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Abstract

Stable assembly of the major LHC-II proteins (22, 26 kDa) is inhibited in the a-carotenoid-free mutant C-2A-34 of the
green alga Scenedesmus obliquus, whereas other LHC-1I proteins (22, 23, 29 kDa) seem to be not affected. We conclude
that lutein is essentia for assembly of the major LHC-II proteins of S. obliquus, but not for assembly of the minor LHC-II
proteins. It is proposed that in the minor LHC-I1 proteins lutein is replaced by violaxanthin, zeaxanthin and antheraxanthin.
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1. Introduction

The light-harvesting complex of Photosystem I
(LHC-11) in higher plants and green algae consists of
various pigment-protein complexes with polypeptide
weights of 20-30 kDa. The LHC-II polypeptides are
encoded by a nuclear family of genes now named
Lhcb (formerly cab) [1]; in higher plants at |east five
distinct LHC-I1 gene products have been identified
[1-3]. The in vivo assembly of functional pigment-
protein complexes occurs near to or inside the thyl-
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akoid membrane [2]. Recently, the role of Chl a, Chl
b and various carotenoids in the assembly process of
the pigment-protein complex has become a matter of
intensive research [4—7].

The predominant LHC-II proteins, which presum-
ably form trimeric aggregates within the thylakoid
membrane, are often denoted as major LHC-II pro-
teins. Possibly, the major LHC-1I proteins are located
a the periphery of the LHC-II and connected to the
PS Il core complex (the CP43/CP47 core antenna
plus reaction center complex) via the so-caled
‘minor’ LHC-II proteins [1]. In higher plants there
are at least four distinct types of minor LHC-II
proteins (CP29, CP26, CP24 and CP22) [3].

Lutein, an «-carotenoid, is the predominant
carotenoid of the major LHC-1I proteins. It is thought
to have an important structural function. The crystal-
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lographically determined structure of LHC-II proteins
of the major type is suggestive that two luteins form
an internal cross-brace in the center of the protein [8].
Reconstitution experiments revealed that assembly of
the maor LHC-Il proteins requires lutein [4-7].
However, recently lutein-deficient mutants of Ara-
bidopsis were presented whose LHC-II complexes
seem to be not affected [9-11].

A significant fraction of the carotenoids found to
be present in the minor LHC-I1 proteins are violaxan-
thin, antheraxanthin and zeaxanthin which are in-
volved in the so-called xanthophyll cycle [12,13].
Zeaxanthin, which is formed via deepoxidation of
violaxanthin, is assumed to play a role in protective
energy dissipation under high-light conditions[12,13].

In this study we present results obtained with the
a-carotenoid-free mutant C-2A’-34 of the unicellular
green alga Scenedesmus obliquus, which is a sub-
mutant of the greening mutant C-2A’ [14]. Although
this mutant lacks the whole «-carotenoid-pooal, i.e.,
lutein, o-carotene and loroxanthin, it is able to live
autotrophically in the light [14]. Furthermore, the
photosynthetic capacity and quantum yield are not
affected by the complete lack of «-carotenoids [15].
However, in contrast to the lutein-free mutants of
Arabidopsis [9,11] the Chl b content of intact mutant
cells is strongly decreased in comparison to the wild
type indicating that the LHC-Il content is reduced
[14,15].

For the green aga S. abliquus, Hermsmeier et a.
resolved three LHC-1I polypeptides [16]. The precise
number of distinct LHC-II gene products of S
obliquus and their amino acid sequence are still
unknown. We found indications that at least five
LHC-II proteins are present (see Section 3 and Sec-
tion 4). In the following the predominant type of the
LHC-II proteinsis called ‘major’ LHC-II and the less
dominant types are denoted as ‘minor’ LHC-I1 pro-
teins. This nomenclature is not intended to indicate
that the amino acid sequences are necessarily similar
to the sequences of the respective LHC-11 polypetides
of higher plants.

