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Abstract The topology of the Rieske protein of the cytochrome
bglf complex in thylakoids from spinach chloroplasts was
examined by protease protection experiments as well as
polypeptide extraction assays using solutions of chaotropic salts
or alkaline pH. While neither thermolysin nor trypsin cleave any
of the Rieske protein when added to the stromal side of the
thylakoid membrane, proteinase K is capable of removing
approximately four residues from its NHo-terminus. The protein
is resistant to membrane extraction by 0.1 M Na;CO3 or 2 M
NaBr but is quantitatively released by 0.1 M NaOH. Treatment
of thylakoids with 2 M NaSCN leads to extraction of variable
amounts of the protein, depending on the presence or absence of
sucrose in the medium which apparently stabilizes the cyto-
chrome complex. From these results we conclude that the Rieske
protein is an integral component of the cytochrome complex
which spans the thylakoid membrane with a single hydrophobic
segment and is anchored predominantly by electrostatic interac-
tions.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

The cytochrome bg/f complex of chloroplasts, the plastoqui-
nol/plastocyanin-oxidoreductase in the photosynthetic elec-
tron transport chain, is an integral multisubunit assembly
that is found both in stacked and unstacked regions of the
thylakoid membrane system (for a recent review see [1]). It is
composed of at least seven polypeptide species of which four,
notably the cytochromes f (gene: petA) and bg (petB), the
Rieske Fe/S protein (perC), and subunit IV (petD), are appar-
ently sufficient for oxidoreductase activity [2]. The function of
the three additional subunits of low molecular mass, subunits
PetG, PetLl, and PetM [3-8], is as yet unknown, except that
absence of PetG or PetL causes a general instability of the
complex [8,9].

Three of the four core subunits of the cytochrome complex
are integral membrane proteins which span the membrane
with one (cytochrome f), three (subunit 1V), and four (cyto-
chrome bg) transmembrane helices, respectively [10-13]. In
contrast, the topology of the Rieske protein is a matter of
considerable dispute (e.g., [14,15]). Close to its NHs-terminus,
the Rieske protein houses a stretch of 25 hydrophobic residues
which might either serve to attach the protein from the lume-
nal side to the membrane [15,16] or to anchor it within the
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membrane with one or two transmembrane spans [17,18]. The
bulk of the protein including the COOH-terminus is located in
the thylakoid lumen. It carries characteristically spaced,
highly conserved cysteine and histidine residues [17] which
apparently provide the ligands for the prosthetic [2Fe-2S]
group involved in the electron transfer from plastoquinol to
cytochrome f [19]. In higher plants, the Rieske protein is en-
coded in the nucleus and synthesized in the cytosol as a pre-
cursor molecule with an NHy-terminal transit peptide
[17,20,21]. This transit peptide is required for transport across
the envelope membranes but not for the subsequent thylakoid
targeting of the protein [22]. Thylakoid transport is instead
mediated by signals in the mature protein which include the
NHs-terminal hydrophobic segment [23].

In the course of protein transport experiments which have
been performed to characterize the translocation pathway for
the Rieske protein across the thylakoid membrane, we ob-
tained data suggesting that the NHy-terminus of the protein
is exposed on the stromal face of the thylakoid membrane (I.
Karnauchov, S. Clausmeyer, R.G. Herrmann, and R.B. K&s-
gen, manuscript in preparation). In order to examine whether
this finding reflects the in vivo situation or whether it is a
consequence of incomplete membrane transfer and/or assem-
bly taking place in the in organello system, comparison to the
native protein is required. We have therefore studied the top-
ology of the Rieske protein by analyzing thylakoids that had
either been treated with proteases or extracted with solution
of chaotropic salts or alkaline pH. The results were compared
with those obtained for other subunits of the cytochrome bg/f
complex.

2. Methods

2.1. Materials

Spinach (Spinacia oleracea) was purchased from the local market
and kept over night at 4°C before isolating chloroplasts and thyla-
koids. Trypsin, trypsin inhibitor, thermolysin, and alkaline phospha-
tase-coupled secondary antibody were obtained from Sigma (Munich,
Germany), and proteinase K and phenylmethylsulfonylfluoride
(PMSF) were from Merck (Darmstadt, Germany). Nitro blue tetra-
zolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
were purchased from Serva (Heidelberg, Germany).

