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We described recently a new Chl a /b binding polypeptide in PS II from spinach (Irrgang, K.-D., Bechtel, C., Vater, J. and
Renger, G. (1990) in Current Research in Photosynthesis (Baltscheffsky, M., ed.), Vol. I, pp. 375-378, Kluwer, Dordrecht). This
14-15 kDa chlorophyll a /b binding polypeptide complex was isolated and purified from intrinsic photosystem II membrane
polypeptides. About 3 Chl a and 1 Chl b were bound per protein molecule. A polyclonal antiserum was induced against this
pigment-protein complex. SDS polyacrylamide gradient gel electrophoresis in combination with immunoblotting revealed
reactivities with two polypeptides of very similar relative molecular masses of 14 and 15 kDa that are clearly identified in
thylakoids, PS II membrane fragments, ISO and RSO thylakoids. Their N-termini were blocked by an as yet unidentified
modifying group. Using analytical isoelectric focusing under denaturing conditions their isoelectric points were determined to be
5.2-5.3 and around 6.0-6.5. The isolated polypeptides of the pigment-protein complex tend to self-associate into oligomeric
forms of about 66-70 kDa. Furthermore, under mild solubilisation conditions an oligomeric pigment-protein complex of 120 kDa
was observed. This oligomer was shown to be heterogeneously composed of the 14-15 kDa proteins and at least another
pigment-binding polypeptide with an M, of 22-24 kDa. The low molecular mass pigment-protein complex (CPI4-15) is
proposed to act as an additional antenna complex within PS II.

Introduction

Light-induced photosynthetic water oxidation and
plastoquinone reduction take place in a supramolec-
ular thylakoid membrane protein complex termed Pho-
tosystem II [1,2]. The polypeptide composition of the
PS II is still a matter of debate. To our present
knowledge, the smallest functionally intact O,-evolving
complex, the so-called PS II core complex, consists of
at least seven polypeptides with molecular masses of
47, 43, 34, 33, 31, 9 and 4 kDa [1,2]. The photochemi-
cally active reaction centre of the PS II is located
within a subcomplex of the 34, 31, 9 and 4 kDa pro-
teins namely, the D1-D2-Cytb559 complex [3,4]. Re-
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cently, the presence of some low-molecular-mass pro-
teins (M, < 10000) was reported [5]. Some of them
were purified and partially characterised by immuno-
blotting and N-terminal sequence analysis [5-12]. How-
ever, the function of these small subunits is not yet
known. Besides the core complex and small subunits,
several Chl a /b binding polypeptides in the M, range
of 24000-30000 have been identified and isolated
forming the core — and peripheral antenna apparatus
of PS II (see Refs. 13,14 for reviews). In this contribu-
tion we report on the identification, purification and
partial characterisation of a 14-15 kDa Chl a /b-bind-
ing protein complex, probably containing two different
polypeptides, and discuss its possible role.

Materials and Methods

Isolation of PS II. PS II membrane fragments were
isolated from spinach chloroplasts according to
Berthold et al. [15] with modifications as described in
Ref. 16 and addition of proteinase inhibitors [17].

Thylakoid membrane fractionation. Using the aque-
ous two-phase technique developed by Albertsson [18]
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thylakoid membranes were fractionated by Yeda press
treatment as described recently by Andersson et al.
[19] and Akerlund et al. [20]. Dextran 500 and
Poly(ethylene glycol) 3350 were applicated as polymers.
The ISO and RSO vesicles were kindly provided by Dr.
W.P. Schréder.

Preparation of intrinsic PS II membrane proteins.
Purified PS II membrane fragments were depleted of
extrinsic polypeptides by the high salt wash procedure
reported in Ref. 17.

Density gradient experiments. Solubilisation of the
intrinsic membrane proteins with B-dodecyl maltoside
and separation via detergent-containing linear sucrose
gradients were performed as described recently [17].
Gradients were analyzed for protein [21] and Chl dis-
tributions [22]. Sucrose content was determined refrac-
tometrically.

AcA 54 gel-filtration chromatography. The intrinsic
membrane proteins were resuspended in 10 mM Mes-
NaOH (pH 6.5), 10 mM NaCl, 2 mM benzamidine, 1
mM PMSF and SDS added to a detergent to Chl ratio
of 16: 1. Solubilisation was allowed for 30 min. Aggre-
gates were removed by low-speed centrifugation using
an Eppendorf minifuge (10 min, 12000 rpm). Solu-
bilised proteins equivalent up to approx. 25 mg Chl
(approx. 62.5 mg protein) were loaded onto an AcA 54
gel-filtration column (87 c¢cm X 1.8 cm). The equilibra-
tion and running buffer was 10 mM Mes-NaOH (pH
6.5), 10 mM Na(Cl, 2 mM benzamidine, 1 mM PMSF,
0.4% (w/v) SDS. The flow rate was 30 ml/h and
fractions of 0.5 ml were collected. All the manipula-
tions were carried out at room temperature in the
dark. The fractions were analysed for protein [21] and
Chl content [22].

Analytical electrophoresis. One-dimensional SDS/
urea/ PAGE was performed essentially as in Ref. 23.
SDS-containing polyacrylamide gradient gels (13-20
w /v% acrylamide; dimensions: 125 X 165 X 2 mm) were
run according to Ljungberg et al. {24]. For two-dimen-
sional PAGE we used a slightly modified version of
O’Farrell’s method [25]. Using samples of intrinsic PS
II membrane polypeptides 50-100 ug total protein
were separated within 9000-9500 V h after solubilisa-
tion in lysis buffer [25]. After electrophoresis the one-
dimensional gels have been equilibrated up to 1 h in
Laemmli sample buffer (0.5% (v/v) B-mercapto-
ethanol) [26] and then polymerised in 2% (w /v) agarose
in stacking gel buffer prior to running in the second
dimension. The two-dimensional gels had the same
composition as described recently [23]. Running was
carried out overnight at 10 mA /slab gel and staining as
recommended by Oakley et al. [27].