In this study we compare the pattern of assembled
LHC-II proteins of the S. obliquus wild type with the
mutant C-2A’-34. The results indicate that the hypoth-
esis of an essential lutein requirement for the LHC-11
assembly has to be qualified. Lutein is not required
for assembly of the minor LHC-Il proteins of S

obliquus. We propose that in the minor LHC-II pro-
teins lutein is substituted by other xanthophylls.

2. Materials and methods

The mutant C-2A’-34 of the unicellular green alga
Scenedesmus obliquus was derived by random muta-
genesis [14]. Revertants were not observed.

Cultures of the mutant and the wild type (strain
D,) [17] of Scenedesmus obliquus were grown het-
erotrophically for three days as described elsewhere
[18]. Then, the cells were exposed to light (100
wE-m~2.-s71) for 15 h to alow greening of the
mutant C-2A-34, which lacks light-independent
protochlorophyllide reductase activity. After 15 h in
the light, the mutant shows all pigments of the wild
type with exception of the a-carotenoids (a-carotene,
lutein and loroxanthin).

Thylakoids were prepared using a cell mill [19]
and stored at 77 K. Pigment-protein complexes were
separated by two different systems of mildly denatu-
rating green gel electrophoresis. A system modified
after Anderson et al. [20] and the system number IV
described by Machold et al. [21] and Machold [22].
The former retained most pigments protei n-associated
but did not separate different types of LHC-II
monomers, where the latter yielded an increased frac-
tion of free pigments but resolved several LHC-II
monomer bands. Hence, we carried out pigment anal-
ysis with pigment-protein complexes obtained by the
Anderson gel, and characterized the LHC-II
monomers using the Machold system.

The gels were scanned immediately after separa
tion with a densitometer (CD 60, Desaga, Heidelberg,
Germany) at 680 nm. For further investigations the
bands were cut out of the gel. Room temperature
absorption spectra of green gel bands were performed
with a dual-beam spectrophotometer with a head-on
photomultiplier (UV 3000, Shimadzu, Kyoto, Japan).

For pigment analysis the pigment-protein com-
plexes of green gel bands were electroeluted and
extracted with diethylether. After evaporation of the
solvent the pigments were transferred into acetone
and analyzed by HPLC [23].

Fully denaturating gels (SDS-PAGE) were carried
out according to Fling and Gregerson [24]. The pro-
teins were eluted from green gel bands with a buffer
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containing 2% SDS, precipitated with 80% aceton
and boiled for 5 min in a buffer containing 50 mM
DTT, 1% SDS, 0.01% bromophenol blue, 10% glyc-
erol and 50 mM Tris/HCI (pH 6.8). The resolving
gel contained 15% acrylamide and was superimposed
by a 5% stacking gel. Each lane of the gel was loaded
with a volume containing 100 g of protein. Protein
bands were stained with Coomassie brilliant blue.

3. Resaults

Pigment-protein complexes of the wild type and
the mutant C-2A'-34 were separated by mildly denat-
urating green gel electrophoresis [21]. For wild type
and mutant, Fig. 1 shows gel scans (680 nm absorp-
tion). The scans were normalized with respect to
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Fig. 1. Absorption scan of a mildly denaturating green gel. Thin
line: thylakoids of the wild type; thick line: thylakoids of the
mutant C-2A’-34. In A, the complete gel scans are shown; in B,
an enlargement of the LHC-II monomer region is displayed.
Green gel electrophoresis was carried out according to Machold
et a. [21]. The absorption a 680 nm was normalized to the
height of peak 5. An assignment of the numbered peaks is
proposed in the text.
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Fig. 2. A: fully denaturating SDS-PAGE of the LHC-I1 monomer
bands (band 6-8 in Fig. 1) cut out of a green gel. Each lane was
loaded with 100 wg protein. B: gel scan of the lanes with the
proteins of the green gel band 6 of the wild type and the mutant
C-2A-34, respectively. WT, wild type; 34, mutant C-2A-34,
numbers refer to the green gel bands in Fig. 1.

band 5, which contains CP 43, an essential compo-
nent of the PS Il core. The following bands are
resolved (Fig. 1): (1 and 2) PS | with and without
LHC-I antenna complexes, respectively, (3) trimers
of the so-called ‘magor’ LHC-II proteins probably
mixed with some PS | components, (4) the core
antenna component CP 47, (5) the core antenna
component CP 43, (6 and 7) less prominent ‘ minor’
LHC-1I monomers, (8) ‘major’ LHC-II monomers
and (9) free pigment. The identity of the different
bands was confirmed by co-electrophoresis of pig-
ment-protein complexes of barley, which are well
characterized [21], and by analysis of 77 K fluores-
cence spectra (data not shown).

