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An overview of the intact molecular masses and the hydrophobic properties of the photosystem II (PSII) light-harvesting
proteins in 14 different plant species is presented. The protein separation and identification was achieved by means of
reversed-phase high-performance liquid chromatography-electrospray ionization-mass spectrometry. The good correspon-
dence of the molecular masses measured by reversed-phase high-performance liquid chromatography-electrospray
ionization-mass spectrometry with those deduced from the DNA sequence (0.008%-0.016% relative deviation in Arabidop-
sis) enabled the identification of the different protein types. Utilizing this correlation, it was possible in several cases to spot
a gene product for the previously cloned genes. In PSII, all antenna proteins show hydrophobic properties considerably
different within the same as well as among various species, in contrast to observations made previously with PSI. These
differences might reflect a tuning of protein-protein interactions that play a role in inducing different supramolecular
organizations of PSII: within the same species as a consequence of short-term adaptations, and among species for seasonal
species adaptation. The relative antenna stoichiometry was readily established on the basis of relative peak areas of the
separated proteins in the ultraviolet chromatograms. The correspondence found between the high copy number of genes
with the gene products reveals that the genes are not silent in their protein expression. Moreover, the high copy number of
gene products as well as protein heterogeneity observed in PSII suggest a possible plant strategy to realize the high degree

of organization and interconnection of the light-harvesting systems under any environmental conditions.

The antenna proteins of PSII diverge in structure
and composition within the same phyla, and even
species (Jansson, 1994). The minor antenna proteins
include CP29 (Lhcb4), CP26 (Lhcb5), and CP24
(Lhcb6), whereas Lhcbl, Lhcb2, and Lhcb3 comprise
the group of major antenna proteins. For both anten-
nas, several genes have been cloned and sequenced
and numerous protein bands have been resolved by
gel electrophoresis in different species (Bassi and
Dainese, 1992; Jansson, 1994). Although a large num-
ber of genes for antenna proteins has been identified
in several plants, it is not clear at present how the
expression of the gene family members correlates to
the gene products observed in vivo in any plant
species (Morishige and Thornber, 1994). For instance,
it is not known if these genes are expressed differen-
tially during development of the plant, under chang-
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ing environmental conditions, and/or in different
cell types (Falbel and Staehelin, 1992).

In general, assignment of a protein to its corre-
sponding gene may be achieved by (partial) protein
sequencing, which is laborious, time consuming, ex-
pensive, and sometimes impossible because of the
presence of amino-terminal blocking (Michel et al.,
1991). Alternatively, assignments can be made by
comparison of the molecular masses derived from
the DNA sequence and the apparent molecular
masses measured by SDS-PAGE, which today repre-
sents the most widely used method for the separation
and isolation of small amounts of chlorophyll-
binding proteins (Machold, 1991; Bassi and Dainese,
1992). However, it is well known that molecular
masses estimated by SDS-PAGE may significantly
diverge from the molecular masses calculated for the
individual proteins on the basis of their nucleotide-
derived amino acid sequences (Matsuoka et al., 1987;
Schwartz and Pichersky, 1990).

During the past years, reversed-phase HPLC with
on-line detection by electrospray ionization (ESI)-
mass spectrometry (MS) has evolved into a highly
powerful tool for accurate mass measurements of
proteins (Covey et al., 1988; Chait and Kent, 1992;
Premstaller et al., 2001). Applications of reversed-
phase HPLC-ESI-MS to the analysis of plant proteins
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include the characterization of PSII reaction center
subunits (Sharma et al., 1997a, 1997b; Whitelegge et
al.,, 1998), the analysis of antenna proteins of PSI
(Damm and Green, 1994; Zolla and Timperio, 2000;
Zolla et al., 2002) and PSII (Corradini et al., 2000), the
study of isoforms of antenna proteins (Huber et al,,
2001), and the study of the appressed membrane
subfractions of thylakoids (Gémez et al., 2002). The
measured intact molecular masses of the proteins
may sometimes be correlated with molecular masses
calculated from genomic sequences to identify the
corresponding genes (Gémez et al., 2002). The suc-
cess of such correlations is, however, frequently com-
plicated because of incomplete knowledge of post-
translational modifications, unknown processing of
precursors to mature proteins, isomeric forms of the
proteins, and DNA sequencing errors, which all re-
sult in significant deviations of measured molecular
masses with those deduced from the DNA sequences.

In due consequence, we explored in this investiga-
tion as to what extent reversed-phase HPLC-ESI-MS
is applicable to the study and identification of the
antenna proteins of PSII in 14 monocot and dicot
species with the aim of establishing a system for
rapid and correct protein identification based on in-
tact molecular masses. The generated data set of
different protein masses should enable an overview
on antenna protein heterogeneity and its possible
implications on the supramolecular organization of
PSIIL. Because complete sequence information is not
available for all of the investigated species, identifi-
cation of the proteins needs to be based upon a
comparison of the measured intact molecular masses
with the mass range expected from the known genes
of other plant species. To validate the approach of
protein identification by intact molecular masses, the
antenna proteins from Arabidopsis, from which a
complete, high-quality genome sequence is available,
are used as reference components.

RESULTS

Validation of Intact Molecular Mass
Measurements as Analytical Method for the
Identification of Antenna Proteins

Before application of reversed-phase HPLC-
ESI-MS to the identification of antenna proteins in
various plant species, we evaluated the accuracy of
mass measurements using the antenna proteins from
Arabidopsis as reference compounds, for which all
antenna genes have been recently cloned and se-
quenced with high accuracy (Jansson, 1999). The
components of bands 2 and 3 from Suc gradient
ultracentrifugation were chromatographically sepa-
rated in a 250- X 4.6-mm i.d. C4 column (The Sepa-
ration Group, Hesperia, CA) and mass spectra were
extracted and deconvoluted from the reconstructed
ion chromatograms. Table I summarizes the molecu-
lar mass data of the major antenna proteins of Ara-
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bidopsis obtained from 14 independent analyses of
the same sample preparation. The identity of the
antenna proteins was established by comparison of
the measured molecular masses with the mass range
predicted from the DNA sequences. It can be seen
that the reproducibility of mass measurements is bet-
ter than 0.01% and that the relative mass deviations
ranged from 0.008% to 0.016%.