Preparative SDS / urea / PAGE. Preparative gel elec-
trophoresis was performed using the procedure re-
ported recently [23]. Gel and tank buffers were the
same as recommended by Laemmli [26]. We used a

separating gel with dimensions of 85 X 140 X 3 mm and
a stacking gel of 15 mm in length, which was poured
without slots. After preelectrophoresis for 20 min at 20
mA, the gels were run at the same amperage at 4°C in
the dark until the marker Bromophenol blue reached
the bottom of the gel. The protein was indirectly lo-
calised by staining two marginal strips of the prepara-
tive gel with either 0.1% (w/v) Coomassie R-250 dis-
solved in 50% (v/v) methanol, 7.5% (v/v) acetic acid,
10% (w /v) trichloroacetic acid or silver as in Ref. 27.
Additionally, the pigment-protein complex was directly
identified by its red fluorescence after excitation with
UV-light (A =365 nm). The protein band was cut out
of the unstained part of the gel and finally electroe-
luted using the method described previously [28]. Usu-
ally, electroelution was completed within 24 h at 8~10
mA /gel tube.

Electrophoretical identification of a 120 kDa pigment-
protein complex. PS 1l membrane fragments (corre-
sponding to 1 mg Chl) were solubilised with B-dodecyl
maltoside for 1 h in the cold and dark (detergent /Chl
ratio 10:1 (w/w)). Non-solubilised polypeptides were
eliminated by centrifugation (10 min, 12 000 rpm) using
a Beckman minifuge. The supernatant was further
treated with SDS for 5 min at room temperature using
SDS /Chl ratios varying from 2:1 to 16:1 (w/w). Sub-
sequently, the samples were electrophoretically sepa-
rated as described previously [23] with the buffer sys-
tems developed by Laemmli {26]. Control samples were
merely solubilised with SDS for 30 min at room tem-
perature in the dark with detergent /Chl ratios of 2:1-
16:1 (w/w) and run in coelectrophoresis.

Immunological experiments. 300 upg of the elec-
trophoretically purified pigment-protein complex (so-
lubilised in 62.5 mM Tris-HCl (pH 6.8), 0.1% (w/v)
SDS) were injected into a New Zealand rabbit using
standard procedures. We titrated the antiserum on
nitrocellulose filters applying a dot blot ELISA system
with an alkaline phosphatase-conjugated goat anti rab-
bit antibody (Medac, dilution 1:2000) in combination
with Fast Red and Naphtol AS MX phosphate (Sigma)
as substrates. Immunoblotting was carried out either
on nitrocellulose or PVDF membranes with the buffer
system developed by Towbin et al. [29]. The mem-
branes were usually saturated with 5% (w/v) skimmed
milk powder (Uelzena) in PBS (pH 7.4) for 1 h at 45 °C
prior to exposing them to the appropriate antiserum
dilution. Anti-pigment antibodies have been separated
from the total antiserum by the following experimental
protocol: Approx. 10 mg Chl were extracted with 80%
(v/v) acetone and filtered. Aggregated polypeptides
were removed by low-speed centrifugation (8000 rpm,
10 min, 4°C) using either an SS 34 or an HB 4 swinging
bucket rotor in a Sorvall centrifuge. The pigment ex-
tract was concentrated by vacuum centrifugation at
room temperature in the dark. The dried pigment was



resolubilised in PBS (pH 7.4), 1% (v/v) Tween 20,
aggregates eliminated by centrifugation and then
preincubated with the antiserum at dilutions as indi-
cated above for 30—120 min at 8°C. Polyclonal antisera
directed against the extrinsic 10 kDa polypeptide [30]
and a peptide of the 9 kDa a-subunit of the het-
erooligomeric cytochrome 5-559 [31] were kindly pro-
vided by the groups of Profs. B. Andersson and W.
Cramer. These antisera were used to identify possible
contaminations by these low molecular mass poly-
peptides in the isolated CP 14-15. We could not detect
any a-subunit of the cytochrome 5-559 and extrinsic 10
kDa polypeptide in our preparations.

Spectroscopic measurements. Absorption spectra
were recorded at room temperature using a Perkin-
Elmer double-beam spectrophotometer (model 556) in
combination with a baseline corrector (Hitachi). We
used a slit width of 1 nm. Derivative spectra were
calculated applying a home-made computer program
(developed by B. Hanssum) on the basis of a spline
algorithmus.

Results

Identification and purification of the 14—15 kDa pigment
protein complex

PS II membrane fragments depleted of extrinsic
proteins have been solubilised with B-dodecyl malto-
side and separated via detergent-containing linear su-
crose gradients (Fig. 1a). Using this technique a PS II
core complex could be isolated being capable of elec-
tron transfer from 1,5-diphenylcarbazide to 2,6-dichlo-
rophenolindophenol [17]. In fractions containing the
polypeptides of the Chl a/b-binding LHC II several
low-molecular-mass proteins of until now unknown
function were observed. Among them a polypeptide of
approx. 14-15 kDa was identified (see Fig. 1b, lanes
3-5). On the other hand, the PS II core complex was
completely devoid of this protein (Fig. 1b, lanes 6-9).
The intrinsic PS II membrane proteins have also been
separated by gel-filtration chromatography using an
AcA 54 column in the presence of SDS (see Fig. 2.1).
The fractions were collected and analysed by SDS/
urea/PAGE. A typical electrophoretogram shows an
enrichment of a 14-15 kDa polypeptide together with
other low molecular mass proteins (see Fig. 2.2, lanes
5, 9 and 10). The bands focusing near 30 kDa are due
to contaminating polypeptides of the LHC II.