It is obvious that the mutant lacks LHC-II trimers
(Fig. 1A, band 3) and most of the LHC-II monomers
(bands 6-8). Closer inspection (Fig. 1B) shows that
band 8, which represents the dominating ‘major’
LHC-II proteins of the wild type, is completely ab-
sent in the mutant. The * minor’ LHC-1I monomersin
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Fig. 3. Absorption spectra of LHC-1I monomer bands cut out of a
green gel (bands refer to Fig. 1): wild type (A); C-2A-34 (B).
The spectra were normalized to the absorption a 671 nm.

the mutant C-2A'-34 (band 6 and 7) are decreased by
about 80% in comparison to the wild type.

Fig. 2A shows a fully denaturating gel (SDS
PAGE) of the different LHC-II monomers (bands
6-8) cut out of the green gel shown before (Fig. 1).
For the wild type two major bands are resolved: one
with an apparent molecular weight of 22 kDain band
8 and 7 of the green gel and one with a molecular
weight of 26 kDain band 7 and 6 of the green gdl. In
the gel scan of the third lane (proteins of green gel
band 6) a shoulder with a molecular weight of 22
kDa becomes visible (Fig. 2B).

In the mutant, the dominant LHC polypeptide of
the green gel band 6 is characterized by an apparent
molecular weight of 29 kDa. The gel scan in Fig. 2B
reveals that the band 6 contains also 23 and 26 kDa
polypeptides. Band 7 of the green gel contains almost
solely a 22 kDa protein. The molecular weight of this
polypeptide resembles those of the protein in band 8
of the wild type which is thought to represent the
dominating, trimer forming major LHC-Il. However,

presumably the two proteins are not identical because
the migration behavior in the green gel is different. In
conclusion, the wild type and the lutein-free mutant
differ clearly in their LHC-II pattern (see Section 4).

Room temperature absorption spectra of the green
gel bands containing LHC-II monomers from the
wild type and the mutant are shown in Fig. 3A and in
Fig. 3B, respectively. The spectra were normalized to
the Chl a peak at 671 nm. In the wild type (Fig. 3A)
the ratio between the Chl b peak-magnitude (651
nm) and the Chl a peak-magnitude (671 nm) remains
constant for all LHC-1I monomers. The differencesin
the spectra between 400 nm and 500 nm reflect
differences in the xanthophyll pattern.

In the mutant C-2A-34, both minor LHC-Il bands
of the green gel show significantly higher 671 to 651
nm absorbance ratios than those of the wild type.
This is most obvious for band 6 which contains an
unusua 29 kDa LHC-11 polypeptide (Fig. 2).

For analysis of the pigment composition of LHC-II
monomers, a ‘milder’ green gel system was used in
order to reduce pigment release. This system does not

Table 1
Pigment content of the LHC-II monomers of the wild type and
the mutant C-2A-34, respectively

Pigment Relative pigment content
of LHC-II monomers
Wild type C-2A-34
Lutein 6.5 0
Violaxanthin 04 45
Antheraxanthin 01 25
Zeaxanthin 0.2 14
Neoxanthin 17 31
Loroxanthin 0.9 0
Chlorophyll a 56 59
Chlorophyll b 32 25
a-Carotene 0.8 0
B-Carotene 15 39
Total pigment content 100 100
Chl a/Chl b 18 24
Chlorophyll /carotenoids 7.3 53
Xanthophyll cycle pigments 0.7 8.4