In a second step, we focused our attention on the
reproducibility of molecular masses measured in dif-
ferent sample preparations extracted from different
batches of plant material. For that purpose, seven
batches of spinach (Spinacia olearacea) leaves were
collected at different periods of the year and from
various locations to minimize the influence of grow-
ing conditions as well as any seasonal or species-
related effects. Moreover, the thylakoid membranes
were extracted after storage of the leaves for at least
18 h in the dark with the aim to minimize any light
effects. In seven to 19 measurements conducted over
a period of 36 months, the molecular masses were
reproduced with sps of =6 to 12 D, corresponding to
relative sps of only 0.02% to 0.04% (Table II). Given
an inaccuracy of molecular masses of 0.008% to
0.016% within the same sample batch, this means that
the uncertainty in molecular masses because of sam-
ple preparation and sample heterogeneity is in the
range of 0.012% to 0.024% and, therefore, essentially
equivalent to the mass accuracy characteristic for
ESI-MS. The molecular mass values obtained for
spinach correspond excellently with the values re-
cently reported by Gémez et al. (2002).

Separation and Identification of the PSII Antenna
Proteins by Reversed-Phase HPLC-ESI-MS in Various
Plant Species

Figure 1 illustrates as an example the reconstructed
ion chromatogram and the extracted raw spectra to-
gether with the deconvoluted mass spectra of band 2
from pea. The chromatographic peak eluting from
the column at 21 min contained two proteins of mo-
lecular masses 22,842 and 22,907 D, corresponding to
Lhcb6.1 and 6.2. The chromatographic peak eluting
around 22 min contained two proteins with molecu-
lar masses of 24,836 and 24,961 D, respectively,
whereas the one eluting at 22.5 min revealed only one
protein of intact mass of 24,976 D. Because the liter-
ature reports three Lhcbl genes, whose predicted
molecular masses are 24,825, 24,956, and 24,972 D
(including acetylation of the amino-terminal Arg), it
is reasonable to assume that the proteins contained in
the two peaks represent the Lhcbl antenna proteins
(Table I). Moreover, the fourth peak revealed a pro-
tein with a molecular mass of 24,835 D, coming close
to the value expected for Lhcb2 of 24,837 D. Three
well-defined chromatographic peaks, revealing mo-
lecular masses of 24,330 (Lhcb 3), 28,686 (Lhcb 4), and
26,556 D (Lhcb 5) contained only one protein. The
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Table I. Comparison of molecular masses determined by HPLC-ESI-MS with the protein masses expected from the DNA sequence in

Arabidopsis, pea (Pisum sativum), and tomato (Lycopersicon esculentum)

*, Amino-terminal acetylation. X, Unknown chemical group. ¢, Unknown group blocking the N-terminal acid of Lhca3 does not allow

determination of the mass deviation.

Measured Mass

Species Calculated Mass®

Protein

Mass Deviation® Accession No.®

(£sp)? Identification®
D %
Arabidopsis X03907
24,902.2 £ 2.0 24,904.2* 0.008 Lhch1.1-1.3 X03908
X03909
24,775.0* Lhch1.4 X64459
24,912.6 £ 1.8 24,915.2* 0.011 Lhch1.5 X64460
AF134122
24,940.62 + 2.4 24,943.3* 0.011 Lhcbh2.1-2.3 AF134123
AF134124
24,927.23 £ 2.3 24,931.3* 0.016 Lhch2.4 AF134125
24,277.64 = 1.7 24,280 0.013 Lhch3 AF134126
Pea 24,836 = 2.9 24,825* 0.11 Lhcb1.1 P04159
24,961 = 3.2 24,955.1* 0.05 Lhch1.2 P07371
24,955.1 £ 2.5 24,971.3* 0.04 Lhch1.3 P27490
24,835 = 2.7 24,837* 0.004 Lhch2 P27520
24,330 = 1.5 24,331 0.01 Lhch3 X69215
Tomato 24,880 = 1.9 24,879* 0.004 P07369
24,894 * 3.5
24,958 = 1.9 Lhch1
24,976 = 3.2
24,696 * 2.1 24,692* 0.01 P07370
24,866 = 2.1 24,860* 0.02 Lhch2 P14278
24,788* P14279
24,300 *= 2.4 24,308 0.03 Lhcb3 P27489
24,330 = 3.1
22,830 = 3.5 22,800 0.1 Lhcbh6 P27525
22,610 = 2.7 22,610 0.0 P27527
26,602 = 2.9 26,581+X ? Lhcb5 $16294

*The mean = sp of at least three (13 or 14 for Arabidopsis) measurements is presented.
“Percent difference between expected and observed masses.

gene product.
between measured and calculated molecular masses.
and SWISS-Prot databases.

bCalculated average mass of the uncharged assigned
YProtein IDs indicate assignments made by comparison

“Accession no. in GenBank, National Center for Biotechnology Information (NCBI),

measured molecular mass of Lhcb3 correlated excel-
lently with the predicted mass of is 24,331 D. Inter-
estingly, all six antenna found have molecular
masses similar to the values recently measured by
Gomez et al. (2002).

Table I also reports values found for antenna pro-
teins in tomato, where most of the genes for major

Table Il. Reproducibility of molecular masses of major and minor
antenna proteins in antenna protein preparations from spinach pre-
pared and analyzed over a period of 36 months

. Average Molecular Relative No. of
Protein
Mass SD Measurements
D %
Lhcb1.1 24,933.7 5.7 0.023 19
Lhcb1.2 25,004.2 6.2 0.025 18
Lhcb2 24,758.4 8.6 0.035 19
Lhcb3 24,320.3 7.7 0.032 16
Lhcb4 28,072.5 11.4 0.041 11
Lhcb5 27,0711 9.9 0.037 7
Lhcb6 22,812.6 8.8 0.039 12
200

antenna proteins, as well as those for the two minor
antenna proteins Lhcb5 and Lhcb6, have been se-
quenced. By comparison of the measured molecular
masses with those deduced from DNA sequence (see
Table I), the identification of each antenna protein
was performed for this species, too. In the case of
Lhcb5, the measured value is higher than the ex-
pected because of an unknown chemical group
blocking the amino terminus.

Similarly, the major and minor antenna proteins of
PSII were identified in the reconstructed ion chro-
matograms obtained from 14 different plant species.
In cases where the molecular mass measured for a
protein did not correspond well to mass values ex-
pected from the DNA sequence, or where the gene is
not known, the protein types were assigned on the
basis of the mass range calculated from known genes
of other species.