2.2. Isolation of thylakoids from spinach chloroplasts

Intact chloroplasts were prepared from spinach leaves and purified
on Percoll gradients following the protocol of Bartlett et al. [24].
Chloroplasts were lyzed by osmotic shock for 5 min on ice at 0.5
mg chlorophyll/ml in HM buffer (10 mM HEPES-KOH, pH 8.0,
5 mM MgCly). Thylakoids were collected by centrifugation for 5 min
at 20000 X g, washed twice in HM buffer, and finally resuspended at 0.5
mg chlorophyll/ml in either HM or HS buffer (10 mM HEPES-KOH,
pH 8.0, 0.1 M sucrose), depending on the subsequent experiment.

2.3. Protease treatment of membranes
Freshly isolated thylakoids resuspended in HS buffer were incu-
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bated for 30 min with either 100 pg/ml thermolysin, 10 pg/ml trypsin
or 15 pg/ml proteinase K. Proteolysis was stopped by supplementing
the assays with 20 mM EDTA (thermolysin), 50 pg/ml soybean tryp-
sin inhibitor (trypsin), or 2 mM PMSF (proteinase K). Thylakoids
were re-isolated by centrifugation for 5 min at 20000 X g, washed once
in HS buffer containing the respective protease inhibitor and subjected
to SDS—polyacrylamide gel electrophoresis [25]. Transfer of thylakoid
proteins to nitrocellulose membranes and Western analysis followed
the protocols of Towbin et al. [26] and Blake et al. [27], respectively.

2.4. Polypeptide extraction from thylakoids

Freshly isolated thylakoids were resuspended at 0.5 mg chlorophyll/
ml in 2 M NaBr, 2 M NaSCN, 0.1 M NayCO;, or 0.1 M NaOH
dissolved in either HM or HS buffer. After incubation on ice for 30
min, the assays were diluted with two volumes of the respective buffer
and centrifuged at 20000 X g for 10 min. Proteins were solubilized in
SDS sample buffer either directly (pellet fraction) or after precipita-
tion in 80% acetone (supernatant fraction), separated by SDS—poly-
acrylamide gel electrophoresis [25] and subsequently subjected to
Western analysis [26,27].

2.5. Miscellaneous

Western analysis was performed according to Blake et al. [27] with
50 png/ml BCIP and 100 pg/ml NBT at 22°C until appropriate color
development. All other methods followed the protocols of Sambrook
et al. [28].

3. Results

3.1. The Rieske protein is accessible to protease from the
stromal side of the thylakoid membrane

Integral membrane proteins generally protrude into the sur-
rounding hydrophilic matrix and are therefore accessible to
limited degradation in the presence of proteolytic enzymes.
To study the topology of the Rieske protein of the cyto-
chrome bg/f complex, we have determined its sensitivity to
trypsin, thermolysin, or proteinase K that were added to iso-
lated thylakoids. The reactions were carried out in parallel at
0°C and 20°C, and the fate of the Rieske protein was traced in
Western experiments using polyclonal, monospecific antisera.

At 20°C, the Rieske protein is cleaved by proteinase K to a
polypeptide with moderately increased electrophoretic mobil-
ity under denaturating conditions (Fig. 1). From this mobility
it was deduced that approximately four amino acid residues
had been removed by the enzyme. This corresponds well with
the presence of potential target residues at positions 4 (iso-
leucine) and 6 (alanine) of the polypeptide chain [17] and
suggests a bitopic membrane topology of the protein with
the NHa-terminus facing the stroma. On the other hand, nei-
ther thermolysin nor trypsin are capable to degrade the Rieske
protein to any detectable degree (Fig. 1). This substantiates
that only a small portion of the assembled protein faces the
stroma, because potential target sites for thermolysin or tryp-
sin are lacking from the first 11 residues of the protein.