The LHC-1I monomers were isolated by green gel electrophoresis
according to Anderson [20] and the pigments analyzed by HPLC.
The LHC-1I monomers in this green gel system correspond to the
sum of band 6-8 in the green gel shown in Fig. 1. The pigment
contents are given in percent of the total pigment content. The
standard deviation (four independent measurements) was less
than 11% of each value.
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lead to a separation of distinct LHC-II monomer
bands. The monomer band, which corresponds to the
sum of bands 6-8 of Fig. 1, was cut out of the gel
and the pigment content was determined by HPLC-
analysis. Table 1 demonstrates that the most striking
difference in pigment composition, apart from the
loss of a-carotenoids in the mutant, is the more than
10fold increased content of xanthophyll cycle pig-
ments (violaxanthin, antheraxanthin, zeaxanthin) in
the LHC-II monomers of the mutant. Apparently,
lutein (6.5% of total pigment content in the wild
type) is substituted by xanthophyll cycle pigments
(8.3% of total pigment content in the mutant).

4. Discussion

The comparison of abundance and characteristics
of LHC-II proteins from an a-carotenoid free mutant
of S obliquus with the wild type reveals: (1) The
lack of a-carotenoids (mainly lutein) leads to a de-
crease in the number of LHC-II proteins per PS |1 by
more than 80%; seemingly, the lack of lutein affects
the ability to form stable LHCs. (2) The whole
LHC-II pattern of the mutant is changed with respect
to the wild type; in particular, the dominating major
LHC-II protein is missing in the mutant and other
LHC-proteins, which are hardly detectable in the wild
type, determine the LHC pattern of the mutant. (3)
LHC-II proteins with a low Chl b content can be
assembled with a high yield without lutein. These
findings explain the low Chl b content in the mutant
cells in vivo (Chl a/Chl b= 6.5 in mutant cells in

comparison to Chl a/Chl b= 3.1 in the wild type
[15].

The LHC-II antenna system of plants involves
various polypeptides. For most higher plants 5-6
LHC-II gene products have been identified [1-3]. For
S obliquus, the number and sequences of the in-
volved gene products are unknown.

To rationalize the results shown in Fig. 1, Fig. 2
and Fig. 3, we tentatively assume the presence of at
least five distinct LHC-1I monomers in S obliquus,
which will be denoted as LHCa to e (Table 2). In
the following, the abundance and characteristics of
these LHC-I1 types are discussed.

The dominant LHC-II protein of the wild type
(LHCa) is the 22 kDa protein found in the major
LHC-II band of green gels (band 8). The second
prominent LHC-1I protein in the wild type is the 26
kDa protein (LHC3) of the green gel band 6. Band 7
of the green g seems to be contaminated with
LHCa and LHCS (see below). The mean Chl a/Chl
b ratio of the wild type LHC-II monomers is 1.8
(Table 1). We do not know the Chl a/Chl b ratios
for the individual bands 6, 7 and 8 of the green gel
shown in Fig. 1. However, the absorption ratio
Agri/A s (Ag, and A ,, absorption at 671 nm and
651 nm, respectively) should be closely related to the
Chl a/Chl b ratio. Because this ratio is identical for
the green gel bands 6, 7 and 8 (A ¢, /A 5, = 1.3), we
conclude that al three bands contain predominantly
LHC-II proteins with a Chl a/Chl b ratio of about
1.8 (Table 1).

In the mutant, band 7 of the green gel contains a
22 kDa protein (LHCB). LHCB differs from LHC«

Table 2
LHC-II proteins proposed for Scenedesmus

Green band Apparent molecular Chl b content Wild type Mutant C-2A-34 Role of lutein for

mass(kDa) LHC-II assembly

LHC« 8 22 high ++ - essential
LHCB 7 22 low + ++ not required
LHCy 6 23 ? (+) + not required
LHCS 6 26 high ++ + enhanced yield?
LHCe 6 29 very low (+) ++ not required

The LHC-II proteins were denoted as «, B, v, & and e according to their apparent molecular mass in SDS-PAGE. The second column
refers to the green gel bands shown in Fig. 1. The molecular mass as determined by SDS-PAGE is shown in column 3. The Chl b content
(column 4) was estimated on basis of the absorption spectra shown in Fig. 3. The symbols in the 5th and the 6th column indicate the
abundance of the LHC-II type in the wild type and the mutant, respectively: + +, predominant; +, present; (+), possibly present; —,

not present.