Gel electrophoretic analyses of PS II membrane
fragments and intrinsic membrane proteins run in the
cold and dark indicated at least one pigment-contain-
ing band resolved in the low molecular mass region
(M, <20 kDa, see Fig. 3). Its identification was either
achieved by transillumination of the gels with VIS- or
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Fig. 1. Sucrose density gradient centrifugation in the presence of
B-dodecyl maltoside. (a) Chlorophyll distribution of the fractionated
gradient (2 A), refractometrical determination of sucrose
(0---0). (b) SDS /urea /PAGE of density gradient fractions. Lane 1:
molecular mass marker proteins; lanes 2-5: LHC II and CP 14-15
containing fractions; lanes 6-9: PS II core complex containing frac-
tions. Staining was carried out with silver according to Ref. 27. '

after excitation with UV-light (A = 365 nm) and localis-
ing the pigment-containing bands by their red fluores-
cence. We isolated, purified and characterised it with
special emphasis on the following questions:

(1) is the 14-15 kDa pigment-protein complex an
independent component of PS II? (2) does the com-
plex specifically bind pigments and, if so, does is it act
within PS II as a single light-harvesting unit or as a
subunit of a larger Chl-protein complex? (3) is there
any structural homology with respect to its polypeptide
backbone or pigment composition to the other so far
known Chl a and/or Chl a/b binding proteins of PS
II? (4) what could be its functional role within PS II?

Fractions containing the 14—15 kDa polypeptide ob-
tained either by density gradient centrifugation or gel-
filtration chromatography experiments were concen-
trated as described above, dialysed against elec-
trophoresis sample buffer and separated by preparative
gel electrophoresis. After localisation, the pigment-
protein complex was excised and recovered by electro-
elution [28]. In 90-95% of our experiments (n = 20) it
was homogeneous as was judged by analytical one-di-
mensional electrophoresis (see Fig. 4, lane 2).



176

Biochemical and spectroscopic characterisation of the
isolated pigment-protein complex

The purified monomeric SDS-solubilised pigment-
protein complex has a relative molecular mass of 14-15
kDa as has been estimated from uniform one-dimen-
sional SDS /urea/polyacrylamide gels (Fig. 4, lane 2).
Frequently, however, we observed an heterogeneous
oligomerisation of the isolated complex to aggregates
of relative molecular masses of 66—70 kDa (see below).
This heterogeneity could be confirmed by two-dimen-
sional PAGE and immunoblotting experiments both in
the monomeric and oligomeric states (vide infra). Start-
ing, for instance, with PS II membrane fragments or
intrinsic polypeptides a 14-15 kDa protein was ob-
served mainly in one- and two-dimensional PAGE, if
the proteins were solubilised prior to running as fol-
lows: (1) solubilisation by sonication in sample buffer
of the Laemmli gel electrophoresis system [26] using
2% (w/v) SDS; (2) solubilisation for 1-2 h in the
presence of 2% (v/v) Triton X-100 and 9.5 M urea
under vigorous mixing. In contrast to that, we did not
detect any 1415 kDa protein after mild presolubilisa-
tion with B-dodecyl maltoside (detergent/Chl ratio
10:1 (w/w)) and subsequent incubation with
Laemmli-sample buffer with increasing amounts of SDS
(SDS /Chl ratio 2:1~16:1 (w/w)). Under these experi-
mental conditions a polypeptide of 22-24 kDa, proba-
bly belonging to the minor Chl protein complex, con-
comitantly diminished with the disappearance of the
14-15 kDa protein. At the same time, a 120 kDa green
band appeared on SDS-urea polyacrylamide gels that
was clearly separated from CP 110, the reaction centre
complex of PS I (Fig. 5, lanes 8-12). On the other
hand, the 14-15 kDa and 22-24 kDa polypeptides
were immediately visualised without presolubilisation
with the glycosidic detergent after exposure to SDS at
all SDS/Chl (w/w) ratios and the large pigment-con-
taining complex of 120 kDa was scarcely observable
(Fig. 5, lanes 2—6). From these results it follows that

Fig. 2. Gel-filtration chromatography on an AcA 54 column. 2.1.
Elution profile of an AcA 54 column chromatography 10.32 mg Chl
were loaded in 6.8 ml equilibration buffer (for experimental details
see Materials and Methods). 2.2. SDS /urea /PAGE of intrinsic PS II
membrane protein fractions. Separation was achieved by AcA 54
gel-filtration chromatography using 0.4% (w/v) SDS in the eluent.
Staining: 0.1% (w/v) Coomassie R 250 Lane 1 and 7: fraction 45;
lane 2 and 8: fraction 47; lanes 3 and 9: fraction 50; lane 4: fraction
55; lanes 5 and 10: fraction 65 (low molecular mass polypeptides
including the 14-15 kDa protein); lanes 6 and 11: fraction 75 (free
Chl and SDS monomers); lane 12: marker polypeptides. 2.3. Room
temperature absorption spectra of different fractions of the AcA 54
gel filtration chromatography experiment demonstrated in 2.2. (a)
fraction 45; (b) fraction 47 (dilution: 1:5); (¢) fraction 50 (dilution
1:10); (d) fraction 55 (dilution: 1:20); (e) fraction 65 (dilution: 1:2);
(f) fraction 75 (dilution: 1:2).
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Fig. 3. Preparative SDS /urea/PAGE of intrinsic PS II membrane proteins (14% and 6% acrylamide in the separating and stacking gel; S M urea
and 0.1% (w/v) SDS). Electrophoresis was carried out in the dark at 4°C.
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Fig. 4. SDS /urea/PAGE of the purified pigment-protein complex of