Cleavage of the Rieske protein by proteinase K was not
caused by disruption of thylakoids and subsequent proteolysis
of the lumenal domain, because in lysed thylakoids the pro-
tein is almost completely degraded by the enzyme (data not
shown). Further proof for the integrity of the thylakoids is
provided by the 33 kDa protein of the oxygen-evolving sys-
tem, a peripheral membrane component of the thylakoid lu-
men. This protein is unaffected by proteinase K under the
chosen assay conditions (Fig. 1) demonstrating that the thy-
lakoids remained intact in the course of the experiment.
Therefore, cleavage of the Rieske protein must have occurred
from the stromal side. We conclude from this that the protein
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is embedded with a single transmembrane segment in the lipid
bilayer and faces the stroma with few NHs-terminal residues.

Even at 0°C, the Rieske protein is accessible to proteinase
K, though to a much lesser extent (Fig. 1). The majority of
the protein remains unaffected under these conditions and
only a minute fraction is cleaved by the enzyme, as judged
from the appearance of a slight smear on denaturing protein
gels (Fig. 1). This finding may indicate that the NHs-terminus
of the Rieske protein is not permanently exposed at the stro-
mal face of the membrane but for most of the time is shielded
and requires a certain membrane fluidity to protrude tempo-
rarily.

Interestingly, cytochrome f behaves comparably to the
Rieske protein in such assays. After proteinase K treatment
of thylakoids at 20°C, cytochrome f shows a moderate in-
crease in its electrophoretic mobility which in this instance
corresponds to the removal of approximately 10 residues
(Fig. 1), in agreement with results obtained for pea chloro-
plasts [10]. Cleavage of cytochrome f takes place with signifi-
cantly lower efficiency at 0°C, and the protein is as well re-
sistant to both thermolysin and trypsin at either of the two
temperatures assayed (Fig. 1).

3.2. The Rieske protein is anchored in the thylakoid membrane
by electrostatic interactions

In order to obtain information of how the Rieske protein is
anchored in the membrane, we have treated isolated thyla-
koids with solutions of chaotropic salts or alkaline pH, and
assayed the resulting fractions in Western experiments. It
turned out that the Rieske protein remains membrane-bound
in the presence of 0.1 M Na;CO; (pH 11.4) in agreement with
the transmembrane topology of the protein, but that it is al-
most quantitatively released by 0.1 M NaOH (Fig. 2). Thus,
at pH 13.0 the majority of the interactions that are required to
anchor the protein in the thylakoid membrane is destroyed
suggesting that they are predominantly of electrostatic nature
[14].

Hydrophobic interactions participate as well in anchoring
the Rieske protein to the thylakoid membrane but apparently
to a minor extent only. If thylakoids are treated with solutions
of chaotropic salts such as 2 M NaSCN, the majority of the
protein persists in the membrane and only a small fraction is
released (Fig. 2). Treatment with 2 M NaBr does not even
release any of the protein (Fig. 2) which suggests that extrac-
tion of the Rieske protein by chaotropic salts can only take
place under conditions in which the integrity of the thylakoids
is destroyed. This assumption is supported by the results for
the 33 kDa protein of the oxygen-evolving system which show
that hydrophilic proteins of the thylakoids lumen can be
quantitatively released by NaSCN but are not accessible to
extraction by NaBr or Na,CO; (Fig. 2).

