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Two DI-D2-Cyt by complexes with different pigment stoichiometry were isolated from the higher plant 8. vulgariy, The procedures for isolating -

both complexes only différed in the washing time of the DEAE column with 50 mM Tuis.HCI, pH 7.2, 0.05% Triton X-100 and 30 mM NaCl,

When the column was washed until the eluate hud un absorbance of 0.01 ar 670 nm, the isolated DI-D2=Cyl &y, complex presented a pigment

stoichiometry of 6 chlorophyll o, 2 fl-carotene, and | cytochrome ,, per 2 pheophytin a. In ¢ontrasi, when the column was exhaustively washed

until the. elume reached un absorbunee of 0.005 at 670 nm, the camplex had a stoichiomeiry af 4 chlorophyll a, | f-carotene, and | eytochrome

byse per 2 pheophytin a. We think that the former stolchiometry corresponds to that of the native DluDZ»Cyt L. complex Moreover, both
prepurations slmwtd mol of phenphytm aper | mal oF renction senter pro!em

Bem vulgarix' thosyslcm I ancnt. Reaction ccn!er %tmuhicmelry

{. INTRODUCTION

" The isolation of a pigment-protein complex con-
sisting of D1, D2 and cytochrome (Cyt) bsse subunits
has recently been described in spinach {1}, pea [2] and
Spirodella oligorrhiza [3]. The isolated D1-D2-Cyt bsso
complex was able to photoaccumulate reduced
pheophytin (Phe) a in the presence of ambient reducing
conditions ' {1-3] and P680“ in the ' presence of
silicomolibdate (SiMo) as an artificial electron acceptor
[4,5]. Furthermore, the photoinduction of a‘ spin-
polarized triplet state [6] and the 2-3 ps rise time of the
primary charge separation [7] were very similar to those
of the bacterial reaction center. These features confirm-
ed  ‘the prediction that the DI1-D2 and L-M
heterodimers are structural and functional analogues
[8,9], leading to the general belief that the D1-D2~Cyt

“.bssg complex constitutes the photosystem (PS) 1I reac-
tion center.

The. first stoichiometric analysxs of the D1-D2-Cyt
bsse complex isolated from spinach [1] and pea [2} in-
dicated that this pigment-protein complex harbored
4-~5 chlorophyll (Chl) @, 1 @8-carotene and 1 Cyt bsso per
2 Phe a. Quinones were not detected in these prepara-
tions. Later on, other stoichiometries were reported,
i.e. Dekker et al. [10) found approximately 11 Chl ¢ and

2 Cyt bssy per 2-3 Phe a, and Shuvalov et al. [I11]

reported 4 Chl @ and 2 Cyt bsse per 2 Phe a. More
~recently, Gounaris et al. [12] and Kobayashi et al. [13]
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“have proposed a pigmcnt stoichiometry of 6 Chl a, 2

Phe a, and 2 B-carotene for the D1-D2-Cyt bsso com-

“plex.

In the present work, we report the chromophore
stoichiometric analysis of a newly isolated D1-D2-Cyt

“bssg complex from the higher plant B. vulgaris. Two

different stoichiometries were obtained depending on

~ the period of time used for washing the anion-exchange

column, a step in the purification process of the

D1-D2-Cyt bsso complex.

2. MATERIALS AND METHODS

‘2.1, Preparation of PS It membrtmes and the DI1-D2- Cyl bsss

complex:.
Highly purified PS Il membranes were oblamed from chambcr-
grown Bera vulgaris L. (cv. Monohill) leaves. Membranes ‘were
prepared basically as described by Berthold et al. [14) but using a ¢en-

~trifugation at 13 350 -x g for 10 min to obtain the thylakoid fraction.