14-15 kDa. Lane 1: 5 ug molecular mass marker proteins; lane 2: 2

wg of the monomeric pigment-protein complex of 14-15 kDa puri-

fied by preparative PAGE and subsequent electroelution; staining:
silver [27).

the 14-15 kDa protein and at least a part of the minor
pigment-protein complexes tend to associate to a large
Chl-protein complex of about 120 kDa. This complex
seems to be very stable after S-dodecyl maltoside pres-
olubilisation, since a clearly focusing pigment-contain-
ing band was obtained in all of our experiments (n = 6).
Being surrounded by a bulky B8-dodecyl maltoside layer,
SDS is obviously unable to denature this complex.

In Fig. 2.3 the absorption spectra of the peak frac-
tions of the gel-filtration column chromatographies are
shown. The 14-15 kDa pigment-protein complex eluted
normally within the decrease of the slope of the third
peak (see Fig. 2.3, absorption spectrum ¢). The room
temperature absorption spectrum of the electroeluted
SDS-solubilised pigment-protein complex is demon-
strated in Fig. 6. It is characterised by a maximum in
the red at 670 nm due to Chl ¢ and a small asymmetry
near to 650 nm, indicating the presence of Chl b. The
small shoulders at 625 and 470 nm are probably due to
pheophytin and carotenoids. Presumably, the former
was artificially induced by a loss of Mg2™ during the
preparation and therefore has no functional impor-
tance. The dashed curve of Fig. 6 depicts the calcu-

lated second derivative spectrum. Three main pigment
components were resolved, peaking at 672, 664 and 645
nm. The first and second peaks probably represent two
Chl a populations differing in their conformational
states and that at 645 nm is attributed to Chl b. The
Chl a molecules absorbing at 664 nm could belong to a
pigment population either loosely bound to the protein
backbone or being disconnected and merely enclosed
within SDS micelles. But this observation requires fur-
ther investigations. In addition, a detergent-induced
artificial alteration of functionally active pigment mole-
cules cannot be excluded. First evidence came from
results of studies on the state of chlorophyll in vivo (see
Ref. 32 for a review, and references therein). Deconvo-
lution of absorption spectra of different plants clearly
revealed discrete pigment forms at 664—-666 nm [32].

M M
r r
kDa kDa
- — — = omam == - 120
94 -
66 -
43 -
30 -
= 23
201 - 22
17,2 -

F'GE - -~ o § - 14-15
&
16 -

12 3 45 6 789 101112

Fig. 5. SDS/urea/PAGE of polypeptides from PS II membrane
fragments either after solubilisation with SDS /Chl ratios (w/w) of
2:1 (lane 2), 5:1 (lane 3); 8:1 (lane 4); 10:1 (lane 5); 16:1 (lane 6) or
after presolubilisation with B-dodecyl maltoside followed by SDS
treatment with SDS /Chl ratios (w/w) of 2:1 (lane 8); 5:1 (lane 9);
8:1 (lane 10); 10:1 (lane 11) and 16:1 (lane 12). 10 wg molecular
mass marker proteins (lane 1). Samples: 60 wg Chl/slot. Staining:
0.1% (w/v) Coomassie R-250.
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Fig. 6. Room temperature absorption spectrum of the isolated CP
14-15. The calculated second derivative spectrum is shown in dotted
lines.

Using the methods developed by Arnon [22] and
Bradford {21], quantitative estimations of the pigment
content and protein concentration yielded about 3 Chl
a and 1 Chl b per protein molecule. A small shoulder
at approx. 470 nm gives some evidence for the pres-
ence of carotenoids within the detergent-solubilised
complex; however, their number has not yet been de-
termined. In relationship to the total amount of pig-
ment of the original material employed, approx. 2%
was recovered in the isolated and purified pigment-
protein complex.

For a better electrophoretical resolution of the PS 11
core and LHC II polypeptides in general and especially
for determining the isoelectric point of the 14-15 kDa
polypeptide two-dimensional gels were run according
to O’Farrell’s procedure [25] with some modifications
as described above. Although two-dimensional gel elec-
trophoresis is the most powerful technique to resolve
complex protein compositions, it has not been widely
used for the separation of thylakoid membrane poly-
peptides. Only a few groups apply this method rou-
tinely [33-40]. Using intrinsic PS II membrane poly-
peptides we obtained the following results by our two-
dimensional gel electrophoretic analyses: in all experi-
ments performed, a 14-15 kDa protein with a pI of
5.2-5.3 was resolved (see the arrows in Fig. 7a and b).
We sometimes found one to two additional spots of
approximately the same M,, but with isoelectric points
of 6.0-6.5 (see Fig. 7a and b). This inhomogeneity of
the protein was a further explanation for the different
oligomeric forms with relative molecular masses of
66-70 kDa in one-dimensional SDS-polyacrylamide
gels (vide infra). A posttransiational modification of
the protein (perhaps a phosphorylation) or a polymor-
phism may be the reasons for multiple spots, but
further investigations are required to corroborate this
idea. At the moment, an artificial modification during