None of the other components of high molecular mass of
the cytochrome bg/f complex displays a behavior comparable
to that of the Rieske protein in this type of analysis. Both
cytochrome f and subunit IV are resistant against all extrac-
tion procedures suggesting that they both are anchored in the
membrane by strong electrostatic and hydrophobic forces
(Fig. 2). On the other hand, cytochrome bg is almost quanti-
tatively released by either NaOH, NayCOj3, or NaSCN (Fig.
2). Even NaBr is capable to extract most of this protein in-
dicating That cytochrome bg exerts only weak interactions
within the lipid bilayer, in spite of the fact that it possesses
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Fig. 1. Effect of protease treatment of thylakoids on the Rieske protein, cytochrome f and the 33 kDa subunit of the oxygen-evolving system
from spinach. Spinach thylakoids obtained by osmotic lysis of intact isolated chloroplasts were resuspended at 0.5 mg chlorophyll/ml in HS
buffer (10 mM HEPES-KOH, pH 8.0, 0.1 M sucrose) containing either 100 pg/ml thermolysin (lanes Th), 10 pg/ml trypsin (lanes Tr), 15 pg/
ml proteinase K (lanes PK) or no protease (lanes C). After incubation for 30 min at the temperature indicated, proteolysis was stopped by ei-
ther 20 mM EDTA (thermolysin), 50 pg/ml soybean trypsin inhibitor (trypsin), or 2 mM PMSF (proteinase K). Thylakoids were collected,
solubilized in SDS sample buffer and heat-denatured for 2 min at 100°C. Stoichiometric amounts of each assay, corresponding to 18 ug chloro-
phyll, were separated on 10-17.5% SDS-polyacrylamide gradient gels and analyzed in Western experiments using polyclonal antisera raised

against the proteins indicated.

four transmembrane segments [13]. This observation stands in
contradiction to results described for cytochrome bg from
Chlamydomonas reinhardtii which showed strong membrane
persistence of the protein in the presence of chaotropic salts
or alkaline pH [15]. The reason for this difference is unknown.

3.3. The Rieske protein is stabilized in the thylakoid membrane
in the presence of sucrose
As cytochrome bg, the Rieske protein from Chlamydomonas

behaves differently from its spinach homolog in the polypep-
tide extraction assays as well. In the alga, the protein is almost
quantitatively extracted from thylakoid membranes by 2 M
KSCN, and even 1.5 M Nal releases more than 50% of it into
the supernatant [15]. These results led the authors to conclude
that the Rieske protein is an extrinsic protein which is only
attached from the lumenal side to the thylakoid membrane
but does not assume a transmembrane topology [15].
Although we cannot rule this out, it appears unlikely that
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Fig. 2. Extraction of subunits of the cytochrome bs/f complex by solutions of chaotropic salts or alkaline pH. Isolated spinach thylakoids were
resuspended at 0.5 mg chlorophyll/ml in HS buffer containing either 2 M NaBr, 2 M NaSCN, 0.1 M Na,CO;, 0.1 M NaOH, or no additive.
After incubation for 30 min on ice, the assays were separated into membrane fraction (p) and supernatants (s) and analyzed as described in the
legend to Fig. 1.
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Fig. 3. Effect of membrane stabilization on the extraction of subu-
nits of the cytochrome bg/f complex from isolated thylakoids. Iso-
lated spinach thylakoids were resuspended at 0.5 mg chlorophyll/ml
in HM buffer (10 mM HEPES-KOH, pH 8.0, 5 mM MgCl,) con-
taining either 2 M NaBr (Br') 2 M NaSCN (SCN7), 0.1 M
Na,CO; (CO3%7), 0.1 M NaOH (OH™), or no additive (Contr).
Protein extraction was performed as in the experiment shown in
Fig. 2, except that only membrane fractions were analyzed.

the Rieske protein from Chlamydomonas possesses indeed a
different membrane topology than its higher plant homolog.
Instead, the conflicting results might be a consequence of dif-
ferent methods in the isolation and treatment of thylakoids.
While we have tried to preserve an almost native structure of
the isolated spinach thylakoids, thylakoids prepared from
Chlamydomonas were stored at —80°C, treated with repeated
freeze/thaw cycles during polypeptide extraction and lacked
membrane stabilization by sucrose [15].

In order to examplarily study the possible influence of such
differences, the experiments presented in Fig. 2 were repeated
also with spinach thylakoids that were kept in buffer lacking
sucrose as a stabilizing agent. Indeed, the Rieske protein is
more sensitive to extraction by NaSCN under these condi-
tions, although it is still not quantitatively released (Fig. 3).
Inspection of the Western signals suggests that in the absence
of sucrose up to 90% of the protein can be extracted from the
membrane (Fig. 3, and data not shown) but only approxi-
mately 30% from thylakoid stabilized by sucrose (Fig. 2,
and data not shown). On the other hand, the presence of
sucrose has no influence on the extraction of the Rieske pro-
tein by NaOH (Fig. 3) which suggests that such stabilization
can be effective only within a limited range.

