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ABSTRACT. Until now, more genes of the light-harvesting antenna of higher-plant photosystem | (PSI)
than proteins have been described. To improve our understanding of the composition of light-harvesting
complex | (LHCI) of tomato Iycopersicon esculentymwe combined one- and two-dimensional (1-D

and 2-D, respectively) gel electrophoresis with immunoblotting and tandem mass spectrometry (MS/
MS). Separation of PSI with high-resolution 1-D gels allowed separation of five bands attributed to proteins
of LHCI. Immunoblotting with monospecific antibodies and MS/MS analysis enabled the correct assignment
of the four prominent bands to light-harvesting proteins Lhe&1The fifth band was recognized by only

the Lhcal antibody. Immunodetection as well as mass spectrometric analysis revealed that these protein
bands contain not only the eponymous protein but also other Lhca proteins, indicating a heterogeneous
protein composition of Lhca bands. Additionally, highly sensitive MS/MS allowed detection of a second
Lhca4 isoform and of Lhca5. These proteins had not been described before on the protein level in higher
plants. Two-dimensional gel electrophoresis revealed an even more diverse composition of individual
Lhca proteins than was apparent from 1-D gels. For each of the four prominent Lhca proteins, four to
five isoforms with different isoelectric points could be identified. In the case of Lhcal, Lhca4, and Lhca3,
additional isoforms with slightly differing molecular masses were identified. Thus, we were able to detect
four to ten isoforms of each individual Lhca protein in PSI. Reasons for the origin of Lhca heterogeneity
are discussed. The observed variety of Lhca proteins and their isoforms is of particular interest in the
context of the recently published crystal structure of photosystem | from pea, which showed the presence
of only four Lhca proteins per photosystem I. These findings indicate that several populations of
photosystem | that differ in their Lhca composition may exist.

The two photosystems (PSdf the photosynthetic ap-  PS under high-light conditions. This can be achieved either
paratus of higher plants carry out the reactions that are by translocation of a subpopulation of LHCII from PSII to
responsible for the conversion of solar radiation into chemi- PSI (1) or by dissipation of excess excitation energy via
cally fixed energy. In both PS, a central core complex is zeaxanthin formed in the xanthophyll cycl? @).

surrounded by a light-harvesting antenna, which is composed  The light-harvesting antenna of PSII is composed of six
of several light-harvesting complexes (LHCs). The main gifferent apoproteins arranged in four LHCs: LHCII (Lheb1
function of LHCs is collection of solar radiation and transfer 3) CP29 (Lhcb4), CP26 (Lhcb5), and CP24 (Lhcb8)).
of exitation energy to the central core, thereby enlarging the yntil now, most biochemical analyses of PSI in various
absorption cross section of the PS. This in turn leads to ap|ants have identifed four different LHCI proteins (Lheal
concomitant increase in photosynthetic performance. In ) with molecular masses determined to be between 20 and
addition, the LHCs can also function in attenuation of the 25 kDa by fully denaturing gel electrophoress. By gentle
excitation energy transmitted to the core complexes of the separation of mildly solubilized PSI, two different subfrac-
tions of LHCI, named LHCI-680 and LHCI-73@), could
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assumed that six to eight Lhca proteins (two copies of eachof excised bands followed by MS/MS. Subsequently, PSI
protein) surround the core of PS174, 18). However, the was separated by 2-D gel electrophoresis with isoelectric
recently published 4.4 A crystal structure of PSI from pea focusing (IEF) in the first dimension and SBSAGE in

revealed the presence of only four Lhca proteins per PSIthe second dimension. Characterization by immunoblotting

(29). and MS/MS measurements allowed resolution of various
Because of the pioneering work that has been done toisoforms of Lhca proteins and revealed for the first time the
identify genes encoding LHCI proteins in tomatg¢oper- very diverse composition of the PSI light-harvesting system