The D1-D2-Cyt bssy complex was isolated from PS 11 membranes
following essentially the procedure déscribed by Nanba and Satoh for
spinach [1], Membranes at a total Chl concentration of 1 mg/ml in 50
mM Tris-HCl, pH 7.2, were solubilized in 4% Triton X-100 for 1 h
in-the dark, The resulmnt superpatant wasloaded ontoa 1.6 x 15 cm
Fractogel TSK~DEAE 6508 anion-exchange column (Merck), The
column was washed with buffer containing 50 mM Tris-HCI, pH 7.2,
0.05% Triton X-100 and 30 mM NacCl, until the absorbance of the
eluate was 0.01 at 670. nm .in a l-cm pathlength cuveite. The
D1-D2-Cyt bsso complex was eluted with-a 30-200 mM NaCl linear
gradient in the same buffer. The green band which eluted at about 110
mM NaCl contained ‘the DI-D2-Cyt' bsss complex. We will refer
hereafter to- RC1 as the complex obtained in this way. When we wash-

" ed -the DEAE column thoroughly until the eluate absorbance was.

0.005 at 670 nm we obtained a D1-D2-Cyt bsss complex that we will

“call RC2 hereafter,. In both. cases, the fractions with more intense

green colour were pooled out and subjected to the polyethylene glycol
(PEG) precipitation [15]. The precipitate was resuspended in 50 mM

255



Vmume 233, number 2

Tris-HCI, pH 7.2, and stored m 71 K. MI putirlmlan SLEPY WErY tlﬂne
4t 47C in the dark.

2.1 .S‘pmrmwpk' quantilation of. Chi a, Phe a and Cyt bisyy
Pigments and Cyt bysy of the D1=D2-Cyt byye complex were quan:
titated from their absorprion speetra, which were recorded with a

Beckman DU-G4 spectrophotometer.. Tatal plgments were exiracted

with 100% acetone at 4 C in the dark, sonlcated for 2-X min te faver
the release of pigments and eentrifuged for | min with a microfuge.
Then, 1.5 mM HCI final concentration wax added to the supernatant
10 Induce toral pheophytinization of the Chl @, Concentraton of (eral
Phe g was determined from the pheophytinized extract at 866 nm
using an extingtion.coefficiént of 49,3 mM -~ Yem ™ [16]. Coment of
Phe @ in the non-pheophytinized acetonie extragt was determined
using an extinetion coefficient of 6.504 mM = 'em ™', caleulnted
from the nbsorpuon spectra of the pheaphytnized extract based on
the compunson between the absorbanéey at 666 nm and 535 nm. The
concentration of Chl a corresponded to the difference in Phe a cons
tents between the pheophytinized and the non:pheophytinized ex-
tract.

‘The amount of Cyt byss was caleulated from the dithionite-reduced
minuy ferricyanide-oxidized difference absorption spectra using an
extinctiony coefficient of 21,0 mM ™ '-¢m = ' ar 559 nm (the a-band)
{17). Conceniration of Cyt bsse was also determined by the alkaline-
pyridine hncmochromc method, using an extingtion coefficient of
23.4 mM-=teem™ P ar 556 nm (18).

2.3‘.‘ Quamilalioh of Chl a and B-carotene by HPLC

HPLC analysis and quantitation of the pigments were done accord-

ing to de las Rivas et al, [19]. Pigments were extracted with 100%
acetone, sonicated for 2-3 min and the extract filtered through a 0,22
pm Millex filter (Millipore). All steps were carried out ax 4°C in the
dark, The chromatography was developed on a 100 x 8 mm Waters
- C+18 Novapack column (4-am particle size) with a radial compression
‘module attached to it. Peaks were detected at 450 nm.

2.4, Protein determination ‘ :

Protein concentration of D1-D2-Cyt bssy complex preparations
was. determined by the method of Markwell ¢t al. [20], using bovine
seroalbumin as the standard.