Tables III through VI give an overview of the ex-
perimental molecular masses of the major and minor
antenna proteins in dicots and monocots. The exper-

Plant Physiol. Vol. 131, 2003



(b) Lhcbé

22842
22907

1000

1400
m/z

molecular mass

1800 22000 23000 24000

Proteomics of PSII Antenna Proteins in Different Plant Species

(c) Lhcbs

26556

i |

s\t

| L L L L}
1800 25500 26500 27500
molecular mass

1000 1400

m/z

a
3.5 ( )
5 -
c
= P EA g A <
bt L0
[ [ 3]
el -lq-,! e
: e 3
o P2 -]
(&) 3] ©
e = ©
> ( - o
b~ ©
~
e P
] Ne
[ = |
- I 3
g [ ]
5 4 \
B §
0 I
1] 1 ] 1 1 1 ] 1 ) I ] 1 ] 1 ] 1 T 1 1 | T 1 T 1 1 1 1 1 I
0 20 time [min] 30 40
(d) Lhcb1 ~ (e) Lhcb3
iy
Q & <t
)
o |&
2 <t
Q[
o~
1000 1400 1800 24000 25000 26000 1000 1400 1800 23000 24000 25000
m/z molecular mass m/z molecular mass

Figure 1. Identification of the protein components of the PSIl major and minor antenna system from pea by reversed-phase
HPLC-ESI-MS. Column, Vydac Protein C-4 (250- X 4.6-mm i.d.) packed with 5-um butyl silica; mobile phase, 45-min linear
gradient from 27.5% to 63.5% (v/v) acetonitrile in water containing 0.05% (v/v) trifluoroacetic acid (TFA); flow rate, 1.0 mL
min~"; flow of column effluent entering the mass spectrometer, 50 pL min~'; detection, ESI-MS, 500 to 2,000 atomic mass

units; and injection volume, 100 ul.
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Table I1l. Comparison of experimental and computed values of the molecular masses of the Lhcb1 major antenna protein of PSll from dicots
The sps of measured molecular masses range between 1.5 and +2.7 D.
Lhcb1
Species Intact mass Mass Accession no.b Gene Mass No. of genes by
measured calculated® ' name*® apparent DNA probes®
D
Spinach
1 24,936 - - - 28,400 4
2 25,014 25,021 P12333 Cab 21 27,800 -
Pea
1 24,836 24,857 P04159 CabAB86 - 8
2 24,961 24,957 P07371 Cab - -
3 24,976 24,973 P27490 Cab 8 - -
Tomato
1 24,880 24,879 P07369 Cab 3C 28,400 8
2 24,894 - - - 28,200 -
3 24,958 - - - 27,700 -
4 24,976 24,692 P07370 Cab 1B - -
5 24,696 - - - - -
Petunia (Petunia hybrida)
1 24,820 24,818 P12062 Cab 37 26,700 16
2 24,936 24,953 P04782 Cab 25 27,200 -
27,900
3 24,878 25,029 P04781 Cab 22R 28,200 -
4 24,924 25,009 P04783 Cab 91R 28,400 -
25,036 P04780 Cab 22L 28,900 -
5 24,964 24,966 P04779 Cab 13 29,300 -
Cucumber (Cucumis sativus)
1 24,690 24,712 P08221 Cab - 2
2 24,688 - - - - -
3 24,674 - - - - -
4 24,726 - - - - -
Tobacco (Nicotiana tabacum)
1 24,920 24,925 P27492 Cab 16 - -
2 24,888 - - - - -
3 24,748 24,750 P27493 Cab 21 - -
4 24,928 24,911 P27495 Cab 40 - -
24,945 P27491 Cab 7
24,987 P27496 Cab 50
Vicia faba
1 24,964 - - - 27,000 -
2 24,806 - - - - -
Populus albae
1 24,654 - - - - -
2 24,772 - - - - -
3 24,964 - - - - -
Soybean (Glycine max)
1 24,820 24,761 P09756 Cab 3 - -
2 24,841 24,781 P12471 Cab - -

*Values reported were calculated assuming that a conserved Arg, not a Met, was the N-terminal residue of the mature polypeptide. The

calculation also took into account the fact that an acetyl group blocks this Arg.
Resource (PIR) databases. “Gene names according to nomenclature reported by Jansson et al. (1992).
tomato, and petunia according to Sigrist and Staehelin (1992); V. faba according to Machold (1991).

bAccession no. in NCBI, SWISS-Prot, or Protein Information
dvalues reported in literature: spinach,
“Values reported in literature: spinach

from Mason (1989), pea from Coruzzi et al. (1983), tomato from Pichersky et al. (1985), petunia from Dunsmuir (1985), and cucumber from

Greenland et al. (1987).

imental masses were correlated with the protein
types on the basis of DNA sequences available from
the literature and from the SWISS-PROT database
(http:/ /www.ExPAsy.ch). Expected mass values
were calculated assuming that a conserved Arg, not a
Met, was the amino-terminal residue of the mature

202

polypeptide, as indicated by tandem MS (Michel et
al., 1991). The calculation also took into account the
fact that an acetyl group blocks this Arg in both
Lhcbl and Lhcb2 (Jansson, 1994). The apparent mo-
lecular masses determined by SDS-PAGE are also
reported in the tables with the aim to demonstrate

Plant Physiol. Vol. 131, 2003
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Table IV. Comparison of experimental and computed values of the molecular masses of the Lhcb1 major antenna protein of PS Il from

monocots

The sps of measured mass range between *1.5 and *2.7.

Lhcb1
No. of
Species Intact mass Mass Accession 1o Gene Mass genes
measured calculated® ’ name* apparent? by DNA
probes®
D
Maize (Zea mays)

1 24,901 24,901 P12329 Cab 1 29,500 12

2 24,883 24,881 P27497 CabM9 29,800 -

3 24,833 24,861 P06671 Cab 28,800 -

4 24,799 24,938 Q00827 Cab 48 - -
Barley (Hordeum Vulgare)

1 24,630 24,620 P08963 Cab 2 26,900 -

2 24,853 - - - - -
Wheat (Triticum aestivum) 24,827 24,910 P04784 Cab - —
Rice

1 24,880 24,986 P12330 Cab 1 - -

2 24,794 25,003 P12331 Cab 2 - -
Rye (Secale cereale)

1 24,668 - - - - -

2 24,830 - - - - -

3 24,924 - - - - -

*Values reported were calculated assuming that a conserved Arg, not a Met, was the N-terminal residue of the mature polypeptide. The

calculation also took into account the fact that an acetyl group blocks this Arg.
“Gene names according to nomenclature reported in Jansson et al. (1992).