the preparation or the electrophoresis procedure can-
not be totally excluded. This point will be discussed in
the next paragraph. Under short equilibration condi-
tions ( < 30 min) we were able to separate the proteins
in the low molecular mass region into at least ten spots
(gels not demonstrated). The number of proteins de-
tected within the M, of 3-14 000 fits very well with the
recently obtained data from electrophoretical analyses
[11], N-terminal sequencing of isolated polypeptides
and the identification of the loci of the corresponding
genes within the chloroplast genome [5-12]. Those
amino acid sequences which do not correspond to any
of the open reading frames of chloroplast genomes
[41,42] are probably encoded within the nucleus [7,9,11].
Using longer equilibration periods for the one-dimen-
sional gels the polypeptides of relative molecular
masses smaller than 10 kDa were often lost due to
diffusion (Fig. 7a and b). With respect to the proteins
with a M, > 14000, highly reproducible two-dimen-
sional gel electrophoretic patterns were obtained. We
found multiple spots as well as a tendency to streaking
for the proteins of the LHC II, its oligomeric forms
and the 47 and 43 kDa Chl a binding polypeptides.
This is in agreement with the data reported recently
[36-40]. Streaking of the spots was preferentially ob-
served after prolonged equilibration of the one-dimen-
sional gels. It seems worth mentioning that, under
denaturing conditions, the bulk of the pigment-binding
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Fig. 7. (a) Two-dimensional PAGE (first dimension IEF; second

dimension SDS /urea/PAGE) of intrinsic PS II membrane proteins.

(b) schematic diagram of the spot pattern obtained immediately after

silver staining of the gel by drawing on a transparency. Sample
concentration: 100 g /100 ui.



polypeptides are focusing within a narrow range of
5.2-5.6 in all of our IEF-experiments.

To unambiguously identify the 14-15 kDa pigment-
protein complex as an independent component of PS 11
and to completely exclude a degradation product, we
attempted to sequence the polypeptide by solid phase
and gas phase sequencing. Unfortunately, our N-termi-
nal sequence analysis was not successful, indicating
that this pigment-protein complex is blocked at its
N-terminus.

Immunological characterisation of the pigment-protein
complex

To investigate the possibility of the purification of a
degradation product of one of the so far known pig-
ment-protein complexes, to localise the CP 14-15 at
different experimental stages of the isolation proce-
dure and to probe eventual homologies with other
cab-polypeptides the electrophoretically purified pig-
ment-protein complex was used for the induction of a
polyclonal antiserum. Applying a solid-phase-ELISA
(vide supra), we measured a fairly high titer of anti CP
14-15 within the antiserum showing immune responses
up to dilutions of 1:8000. The specificity of the anti-
serum was tested by immunoblotting after separating
the polypeptides on polyacrylamide gradient gels. In
Fig. 8 a typical result of such an experiment is demon-
strated. We found very strong immunoreactivities of
approximately the same intensity with two proteins of
relative molecular masses of 14 and 15 kDa in PS II
membrane fragments (Fig. 8, lane 5), in right-side- and
inside-out-thylakoids (Fig. 8, lanes 3 and 4). The iso-

kDa
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Fig. 8. Immunoblotting with @-14 (dilution: 1:2000) of different
thylakoid membrane fractions, PS Il membrane fragments and the
PS I containing solubilised stroma thylakoids. Lane 1: CP14-15
(oligomeric forms) equivalent to 1 ug protein; lane 2: PS I containing
supernatant after preparation of PS II; lane 3: right-side-out
thylakoids; lane 4: inside-out thylakoids; lane 5: PS II mem-
brane fragments; samples in lanes 2-5 were loaded equivalent to
20 ug Chl.
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Fig. 9. Immunoblotting of CP 120 challenged with «-14 (dilution:
1:2000) after preparative electrophoresis, subsequent electroelution
and reelectrophoresis. Prior reelectrophoresis the samples were
treated by ultrasonication in the presence or absence of guani-
dinium-HCl to dissociate the oligomeric form. lane 1: sucrose gradi-
ent fraction containing CP14-15, control; lane 2: electroeluted frac-
tion treated with ultrasonication (15 min); lane 3: electroeluted
fraction treated with ultrasonication (30 min); lane 4: electroeluted
fraction incubated with 50 mM guanidinium-HCl (30 min); lane 5:
electroeluted fraction first incubated with 50 mM guanidinium-HCI
(30 min) followed by an ultrasonication period of 30 min.

lated SDS-solubilised pigment-protein complex, how-
ever, was merely identified in its oligomeric forms of
about 66-70 kDa. These aggregates were scarcely ob-
served in the thylakoid fractions as well as in the PS 11
membrane fragments (see Fig. 8, lanes 3-5). The cor-
responding blots with the non-immune serum revealed
no significant colouration. To further confirm our hy-
pothesis that the above described oligomeric pigment-
protein complex of 120 kDa consists of the CP 14-15
and at least one other Chl-protein with an M, of 22-24
kDa we excised the high molecular mass complex and
electroeluted the polypeptides from the gel slices. Then,
the samples were sonicated in the presence or absence
of a chaotropic agent (50 mM guanidinium-HCI) in
order to dissociate the oligomer. A subsequent reelec-
trophoresis and immunoblotting with a-14 again re-
vealed a double band of 66-70 kDa (see Fig. 9., lanes
2-5). Although we extensively prolonged the immuno-
staining time, under no experimental conditions was a
reversal into their monomeric forms observed. This
result unequivocally demonstrates the participation of
both the polypeptides of 14 and 15 kDa in the
oligomerisation into aggregates of 66-70 kDa as well
as 120 kDa.