3. RESULTS

Two types of D1-D2~Cyt bssy complex preparations
“were obtained from purified PS II membranes of the
higher plant B, vulgaris, depending on for how long we
washed the anion-exchange column with buffer con-
taining 50 mM Tris-HCI1, pH 7.2, 0,05% Triton X-100
and 30 mM NaCl. Absorption spectra of these prepara-
tions were obtained immediately after elution from the
-column, just before the PEG treatment. Absorption
spectra of the RC1 and RC2 preparations were similar,
exhibiting the maximum red peak at 675.5 and 673.5
nm, respectively. The spectra were comparable to that
of the D1-D2-Cyt bsso complex isolated from other
higher plants [1-3].
- Fig. 1 shows the electronic absorption spectra of the
pigment acetonic extract of RC1 and RC2 preparations
in the 440-630 nm spectral region. It is clear that both
preparations had different absorbance in the carotenoid
region around 490 nm. The preparation washed for a
longer time (RC2) displayed lower levels of carotenoid
compared to RC1. Spectra were normahzed at’'535 nm,
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Fig. 1. Electronic absorption spectra of pigment acetonic extract of
RCl (===~=) and RC2 (=) in the 440-630 nm spectral region.
Spectra were normahzcd at 535 nm (Qx band of the Phe a).

which corresponded with the max:mum peak of the Q«
" band of the Phe a.

The typical spectraof an acetonic extract before and
after its pheophytinization with 1.5 mM HCI are shown
in Fig. 2. Chlorophyll ¢ was completely converted to
Phe a in acidic conditions. From these spectra (see
Materials and Methods) we calculated the content of
Chl a and Phe g in the RC preparations. The prepara-
tions were found to consist of 6 Chl @ per 2 Phe a for
RC1, and 4 Chl @ per 2 Phe a for RC2. The content of
Chl @ and carotenoid were also calculated from the

~ HPLC chromatograms of the acetonic extracts (see

Materials and Methods). A typical chromatogram
detected at 450 nm of a pigment acetonic extract is

~ showninFig. 3. The two major peaks at 8.2minand 9.9

min retention time were due to Chl ¢ and B-carotene,
respectively. The minor peak with a retefffion time of
9.2 min was due to Phe a. From these chromatograms
we calculated a ratio of 2 3-carotene per 6 Chla and 1
B-carotene per 4 Chl a for RC1 and RC2, respectively.

The cytochrome content .of the RCl. and RC2
preparations was calculated from both the reduced-

- oxidized difference spectra and the alkaline-pyridine

haemochrome méthod. The dithionite-reduced minus
ferricyanide-oxidized spectra  showed a maximum
around 560 nm and the alkaline-pyridine haemochrome
spectra at 556 nm  (Fig. 4). Both methods of
measurements gave similar results. The concentraticn
of Cyt bsse was comparable for both RC! and RC2
preparations, i.e. 1 Cyt bssy per 2 Phe a, and was in-

dependent of the elution fraction obtained from the

30-200 mM NaCl gradient. Thus, the Cyt bsse content
remained quite constant regardiess of the type of RC
preparation and the elution fraction.
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Fig. 2, Elcctronu— absorption spectra of a pu,mcnl aeetomc extract of

RC1 preparation. (a) Pigment acttonic extrac with no addition. (b)

The sameas in (a) after addition of 1.5 mM HCI final concentration.

The insert represents a magnification of the Q, band region of the Phe

a. Spectra a of the insert were used to quantitate the content of Phe
.a of the nan-pheophytinized extracts.

Table I summarizes all the calculations done through
this work. Table I shows the chromophore and protein
mass stoichiometry per 2 Phe @ for both RC1 and RC2
prepalatxons. Notable dxfferences in the amounts of
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Flg 3. HPLL chromafogram of a pigment extract (see Materials and .

Methods) Peaks were detected at 450 nm and identified as Chl a (1),
Phe @ (2) and B~ carotene (3\
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Fig. 4. (a) Dithionite-reduced minus ferrieyanide-oxidized difference

spectrst of “the DI-D2-Cyt bsgs complex from B. vulgaris in the

$00-600 nm spectral range. The concentration of RC corresponded to
3 ug Chl a/ml. (b) Dithionite-reduced minus ferricyanide-oxidized
difference spectra of the pyridine haemochrome derivative of the
D1-D2-Cyt bssycomplex. The sample (0.76 ug Chl a/ml) was treated
with a reaction mixture containing 0.1 M NaOH, 33% pyridine and
0.27 mM Ky Fe(CN)s in 50 mM Tris-HCl, pH 7.2, and the spectrum
was recorded, Then, a few erystals of dithionite were added to the