sicon esculentujnit can be considered a model plant for in higher plants.
studying LHCI protein composition2(). Moreover, more
thanyls'% 000 EgT entries available through The Institute For EXPERIMENTAL PROCEDURES
Genomic Research (TIGR) website (http://www.tigr.org/tdb/  Isolation of Thylakoids and PhotosystemThylakoids
tgi/lgi) provide an extensive resource of nucleotide sequencewere isolated according to the methods described ir30ef
information for investigations of tomato LHC proteins. from tomato plantsl{. esculentuinthat were grown in a
Furthermore, the adequacy of ESTs for the investigation of greenhouse under a 16-B h light—dark regime and at a
LHCI genes and proteins was demonstrated by previouslight intensity of ~120 umol of photons m? s* supplied
studies in which the complete nucleotide sequence for six by fluorescent tubes (L58W/11-860 LumiluxPlusEco, Osram,
Ihca genes inArabidopsis thaliang21) and nineChlamy- Minchen, Germany). The PSI holocomplex and LHCI-730
domonas reinhardtiiLhca proteins Z2) was fully docu- were isolated according to the methods described il 5ef
mented by EST information. The first twca genes ¢ab6a and stored at-70°C in 30% (w/v) sucrose, 10 mM Tricine/
and cab6h which were identified in tomato encode two NaOH (pH 7.8), and 1 mM EDTA/NaOH (pH 7.8) at a
Lhcal proteins that have a molecular mass-&2 kDa @3, chlorophyll (Chl) concentration of 1-:52 mg/mL. The Chl
24). In the years following this discovery, genes which concentration was determined using acetone as a solvent and
encode Lhca2+23 kDa; cab725), Lhca3 (25 kDa; cab8; the equations of re81.
26), and Lhca4 {22 kDa; cabll and cabl27) were 1-D Gel ElectrophoresisPolyacrylamide gradient gels
identified in tomato. InA. thaliang two new genesliica5 were used for improved separation of LHCI proteins. The
andlhca6) that encode additional putative LHCI proteins resolving gel contained an acrylamide gradient of 14 to 20%
have been identified by database analy&%).(However, (w/v) and 0.375 M Tris-HCI (pH 8.8). Stacking gels had a
the corresponding proteins have not yet been detected inuniform acrylamide concentration of 4.5% and contained 0.13
higher plants. The Lhca5 gene product is the most similar M Tris-HCI (pH 6.8). PSI samples were mixed with 2
to Lhca4 when the sequences of putative transmembranevolumes of denaturing solution [5% (w/v) LDS, 180 mM
helices are compared. In contrast, the Lhca6é gene productDTT, 70 mM Tris-HCI (pH 8.4), and 0.666 M sucrose]
is highly homologous to Lhca2 and can therefore be followed by incubation at 100°C for 1 min. Aliquots
presumably considered to be an additional Lhca2 isoform. equivalent to 15«g of Chl were applied per lane. Electro-
The failure to detect these gene products on the protein levelphoresis was conducted withx2concentrated Laemmli
in higher plants until now may have been a consequence ofrunning buffer [50 mM Tris, 384 mM glycine, and 0.1%
their low expression level2). The inability to detect  (w/v) SDS B2)] supplemented with 1 mM EDTA/NaOH (pH
proteins encoded byab6b(24) andcab12(27) from tomato 7.8) in a Maxigel electrophoresis unit (Biometra,twmen,
for a long period may also be explained this way. Only Germany). Gels were run overnight for at least 18 h at 15
recently, refined analytical procedures have allowed further mA per gel. Afterward, proteins were either stained with
dissection of the PSI light-harvesting system of tomato. By Coomassie Brilliant Blue or transferred onto nitrocellulose.
combining HPLC separation of solubilized PSI with elec- Analysis of protein phosphorylation was carried out with the
trospray ionization mass spectrometric (ESI-MS) analyses Pro-Q diamond phosphoprotein gel stain (Molecular Probes,
of eluted proteins, Zolla et al28) were able to detect gene Leiden, The Netherlands) according to the guidelines of the
products ofcab6aandcab6b In this study, additional Lhca2 = manufacturer. Stained gels and immunodecorated blots were
proteins could be detected. Another investigation of the documented with an Epson GT 7000 flat bed scanner.
tomato LHCI antenna composition using SBBAGE with 2-D Gel Electrophoresisk-or IEF separation in the first
high resolution in the LHCI protein region revealed the dimension, proteins were precipitated to remove pigments
presence of a fifth band in the region of LHCI protein bands. and lipids according to the methods described in 3&f
The relevant protein(s) copurifies with LHCI-7305). Due Usually, an aliquot of PSI equivalent to 2@ of Chl was
to (i) the availability of monospecific antibodies raised diluted with distilled water to a final volume of 1QQ._. For
against short sequences of individual Lhca proteins, (ii) the detection of Lhca2 in 2-D spots by MS/MS, larger aliquots
improvement in 2-D gel electrophoresis of transmembrane equivalent to 100ug of Chl had to be used. Protein
proteins R9), and (iii) proteomic approaches facilitated by precipitation, lyophilization, and solubilization were carried
the combination of extensive sequence information with out as described in re29. The IEF was performed in an
tandem mass spectrometry (MS/MS), further dissection of IPGphor apparatus using Immobiline DryStrips (Amersham
the LHCI antenna of tomato appears to be feasible. Pharmacia Biotech, Freiburg, Germany) with a linear pH
In this study, we applied all of these analytical tools to range of 3-10 or 4-7 following the procedure described in
the LHCI antenna of tomato for the first time. In our first ref 29. Following IEF, the cysteine residues of the proteins
approach, we used high-resolution 1-D gel electrophoresiswere reduced and carbamidomethylated by incubation in two
in combination with immunoblotting using monospecific different equilibration buffers as described in 245
antibodies against Lhca¥d. Further characterization of the Afterward, the strips were washed briefly in water, loaded
resolved protein bands was achieved by proteolytic digestiononto the second-dimension SDS gel, and covered with 0.5%
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agarose. The second-dimension SDS gels contained 13% (A) kDaM PsI
polyacrylamide, 0.4% piperazine diacrylamide, 0.357 M Tris- o
HCI (pH 8.8), and 0.025% (w/v) N&,0; and were run in a 66
Bio-Rad (Minchen, Germany) multicell apparatus at®@ 45

and 30 mA per gel until the bromophenol blue front reached
the end of the gel. Gels were either stained with coomassie

or silver or blotted onto nitrocellulose. 29
Immunoblot AnalysisWestern Blot analysis was con- 24
ducted as described in r@d with the following modifica-

tions. After electrotransfer, the entire band/spot profile of 20
the membrane was visualized with Ponceau-S which allowed
later alignment of immunostained bands with the entire band
pattern. The primary antibodies used for detection of Lhcal,
Lhca3, and Lhca4 were purchased from AgriSeranivés, Ficure 1. Protein composition of the PSI holocomplex of tomato.
Sweden). The Lhca2 antibody was a kind gift of L. A. In panel A, a fully denaturing gel stained with Coomassie Blue is
Staehelin (University of Colorado, Boulder, CO) and is shown. Lhcat4 bands and a fifth protein band in the LHCI mass

' A ) ! ' M) range are marked. M represents the molecular mass standard. In
described in reB4. The antibodies were used at dilutions of panel B, immunoblots of proteins of the PSI holocomplex separated
1:2000 (Lhcal), 1:300 (Lhca2), 1:500 (Lhca3), and 1:1000 by SDS-PAGE as in panel A are shown. Blots were probed with
(Lhca4). Anti-rabbit IgG conjugates with either horseradish antibodies against LHCI apoproteins Lhcal (al), Lhca2 (a2), Lhca3
peroxidase or alkaline phosphatase were used as the second@3)- and Lhcad (a4).
ary antibody at a dilution of 1:10000 or 1:2500, respectively.
Bound antibodies were detected either by enhanced chemi
luminescence with the ECL kit of Amersham or by nitro
blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
according to the guidelines of the suppliers.

Liquid Chromatography Mass Spectrometrgamples for
tandem mass spectrometry were prepared by tryptic in-gel
hydrolysis of proteins in excised bands/spots essentially as
described in reB5, with the exception of 2-D spots<€E
(from the gel shown in Figure 4), for which the concentration
of the trypsin solution was increased to 0.12§/uL. In
addition, these spots were kept foh on icewith the trypsin
solution and were gently agitated using a rotary table shaker.

The remainder of the procedure was unchanged. Prior to . ith h oth ; d with th based
tryptic digestion, silver-stained protein spots were first PrOteINs with each other were performed with the net-base

destained bv incubating th | pi : 30 &« align program at the GENESTREAM network server IGH
(Cei){:/l?go rrslll\/llmlj\?a)g;gf (1:el gS/V[;Ierﬁ&tlunr: for gwrl:nin. (Montpellier, France, http://www2.igh.cnrs.fr/bin/align-

