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1. INTRODUCTION

The photosynthetic apparatus in thylakoid
membranes of higher plant chloroplasts contains 3
-integral protein complexes that are involved in
electron transfer from water to NADP: photo-
system II, the cytochrome bg—f complex and
photosystem 1. Physiologically, electron transfer
through these complexes involves light absorption
by the 2 photosystems and mediation of electron
transfer between the 2 light reactions by the cyto-
chrome complex (review [1]). Electron transfer bet-
ween the light reactions also results in proton tran-
slocation across the thylakoid membrane which ul-
timately yields ATP [2].

It is known that photosystem II oxidizes water
and reduces plastoquinone [3]. The reduced plasto-
quinone transfers electrons to plastocyanin via the
Rieske iron—sulfur center and cytochrome £[1.,2,4].
Reduced plastocyanin then donates an electron to
the reaction center chlorophyll of photosystem I,
P700[5]. Cytochrome bg, plastoquinone, the Rieske
iron—sulfur center, cytochrome f and plastocyanin
have also been implicated in cyclic electron flow
around photosystem 1[6,7]. One approach to eluci-
date the mechanism and relationship of the various
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components involved in the photosynthetic appar-
atus involves isolation and characterization of the
chloroplast electron transfer complexes. Sub-
sequent reconstitution of the different segments of
the electron-transfer pathway may provide a
valuable tool in the study of chloroplast electron-
transfer events. This approach has been successful
with the electron-transfer protein complexes of
mitochondria [8] but has not yet been actively
pursued in studies with chloroplasts, although
recent reports have described the interaction of a
chloroplast electron-transfer complex (the cyto-
chrome bg—f complex) with reaction centers from
photosynthetic bacteria [9] and a purified photo-
system I preparation [10].

Photosystem [ complexes have been described
which are free from photosystem II, the light-har-
vesting chlorophyll a/b protein and the cytochrome
bg—f complex [11,12]. Recently, the isolation and
characterization of a chloroplast cytochrome com-
plex preparation has been described [13]. This prep-
aration contains cytochrome f, cytochrome bg,
and the Rieske iron—sulfur center in the ratio of
1:2:1 and has been shown to catalyze electron trans-
fer from plastohydroquinone to plastocyanin [13].
Photoreduction of cytochrome bg and cytochrome f
photooxidation can be demonstrated when the iso-
lated cytochrome bg—f complex is mixed with a
purified photosystem 1 preparation [10], and pho-
toreduction of both cytochromes has been observed
in a reconstructed system involving the bacterial
reaction center and the cytochrome complex [9].
The activities of the isolated cytochrome complex
have been shown to be sensitive to non-cyclic elec-
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tron-transport inhibitors such as DBMIB and
DNP—INT [13]. A photosystem II preparation de-
void of photosystem I as well as the cytochrome
complex has been described in [14]. This prepara-
tion is distinguished from other photosystem 11
preparations by its resolution with respect to con-
tamination from photosystem I or the cytochrome
complex [15,16] and its ability to evolve oxygen.
This report demonstrates the reconstitution of elec-
tron transfer from water to the cytochrome complex
as measured in the photoreduction of cytochrome f
in the isolated b¢—f complex by electrons from the
oxygen-evolving photosystem II complex. This
photoreduction process is shown to be inhibited by
known inhibitors of non-cyclic electron transport
and is probably dependent on the presence of the
Rieske iron—sulfur center and/or the bound plasto-
quinone associated with the cytochrome complex.

2. MATERIALS AND METHODS

The cytochrome bg—f complex and photosystem
M particles were isolated from freshly-picked spin-
ach as in [13,14]. During the preparation of the
cytochrome complex, the ammonium sulfate preci-
pitate was fractionated on a sucrose density gra-
dient containing 30 mM B-octylglucoside and 0.5%
sodium cholate instead of 0.2% Triton X-100 [17].
This Triton-free preparation.contains 1 bound plas-
toquinone molecule/cytochrome f as determined
by extraction studies (unpublished). The Rieske
Fe—S center can be resolved from the cytochrome
b¢—f complex as in [18]. The depleted complex is
found to have lost the bound plastoquinone mol-
ecule (E. L., unpublished). Cytochrome f'in the cyto-
chrome complex was oxidized by incubation with
ferricyanide and then dialyzed overnight with 200
mM potassium phosphate (pH 6.8), plus 0.05%
Triton X-100. The cytochrome f content was deter-
mined by redox difference spectrometry using ferri-
cyanide and ascorbate. An extinction coefficient
of 18 mM ~!.cm ~! at 554 nm was used in calcu-
lations. Plastoquinone was extracted and its con-
centration determined as in [19].