I. Heinze et al. / Biochimica et Biophysica Acta 1320 (1997) 188—194 193

of the wild type with respect to its Chl b-content
(high Chl a/Chl b ratio, A,,/A o= 1.5 and the
different migration behavior in the green gel. In the
wild type the green gel band 7 seems to be contami-
nated by the proteins found in band 8 and 6 (LHC«,
LHCS), but it presumably also contains a particular
LHC-II protein, the LHCP.

Apart from LHCB the mutant shows a 29 kDa
protein (LHCe) in band 6 of the green ge
(Ag71/A 50 = 1.7). In this band also a 26 kDa protein
(LHC3 or a different LHC-II protein with the same
molecular weight) and a 23 kDa protein (LHCv) are
present. Because these two proteins are less promi-
nent in the green gel band 6 than LHCe no conclu-
sions with respect to its Chl b content can be drawn.
Thus, it is not possible to distinguish whether the 26
kDa proteins in the mutant and the wild type are
identical. Assuming their identity we have to con-
clude that the yield of assembly in the mutant is
decreased in order to explain the lower LHCS-con-
tent of the mutant.

Presumably, all LHC-II proteins of the mutant are
also present in the wild type to some extent. We
assume that LHCe and LHC+~ are also present in the
green gel band 6 of the wild type (see gel scanin Fig.
2B).

The results presented above reveal that the loss of
a-carotenoids (lutein, a-carotene, loroxanthin) in S
obliquus leads to a loss of LHC-II proteins which are
the predominant LHC-II types (LHCa, LHC3) of the
wild type organism (Fig. 1, bands 3 and 8). This
finding is suggestive that lutein plays an important
structural role in the major LHC-11. Kuhlbrandt et al.
solved the crystal structure of the maor LHC-II
trimers of higher plants and found two luteins in the
center of each monomer [8]. In reconstitution experi-
ments with denaturated LHC-II proteins lutein was
found to be essential for stable LHC-II folding [4—6].
Our results confirm that lutein is essential for the
assembly of the major LHC-1I proteins. It is notewor-
thy that even in the intact cell with its optimal
conditions for protein assembly the major LHC-II
proteins require specifically lutein for formation of
stable pigment-protein complexes.

Interestingly, however, Iutein is not essential for
the assembly of al LHC-II gene products. LHCp,
LHCvy and LHCe are assembled in the absence of
lutein. In these LHC-II proteins of the mutant the

content of violaxanthin, antheraxanthin and zeaxan-
thin is tenfold increased. We propose that the xantho-
phyll cycle pigments assume the function of lutein in
the LHC-II proteins found in the mutant. Accord-
ingly, the xanthophyll cycle pigments could have an
important structural function apart from their role in
light protection and energy dissipation [12,13].
Presently, however, we cannot decide whether also in
the wild type the xanthophyll cycle pigments play an
important role with respect to assembly or stability of
the minor LHC-11 polypeptides.

Pogson et a. [11] also assume that xanthophyll
cycle pigments replace lutein in the lutein-deficient
mutants of the higher plant Arabidopsis. Interest-
ingly, in the Arabidopsis mutants the loss of lutein is
not accompanied by a decrease of the Chl b content
indicating that lutein may also be substituted in the
major LHC-II. The conclusions of Pogson et d.,
however, have not been substantiated by analysis of
the LHC-11 polypeptide composition.

A structural function of violaxanthin was also
deduced from experiments on LHC-II reconstitution
[4-6] where high yields of LHC-II refolding were
solely achieved in the presence of lutein, violaxanthin
and neoxanthin. However, LHC-I1 reconstitution with
a reduced yield was also possible in the absence of
violaxanthin. Thus, elucidation of the role of xantho-
phyll cycle pigments for LHC-IlI assembly and its
stability requires further investigations.