Double-distilled water and HPLC-grade solvents were used guess.cgi) using the default values. Figure 3 was made on

throughout the procedure. The lyophilized samples were bas_is of these. alignments “5"?9 the GeneDoc program
stored at-80°C until analysis was carried out. For MS/MS available at http://www.psc.edu/biomed/genedoc. Translation

analysis, the dried samples were diluted ingdOof buffer of CDN.A af.‘d EST Sequences into amino acid sequences ar_1d
A [0.1% (v/v) formic acid in 5% (v/v) acetonitrile and 95% de?ermlnanon of theoreucall molecular masses and |s.oelectr|c
(v/v) water] and centrifuged for 5 min at 120§10An aliquot points_of the Lhca proteins were carr|ed out with the
of the supernatant (L) was transferred into an autosam- corresponding net-based tools at http://www.expasy.org/
pling vial. Analyte sampling and chromatography as well tools/.
as production and acquisition of MS/MS data were performed RESULTS
on-line using fully automated instrumentation as described
in ref 22, Recently, a fifth protein band in the molecular mass
Bioinformatic Data AnalysisComputational analyses of range of LHCI proteins was resolved by SBBAGE for
MS/MS data were performed with the Finnigan Sequest/ both the PSI holocomplex and LHCI-73Q5). By using
Turbo Sequest software (revision 2.0, ThermoQuest, Sanlong gels with an acrylamide gradient from 14 to 20% in
Jose, CA) using the parameters described in22fThe the resolving gel and 2 Laemmli electrophoresis buffer,
databases that were used were as follows: one genomione could further improve the separation of protein bands in
database containing all tomato DNA sequences found in thethe LHCI region. As shown in Figure 1A, this procedure
NCBI (nr)-nucleotide database, one database containing allallowed clear resolution of four intensely stained bands with
tomato LHC protein sequences present in the NCBI (nr)- apparent molecular masses £2.0, ~22.3, ~23.2, and
protein database, and one small EST data bank containing~23.7 kDa. On the basis of their molecular mass, they were
tomato ESTs found by searching the NCBI EST databasetentatively assigned to Lhca4 (22.0 kDa), Lhcal (22.3 kDa),
with the Lhca5 cDNA sequence reported farthaliana(21; Lhca2 (23.2 kDa), and Lhca3 (23.7 kDa). In addition, a
GenBank accession number AF134121). The databases weréess intensely stained fifth band with a molecular mass of
also processed to detect the presence of acetylatid2 (  ~22.7 kDa was clearly resolved (marked with an asterisk in
Da for peptide N-termini or lysine residues) and carbamy- Figure 1).

lation (+43 Da for N-termini or arginine or lysine residues)
from the MS/MS data from the 2-D gel spots. Cysteine
modification by carbamidomethylationt67 Da) was also
attributed. To search for N-terminally processed protein
forms, Sequest analyses were performed by choosing the
option “no enzyme” for thén-silico digestion of a database
containing all tomato LHC deduced protein sequences.
BLAST searches were carried out against the NCBI
databases (both genomic and EST) with the net-based blast
program available at http://mww.ncbi.nim.nih.gov:80/BLAST
using the default values. Alignments of peptide sequences
derived from MS/MS data with complete protein sequences
and alignment of the amino acid sequences of different Lhca
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FiGURE 2: MS/MS spectra of tryptic peptide ionsratz 666.7 ([2H]) (top graph) andwz 660.2 ([2H]) (bottom graph) that are characteristic

of the two different Lhca4 proteins (cabll and cab12). The presence of isoleucine (cabl1l) rather than valine (cab12) at the third position
of the peptide is reflected in a mass difference of 13.1 Da between ions of the b-series from the two spectra, beginningsusth tbad

of the b-series (containing the N-terminus of the peptide) and y-series (containing the C-terminus of the peptide) are labeled. The amino
acid sequences retrieved by the Sequest software are printed beside the corresponding spectra.

To ensure assignment of the protein bands to LHCI protein level. As a consequence of the very high level of
apoproteins already described for tomato (Lhed), im- amino acid sequence identity (91%) of the productsatifl1
munoblot analyses were performed. Proteins of the PSlandcabl2 several additional peptides were found in the 22.0
holocomplex were separated by 1-D gel electrophoresis askDa band that are common to both of these Lhca4 isoforms.
described above, transferred onto nitrocellulose membranes|n addition to these Lhca4 fragments, one peptide specific
and probed with antibodies raised against short peptidefor Lhcal was found.
sequences of the individual Lhca proteins. The monospeci- In the 22.3 kDa band that strongly reacted with the Lhcal
ficity of the antibodies was tested with individual Lhca antibody, several peptides specific for gene productabba
proteins obtained by overexpression of tomato Lhca genes(23) and cab6b (24) were found. Also, single peptides
in Escherichia col{data not shown). Immunodetection using specific for proteins derived from the two Lhca4 genes
antibodies directed against Lhca2 and Lhca3 confirmed thedescribed abovecblland cabl) were detected, which
previous assignment based on the band pattern on coomassieonfirms immunoblot analyses showing comigration of
stained gels. The Lhca3 antibody reacted with the band atLhca4 with Lhcal in the 22.3 kDa band. Two tryptic peptides
23.7 kDa and the Lhca2 antibody with the band resolved at (WYVQAELVHAR and DLPVWYEAGATK) identified
23.2 kDa (Figure 1B). In contrast, Lhcal and Lhca4 fromthe MS/MS data matched the Lhca5 sequence #om
antibodies recognized three and two distinct bands, respec+haliana but did not match any tomato protein retrieved from
tively. The Lhca4d antibody cross reacted strongly with the the NCBI databases. To determine if the MS/MS data could
band with anM, of 22.0 kDa. Additionally, the Lhca4 be used to identify tomato homologues of Lhca5 or Lhca6
antibody recognized the lower part of the band at 22.3 kDa, from A. thaliang BLAST searches were carried out using
which was the main target of the Lhcal antibody. The Lhcal the tomato EST database (Cornell University, Ithaca, NY)
antibody also reacted strongly with the fifth band, which had and the cDNA sequences of Lhca5 and Lhca6 frém
not been identified until now (asterisk in Figure 1), and a thaliana(GenBank accession numbers AF134121 and U03395,
weak reaction was observed with the 23.2 kDa band. Theserespectively;21). Two EST clones (GenBank accession
results suggest a heterogenic protein composition of thenumbers AW041324 and Al778223) that share a very high
“Lhcal” and “Lhca2” band. level of nucleotide sequence identity with large sections of

To examine further the protein composition of these bands, the A. thaliana |hc® sequence were found. These two
PSI and LHCI-730 were separated in high-resolution gels partially overlapping EST sequences were joined together,
as described above. Following coomassie staining, bandsand the resulting nucleotide sequence was translated. Align-
were excised and digested with trypsin, and the tryptic ment of the obtained amino acid sequence with the Lhcab
peptides were subjected to liquid chromatography and MS/ sequence oA. thalianademonstrates a very high level of
MS. Table 1 summarizes the results of these analyses. It issequence identity (Figure 3). The level of identity for the
of note that more than one protein could be detected in all precursor protein is 68.8% and increases to 77.9% for the
five LHCI bands. region that corresponds to the mature proteidofhaliana