Measurement of cytochrome f reduction by photo-
system 1I particles was performed in an Aminco
DW-2 Spectrophotometer equipped with side actin-
ic illumination. A Corning 4-96 filter was placed in
front of the photomultiplier tube while actinic light
passed through a Corning 2-64 filter before reach-
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ing the sample. All studies were done at 22°C.
B-Octylglucoside, sodium cholate, sodium ascor-
bate and Triton X-100 were obtained from Sigma
Chem. Co. DNP-INT was a gift from Dr A. Trebst
and UHDBT was obtained from Dr B. Trumpower.
Inhibitors were prepared in DMSO and added to
reaction mixtures in microliter amounts. All other
reagents were of the highest grade available.

3. RESULTS AND DISCUSSION

The photosystem II preparation described in [14]
catalyzes ferricyanide-dependent oxygen evolu-
tion; we have demonstrated the DCMU-sensitivity
of this reaction. We have also been able to observe
during fluorescence induction studies the photo-
reduction of Q and the photoreduction of a secondary
acceptor pool containing —7 plastoquinone mole-
cules. The photoreduction of the pool was inhibited
by DCMU. These results indicate the photosystem
II preparation can reduce endogenous plastoqui-
none with water as the electron donor. The cyto-
chrome bg—f complex catalyzes the reduction of
high-potential electron acceptors, such as plasto-
cyanin, with reduced quinones as electron donors
[13]. We therefore were interested in testing the
possibility of reconstituting electron transfer into
the cytochrome complex using the resolved photo-
system Il preparation, and we have studied this
reconstitution by observing the photoreduction of
cytochrome fin the complex.

The photoreduction of cytochrome f'in the cyto-
chrome complex by photosystem II particles from
spinach thylakoids in shown in fig.1. It was found
that this reduction is stimulated by the presence of
Mg2* and an incubation of the complex with
photosystem Il particles prior to illumination (not
shown). Difference spectrum (fig.1, inset) confirms
the light-induced absorbance change is due to cyto-
chrome f. The level of cytochrome f reduced after
the addition of ascorbate is also shown. This indi-
cates all the cytochrome f'in the complex undergoes
photoreduction.

The effects of several electron-transfer inhibitors
on the photoreduction of cytochrome fare shown in
fig2. DCMU and UHDBT, inhibitors known to
inhibit the reduction of plastoquinone by the pri-
mary acceptor of photosystem II {20,21], both inhi-
bited the photoreduction process completely. The
photoreduction was also inhibited by Tris-treat-
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Fig.1. Reconstitution of the photosystem II photoreduc-
tion of cytochrome fin a cytochrome bs—f complex. The
mixture contains 0.64 uM cytochrome fand 54 pg chl/ml
(reaction center concentration of 0.25 nm based on pho-
toreduction of Q measured at 320 nm) in 15 mM NaCl,
5mM MgCl; and 20 mM MES at pH 6.0. The mixture is
incubated for 4—5 min. at 22°C prior to assay. Light path,
1 em. Where indicated by the arrow, a few grains of

Adad t~ tha t11ea
sodium ascorbate is added to the mixture.

ment of the photosystem II preparation. This treat-
ment specifically inactivates water oxidation [22].

3 1d kL
The photoreduction of cytochrome [ could be re-

stored by the addition of diphenylearbazide to the
Tris-treated material. This compound is a specific
photosystem II electron donor (23,24]. These results
indicate that water is the source of electrons for
cytochrome f reduction and suggest that plastoqui-

none is the immediate electron donor to the cyto-
chrome h,_frnmnlm{ The inhibitor DNP_INT is
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observed to inhibit the initial fast phase of cyto-
chrome f reduction. Under identical conditions
oxygen evolution by the photosystem 1I particles
with potassium ferricyanide as electron acceptor
was relatively insensiiive io DNP—INT. Thus, the
observed inhibition of the photoreduction of cyto-
chrome fin our system must be due to interaction of
DNP—INT with the cytochrome bg—f complex.
DNP—INT is an effective inhibitor of plastoquinone—
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plastocyanin oxidoreductase activity of the com-
plex [13] and a direct interaction between DNP—
INT and the Rieske Fe~S center has also been
detected by EPR spectroscopy [17]. This ob-
servation’ strongly suggests that the reduction of
cytochrome f involves the electron carriers in the
complex and is not a direct reduction of the cyto-
chrome by reduced plastoquinone in the photo-
system II preparation.

The Rieske iron—sulfur center can be resolved
from the isolated complex by hydroxyapatite chrom-
atography [18]. After extraction of the Rieske
center, the reduction of cytochrome f by photo-
system II particles is inhibited drastically (fig.3).
The cytochrome f'in the depleted complex remains
ascorbate-reducible and it is reasonable to conclude
that its Ep, in the depleted complex is not signifi-
cantly decreased during the resolution of the Rieske
center. This observation again suggests that the
Ly‘tOClermej in our system is not uuculy reduced
by photosystem II but requires specific complex-
bound electron carriers. The Rieske-depleted
bg—f complex was also depleted of a bound plasto-
quinone molecule found to be associated with the
intact cytochrome bg—f complex. Our observations
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Fig 2. Effects of inhibitors on the photoreduction of cy-
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fig.1. Where indicated, DNP—INT (1 pM), DCMU (10
pM) or UHDBT (1.3 pM) were added 2 min before assay.
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Fig.3. Effects of Rieske and bound plastoquinone-deple-
tion on photoreduction of cytochrome fin a reconstituted
system. The assay system is identical to that of fig.1. The
depleted complex contains the same amount of ascorbate-
reducible cytochrome f as that of the native complex.

thus indicate a possible requirement for these elec-
tron transfer carriers in mediating electron transfer
from photosystem II to cytochrome f, but studies
involving reconstitution of these carriers are re-
quired to define their respective roles in greater
detail.

