not observed among the proteins separated by
2-D gel electrophoresis in our previous study on wheat,
only the PORA isoform was found (Blomgvist et al. 2006).
It is well known that POR is the dominating protein of
PLBs (e.g. Ryberg and Sundqvist 1982; Ryberg and De-
hesh 1986; Lindsten et al. 1988), but it has been questioned
whether wheat has a second POR gene or just one, like pea
(Spano et al. 1992) and cucumber (Kuroda et al. 1996).
Several different POR isoforms have been reported in a
number of angiosperms. PORA and PORB, two structur-
ally similar but differently regulated isozymes, were
identified for the first time in barley (Holtorf et al. 1995)
and Arabidopsis (Armstrong et al. 1995). While PORB is
present and active throughout the life of the plant, PORA
appears to be present and functional only during the first
few hours of greening. A third isozyme, PORC, was
characterized in Arabidopis and found to be induced by
high light irradiation (Masuda et al. 2003).

We used the transmembrane prediction tool HMMTOP
to analyse the PORA (from wheat) and the PORB
sequences (from barley, since it is not sequenced from
wheat). PORB was predicted to have three transmembrane
helices, while PORA was predicted to have only one
transmembrane helix. This could explain why we were able
to identify only PORA and not the more hydrophobic
PORB in our previous study (Blomgqvist et al. 2006). The
use of a combination of 1-D SDS-PAGE and nano-LC
FTICR MS was thus more efficient in identifying mem-
brane proteins than the method involving 2-D SDS-PAGE.
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It is known that POR has a large number of hydrophobic
amino acids. It was found tightly bound to the membrane
(Grevby et al. 1989; Widell-Wigge and Selstam 1990),
even though POR was described as a non-transmembrane
protein (Benli et al. 1991; Timko 1993; Birve et al. 1996).
The possibility of POR and its isoforms as being integral
membrane proteins invites to new discussions concerning
their membrane connection and role in PLB formation as
well as their aggregation and interaction with pigments and
other proteins, e.g. chlorophyll synthase.

Thylakoid proteins as components of PLBs

The rich content of photosynthetic proteins found in the
PLBs (Table 1) strengthens the idea that not only PTs but
also PLBs must be regarded as thylakoid precursors. Many
proteins involved in, or connected to, the electron transport
chain were identified in the PLBs. Some of the proteins in
the photosynthetic machinery, e.g. Hcf136 and the oxygen-
evolving complex, are of importance already at an early
stage of chloroplast development, because of their roles in
the correct assembly of the photosystems (Ryrie et al. 1984;
Hashimoto et al. 1993; Miiller and Eichacker 1999; Pliicken
et al. 2002). The presence of chlorophyll is a prerequisite
for the accumulation of most chlorophyll-binding proteins,
e.g. those of the light-harvesting complex II (for review, see
Paulsen 2001). One chlorophyll-binding protein, PsbS, was
identified in the present study. However, this protein was
suggested not to have a light-harvesting function but rather
to play a key role in the H*-dependent thermal deactivation
in PSII, the process termed non-photochemical quenching
(Funk et al. 1995; Horton and Ruban 2004).

On the significance of PLBs in chloroplast development

Light induces a rapid loss of the regular structure of PLBs.
This is followed by a relocation of POR from the PLBs to the
PTs, an event which coincides in time with the Shibata shift
of newly formed Chlide (Ryberg and Dehesh 1986). Like-
wise, chlorophyll synthase activity was found to be relocated
from transforming PLBs to developing thylakoids during
irradiation (Lindsten et al. 1993). Vesicle flow from the
envelope to the thylakoids has been proposed as a way of
transporting lipids for the building of thylakoid membranes
as well as a transport system for proteins involved in pho-
tosynthesis (Morré et al. 1991; Kroll et al. 2001; Sherameti
et al. 2004). The low number of envelope proteins identified
in PLBs in our study, together with the absence of the triose
phosphate translocator which is the dominating envelope
protein, indicates that there is some protein sorting in
the envelope before vesicle formation, as is the case for

membrane flow through ER and golgi (Hinz et al. 1999;
Jiirgens 2004; Pfeffer 2007). Protein sorting can also occur
when PLBs are formed from PTs as more and more Pchlide
and proteins, especially POR, are incorporated.

It can be discussed whether dispersed ‘intact’” PLB
vesicles re-organize into thylakoids in light, or whether
PLB components migrate from the transforming PLBs to
the PTs, which then develop to thylakoids. Previous studies
of PLBs in vitro showed that light caused a vesicle for-
mation on the surface of PLBs (Ryberg and Sundqvist
1988), an indication favouring the former idea, while the
light-induced relocalization of POR from transforming
PLBs to PTs (Ryberg and Dehesh 1986) may indicate a
migration of individual components or complexes. The fact
that Pchlide and POR are present as complexes in the PLBs
makes these membranes a ‘safe’ storage site preventing
proteolytic breakdown of these components. It is not far-
fetched to assume that also other PLB components, which
are of fundamental importance for a rapid onset of photo-
synthesis, e.g. chlorophyll synthase, are protected from
proteolytic breakdown as long as the PLB membrane
structure is intact. By this means, these proteins are readily
available for the onset of thylakoid formation and photo-
synthesis at the time when the leaves are exposed to light.
Besides proteins involved in pigment biosynthesis and
photosynthesis, proteins active in proteolysis and protein
synthesis, to mention some other functions, were identified
as PLB components in our study. Whether these are inac-
tive like chlorophyll synthase, as long as the PLB structure
remains highly regular, remains to be shown. No doubt,
presence of PLBs favours a rapid onset of chloroplast
development, as compared to dark-grown tissues devoid of
PLBs (Virgin 1993; Boddi et al. 1996). Almost 80% of the
identified proteins are coded for by nuclear genes and thus
imported already at the etioplast stage. The presence of
photosynthesis proteins, as well as a pool of Pchlide that is
rapidly transformed to chlorophyll, in PLBs likely facili-
tates a rapid formation of photosynthetically functional
membranes during the emergence of the seedling from
growth underground to a life in light.
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