In the 22.0 kDa band that was recognized by only the as suggested by réfl. The two tryptic peptides that were
Lhcad antibody, peptides specific for products of two identified within the Lhca5 amino acid sequence frém
different Lhcad genes@bllandcabl2 25) were detected  thaliana are also present in the tomato protein sequence
(Figure 2). Thus, the specific amino acid sequence informa- (Figure 3).
tion from highly sensitive MS/MS measurements enabled The additional band at 22.7 kDa resolved by high-
detection of theeabl12gene product for the first time on the  resolution electrophoresis of PSI and LHCI-730 also contains
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Table 1: Mass Spectrometric Identification of Proteins in the Bands Resolved in the Molecular Mass Range of LHCI Proteins following
Separation of PSlor LHCI-73® in Denaturing 1-D SDS Ge€ls

band proteirf peptidé positiorf refe z AM Xeorr
Lhca4 Lhcal cab6d6b) KYPGGAFDPLGYSK 168-180 P12360 2 -1.0 3.81
Lhca4 cab1112) WQDIKNPGSVNQDPIFK S14305/6 3 0.4 4.66
NPGSVNQDPIFK S14305/6 2 —-0.5 4.13
NPGSVNQDPIFK S14305/6 1 0.0 3.06
Lhca4 cabl) WFIQAELVNGR 90-100 S14305 2 —-0.7 4.07
Lhca4 cabl) WFVQAELVNGR 89-99 S14306 2 0.2 2.33
Lhcal Lhcal cab6d6b) WAMLAVPGIIVPEALGLGNWVK 94 —-115 P12360 3 0.4 5.95
PSYLDGSAPGDFGFDPLGLGEVPANLER 5683 P12360 2 0.4 4.96
YPGGAFDPLGYSKDPAKFEELK 168-189 P12360 3 0.4 4.41
YPGGAFDPLGYSK 168-180 P12360 2 —-0.1 4.30
KYPGGAFDPLGYSK 167180 P12360 3 -0.4 3.59
DPAKFEELK 181-189 P12360 1 0.0 1.72
Lhca4 cab1112) NPGSVNQDPIFK S14305/6 2 0.4 4.15
WYDAGK S14305/6 1 0.4 1.85
Lhca4 cabl) WFIQAELVNGR 90-100 S14305 2 0.0 3.46
Lhca4 €ab12 WFVQAELVNGR 89-99 S14306 2 0.0 4.50
Lhca5 WYVQAELVHAR 90-101 2 0.8 3.52
WYVQAELVHAR 90—-101 3 -0.2 3.45
DLPVWYEAGATK 123—-134 2 —0.8 3.04
new ! Lhcal cab6d6b) YPGGAFDPLGYSK 168-180 P12360 2 0.2 4.06
KYPGGAFDPLGYSK 167180 P12360 2 0.0 3.37
WAMLAVPGIIVPEALGLGNWVK 94 —-115 P12360 2 —-0.4 3.51
DPAKFEELK 181-189 P12360 1 0.6 2.06
FEELK 185-189 P12360 1 0.2 1.56
Lhca3 cabg WLAYGEVINGR 95—105 P27522 2 0.5 3.43
GLGGSGDPAYPGGPLFNPLGFGK 194213 P27522 2 0.6 3.37
Lhcad ¢ab1112) WQDIKNPGSVNQDPIFK $14305/6 2 0.3 3.85
NPGSVNQDPIFK S14305/6 2 -0.9 3.25
NPGSVNQDPIFK S14305/6 1 0.9 2.37
WYDAGK S14305/6 1 0.0 1.75
Lhca4 cab1) WFIQAELVNGR 90-100 $14305 2 0.1 3.98
Lhca4 cabl) WFVQAELVNGR 89-99 S14306 2 0.3 4.43
Lhca5 DLPVWYEAGATK 123-134 2 0.5 3.98
newsx? Lhcal cab6d6b) WAM#LAVPGIIVPEALGLGNWVK 94-115 P12360 3 0.4 491
WAMLAVPGIIVPEALGLGNWVK 94 -115 P12360 2 0.2 412
KYPGGAFDPLGYSK 167180 P12360 3 0.2 3.90
YPGGAFDPLGYSK 168-180 P12360 2 0.0 3.54
Lhca4 cab1112) NPGSVNQDPIFK S13405/6 2 0.1 3.81
WQDIKNPGSVNQDPIFK S13405/6 3 0.4 4.37
WYDAGK S13405/6 1 0.1 2.03
Lhca4 cabl1)) WFIQAELVNGR 90-100 S13405 2 -0.7 3.59
Lhca4 cabl) WFVQAEVNGR 89-99 S13406 2 0.2 414
Lhcab5 DLPVWYEAGATKFNF 123-137 2 0.1 3.16
Lhca2 Lhcal cab6d6b) KYPGGAFDPLGYSK 167180 P12360 3 —-0.7 3.66
KYPGGAFDPLGYSK 167180 P12360 2 0.8 2.76
Lhca2 cab?) WAMLGAAGIFIPELLTK 113-129 P10708 2 0.8 3.94
LTGTDVGYPGGLWFDPLGWGSGSPAK 189214 P10708 2 —-0.1 3.89
WADIIK 169174 P10708 1 0.2 1.51
Lhca3 cabg FAMLGAAGAIAPEILGK 106—122 P27522 2 0.9 3.26
Lhca4 cabl) WFIQAELVNGR 90-100 S13405 2 0.7 3.57
Lhca5 DLPVWYEAGATK 123-134 2 —-04 3.65
Lhcad Lhcal cab6d6b) YPGGAFDPLGYSK 168-180 P12360 2 0.0 4.71
Lhca2 cab?) LTGTDVGYPGGLWFDPLGWGSGSPAK 189214 P10708 2 0.4 4.07
Lhca3 ¢abg FAMLGAAGAIAPEILGK 106—122 P27522 3 -0.8 4.33
FAMLGAAGAIAPEILGK 106—122 P27522 2 —-0.1 2.35
GLGGSGDPAYPGGPLFNPLGFGKDEK 191216 pP27522 3 0.5 4.27
GLGGSGDPAYPGGPLFNPLGFGK 194213 P27522 2 0.0 3.76
WLAYGEVINGR 95-105 P27522 2 1.1 3.35
FQDWAKPGSMGK 171182 P27522 2 0.1 2.93
CP22 SALGLSEGGPLFGFTK 188203 P54773 2 —0.6 4.63
FVDDPTPPTGLEK 165177 P54773 2 0.0 3.87

2 The charge state of the measured g the deviation of the experimentally determined mass from the theoretical average mass of the peptide
(AM in daltons;+ means that the calculated mass is larger or smaller than the measured mass), and the cross-correlation factor calculated by the
Sequest algorithmX.r) are listed” Labeling of the bands according to immunoblot assignment as in FigureRiBteins detected by MS/MS in
proteolytically digested gel bands. The names of proteins and genes (in parentheses) arePgiptides found by a database search done with
MS/MS data.® Position of the identified peptide in the protein sequence retrieved from the given data bank. The GenBank accession numbers are
given. For peptides that match both Lhca4 isoforeeb@112), no peptide position is given as it differs in both isoforms. Positions of identified
Lhca5 peptides are given for the precursor sequence shown in Figl@xiglation of methionine indicated.