By monitoring cytochrome bg absorbance
changes (563—575 nm), it has also been possible to
observe transient photoreduction of this carrier in
the reconstituted electron transport system de-
scribed above. The properties of this photo-
reduction, which will be described subsequently in
greater detail, indicate cytochrome bg is being re-
duced via an ‘oxidant-induced reduction’ pathway,
similar to that in [9).

We demonstrate for the first time the reconstitu-
tion of electron flow from water to cytochrome f
with isolated integral protein complexes from thy-
lakoid membranes. The sensitivity to inhibitors and
the requirement for specific electron carriers in the
cytochrome complex show that the observed re-
duction proceeds via a similar route to that of the in
vivo system. No soluble cofactors or proteins were
required to mediate electron transfer from the
photosystem II complex to the cytochrome complex
here and a lipid requirement was not observed. It is
anticipated that the present system will be useful in
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the elucidation of the physiological mechanism of
the transfer of electrons between photosystem Il
and the proton-translocating chloroplast cyto-
chrome complex.

ACKNOWLEDGEMENTS

We would like to thank Drs A. Trebst and B.
Trumpower for their generous gifts of inhibitors.
This research is supported by a grant from the
National Institutes of Health to R M., and E.L. was
supported by an NIH Training Grant T32
GM07379.

REFERENCES

(1] Malkin, R. (1982) in: Electron Transport and
Photophosphorylation (Barber, J. ed) Top. Photo-
syn. vol. 4, pp. 2—47, Elsevier Biomedical, Amster-
dam, New York.

[2] Velthuys, B.R. (1980) Annu. Rev. Plant Physiol. 31,
545—-567.

[3] Bouges-Bocquet, B. (1980) Biochim. Biophys. Acta
594, 85—103.

[4] Cramer, W.A. and Crofts, A.R. (1979) in: Photo-
synthesis: Energy Conversion by Plants and Bac-
teria (Govindjee, ed) Academic Press, New York.

[5} Haehnel, W, Propper, A. and Krause, H. (1980)
Biochim. Biophys. Acta 593, 384—399.

[6] Slovacek, R.E., Crowther, D. and Hind, G. (1979)
Biochim. Biophys. Acta 547, 138—148.

{71 Malkin, R. and Chain, R.K. (1980) Biochim. Bio-
phys. Acta 591, 381-390.

[8] Hatefi, Y., Galante, Y.M,, Stiggall, D.Z. and Ragan,
C.L (1979) Methods Enzymol. 56, 577—602.

[9] Prince, R.C., Matsuura, K., Hurt, E., Hauska, G.
and Dutton, P.L. (1982) J. Biol. Chem. 257,
3379-3381.

{10] Hauska, G., Orlich, G., Samoray, D., Hurt, E. and
Sane, P.V. (1982) Proc. 5th Int. Congress Photosyn-
thesis Res. 1981, in press.

(11] Malkin, R. (1982) Annu. Rev. Plant Physiol. 33,
455-479.

[12] Mullet, J.E., Burke, J.J. and Arntzen, C.J. (1980)
Plant Physiol. 65, 814—822,

[13] Hurt, E. and Hauska, G. (1981) Eur. J. Biochem.
117, 591-599.

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

[15) Nugent, JH.A., Stewart, A.C. and Evans, M.C.W.
(1981) Biochim. Biophys. Acta 635, 488—497.

f16] Stewart, A.C. and Bendall, D.S. (1981) Biochem. J.
194, 877—887.

193



Volume 144, number 2

[17] Malkin, R. (1982) Biochemistry, in press.

[18] Hurt, E., Hauska, G. and Malkin, R. (1981) FEBS
Lett. 134, 1-5.

[19] Redfearn, E.R. and Friend, J. (1962) Phytochem. 1,
147—-151.

[20] Malkin, R., Crowley, R. and Trumpower, B.L.
(1981) Photobiochem. Photobiophys. 2, 53—59.

[21] Vermaas, W.F.J. and Govindjee (1981) Photochem.
Photobiol. 34, 775--793.

194

FEBS LETTERS

August 1982

[22] Yamashita, T. and Butler, W.L. (1968) Plant
Physiol. 43, 1978—1986.

[23] Vernon, L.P. and Shaw, E.R. (1979) Biochem.
Biophys. Res. Commun. 36, 878—884.

[24] Vernon, L.P. and Shaw, E.R. (1969) Plant Physiol.
44, 1645—1649.