(1988), and barley according to Sigrist and Staehelin (1994).

bAccession no. in NCBI, SWISS-Prot, or PIR databases.
YValues reported in literature: maize according to Bassi et al.

“Values reported in literature: maize according to Sheen and Bogorad (1986).

the relatively large discrepancy between molecular
masses obtained for these hydrophobic proteins de-
termined by SDS-PAGE and ESI-MS.

UV Chromatograms of PSII Protein Preparations from
Different Plants and Reproducibility of
Chromatographic Profiles

After identification by reversed-phase HPLC-ESI-
MS, each preparation of antenna proteins isolated
from each plant was analyzed by reversed-phase
HPLC with UV detection in triplicate to obtain reten-
tion data and to evaluate the reproducibility of the
chromatographic profiles and resolution of the an-
tenna proteins. Because the retention times of major
antenna proteins were not influenced by the presence
of the minor antenna proteins also present in band 2
and vice versa, only the chromatograms of band 2
will be presented and discussed. Figures 2 through
5 give an overview of the chromatographic profiles
of the protein components of band 2 from 12 dif-
ferent plant species. The reproducibility both of the
chromatographic patterns and the retention times
(< 0.4% relative sp) was equivalent to that already
observed with the protein components of PSI (see
Zolla et al., 2002), providing further evidence for the
high suitability of reversed-phase HPLC for the sep-
aration and identification of antenna proteins.

Plant Physiol. Vol. 131, 2003

Figures 2 through 4 refer to the dicots more com-
monly studied, namely spinach, petunia, pea, to-
mato, tobacco, cucumber, P. albae, V. faba, and soy-
bean, whereas Figure 5 collects the chromatograms of
the monocots maize, rice, and barley. Upon compar-
ing the chromatograms in Figure 2 through 5, it was
observed that the profiles varied characteristically
and reproducibly from plant to plant. Moreover, the
Lhcb1 retention times in all species ranged from 26 to
34 min, corresponding to an elution window of
rather narrow acetonitrile concentration of only 3.9%
(v/v). From this observation, it can be inferred that
the antenna proteins from different species have sim-
ilar hydrophobicities, although the differences in se-
quence are in many cases sufficient to allow their
chromatographic separation. This is in accordance
with variations in amino acid sequence deduced
from the DNA sequence reported in the literature for
other plants (Jansson, 1994) and with different band
patterns obtained by denaturing SDS-PAGE.

A comparison of the retention times of the major
antenna proteins revealed that Lhcb3 eluted after
Lhcb1 and Lhcb2 in all species, whereas the retention
time of Lhcb2 was more variable as its hydrophobic
properties in relation to Lhcb1 varied from species to
species. Regarding the minor antenna proteins,
Lhcb6 eluted first as the most hydrophilic antenna
protein in all species examined, in contrast to Lhcb5,
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Table V. Comparison of experimental and computed values of the molecular masses of the Lhcb2 and Lhcb3 major antenna proteins of PSll

from different species
The sps of measured mass ranges between *1.5 and *2.7.

Lhcb2 Lhcb3
Species Intact mass Mass calculated? Mass ) Intact mass Mass calculated® Mass
measured apparent measured® apparent®
D D
Dicots
Spinach 24,761 - 26,600 24,323 - -
Petunia

1 24,790 — 26,700 24,280 - -

2 - - 26,400 24,232 - -
Pea 24,835 24,838 (P27520)¢ - 24,330 24,331 (Q05918)° -
Tomato

1 24,866 24,860 (P14278)° 26,800 24,300 24,308 (P27489)° -

24,100 24,330

2 — 24,788 (P14279)° - -
Cucumber 24,702 - - 24,252 - -
Tobacco 24,840 24,825 (P27519)¢ - 24,224 - -

V. faba 24,740 - 25,000 24,338 - -
P. albae 24,690 - - 24,254 - -
Soybean - - - 24,322 - -
Monocots
Maize 24,721 24,5764 28,500 24,289 - 26,400
Barley 24,690 - 27,500 24,292 24,285 (P27523)° 26,000
Wheat 24,675 - - 24,288 - -
Rice 24,800 24,857 (P27519)° - 24,350 - -
Rye 24,624 - - 24,290 - -

*Values reported were calculated assuming that a conserved Arg, not a Met, was the N-terminal residue of the Lhchb2 mature polypeptide. The
calculation also took into account the fact that an acetyl group blocks this Arg. In the case of Lhcb3, values were calculated according to Jansson

(1994) without adding chemical modification.

PValues reported in literature: spinach and barley according to Allen and Staehelin (1992),

petunia and tomato according to Sigrist and Staehelin (1992), V. faba according to Machold (1991), and maize according to Bassi et al.

(1998). “Accession no. in NCBI, SWISS-Prot, or PIR databases.

dAccording to Viret et al. (1990).

which was the most hydrophobic in all cases. Based
on its retention, Lhcb4 can be considered to be rela-
tively hydrophobic compared with the other major
antenna proteins in all species except in spinach,
where it eluted before Lhcb1. In tomato and petunia,
two Lhcb6 proteins were separable by reversed-
phase HPLC, whereas only one single peak for Lhcb5
and Lhcb4 was observed. Finally, it was noticed that
the relative abundance of minor antenna proteins in
relation to the major antenna proteins was generally
higher in dicots in comparison with monocots.

The proteins of the same type showed quite dis-
similar retention times and relative abundances in
different species, whereas they displayed quite sim-
ilar electrophoretic patterns in SDS-PAGE (data not
shown). These characteristic chromatographic pat-
terns may serve as a highly confident and reproduc-
ible fingerprint for comparison of the antenna pro-
teome within a single and among different species.
Moreover, because the identity of the protein(s) con-
tained in each HPLC peak has been previously iden-
tified by ESI-MS, the UV-chromatograms shown in
Figures 2 through 5 can now be used as a reference
for identification of protein types in a variety of plant
species in future experiments without the necessity
for expensive and comparably complex ESI-MS
detection.