peptides characteristic for several Lhca proteins. One of thesepeptides of Lhcal and the two isoforms of Lhca4 are present
is a peptide specific for Lhca5. In addition, numerous in this band. The occurrence of Lhcal was expected from
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a5-A4a. th. : —MAV-VLRG———GITGGFLHHRRDASSVITRRI SSVRA-AGGCINPTV- AVERATWLPGLNPPPYLDGNLAGDYGFDPLG : 73
a5-4.th. mature e L T A--GGGINPTV- AVERATWLPGLNPPPYLDGNLAGDYGFDELG : 40
a5-L.es. est : YMEIAVGRSFQVLTLLSGSSFHGRSIRRTCVRGFNSTRARKGHSLTPLAQAHORP TWLEGLDEPPHLDGTLAGDFGFDFLG : B1
a5-L.es. est short : —-———- -— - -ARKGHSLTPLAQAHORPTWLPGLDPPPHLDETLAGDFGFDELG : 43

M3-peptide 1 D e e e B e : -
M3-peptide 2 B o e o o B T o e et e i -

as-a.th. : LGEDPESLEZYgis = sjr AN GUAGT L F TDL LA T TG I R e S F DFA C TR T L IV VOF LLMGF AETRRYVDE : 154
aS-34.th. mature : LGEDPESLEY SEIFAMT.GVAGTLFTDLLARTTGIRR 4 REDFACTRTLIVVQFLLMGFAETERYMDE :121
a5-L.es. est : LGEDPESLFY ISP AMAGVAGILLTDLLRVTRIRIDASY RFNFASTTTLLIIQLLLMGF VETKRYMDF : 162
a5-L.es. est short : LGEDPESLEIFe AlF AM2 GVAGI L LTDLLRVTRIR FNFASTTTLLIIQLLLMGE VETRRYMDE :124
MS-peptide 1 P ——m—— Y X -, -

M8-peptide 2 R et et e LEVWYEAGA

* 180 * 200 * 220 * 240
adS-4a.th. : VIPGSQAREGSFFFGLEAALEGLEPGYPGGPLLNPLGLARDVONAHDWRLREIRNGRLAMMAMLGF FVQASVIHTGPIDNL :235
a5—A.th. mature : VSPGSQAREGSFFFGLEAALEGLEPGYPGGPLLNPLGLARDVONAHDWRLREIRNGRLAMMAMLGFFVQASVTHTGPIDNL :202
a5-L.es. est : LHPGSQAKRPGSFF-GLEAALEGLEPGYPGGPLLNPLGIGRKDIKNAKDWRKLRKEIRNGRLAMVAMLGIFVOASVTHVGPIDNL :242

ad-L.es. est short : LHPGSQARPGSFF-GLEAALEGLEPGYPGGPLLNPLGIGRDIFKNAFDWRLREIRNGRLAMVAMLGIFVOASVIHVGPIDNL :204
M3-peptide 1 : ————= - : -
MS-peptide 2 B e e e e e e e B e e e e 1 -

* 260
a5-4. th. : VEHLSNPWHETIIQTLFTSTS--- : 256
a5—-Aa.th. mature : VEHLSNPWHRTIIQTLFTSTS--- : 223
a5-L.es. est : IDHLSNPWHRTILOTTAASSS-—- : Z63
a5-L.es. est short : IDHLSNPWHRTILOTIAASSS--- : 225

M3-peptide 1 I e P -
MS-peptide 2 z ————— - H

Ficure 3: Alignment of the amino acid sequence of Lhca%Aotthaliana(21; GenBank accession number AF134121), the reconstructed
amino acid sequence of Lhca5 lof esculentumand Lhca5 peptides identified by MS/MS. The protein sequence of the Lhca5 protein of
tomato was obtained by overlapping the EST clones (GenBank accession numbers AW041324 and Al778223) (see the text for further
details).

the immunoblot analyses with the Lhcal antibody. Finally, resolution of the LHCI region is shown in more detail.
two Lhca3 peptides were detected also. These peptides wer®epending on the staining intensity, the individual horizontal
observed for only the band from the PSI holocomplex, but spot rows consist of four to five spots for each Lhca protein.
not for that from LHCI-730. This finding indicates that these The assignment of the spots in Figure 4A is based on
two Lhca3 peptides are contaminations caused by smearingmmunoblots like those shown in Figure 4B. All spots in
of Lhca3, which is found mainly in the 23.7 kDa band, as silver-stained gels assigned to Lhca3, Lhca2, and Lhcal on
was demonstrated by immunodetection. the basis of apparent molecular mass were recognized by
Surprisingly, fragments of all Lhca proteins could be antibodies raised against the respective protein. By contrast,
detected in the 23.2 kDa band, which was specifically due to the weak reaction of the Lhca4 antibody with Lhca4,
recognized by the Lhca2 antibody. However, only for Lhca2 only the Lhca4 spots that were stained most intensely by
were three different peptides found indicating its enrichment silver were detected. It is conspicuous that each Lhca
in this band in comparison with other bands. Additionally, protein forms one or two spot row(s) with proteins of the
single peptides of Lhcal, Lhca3, tlkabllgene product, same molecular mass, but with different isoelectric
and Lhca5 could be detected. points, indicative of protein isoforms with different iso-
The Lhcal and Lhca2 proteins each could be identified €l€ctric points. The row recognized by the Lhca2 antibody
by one peptide in the uppermost band at 23.7 kDa. In has the most acidic isoelectric points. The ones detected
contrast, five different peptides characteristic of Lhca3 were by the Lhca3 antibody exhibit the least acidic pl, and those
found. This indicates the dominance of Lhca3 in this band Of Lhcal and Lhca4 are intermediate. This corresponds
in concurrence with the immunoblots. |nteresting|y’ two well with the theoretical pl values calculated for the dif-
additional peptides that matched CP22 of photosystem || ferent Lhca proteins. In addition to the heterogeneity
were identified. Since no LHCII proteins could be detected, regarding isoelectric points, Lhca3, Lhcal, and Lhca4d
this may indicate weak contamination of the PSI preparation Show a heterogeneity in molecular mass as is visible from
with PSIl cores. In summary, highly sensitive MS/MS detection of two spot rows by immunoblotting of these
demonstrated that bands resolved by 1-D gel electrophoresigroteins (Figure 4B).
usually contain more than only one protein and thus confirms  To gain specific amino acid sequence information from
the results obtained with immunoblots. the proteins comprising individual spots resolved by 2-D gel
To learn more about the heterogeneity of LHCI proteins, electrophoresis, prominent spots were excised from gels,
we used 2-D gel electrophoresis as described ir2gefo digested with trypsin, and analyzed by MS/MS. Table 2
separate PSI. Spots from 2-D gels were identified again by summarizes the data from these analyses, and the assignment
either immunoblot analyses or MS/MS. The top panel of of the Lhca proteins to different spots is depicted in Figure
Figure 4A shows a complete 2-D gel of PSI proteins stained 4C. In the spots recognized by the Lhca3 antibody, which
with silver. Enrichment of neutral to slightly acidic proteins have the same isoelectric point (pt6) but migrate at
of the PSI core in the top right part and of LHCI proteins at different molecular mass, only peptides corresponding to
more acidic pH in the middle section of the gel is clearly Lhca3 (labeled A and B in Figure 4C) were identified. By
visible. In the bottom panel of Figure 4A, the typical contrast, with the exception of spot C, all other spots that
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Ficure 4: Protein maps of the PSI holocomplex obtained by 2-D gel electrophoresis using isoelectric focusing in the first and fully denaturing
SDS-PAGE in the second dimension. In the top portion of panel A, the whole 2-D map stained with silver is shown. The bottom panel
depicts the LHCI region at a higher magnification. The assignment of the different spot rows to the LHCI proteins was carried out according
to the immunoblots shown in panel B. Depicted are immunoblots, which were developed with antibodies raised against the four different
LHCI apoproteins (Lhcat4) as indicated. Identification of Lhcal, Lhca3, and Lhca4 was achieved via incubation with a single antibody
(a1, a3, and a4), whereas immunodetection of Lhca2 occurred simultaneously with that of Lhcal to illustrate the relative position of the two
spot rows. M is the molecular mass;-8d4 are Lhcat4, respectively. (C) Protein map of the molecular mass region of LHCI with Lhca
spots identified by mass spectrometry as indicated: al, Lhcal; a3, Lhca3; a4.11, Lhca4 derivedbftgna4.12, Lhcad derived from