Acknowledgements

We thank Prof. Otto Machold and Elisabeth Nagel
(Gaterdeben, Germany) as well as Brigitte Zinn and
Hilmar Schiller (Marburg, Germany) for skillful tech-
nical support and helpful discussions. Cultures of the
mutant C-2A'-34 were kindly provided by Prof. Nor-
man Bishop (Corvallis, Oregon, USA). Support by
the Deutsche Forschungsgemeinschaft (SFB 305, Pro-
jekt B1) is gratefully acknowledged. I.H. and M.H.
are recipients of a fellowship of the Studienstiftung
des deutschen Volkes.

References

[1] S. Jansson, Biochim. Biophys. Acta 1184 (1994) 1-19.
[2] H. Paulsen, Photochem. Photobiol. 62 (1995) 367—382.



194 I. Heinze et al. / Biochimica et Biophysica Acta 1320 (1997) 188—194

[3] B.R. Green, D.G. Durnford, Annu. Rev. Plant Physiol. Plant
Mol. Biol. 47 (1996) 685—714.

[4] F.G. Plumley, G.W. Schmidt, Proc. Natl. Acad. Sci. USA
84 (1987) 146-150.

[5] H. Paulsen, U. Rumler, W. Rudiger, Planta 181 (1990)
204-211.

[6] K.V. Cammarata, G.W. Schmidt, Biochemistry 31 (1992)
2779-2789.

[7] H. Paulsen, B. Finkenzeller, N. Kuhlein, Eur. J. Biochem.
215 (1993) 809-816.

[8] W. Kuhlbrandt, D.N. Wang, Y. Fujiyoski, Nature 367 (1994)
614-621.

[9] Pogson, B., Norris, S., McDondd, K., Truong, M. and
DellaPenna, D. (1995) in: Photosynthesis: From Light to
Biosphere (Mathis, P., ed), Vol. IV, pp. 75-78, Kluwer
Academic Publishers, Dordrecht.

[10] F.X. Cunningham, B. Pogson, Z. Sun, K.A. McDonald, D.
DellaPenna, E. Gantt, Plant Cell 8 (1996) 1613-1626.

[11] B. Pogson, K.A. McDonad, M. Truong, G. Britton, D.
DellaPenna, Plant Cell 8 (1996) 1627—1639.

[12] B. Demmig-Adams, Biochim. Biophys. Acta 1020 (1990)
1-24.

[13] E. Pfundel, W. Bilger, Photosynth. Res. 42 (1994) 89-109.

[14] N.I. Bishop, T. Urbig, H. Senger, FEBS Lett. 367 (1995)
158-162.

[15] Bishop, N.I. and Senger, H. (1995) in: Photosynthesis: From
Light to Biosphere (Mathis, P., ed.), Vol. IV, pp. 135-138,
Kluwer Academic Publishers, Dordrecht.

[16] D. Hermsmeier, R. Schulz, H. Senger, Planta 193 (1994)
406-412.

[17] H. Gaffron, Biol. Zentralblatt 59 (1939) 302—313.

[18] I. Heinze, H. Dau, H. Senger, J. Photochem. Photobiol. B:
Biol. 32 (1996) 89-95.

[19] Senger, H. and Méll, V. (1977) in: Methods in Cell Physiol-
ogy (Prescott, D.M., ed.), Vol. XV, pp. 201-218, Academic
Press, New Y ork.

[20] M. Anderson, J.C. Waldron, SW. Thorne, FEBS Lett. 92
(1978) 227-233.

[21] O. Machold, D.J. Simpson, B.L. Mdiler, Carlsberg Res.
Commun. 44 (1979) 235—-254.

[22] O. Machald, J. Plant Physiol. 138 (1991) 678-684.

[23] K. Humbeck, S. Romer, H. Senger, Bot. Acta 101 (1988)
220-228.

[24] SP. Fling, D.S. Gregerson, Anal. Biochem. 155 (1986)
83-88.