204

DISCUSSION

Protein Identification Based on Reversed-Phase
HPLC-ESI-MS

The chromatographic separation of the antenna
proteins is based on the different hydrophobicities
of the analytes. Therefore, chromatographic reten-
tion times may serve as a first indication of the
identity of a protein, although coincidental elution
of other compounds at the same position in the
chromatogram may result in false positive identifi-
cation. As a consequence, identification needs to be
corroborated by additional molecular properties of
the analyte. The intact molecular mass represents an
important intrinsic property of a protein molecule
suitable for its characterization and identification
(Nguyen et al., 1995). Although the molecular mass
of a protein is primarily defined by its amino acid
sequence that can be readily deduced from the DNA
sequence, permanent or environmentally induced
posttranslational modification or processing may al-
ter its molecular mass. Moreover, partial proteolysis
or other chemical reactions effective during sample
preparation may change the molecular mass, result-
ing in failure to correctly identify the protein under
investigation.

Plant Physiol. Vol. 131, 2003
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Table VI. Comparison of experimental and computed values of the molecular masses of the minor (Lhcb6, Lhcb5, and Lhcb4) antenna

protein of PSll from different species
The sps of measured mass range between *1.5 and *2.7.

Lhcb6 Lhcb5 Lhcb4
i Intact
species mass Mass calculated® Mass b Intact mass Mass calculated® Mass . Intact mass Mass calculated® Mass .
measured apparent measured apparent measured apparent
D D D
Dicots
Spinach 22,820 22,813 (P36494)¢ 21,000 27,091 - 27,500 28,076 - 29,500
27,800 30,000
Petunia
1 22,688 - - 27,926 - - 28,354 - -
2 22,750 - - - - - - - -
3 22,814 - - - - - - - -
4 22,862 - - - - - - - -
Pea
1 22,842 - - 26,556 - 26,500 28,686 - 30,000
2 22,907 - - - - - - - -
Tomato
1 22,830 22,800 (P27525)¢ - 26,602 26,581 (516294)¢ 26,000 28,486 - 28,800
(CAA4390)¢
2 22,610 22,610 (P27527)¢ - - - - - - -
Cucumber 22,758 - - 26,722 - - 28,194 - -
V. faba 22,910 - - 26,508 - - 28,686 - -
Tobacco
1 22,614 - - - - - 28,420 - -
2 22,652 - - - - - - - -
P. albae - - - 26,552 - - 28,176 - -
Soybean - - - 26,620 - - 28,212 - -
Monocots
Maize 22,714 22,809 20,500 26,679 26,624 (T02251)¢ - 28,613 28,558 (T02986)¢ 31,000
(AAA64416)°
Barley 22,838 - 21,000 27,170 27,137 (521386)¢ - 28,388 27,374 30,000
(CAA44777)¢
27,180 31,000
Wheat 22,800 - - 27,316 - - 28,344 - -
Rice
1 22,576 - - 26,712 - - - - -
2 22,644 - - - - - - - -
Rye 22,822 - - 26,738 - - 28,354 - -

*Values reported were calculated assuming a conserved Leu as starting amino acid for Lhcb5 and an LF as the first two amino acids for Lhcb4
of the mature polypeptide. The calculation does not take into account the fact that an unknown chemical residue blocks both Leu. Values for
Lhcbh6 were calculated assuming two amino acids as initial amino acids of the NH, terminal, without adding any chemical modification.
bValues reported in literature: spinach according to Barbato et al. (1989), maize according to Bassi et al. (1988), and barley according to Morishige

and Thornber (1992).

Staehelin (1992), maize according to Bassi and Simpson (1987), and barley according to Peter and Thornber (1991).

“Values reported in literature: spinach and pea according to Allen and Staehelin (1992), tomato according to Falbel and

“Accession no.

Nevertheless, our approach to protein identifica-
tion by intact molecular masses is justified by the
data from Arabidopsis, pea, and tomato confirming
that the measured molecular masses represent the
real molecular masses of the proteins, which are in
excellent correspondence with DNA sequence data.
However, in Tables III through VI, significant devi-
ations between the experimental and the expected
molecular masses can be found that are far beyond
the experimental error of mass measurements.
Hence, there has to be some chemical difference be-
tween the actual protein structure and the structure
predicted from the DNA sequence, which can only be

Plant Physiol. Vol. 131, 2003

explained by incorrect DNA sequences (probably a
consequence of the chemical sequencing methods
common more than 10 years ago), different precursor
processing, or unknown posttranslational modifica-
tions. The molecular masses determined for Lhcb3
and Lhcb6 by ESI-MS are in excellent agreement with
the masses expected from the protein sequence,
which could be obtained because of the absence of
amino-terminal acetylation. Moreover, the correct as-
signment of major and minor antenna proteins in
spinach by intact molecular mass measurements
(Corradini et al., 2000) could be also confirmed by
immunoblotting and amino-terminal microsequence

205



Zolla et al.

0,15
theba 0. SPINACH
Lhcb6
——————Lheb1.2
0,10 1 Lhch3
Lhcb2 N _— Lheb5
\\ /
0,05 -
0,00 .
0,10 1 Lhcb1.3 PETUNIA
Lhcb1.4 Lheb3.1
Lhcb1.2 Lheb1.5

ABSORBANCE AT 214 nm

Lhch6.2 Lhcb4

Lhcb6.3 Lheb1.1 \

Lhch6.4 Lhcb3.2
0,05 - Lhch6.1

Lhcb2.1 / Lhcb5

—

D
0,00 -
0,30 3
Lhcbh1.1 %
Lhcb1.3
Lhcb1.2
0,25 | ) \ - PEA
0,20
0,15
0,10
Lhcb6
0,05 \
0,00 : : : : .
0 10 20 30 40 50
TIME (min)

Figure 2. Chromatographic fingerprints of the PSIl antenna proteins of band 2 from Suc gradient separation of BBY
preparations from the following dicot plant species: a, spinach; b, petunia; and ¢, pea. Column, Vydac Protein C-4 (250- X
4.6-mm i.d.) packed with 5-um butyl silica; mobile phase, 45-min linear gradient from 27.5% to 63.5% (v/v) acetonitrile in
water containing 0.1% (v/v) TFA; flow rate, 1.0 mL min; UV detection, 214 nm; injection volume, 50 ulL; and sample size,
approximately 40 ug of total protein. D, Peak containing detergent and free pigments.
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Figure 3. Chromatographic fingerprints of the PSIl antenna proteins of band 2 from Suc gradient separation of BBY
preparations from the following dicot plant species: a, tomato; b, tobacco; and ¢, cucumber. Conditions as in Figure 2.
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Figure 4. Chromatographic fingerprints of the PSIl antenna proteins of band 2 from Suc gradient separation of BBY
preparations from the following dicot plant species: a, P. albae; b, V. faba; and c, soybean. Conditions as in Figure 2.
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Figure 5. Chromatographic fingerprints of the PSIl antenna proteins of band 2 from Suc gradient separation of BBY
preparations from the following monocot plant species: a, maize; b, rice; and ¢, barley. Conditions as in Figure 2.
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analysis (Zolla et al., 1999), although the measured
masses sometimes differed significantly from the mo-
lecular masses derived from the DNA sequence.