cabl2 a4, Lhca4 derived froncabllor cabl2

were analyzed contained at least one of the Lhca4 isoforms. E (al+a2+ad) F (al+a4)
Spots L and M with higher pl contained tleab11gene C (a2)D (a1+a2+ad)) 18
product, whereas in the spots H, J, and K with a lower pl : |
the cabl2gene product was found. In spots—G and I,
peptides characteristic of Lhca4 were found that are common
to bothcabllandcabl2 In spots D-F, H, and K, the Lhcal
protein Eab6a/cab6pwas also detected. Peptides identifying
Lhca2 could be detected in spots-€ only after the amount e =

of protein loaded on the gels and the trypsin concentration Gl M (2% 20

loade _ _ K (a1+a4.12) L (a4.11)
used for digestion were increased (see Experimental Proce-FlGURE 5: 2-D map summarizing the Lhca proteins of photosystem

dures). _ ) . _ L. Identification of Lhca proteins is based on molecular mass
One possible explanation for the different electrophoretic determination of silver-stained gels-}; immunoblotting ), and
forms of each Lhca protein could be that the proteins are mass spectrometry (indicated with letters) of Lhca3 (rectangles),

phosphorylated to different degrees as suggested from a study-"ca2 (triangles), Lhcal (squares), and Lhca4 (ellipsoids).
with barley and antibodies that recognize phosphorylated \,qpotting, and MS/MS analysis. Highly sensitive MS/MS
proteins 86). To examine phosphorylation of Lhca proteins - aqgitionally allowed detection of Lhca5 and of two different
in tomato, proteins of PSI and thylakoids were separated injsoforms of Lhca4 for the first time on the protein level in
a 1-D gel. Subsequent detection of phosphorylated proteinsg higher plant.
revealed strong staining of phosphoproteins of pho_tosystem Heterogeneity of the PSI Light-Hegsting Antennakigh-
Il (6.g., Lhcb2, D1, and CP43), but not of Lhca proteins (data regojytion SDS-PAGE resolved five bands in the molecular
not shown). This shows that there is no significant phos- 555 range of light-harvesting proteins (Figure 1A). Four
phorylation of Lhca proteins, which could explain the of these bands are stained strongly by coomassie and are
electrophoretic behavior observed by 2-D electrophore5|s.assigned to the well-known Lhca® proteins. In addition,
this gel system allowed resolution of a fifth band, which until
DISCUSSION now has been described for only barlég)and tomato15).
Using high-resolution 1-D and 2-D gel electrophoresis in From 1-D gels and immunoblotting with monospecific
combination with immunoblotting and tandem mass spec- antibodies, it is obvious that the four bands attributed to
trometry, our data yield a highly diverse protein composition Lhcal-4 do not contain only the eponymous proteins. The
of the PSI light-harvesting antenna of tomato. The data Lhca4 antibody reacted with the Lhca4 band and additionally
revealing this great diversity of Lhca proteins are summarized with the band usually assigned to Lhcal. The reactivity of
in Figure 5, which shows a 2-D map of the LHCI mass the Lhcal antibody with the Lhca2 band indicated a
region. The assignment of individual spots to individual Lhca heterogeneous protein composition of this band as well. This
proteins is based on molecular mass determination, immu-heterogeneity in molecular mass observed for Lhca4 and

H(a1+ad.12) | a)

B
J (a4 1 s
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Table 2: Protein Composition of Spots Resolved by 2-D Gels of PSI As Determined by MS/MS

2-D spob proteirf peptidé positiorf refe z AM Xeorr
A Lhca3 (cabg WLAYGEVINGR 95—-105 P27522 2 —0.5 2.94
FAMLGAAGAIAPEILGK 106—122 P27522 2 -0.9 2.67

B Lhca3 cabg GLGGSGDPAYPGGPLFNPLGFGK 194213 P27522 2 1.3 4.21

WLAYGEVINGR 95—-105 P27522 2 0.9 3.70

FAMLGAAGAIAPEILGK 106—122 P27522 2 1.3 2.98

FQDWAKPGSMGK 171182 P27522 2 0.9 3.25

C Lhca2 ¢ab?) PGCVNTDPIFPNNK! 175-188 P10708 2 0.1 2.52
D Lhca2 ¢ab?) PGCVNTDPIFPNNKf 175-188 P10708 2 —-1.2 2.62
Lhcal cab6d6b) KYPGGAFDPLGYSK 167180 P12360 2 —-0.4 2.49
YKESELIHCR! 84—93 P12360 2 —-0.2 2.35