sample and the spectrum was run-again, The difference between the

secand. and the first spectra is shown,

Chl a and f@-carotene were observed between the

preparations RC1 and RC2. As much as one third of

Chl @ and half of 8-carotene were lost by prolonging the
washing time. In contrast, the Cyt bssy content was in-
dependent of the type of RC preparation. Moreover,
protein determination indicated the presence of 2 Phe @
per about 80 kDa, which matches very well with the ad-
dition of the apparent molecular masses, as determined
by electrophoresis, of D1, D2 and Cyt bssy subunits of

- the RC1 or RC2 preparations. This finding shows that

2 mol of Phe q are present per-1mol of D1~ D2—Cyt bssg
complex. ‘

Table 1
Plgment conlent per 2 Phe a of RCI and RC2 preparanons from B.
o —vulgaris
‘ ‘ RC1 RC2
- Chla 6.01.:+ 0.16 4.11 + 0.08
Phe a 2.00 : 200 - ‘
f3-caroteng 1.63 + 0.09 0.84 + 0.0
Cyt bsso 1.14 + 0,03 1.23 = 612
Phe @/80 kDa protein 2.03 + 0.005 2.00 = 0.005

Values represent means = SE (#=6),
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4. DISCUSSION

The chromophore stoichiometry of the DI-D2-Cyt
bysy complex is still a subject of debate, Our results
showed that it was possxble to obtain two different pig-
ment stoichiometries in preparations of the same
biological material. The two stochiometries depended
only on the time used for washing the column during
‘the purification of the D1-D2-Cyt b33y complexes. The

stoichiometry of the RC1 preparation is in good agree-

ment with the results recently reported by Gounaris et
al, [12] and Kobayashi et al. [13] for pea and spinach,
respectively.. On the . other hand, the pigment
stoichiometry of the RC2 preparation is equivalent to

that obtained for the reaction center from purple

bacteria and to the earlier stoichiometries reported for
spinach [1} and pea [2], and more recently for S. oligor-
rhiza (3]. However, our results are in contrast with the
stoichiometry reported by Dekker et al. {10] for
spinach.

A noteworthy observation of the present paper is the
close similarity between the first preparations of
D1-D2-Cyt bsss complex from spinach (1] and pea [2]
and our RC2 preparation. All three preparations show-
ed a similar pigment stoichiometry with the maximum
red peak centered around 673 nm. It appears then that
there is a ¢lose relationship between the absorbance of

the washing eluate just before starting the 30-200 mM.

NaCl gradient, the pigment stoichiometry and the max-
imum absorption peak in the red.

The Cyt bssg content of the D1-D2-Cyt bssy complex
is still controversial. We assayed this very carefully for
every elution fraction from the 30-200 mM NaCl gra-
dient of the RC1 and RC2 preparations. The content of
the Cyt bsso remained relatively constant for all the elu-

tion fractions, i.e. approximately 1. Cyt bsso per 2 Pheo.

a. This is in good agreement with other reports [1-3,21],
but disagrees with that from Dekker et al. [10] and
Shuvalov et al. [11]. However, our results do not

necessarily imply that less purified preparations from.
B. vulgaris, such as PS Il membranes and the oxy-

gen-evolving core complex, have also 1 Cyt bsso per
D1-D2-Cyt bsse complex. This research is underway.

Our results show that the washing process of the
anion-exchange column is an important step in the
purification of the DI1-D2-Cyt bsss complex. A

rigorous control of the column washing conditions
must be carried out to get a good homogeneity of the -
'D1-D2-Cyt bsss complex preparation so that a general

consensus on its chromophore stoichiometry can be
”rgached. We currently believe that the pigment
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 stoichiometry found in our RCI preparation rather cor-
- responds to that of a native D1-D2~Cyt by complex.

The reduced number of pigments in the RC2 may,
however, be advantageous to characterize the remain-
ing chromophores, which include presumably the essen-
tial ones for the functioning of the D= DZ-Cyt bagy

o comp!ex
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