In our opinion, false positive identification of a
protein as a certain type of antenna protein by reten-
tion time plus molecular mass is very unlikely be-
cause the antenna proteins are the most abundant in
the thylakoid membranes; they have been fraction-
ated in several dimensions using selective extraction,
ultracentrifugation, and reversed-phase HPLC; and
their hydrophobicities and molecular mass ranges
differ significantly. In due consequence, it is reason-
able to suggest an assignment of an experimental
molecular mass to one of the different types of an-
tenna proteins, if it fits into the range of mass values
expected from the DNA sequence.

The major advantage of intact molecular mass mea-
surements by reversed-phase HPLC-ESI-MS relies on
the fact that identification can be performed with rea-
sonable effort and instrumentation in acceptable time
compared with identification by antibody or protein
sequencing. Such rapid analysis is indispensable for
the comparison of the antenna proteomes in several
plant species. The availability of more DNA sequence
data as well as the characterization of posttransla-
tional modifications in the near future will allow to
find more and more exact correlations and it may be
anticipated that some of our identifications will have
to be corrected because of such new data. In this
respect, the large body of molecular mass data pre-
sented in Tables III through VI may serve as a refer-
ence for future investigations of antenna proteins and
as groundwork for revealing the differences observed
between sequence data and the gene products.

Utility of UV Chromatograms for Protein Identification

Each species exhibits a unique chromatographic pat-
tern that reflects the varying hydrophobicity and stoi-
chiometry of the light-harvesting proteins in all spe-
cies examined. Compared with the antenna proteins of
PSI, the observed differences in PSII are more pro-
nounced (see also Zolla et al., 2002). Reversed-phase
HPLC holds the advantage over SDS-PAGE of being
generally capable of the fractionation of all antenna
types within less than 1 h without the necessity for
individual optimization of the separation conditions.
Although proteins differing in only two amino acids
could be separated chromatographically (see Lhcb 1 in
tomato), co-elution of different antenna protein types
was observed in very few cases (e.g. Lhcbl and Lhcb6
co-elute in soybean), and sometimes in the case of
protein isoforms. In such situations, only MS is capa-
ble of identifying the co-eluting compounds.

PSII Major Antenna Proteins

The Lhcb1 protein, as expected, usually represents
the most abundant peak in the HPLC profile. Al-
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though the Lhcbl elution times were in a narrow
time window, small but significant differences
among different species were observed: Lhcbl from
tomato was more hydrophilic than that from pea and
spinach. The measured molecular masses for Lhcb1
ranged from 24,630 in barley to 25,014 D in spinach
(Tables III and IV). Moreover, it was found that more
than one and up to five Lhcbl isoforms could be
distinguished (Huber et al., 2001). From a compari-
son of molecular masses measured for monocots and
dicots, it is interesting to note that in monocots, both
Lhcb1 and Lhcb2 show smaller masses than in dicots,
suggesting a different evolution of the antenna pro-
teins in dicots and monocots. However, the mass of
Lhcb1 was always higher than that of Lhcb2, both in
monocots and dicots. In tomato, two proteins of mo-
lecular masses of 24,880 and 24,696 D were mea-
sured, as expected from the gene sequences. Thus,
the cab3C protein, which was expected to be two
amino acids longer and less hydrophobic than cab1B
(Green et al., 1992), corresponds to our Lhcb1.1.

The molecular masses of Lhcb2 ranged from 24,624
D in rye to 24,866 D in tomato (Table V). The Lhcb2
of cucumber had a mass very similar to Lhcb1, mak-
ing it difficult to discriminate between Lhcbl and
Lhcb2 in this species. Only one Lhcb2 protein was
revealed by reversed-phase HPLC-ESI-MS in all spe-
cies examined, in agreement with one gene copy
reported for these species in the literature. An excep-
tion is the two proteins found in Arabidopsis, for
which three very similar Lhcb2 genes have been re-
ported (Jansson, 1999). Lhcb2 elution times were
quite diverse compared with the relatively constant
hydrophobicity observed for Lhcbl and Lhcb3. The
observed variability supports the hypothesis that the
Lhcb2 protein plays an important role in modulating
different aggregation states in different species. This
is consistent with the “outer mobile” role of this
major antenna because in most models of antenna
conformation, it is located on the periphery of the
PSII (Barber et al., 1997) and it has been shown to
have the highest ability to migrate from grana into
stroma (Drepper et al., 1993).

In all species examined, Lhcb3 is the most hydro-
phobic major antenna protein. As a consequence, it is
reasonable to assume that Lhcb3 is tightly bound to
the reaction center of PSII (Harrison et al., 1993) and
moderately bound to the peripheral, trimeric light-
harvesting complex (Boekema et al., 1999b). The mo-
lecular masses of Lhcb3 ranged between 24,292 and
24,330 D for barley and tomato, respectively (Table V).

In all species examined, the ratio of peak areas in
the chromatograms is approximately 10:3:1 for
Lhcb1:Lhcb2:Lhe3, which is consistent with that re-
vealed by immunological analysis (Peter and Thorn-
ber, 1991), by the ratio of genes identified (30 Lhcb1
versus 10 Lhcb2 CAB sequences; Jansson et al., 1992),
and the ratio of mRNA in Arabidopsis (Jansson,
1999). This good agreement between the ratio of
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genes and gene products determined by HPLC again
supports the assumption that all genes are active at
the same time.