Lhcad cab1112) NPGSVNQDPIFK $14305/6 2 0.4 2.85

E Lhcal ¢cab6d6hb) YPGGAFDPLGYSK 168-180 P12360 2 0.9 4.63

KYPGGAFDPLGYSK 167180 P12360 2 1.1 3.93

Lhca2 WADIIKPGCVNTDPIFPNNK 169-188 P10708 3 2.2 5.05

WAM’LGAAGIFIPELLTK?Y 113-129 P10708 2 1.3 4.20

WSAMLGAAGIFIPELLTK" 113-129 P10708 2 1.3 4.19

Lhca4 cab1112) NPGSVNQDPIFK S14305/6 2 0.8 3.68

F Lhcal ¢cab6d6hb) KYPGGAFDPLGYSK 167180 P12360 2 0.0 3.20
YPGGAFDPLGYSK 168-180 P12360 2 —-1.2 3.06
Lhca4d cab1112) NPGSVNQDPIFK S14305/6 2 —-1.2 3.40
G Lhca4 €abl1112) NPGSVNQDPIFK S14305/6 2 —-0.9 3.61
H Lhcal cab6d6b) YPGGAFDPLGYSK 168-180 P12360 2 —-0.5 3.74

KYPGGAFDPLGYSK 167180 P12360 3 1.2 4.20

Lhca4d cab1112) NPGSVNQDPIFK S14305/6 2 0.7 3.69

WQDIKNPGSVNQDPIFK 157173 S14305/6 3 1.2 3.83

Lhca4 cabl1) WFVQAELVNGR 89-99 S14306 2 0.0 3.94

| Lhca4 cab1112) NPGSVNQDPIFK S14305/6 2 0.0 2.79

J Lhcad ¢ab1112) NPGSVNQDPIFK $14305/6 2 0.2 3.98

Lhca4 cabl) WFVQAELVNGR 89-99 S14306 2 0.1 3.69

K Lhcal (cab6d6b) YPGGAFDPLGYSK 168-180 P12360 2 0.1 2.68

Lhca4 cab1112) NPGSVNQDPIFK S14305/6 2 0.3 3.81

WQDIKNPGSVNQDPIFK S14305/6 3 1.2 4.80

Lhca4 cabl) WFVQAELVNGR 89-99 S14306 2 0.8 3.98

L Lhca4 cab1112) NPGSVNQDPIFK $14305/6 2 0.8 4.03

WQDIKNPGSVNQDPIFK S14305/6 3 1.2 5.37

Lhca4 cab1) C*GYPGGIFNPLNFAPTEEAK 182—-201 S14305 2 0.9 4.55

M Lhca4 cab1112) NPGSVNQDPIFK S14305/6 2 0.8 3.74

WQDIKNPGSVNQDPIFK S14305/6 3 1.4 3.60

Lhca4 cabl) C*GYPGGIFNPLNFAPTEEAK 182—201 S14305 2 1.4 4.90

WFIQAELVNGR 90-100 S14305 2 0.8 4.70

a Spots were excised from gels, proteolytically hydrolyzed, and analyzed by tandem mass spectrometry. For further details, see footnote a of
Table 1.° The labeling of the spots is according to Figure 4@roteins identified in the 2-D spots by MS/MSPeptides found by matching the
MS data with tryptic peptides derived from proteins in tomato databasassition of the identified peptide within the protein sequence retrieved
from the given data bank. The GenBank accession numbers are given. For peptides that match both Lhca4dabfb¥id,(no peptide position
is given as it differs in both isoforméCarbamidomethylation of cysteine indicatet57 Da).9 Oxidation of methionine indicatedH16 Da).
h Keto, amino, or hydroxy modification of tryptophan indicatedlg Da).

Lhcal also could be detected by 2-D electrophoresis andsuperior resolution of 2-D gels versus 1-D gels. In the
subsequent immunodetection. Two-dimensional protein mapsmajority of analyzed spots of 2-D gels, only one Lhca protein
indicate that Lhca3 also exists in two isoforms with differing could be detected. From this observation, it can be concluded
molecular masses. Due to the absence of a stacking gel inthat minor constituents comigrating with the dominating
the second-dimension gel, the separation distance is longeprotein in a band in 1-D gels are separated in 2-D gels as a
than in 1-D gels. Therefore, separation of two differently consequence of the different pls and escape detection in 2-D
migrating Lhca3 isoforms solely in 2-D and not in 1-D gels gels.

may be the result of a better resolution at this molecular mass  |soforms with different masses have already been reported
in the second-dimension gel. Only Lhca2 did not show a for various proteins of PSII37, 38) and the PSI core com-
heterogeneous behavior regarding electrophoretic mobility plex (39). Additionally, isoforms of individual Lhca proteins