Lack of membrane stabilization does not explain the con-
tradictory results for cytochrome bg in spinach and Chlamy-
domonas, because in all instances the spinach protein is
extracted by NaSCN, NaBr, Na;CO;, or NaOH to ap-
proximately the same degree, independent of the presence or
absence of sucrose in the thylakoid preparations (Figs. 2
and 3).
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4. Discussion

It was the principal goal of this study to resolve the long-
lasting ambiguity found in current literature concerning the
topology of the Rieske protein from the cytochrome bg/f com-
plex of chloroplasts. Our data demonstrate unequivocally that
the protein is an integral component of the thylakoid mem-
brane which carries a single transmembrane segment and faces
the stroma with few NHjy-terminal residues.

This statement rests on two observations. When added to
isolated thylakoids, proteinase K is capable to cleave the
Rieske protein to a product lacking approximately four amino
acid residues (Fig. 1). Since the COOH-terminus of the pro-
tein is located in the thylakoid lumen, cleavage must have
taken place at the NH,-terminal end of the Rieske protein.
At 0°C, cleavage by proteinase K is barely detectable and,
similarly, also cytochrome f is cleaved by proteinase K at
20°C but not at 0°C. This suggests that at low temperature
the entire cytochrome complex might be protected from pro-
teolytic attack indicating that it is only temporarily exposed to
the stromal space under conditions of sufficient membrane
fluidity.

Neither thermolysin nor trypsin are capable to degrade any
of the Rieske protein from the stromal face of the thylakoid
membrane, not even after pretreatment of the thylakoids with
2 M NaBr (data not shown). This indicates that probably
phospholipids rather than proteinaceous components of the
membrane are responsible for this protection.

Second indication for a transmembrane topology of the
Rieske protein is its persistence in the thylakoid membrane
even after washing with 0.1 M Na,COj3 (Figs. 2 and 3). On
the other hand, chaotropic salts extract some of the protein
under conditions in which the thylakoid vesicles are de-
stroyed. This suggests that the Rieske protein is anchored
predominantly by electrostatic interactions rather than hydro-
phobic interactions. In the presence of sucrose, the amount of
Rieske protein released by the chaotropic agent is reduced.
Such stabilization of protein complexes must therefore be
considered as an important factor which can to a large extent
influence the membrane persistence of proteins in this type of
study.

Interestingly, also in the cytochrome b/c; complex of mito-
chondria, the ubiquinol/cytochrome c-oxidoreductase in the
respiratory electron transport chain, the topology of the
Rieske protein has not yet finally been settled. Like its plas-
tidic counterpart, the mitochondrial Rieske protein carries a
hydrophobic segment close to its NHs-terminus, and both a
membrane-attached and a transmembrane topology have been
proposed [29-33]. The close functional and phylogenetic rela-
tionship of the two cytochrome complexes suggests that the
mitochondrial Rieske protein possesses a bitopic transmem-
brane topology as well but proof is still lacking in this in-
stance. It should be noted that even the X-ray structure of
the crystallized cytochrome b/c; complex from bovine mito-
chondria which was recently determined at 3.4 A resolution
[34] does not provide unambiguous information about the
topology of the Rieske protein.

It is remarkable that the four subunits of the cytochrome
bglf complex that have been analyzed in this study show major
differences in their membrane persistence in the presence of
chaotropic salts and solutions of alkaline pH, in spite of the
fact that they are all integral components of the thylakoid
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membrane. Unexpectedly, just the protein with the highest
number of transmembrane spans, cytochrome bg, is most
easily released by such treatments, whereas the bitopic cyto-
chrome f'is strongly anchored within the membrane with its
single transmembrane segment. These findings show clearly
that studies concerning the topology of membrane proteins
which rely solely on this type on analysis have to be inter-
preted with caution.
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