PSII Minor Antenna Proteins

Lhcb6 was usually the first peak eluting from
the column, exhibiting the lowest hydrophobicity.
The narrow range of molecular masses between
22,610 and 22,910 D (Table VI) is in agreement with
the high sequence homology attributed to this pro-
tein (Schwartz and Pichersky, 1990). Interestingly,
more than one Lhcb6 protein was found in many
species, which is in contrast with only one Lhcb6
gene product expected in Arabidopsis (Jansson,
1999). In tomato, two Lhcb6 proteins having a mass
of 22,610 and 22,832 D were found, which are in good
agreement with the genes cloned (Schwartz and Pich-
ersky, 1990).

The other two minor antenna proteins, Lhcb5 and
Lhcb4, which were matter of ambiguity including
differences in migration order in certain species (Fal-
bel and Staehelin, 1992), were well differentiated by
reversed-phase HPLC in all species examined. Lhcb4
is the largest antenna protein with a molecular mass
ranging from 28,076 to 28,696 D (Table VI). In maize,
comparison of the measured masses with that ex-
pected (Bergantino et al.,, 1998) indicates that the
mature protein comprises 262 amino acids. Only one
Lhcb4 protein was found in all species, except in
Arabidopsis (Jansson, 1999), where two proteins
were found although three genes have been reported.
However, two of the three genes (Lhcb4.1 and
Lhcb4.2) in Arabidopsis have the same level of ex-
pression, whereas the third (Lhcb4.3) significantly
differs from Lhcb4.1 and Lhcb4.2 and it is expressed
only at a low level, and, therefore, escapes detection
(Jansson, 1999).

Lhcb5 is the last antenna protein eluting from the
column, which indicates that it is the most hydropho-
bic antenna protein. This is also consistent with the
finding that it is strongly associated with the core
complex (Falbel and Staehelin, 1992), being more
often present in super-complexes obtained from
oxygen-evolving PSII membranes than the other mi-
nor antenna proteins (Boekema et al., 1999a). The
molecular masses of Lhcb5 ranged from 26,508 D in
V. faba to 27,316 D in wheat (Table VI). A good
correspondence is found in maize, which has been
sequenced recently and where the measured molec-
ular mass of 26,679 D (including the unknown chem-
ical group blocking the NH, terminal amino acid) is
close to that deduced from the DNA, namely 26,624
D. From this information, we can conclude that in
maize, the peptide cleavage of the precursor most
probably takes place at position 36 to form the ma-
ture protein, with a Leu as starting amino acid, as
observed for Arabidopsis (Table I; Jansson, 1999). As
a consequence, in maize, a mature polypeptide of 247
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amino acids is present, which comes close to the 243
found for Arabidopsis. Similarly in barley, assuming
a cleavage of the Lhcb5 precursor (Morishige and
Thornber, 1992) at residue number 36, the first three
amino acids are LFD. In fact, the expected mass of the
mature protein of 27,127 D is close to a mass of 27,179
D determined by ESI-MS (which includes the mass of
the unknown chemical modification of the amino-
terminal Leu).

Physiological Implications of Antenna Proteomes

Besides the improved chemical analysis of the PSII
antenna proteins obtained by reversed-phase HPLC-
ESI-MS and reversed-phase HPLC with UV detec-
tion, the analytical data enable valuable insights from
a physiological point of view. The analyses allowed
us: (a) to identify the protein(s) eluting in each chro-
matographic peak; (b) to estimate the relative stoichi-
ometry of antenna proteins on the basis of peak areas
in the UV chromatograms; (c) to reveal that more
than one Lhcbl, Lhcb3, or Lhcb4 protein isoform
exist in most species examined; (d) to realize that the
number of found proteins and cloned genes match
pretty closely, whereas the number of genes detected
by DNA-probes is an overestimation; (e) to report the
molecular masses of some antenna proteins the genes
of which have not yet been sequenced; and (f) to
compare the measured molecular masses with those
expected to allow an assignment of most proteins to
their respective gene families.

The largest peak(s) in most of the chromatograms,
which is (are) most likely related to Lhcb1 because of
its high abundance, usually contained two or more
proteins as evidenced by partly separated chromato-
graphic peaks and/or different masses measured by
ESI-MS. These proteins were considered as heteroge-
neous forms of Lhcb1 (Huber et al., 2001), and indi-
cated in the chromatograms by using the indexed
labels Lhcb1.1, Lheb1.2, etc., according to the nomen-
clature proposed by Jansson (1999) to identify the
numerous Arabidopsis genes.

Lhcb2 eluted as a single HPLC peak in all species
examined, whereas Lhcb3 was resolved into two
chromatographic peaks in tomato and petunia
(Lhcb3.1 and Lhcb3.2). Because approximately 80%
of the sequence of the major antenna proteins, espe-
cially in the three transmembrane helices, are highly
conserved among different plant species (Jansson,
1994), the observed difference in chromatographic
retention must be attributed to variations in the
rather hydrophilic amino-terminal regions of the pro-
teins, which can play a major role in protein-protein
interaction and supramolecular organization of PSII.
In fact, more than one type of trimeric populations
have been postulated to exist (Jackowski et al., 2001).

In fact, in PSII, a number of gene products were
revealed, corresponding to the multitude of genes
cloned, indicating that all the light-harvesting genes
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cloned are not silent in their protein expression
(Walling et al., 1988). Until now, the reason for the
existence of several genes encoding the light-
harvesting proteins is not yet well understood, but
the data reported allow us to assume that the genome
organization in multiple gene families of the antenna
proteins may partially reflect the high degree of or-
ganization and interconnection of the light-
harvesting system within the thylakoid membrane
complexes. Thus, because recent studies reported a
specific and time-dependent protein reaction in
forming supramolecular organization of PSII, espe-
cially for the minor antenna (Boekema et al., 1999b;
Wollman et al., 1999), it is reasonable suppose that
the observed differences in hydrophobicity of the
antenna proteins, within the same species as well as
among various species, used here to explain the elu-
tion times observed in the chromatograms, may re-
flect functional differences in the protein-protein
interaction.

This hypothesis, together with the observation that
the high copy number of more or less identical genes
and gene products is presumably a consequence of
the need for a high rate of protein synthesis in the
photosynthetic apparatus of plants, could be a pos-
sible explanation of the biological significance of the
numerous multigene families reported for the an-
tenna proteins as well as for other plant genes (The-
ologis et al., 2000).