in 1-D or 2-D gels as judged from immunoblot analyses. were observed by using different technical approaches. Using
MS/MS analyses, which are more sensitive, confirmed thesea combination of weakly and fully denaturing SDS gel
results (Tables 1 and 2). The immunoblots and MS/MS data electrophoresis in the first and second dimension, respec-
demonstrate that the light-harvesting antenna of PSl is verytively, two Lhca3 proteins with slightly different electro-
heterogeneous, and that the assignment of the four bandphoretic mobility were observed in spinach PS2)( Addi-
obtained by standard 1-D gel electrophoresis to individual tionally, the same authors sometimes observed an additional
proteins is an oversimplification. Therefore, quantification band in 1-D gels with an electrophoretic migration similar
of individual Lhca proteins that relies on the staining intensity to that of Lhca2. By HPLC separation coupled with ESI-
of these individual bands can be erroneous. In addition, our MS it was possible to identify Lhca2 isoforms in PSI of
MS/MS analyses of trypsin-digested spots demonstrate thetomato ¢8). In addition, two Lhcal isoforms encoded by
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cab6a (23) and cab6b (24) could be detected with this e.g., D1 and CP29Q, 44). To test whether the Lhca proteins
approach. We were not able to detect peptides specific for of tomato are phosphorylated to an extent that would explain
products ofcab6aor cab6bor for Lhca2 isoforms. This fail-  the spot pattern obtained by 2-D gels, we subjected PSI
ure can be explained by the different methodical approachesproteins to 1-D electrophoresis and phosphoprotein staining.
used in this study and in r@8. In contrast to the latter study However, we could not detect significant phosphorylation,
in which entire proteins were analyzed, we employed tryptic which would support the idea that phosphorylation causes
protein fragments for detection and identification of proteins. the heterogeneity of individual Lhca proteins. Another
The two Lhcal isoforms differ by only three amino acids. explanation for the heterogeneity in molecular mass observed
Therefore, the most probable explanation is that proteolytic for Lhca4, Lhcal, and Lhca3 may result from different
fragments specific for single isoforms have not been detected.processing of individual Lhca precursor proteins. Processing
For Lhca2, it is conspicuous that MS analyses of bands of of LHC proteins at different sites has been reported in higher
1-D gels resulted in the detection of only a few peptides plants B9, 45, 46) and the green alg€. reinhardtii (22).
(Table 1). It is also surprising that in 2-D gels only in spots Because the size differences observed in these investigations
C—E were Lhca2 peptides found by MS (Table 2), although are comparable to those detected by us, differential process-
spot F clearly contains Lhca2 as could be demonstrated bying may also be germane to the distinct electrophoretic
immunoblotting (Figure 4B). This could be due to poor behavior found for Lhca proteins of tomato. In addition to
extraction of Lhca2 tryptic peptides from a polyacrylamide posttranslational modifications such as phosphorylation,
matrix and/or to poor electrospray ionization efficiencies of acetylation or modification of the peptide amino terminus
these peptides. Such an interpretation is consistent with theor the side chains of lysine or arginine by isocyanic acid
mass spectrometric analysis of tryptic peptides of the Lhca2 (carbamylation) could be an explanation for the different
1-D band, which resulted in the identification of only three Lhca isoforms. We specifically searched the MS/MS data
peptides, whereas for the 1-D bands of Lhcal, Lhca3, andof all Lhca proteins for protein carbamylation and acetylation.
Lhcad €abll and cabl), six, five, and four peptides, We also aimed to identify differentially N-terminally pro-
respectively, were recognized (Table 1). cessed Lhca proteins by searching the MS/MS data for such
Due to the use of the 2-D gel electrophoresis procedure processing events (see Experimental Procedures). However,
recently developed for the separation of membrane proteinsno carbamylation or acetylation was detected, nor was it
(29), we could also demonstrate several isoelectric points possible to determine the identity of any differentially
for individual Lhca proteins (Figure 4). This technique N-terminally processed proteins. However, the existence of
allowed resolution of four to five isoforms with different pI  such modifications cannot be ruled out by the applied MS/
values for Lhcat-4. The 2-D protein maps show that Lhca3 MS procedure since only between 17%alf12 and 36%
is the least acidic Lhca protein whereas Lhca2 is the most(Lhcal) of the entire proteins were covered in the 1-D gel
acidic one, which is consistent with the theoretical pl values bands and even less in the spots of 2-D gels (Tables 1 and
of 5.95 (Lhca3), 5.22 (Lhcalgab6aandcab6h), and 4.99 2). Additionally, no peptides were detected that derive from
(Lhca2) as calculated from the amino acid sequence. Thethe N-terminus, which is especially predestined to differential
resolving power of this 2-D gel electrophoresis, in combina- processing and protein modifications. Therefore, we are left
tion with the specific amino acid sequence tags generatedwith the speculation that the distinct Lhca isoforms are
by MS/MS, allowed the resolution and identification of the caused by posttranslational modifications, protein processing,
two Lhca4 isoforms derived fromablland cabl2genes or even charge heterogeneity that occur in the protein
(27). The product ofcabl12 possessing a theoretical pl of segments, which have not been detected. Further proteomic
5.15 could be clearly separated from ttah11lproduct with analyses using other proteases for in-gel digestion may be
a pl of 5.34 (Figure 4C and Table 2), and in this way, its suitable for clarifying the origin of the distinct electrophoretic
first detection on the protein level was facilitated. behavior. Additionally, plants grown under different envi-
Detection of four to five isoforms resolved at different ronmental conditions (e.qg., high light, low temperature, and
isoelectric points for each of the prominent Lhca proteins nutrient deficiency) hold promise for providing insight into
raises the question about the origin of these charge differ-the physiological significance of these isoforms.
ences. One possible explanation are posttranslational modi- Detection of Lhca5 on the Protein L&l in a Higher Plant.
fications. Various proteins of PSII could be isolated in a Our approach allowed not only identification of Lhca4
phosphorylated form3g, 40). However, with regard to LHCI  isoforms (gene products ofabll and cabld but also
proteins, it is not clear whether phosphorylation occt3. detection of Lhcab, a protein that was not yet identified on
labeling of plant material followed by gel electrophoresis the protein level in higher plants. Tltecab gene has a low
and autoradiography did not prove phosphorylation of expression level and was first describedAothaliana(21).
LHCI proteins under conditions in which the various PSIl Very recently, a detailed MS/MS analysis indicated its
proteins are phosphorylated]( 42). These results are in  presence in the green al@a reinhardtii (22). In the study
contrast to an immunoblot study performed with anti- presented here, combining electrophoresis and MS/MS with
phosphothreonine and anti-phosphoserine antiboc6s (  bioinformatic analyses, we were able to demonstrate the
Both antibodies cross reacted with all Lhca proteins that were presence of Lhca5 on the protein level in a higher plant
tested (Lhcat4), indicating phosphorylation at various sites (Table 1). A contig (TC116242) resulting in a protein with
in all proteins. Such extensive phosphorylation at different the same amino acid sequence as in Figure 3 that lacks the
sites of one protein could explain a heterogeneity in pl as final five amino acids (AASSS) can be found at The Institute
was observed in this study. However, in addition to shifts in for Genomic Research (TIGR) tomato gene index (http://
pl, phosphorylation may also cause shifts in electrophoretic www.tigr.org/tdb/tgi/lgi). This confirms the sequence of the
mobility as was observed for phosphorylated PSII proteins, reconstructed Lhca5.
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As a consequence of the presence of Lhca5 in bands withanalyze plants grown under different environmental condi-
apparent molecular masses of 22.3, 22.7, and 23.2 kDa, ittions with regard to up- or downregulation of individual Lhca
appears that this protein also occurs in different isoforms. proteins and their isoforms. This will shed light on the
This corresponds to the observatiorGnreinhardtiiin which physiological significance of Lhca heterogeneity and the
two different isoforms of Lhca5 have been fourt®), On existence of PSI with different Lhca compositions.
the basis of the molecular masses, one can speculate about
the processing site at which the protein is cleaved during NOTE ADDED AFTER ASAP POSTING

maturation. FoA. thaliang it was suggested that the mature . ,
. . . After being posted on the Web on 06/26/04, this paper
protein starts with the sequence AAGGGIN..., which cor- was altered (subscript Greek characters in last paragraph of

responds to a protein of 24.1 kDa1j. By using the net- . . )
based ChloroP software (at http://www.cbs.dtu.dk/services/ Discussion). The correct version was posted 06/29/04.

ChloroP/), we_obtained the same processing site for tomato ck NOWLEDGMENT

Lhca5. Thus, if one assumes that the mature tomato Lhca5

starts with the sequence ARKGHS... (Figure 3), a protein  We thank Prof. L. A. Staehelin (Department of Molecular,
of 24.5 kDa is obtained, which does not correspond to the Cellular and Developmental Biology, University of Colorado)
observed molecular masses. Recent analyses demonstratddr the kind gift of Lhca2 antibody and Christine Markert
that the predictions of the ChloroP software are only reliable (Lehrstuhl fu Pflanzenphysiologie, Friedrich Schiller-
for soluble proteins and not for membrane proteif3)( Universita Jena) for help with MS measurements.

which may also apply for Lhca5. Therefore, we calculated
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