Discussion

We have described above the identification, isola-
tion and partial characterisation of a so far unknown
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pigment-binding protein complex from PS II of spinach
consisting of two components with M_ of 14 and 15
kDa. With respect to the questions raised above, the
following conclusions can be drawn:

(1) The pigment-protein complex is an independent
component of PS II membrane fragments and intrinsic
PS 1l membrane proteins. This clearly demonstrates
that both its polypeptides are integral membrane pro-
teins as would be expected for a pigment-protein com-
plex of higher plant thylakoids. Using one- and two-di-
mensional PAGE they were identified in all of our
preparations (¥ = 40). If a contaminating proteinase
would degrade a larger pigment-binding polypeptide,
this enzyme would always produce a splitting product
of the same size and isoelectric point indicating a
site-specific digestion. Furthermore, this proteinase
should be insensitive against the proteinase inhibitors
applied. Besides those described in Materials and
Methods p-hydroxy mercuribenzoate and EDTA were
also tested without any alterations of the protein pat-
terns (data not demonstrated). Immunoblotting experi-
ments gave no evidence for any proteolysis fragments
of a larger pigment-protein complex. All these findings
show that a degradation process is rather unlikely. In
two-dimensional gel electrophoretic analyses of other
groups polypeptides in the M, range of 13-15 kDa
were detected in grana and PS II preparations from
higher plants [33,37-40]. Masojidek et al. reported the
identification of several polypeptides in this range, but
they did not analyse possible pigment-binding proteins
[39,40]. Interestingly, they ascribed two proteins with
isoelectric points of 5.22 and 5.51 only to PS II. These
data very nicely match with our results for the determi-
nation of the relative molecular mass and the IEP of
the polypeptide reported here. Hierholzer et al. [43]
also identified a 14 kDa protein in PS II preparations.
Using stroma-specific antibodies they presented experi-
mental evidence for a stroma exposition of this protein.
Possibly this polypeptide is not identical to the cy-
tochrome b-559 as was suggested by the authors in
Ref. 43. The strongest evidence for the occurrence of a
low-molecular-mass pigment-protein complex in higher
plant thylakoids is delivered by the report of Krishnan
et al. [44]. The authors isolated thylakoid membranes
from mesophyll chloroplasts of Sorghum vulgare and
found a 15 kDa pigment-binding polypeptide with a
room-temperature absorption spectrum showing max-
ima of 669 and 648 nm. Interestingly, this complex
revealed likewise a strong tendency to self-associate
into oligomers of different sizes [44]. Therefore, we
believe that both the Chl-protein complexes from
Sorghum uvulgare and spinach are homologous. After
separating thylakoid membrane proteins of chloro-
plasts from Chlamydobotrys stellata by PAGE in the
presence of Deriphate 160 a low molecular mass pig-
ment-polypeptide complex was found. This complex of

9 kDa, however, merely contained Chl a [45]. Recently,
other laboratories also succeeded in the identification
of pigment-protein complexes with molecular masses of
<20 kDa. Vainstein et al. and Anandan et al. [46,47]
reported on a 17 kDa pigment-protein complex belong-
ing to LHC I (now designated LHC Ic) from barley and
maize thylakoids. G.F. Peter et al. [48] fractionated the
LHC of barley PS Il by Deriphat-PAGE into five
different pigmented complexes. One of these, desig-
nated LHC 1le, was shown to be composed of a 12-13
kDa apoprotein and several pigments including Chl a
and b as well as carotenoids (neoxanthin, violaxanthin,
lutein). Although differences between both pigment-
polypeptide complexes from barley and spinach are
evident, e.g., with respect to their relative molecular
masses, the Chl a/b ratios and absorption spectra,
they could be related to each other, but comparative
studies are required to confirm this assumption. Dis-
tinctions could be explained by use of different isola-
tion procedures and electrophoretical systems. During
the preparation of CP 14-15 losses of pigment
molecules (Chl b, carotenoids) and pheophytinisation
especially of Chl b cannot completely be excluded.
Both pigment-protein complexes show similarities with
respect to their relative pigment content (2% in com-
parison to 2-3% [48]) and the lack of any cross-reactiv-
ities with antibodies directed against other pigment-
containing polypeptides. Our polyclonal antiserum fur-
thermore did not cross-react with any other component
of the cab-protein family. We are now working out
experimental conditions for stabilising the pigment-
protein complex and furthermore to substitute the
preparative SDS /urea /PAGE used in the final purica-
tion step by a chromatographic procedure. As far as we
know from the literature, this is the first report on a
low-molecular-mass pigment-binding polypeptide com-
plex observed in spinach.

(2) From our data we conclude that the 14-15 kDa
proteins belong to a real pigment-binding protein com-
plex of PS II membrane fragments from spinach; how-
ever, it is not yet clear whether this new component
acts as a single or a larger Chl-protein complex (see
Fig. 5 lanes 2-6 and 8-12). Concerning the above
described oligomeric forms, artificial aggregations of
different Chi-protein complexes due to B-dodecyl mal-
toside- and SDS-induced hydrophobic interactions can-
not be fully excluded at the moment. This behaviour
explains the difficulties to detect the 14-15 kDa pro-
teins within gel electrophoretic patterns of PS II mem-
brane proteins. With respect to the oligomeric pig-
ment-containing complexes of about 120 kDa and of
about 66-70 kDa, an analysis of their exact polypep-
tide and pigment compositions, their stoichiometries as
well as a detailed functional analysis are required. This
could be performed by use of a combination of circular
dichroism (see Garab et al. [49] and references therein),



linear dichroism and fluorescence emission spec-
troscopy (see Ref. 50). With these methods we are able
to study the organisation and orientation of the pig-
ments within the different Chl-protein subcomplexes
and clarify whether an efficient energy transfer is me-
diated by pigment molecules being associated with
distinct polypeptides. These experiments could espe-
cially help us to answer the question whether the large
pigment-containing complex is representing rather a
functional unit or an artificial aggregate. From differ-
ent lines of evidence the oligomeric states of
carotenoid-chlorophyll proteins seem to be the func-
tionally active forms, e.g., the LHC IIb probably exists
as a trimer (Refs. 51-52; Ref. 53 for a review), but this
still remains a matter of debate. Furthermore, it has to
be investigated whether we are faced with two distinct
apoproteins of a common pigment-protein complex or
modified forms of one polypeptide having different
electrophoretical mobilities.