Conclusions and Future Perspectives

In all species examined, each antenna protein type
showed molecular masses that fell within a relatively
narrow range of mass values. In accordance, it is
reasonable to suggest an assignment of an experi-
mental molecular mass to one of the six types of
antenna proteins, if it fits into these narrow ranges. In
future investigations, we are planning to study the
environmental effects on the photosynthetic appara-
tus directly in the BBY preparation, or even better, in
thylakoid membranes, avoiding the separation step
by Suc gradient ultracentrifugation. In fact, direct
injection of thylakoids onto the HPLC column will
make it possible to determine the quantitative rela-
tionship between chlorophyll a/b-binding proteins
present in both PSs, which represents a great advan-
tage of chromatographic analysis. Moreover, tandem
MS of trypsin-digested antenna proteins will allow
one to get partial sequence information that is suit-
able to unequivocally assign each protein to its re-
spective gene, as previously performed for core pro-
teins (Sharma et al.,, 1997b; Ouellette and Barry,
2002). The detection and study of posttranslational
modifications of the antenna proteins, either by intact
molecular mass measurements or tandem MS, will
allow the gathering of insights into the molecular
mechanism by which the chloroplast modulates the
adaptation of photosynthetic apparatus to environ-
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mental changes. This is particularly attractive in Ara-
bidopsis, where the entire genome is known. How-
ever, for the study of Arabidopsis having very small
leaves, a further step of miniaturization of the ana-
lytical method will be mandatory, a concept that can
be successfully realized by the use of monolithic
capillary columns (Premstaller et al., 2001).

MATERIALS AND METHODS
Chemicals

Reagent grade phosphoric acid, magnesium chloride, sodium chloride,
silver nitrate, sodium carbonate, TFA, methanol, ethanol, formamide, as
well as HPLC grade water and acetonitrile, were obtained from Carlo Erba
(Milan). Acrylamide, N,N' methylene-bis-acrylamide, and all other reagents
for SDS-PAGE were purchased from Bio-Rad (Segrate, Italy). Suc, Tricine,
TRIS, n-octyl B-p glucopyranoside, n-dodecyl B-p maltoside (DM), chloro-
phyll a and b, and MES were obtained from Sigma (Milan). Triton X-100 and
n-octyl-Suc were purchased from Calbiochem (San Diego).

Isolation of the Major and Minor Antenna Systems by
Suc Gradient Ultracentrifugation

Chloroplast thylakoid membranes (PSII membranes) were isolated from
the following dicot and monocot leaves: spinach (Spinacia olearacea), petunia
(Petunia hybrida), pea (Pisum sativum), tomato (Lycopersicon esculentum), to-
bacco (Nicotiana tabacum), cucumber (Cucumis sativus), soybean (Glycine
max), Vicia faba, Populus albae, maize (Zea mays), rice (Oryza sativa), barley
(Hordeum vulgare), rye (Secale cereale), and wheat (Triticum aestivum), accord-
ing to the method of Berthold et al. (1981) with the modification reported
elsewhere (Zolla et al., 1999). Leaves were collected at night in the dark and
at different periods of the year to minimize any seasonal and light effects. To
ensure comparability of the results, the experimental conditions for extrac-
tion were kept constant for all species examined. Only in the case of petunia
and soybean, the ratio of detergent to protein needed to be raised to
completely solubilize the thylakoid membranes. The light-harvesting com-
plex was isolated from the PSII membranes as previously described (Bassi
and Dainese, 1992) with the following modifications: PSII membranes were
pelleted by centrifugation at 10,000¢ for 5.0 min at 4°C, suspended in B3
buffer at 1.0 mg mL ™! chlorophyll, and then solubilized by adding 1% (w/v)
DM. Unsolubilized material was removed by centrifugation at 10,000¢ for 10
min. The supernatant was rapidly loaded onto a 0.1 to 1.0 M Suc gradient
containing B3 buffer (containing 1.5 mm NaCl, 5 mm MgCl,, and 50 mm MES
[pH 6.3]) and 5.0 mm DM. The gradient was then spun on a Centricon T-1080
ultracentrifuge equipped with a model TST 41.14 rotor (Kontron Instru-
ments, Watford, Herts, UK) at 39,000 rpm for 18 h at 4°C. Green bands were
harvested with a syringe. The SDS-PAGE analysis of these green bands
revealed that band 2 contained a mixture of the protein components of the
major and minor PSII antenna systems, whereas band 3 essentially con-
tained the protein components of the major PSII antenna system, as previ-
ously reported (Bassi and Dainese, 1992). These bands were used for SDS-
PAGE or HPLC analysis without any further treatment. Control analyses of
the components of bands 2 and 3 were performed by denaturating SDS-
PAGE. In the gels, all species displayed quite similar electrophoretic pat-
terns, showing the three main bands of molecular mass ranging from 25 to
28 kD, which were identified as Lhcbl, Lhcb2, and Lhcb3 (Jansson and
Gustafsson, 1991; Peter and Thornber, 1991). Small differences were ob-
served for minor antenna proteins.

HPLC Separations and Hyphenation to ESI-MS

The HPLC separations were carried out on a model 200 C system having
a model 785 A UV detector, and a model LC 240 fluorescence detector
connected in series (PerkinElmer, Norwalk, CT). Samples were loaded onto
the column by a model 7125NS-005 sample injection valve (Rheodyne,
Cotati, CA) with a 50- or 100-uL sample loop. The analyses were performed
using Vydac Protein C-4 columns of either 250- X 4.6-mm i.d. or 250- X
10-mm i.d., both containing 5-um porous butyl silica. All solutions were
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filtered through a Millipore (Milan) type FH 0.5-um membrane filter and
degassed by bubbling with helium before use. Antenna proteins were eluted
with linear gradients of acetonitrile in 0.1% (w/v; with UV or fluorescence
detection) or 0.05% (w/v; with ESI-MS detection) aqueous TFA at ambient
temperature. The HPLC-ESI-MS experiments were carried out with a model
Rheos 2000 low-pressure gradient pump (Flux Instruments, Basel), a degas-
ser (ERC 3215, Ercatech, Bern, Switzerland), a Rheodyne model 7125 injector
equipped with a 100-uL sample loop, and a TSQ 7000 triple quadrupole
mass spectrometer (Finnigan MAT, San Jose, CA or by ion trap Esquire 3000
plus (Bruker, Daltonik, Germany). Details of instrumental setup and tuning
are given in Corradini et al. (2000).
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