(3) The question of homology can currently not be
answered adequately, because the sequence analysis of
CP 14-15 was hindered by a N-terminal modification.
This phenomenon has also been observed for other
pigment-protein complexes, e.g., CP 29, CP 25, CP 27,
CP 43, the PS II reaction centre polypeptides D1 and
D2 or possible pigment binding proteins of PS I [54-58].
From the absorption spectrum in the red and the
pigment composition, a relation to other Chl a /b-bind-
ing polypeptides could be deduced. However, the types
of pigment (especially regarding the carotenoids) and
their exact quantity have to be analysed.

(4) From the results obtained so far we propose that
the CP 14-15 is acting as an additional antenna com-
plex within PS 1I. Although its location is completely
unknown, we clearly identified both polypeptides of
this complex in RSO and ISO thylakoids. This demon-
strates that both occur in the grana and the stroma-ex-
posed PS II antenna complexes. On the other hand,
the immunodecoration experiments indicated negligi-
ble amounts of these proteins in the Triton X-100-con-
taining supernatant obtained after pelleting the PS II
membrane fragments. Therefore, neither polypeptide
can be attributed to PS 1. Lately, Ikeuchi et al. [58]
have identified 9 and 14 kDa protein components in PS
I from spinach. The latter polypeptide was found to be
tightly attached to the PS I core complex and also
blocked at its N-terminus. However, the authors in
Ref. 58 could not detect any pigment in these proteins.
For that reason, a correspondence of both poly-
peptides of the CP 14-15 to the 14 kDa-subunit found
in PS I preparations is not very likely. Affinity-
column-purified IgG molecules of the polyclonal anti-
serum directed against the CP 14-15 should provide a
tool for an immune electron microscopical study to
localise the Chl-protein complex in its native environ-
ment.

181

Acknowledgements

The financial support from the Deutsche For-
schungsgemeinschaft (SFB 312) and Bundesminis-
terium fiir Forschung und Technologie is gratefully
acknowledged. The authors thank Dr. B. Hanssum for
developing the computer program for the calculation
of derivative spectra and Dr. W.P. Schrdder for kindly
providing a small aliquot of RSO and ISO thylakoids.

References

—_

Babcock, G.T. (1987) in Photosynthesis (Amesz, J., ed.), pp.

125-158, Elsevier, Amsterdam.

2 Hansson, O. and Wydrzynski, T. (1990), Photosynthesis Res. 23,

131-162.

Nanba, O. and Satoh, K. (1987) Proc. Natl. Acad. Sci. USA 84,

109-112.

4 Barber, J. Chapman, D.J. and Telfer, A. (1987) FEBS Lett. 220,

67-73.

Ljungberg, U., Henrysson, T., Rochester, C.P., Akerlund, H.-E.

and Andersson, B. (1986) Biochim. Biophys. Acta 849, 112-120.

6 Murata, N., Miyao, M., Hayashida, N., Hidaka, T. and Sugiura,

M. (1988) FEBS Lett. 235, 285-292.

7 Schroder, W.P., Henrysson, T. and Akerlund, H.-E. (1988) FEBS

Lett. 235, 285-292.

Ikeuchi, M. and Inoue, Y. (1988) FEBS Lett. 241, 99-104.

Ikeuchi, M., Takio, K. and Inoue, Y. (1989) FEBS Lett. 242,

263-269.

10 Webber, A.N., Packham, L., Chapman, D.J., Barber, J. and Gray,

J.C. (1989) FEBS Lett. 242, 259-262.

Ikeuchi, M. and Inoue, Y. (1988) Plant Cell Physiol. 29, 1233-

1239.

12 Koike, H., Mamada, K., Ikeuchi, M. and Inoue, Y. (1989) FEBS
Lett. 244, 391-396.

13 Green, B.R. (1988) Photosynthesis Res. 15, 3-32.

14 Bassi, R., Rigoni, F. and Giacometti, G.M. (1990) Photochem.
Photobiol. 52, 1187-1206.

15 Berthold, A.D., Babcock, G.T. and Yocum, C.F. (1981) FEBS
Lett. 134, 231-234.

16 Volker, M., Ono, T., Inoue, Y. and Renger, G. (1985) Biochim.
Biophys. Acta 806, 25-34.

17 Irrgang, K.-D., Boekema, E.J., Vater, J. and Renger, G. (1988)
Eur. J. Biochem. 178, 209-217.

18 Albertsson, P.-A. (1956) Nature 177, 771-774.

19 Andersson, B., Akerlund, H.-E. and Albertsson, P.-A. (1976)
Biochim. Biophys. Acta 423, 122-132.

20 Akerlund, H.-E., Andersson, B. and Albertsson, P.-A. (1976)
Biochim. Biophys. Acta 449, 525-535.

21 Bradford, M. (1976) Anal. Biochem. 72, 248-254.

22 Arnon, D.I. (1949) Plant Physiol. 24, 1-15.

23 Irrgang, K.-D., Renger, G. and Vater, J. (1986) FEBS Lett. 204,
67-75.

24 Ljungberg, U., Akerlund, H.-E. and Andersson, B. (1986) Eur. J.
Biochem. 158, 477-482.

25 O‘Farrell, P.H. (1975) J. Biol. Chem. 250, 4007-4021.

26 Laemmli, U.K. (1970) Nature (London) 227, 680-683.

27 Oakley, B.R., Kirsch, D.R., and Morris, N.R. (1980) Anal.
Biochem. 105, 361-363.

28 Irrgang, K.-D., Kreutzfeldt, C. and Lochmann, E.-R. (1985) Biol.
Chem. Hoppe-Seyler 366, 387-394.

29 Towbin, H., Staehelin, T. and Gordon, J. (1979) Proc. Natl. Acad.
Sci. USA 76, 4350-4354.

30 Lautner, A., Klein, R., Ljungberg, U., Reilidnder, H., Bartling, D

[O%]

W

N=lo]

1

—

)



182

31

32
33

34

35

36

37

38

39

40

41

42

Andersson, B., Reinke, H., Beyreuther, K. and Herrmann, R.G.
(1988) J. Biol. Chem. 263, 10077-10081.

Tae, G.-S., Black, M.T., Cramer, W.A., Vallon, O. and Bogorad,
L. (1988) Biochemistry 27, 9075-9080.

Brown, J.S. (1972), Annu. Rev. Plant Physiol. 23, 73-86.
Novak-Hofer, 1. and Siegenthaler, P.A. (1977) Biochim. Biophys.
Acta 468, 461-471.

Roscoe,T.J. and Ellis, R.J. (1982) in Methods in chloroplast
molecular biology (Edelman, M. et al., eds), pp. 1015-1028,
Elsevier, Amsterdam.

Boschetti, A., Sauton-Heiniger, E., Schaffner, J.G. and Eichen-
berger, W. (1978) Physiol. Plant. 44, 134-140.

Gyurjan, 1., Erdés, G., Nagy, A.H. and Paless, G. (1983) Mol.
Gen. Genet. 190, 399-402.

Baier, L.J., Bolwby, N.R. and Frasch, W.D. (1987) in Progress in
Photosynthsis Research (Biggins, J., ed.), Vol. 2, pp. 117-120,
Martinus Nijhoff, Dordrecht.

Remy, R. and Ambard-Bretteville, F. (1987) Methods Enzymol.
148, 623-632.

Masojidek, J., Droppa, M. and Horvath, G. (1987), Biochim.
Biophys. Acta 894, 49-58.

Masojidek, J. Droppa, M. and Horvath, G. (1987) Eur. J. Biochem.
169, 283-288.

Shinozaki, K., Ohme, M., Tanaka, M., Wakasugi, T., Hayashida,
N., Matsubayasha, T., Zaita, N., Chunwongse, J., Obokata, J.,
Yamaguchi-Shinozaki, K., Ohto, C., Torazawa, K., Meng, B.Y,,
Sugita, M., Deno, H., Kamogashira, T., Yamada, K., Kusuda, J,,
Takaiwa, F., Kata, A., Tohdoh, N., Shimada, H. and Sugiura, M.
(1986) Plant Mol. Biol. Rep. 4, 111-147.

Ohyama, K., Fukuzawa, H., Kohchi, T., Shirai, H., Sano, T,
Sano, S., Umesono, K., Shiki, Y., Takeuchi, M., Chang, Z., Aota,

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

S.-L, Inokuchi, H. and Ozeki, H. (1986) Plant Mol. Biol. Rep. 4,
148-175.

Hierholzer, P.D., Wey, S. and Berg, S.P. (1987) in Progress in
Photosynthesis Research (Biggins, J., ed.), Vol. 2, pp. 317-320,
Martinus Nijhoff, Dordrecht.

Krishnan, M. and Gnanam, A. (1978) FEBS Lett. 97, 322-324.
Brandt, P., Kaiser-Jarry, K. and Wiessner, W. (1982) Biochim.
Biophys. Acta 679, 404—-409.

Vainstein, A., Peterson, C.C. and Thornber, J.P. (1989) J. Biol.
Chem. 264, 4058-4063.

Anandan, S., Vainstein, C.C. and Thornber, J.P. (1989) FEBS
Lett. 256, 150-154.

Peter, G.F. and Thornber, J.P. (1991), J. Biol. Chem. 266, 16745—
16754.

Garab, G., Faludi-Daniel, A., Sutherland, J.C. and Hind, G.
(1988) Biochemistry 27, 2425-2430.

Irrgang, K.-D., Hanssum, B., Renger, G. and Vater, J. (1988) Ber.
Bunsenges. Phys. Chem. 92, 1050~-1056.

Kiihlbrandt, W. (1984) Nature 307, 478-480.

Li, J. (1985) Proc. Natl. Acad. Sci. USA 82, 386-390.

Chitnis, P.R. and Thornber, J.P. (1988) Photosynthesis Res. 16,
41-63.

Henrysson, T., Schroder, W.P., Spangfort, M. and Akerlund,
H.-E. (1989) Biochim. Biophys. Acta 977, 301-308.

Irrgang, K.-D., Renger, G. and Vater, J. (1991) Eur. J. Biochem.
201, 515-522.

Michel, H., Griffin, P.R., Shabanovitz, J., Hunt, D.F. and Ben-
nett, J. (1991) J. Biol. Chem. 266, 17584-17591.

Michel, H., Hunt, D.F., Shabanovitz, J. and Bennett, J. (1988) J.
Biol. Chem. 263, 1123-1130.

Ikeuchi, M. and Inoue, Y. (1991) FEBS Lett. 280, 332-334.



