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ESR spectroscopy demonstrates that cytochrome bs¢, remains
low potential in Ca**-reactivated, salt-washed PSII particles
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Abstract. Cytochrome b,,, in various Photosystem II preparations was studied by using
low temperature ESR spectroscopy. This technique was used because it is able to
distinguish high from low potential forms of the cytochrome owing to the g-value
differences between these species. Moreover, by using low temperature irradiation to
oxidize cyt b,,, we have avoided the use of redox mediators. Previous work (Ghanotakis
DF., Topper J.N. and Yocum, C.F. (1984) Biochim. Biophys. Acta 767, 524-531)
demonstrated that reduction and extraction of manganese of the oxygen evolving com-
plex, which might be expected to alter the redox properties of cyt b,,,, occurs when
certain PSII preparations are exposed to reductants. The ESR data presented here show
that a mixture of high potential and lower potential cyt b,,, species is observed in the
oxygen evolving Photosystem II complex. Treatment of PSII membranes with 0.8 M Tris
converts the high potential form(s) to those of lower potential. Exposure of the mem-
branes to 2M NaCl shifts a significant amount of high potential cyt b, to lower
potential form(s); addition of CaCl, reconstituted oxygen evolution activity but did not
restore cyt by, to its high potential form(s).

Abbreviations

Chl, chlorophyll; cyt, cytochrome; DCBQ, 2,5-dichloro-benzoquinone; DDQ,
2,3-dichloro-5,6-dicyano-1 4-benzoquinone; ESR, electron spin resonance;
OEC, oxygen evolving complex; PS, photosystem

Introduction

Despite considerable effort to elucidate the function of cytochrome bsso, its
role in photosynthesis remains unclear [6]. The involvement of cyt bsse in
the electron transport chain between the two photosystems was proposed
early on by Cramer and Butler [5]. More recently, an accumulation of
circumstantial evidence suggests a close association of cyt bssg with the
oxidizing side of Photosystem II. It has been shown that at —196 °C cyt bsse
is photooxidized by Photosystem II [16]; in addition, treatments which
inhibit oxygen evolution invariably cause a marked decrease in the midpoint
potential of cyt bsse [10, 18]. A series of experiments carried out by
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Matsuda and Butler [20, 21] has clearly demonstrated that high potential
cyt bssy requires the structural integrity of the photosynthetic membrane
and that disruption of that integrity causes cyt bsse to be modified to lower
potential forms.

Butler has pointed out that much of the confusion about the function of
cyt bsse derives from the unstable nature of its redox properties [4]. Even
though it has been common in the literature to speak of the high potential
and low potential forms of cyt bsse as if they were well-defined chemical
species, cyt bsse exists as a heterogeneous population which assumes a range
of midpoint potentials [10]. Recent molecular biological, biochemical and
spectroscopic evidence has revealed the likely basis for the ease with which
the redox properties of cyt bssg can be modified and restored [1, 15, 28].
The heme iron of cyt bsse is apparently ligated in its axial positions by
histidine nitrogens from two distinct polypeptide chains. The dihedral angle
between the two histidines imidazole planes controls the ESR properties of
the cytochrome. These had been shown previously to be diagnostic of the
heme redox potential [2, 19, 24]. In lower potential forms the dihedral
angle is close to 0° (coplanar imidazole rings) and g, is close to 2.94; as the
redox potential increases, the dihedral angle also increases and g, approaches
its high potential value of 3.08 [1]. Thus, simple shifts in the histidine
geometry, presumably controlled by the relative orientation of the two
different polypeptides involved, can be related to the redox properties of
cyt bsso.

In this communication we have studied the effect of various inhibitory
treatments on the state of ¢yt bsso in O,-evolving PSII preparations. We have
used ESR spectroscopy to characterize the redox properties of the protein,
both because of the relationship between g-value and redox potential noted
above and because the use of redox mediators may be avoided by using this
approach. Our results show that treatment of PSH membranes with either
high concentrations of Tris-buffer or 2M NaCl converts high potential cyt
bsse to a low potential form. Although addition of high concentrations of
CaCl, to high-salt treated PSII membranes reconstituted oxygen evolution
activity, conversion of the low potential form(s) to the high potential form(s)
of cyt bss9 was not observed.

Materials and methods

Photosystem II membranes were prepared and treated with 0.8 M NaCl as
described in [12]. ESR measurements were carried out by using a Bruker ER
200D spectrometer. An Oxford ESR-9 liquid helium cryostat was used to
maintain sample temperature; frequencies were measured with a Hewlett-
Packard frequency counter and magnetic fields were determined with a
Bruker gaussmeter accessory. Low temperature illumination was carried out
by focusing the heat filtered output of a 300 W slide projector onto the ESR
sample tube which was contained in a liquid nitrogen filled clear glass dewar.
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Figure 1. ESR spectra of intact Photosystem II membranes oxidized with 1 mM DDQ.
The following conditions were used: Modulation amplitude, 20 G; time constant, 0.1 sec;
sweeptime, 200 sec; gain 1.6 X 10°; temperature, 18 K; microwave power, (1) 50 mW, (2)
20mW and (3) 10mW; each spectrum was obtained as the average of three scans.
Chlorophyll concentration, 6.5 mg/ml

Results

Cyt bssy is usually described as being in a high or low potential form on the
basis of whether it is reduced by hydroquinone. Optical spectroscopy in the
a-band region of the cytochrome absorption spectrum is commonly used in
this assay. As noted above, the state of cyt bsso can also be examined by use
of ESR spectroscopy. High potential cyt bsse has characteristic g values
(gx = 136, gy =2.16 and g, = 3.08) which are shifted upon conversion to
the low potential form(s). The latter species have a range of g-values which
have as asymptotes the following: g, = 1.50,g, = 2.26 and g, = 2.94 [2, 19,
24}. The g, component is the most convenient to monitor; g, appears in a
more congested region of the ESR spectrum and g, , which occurs as a broad,
weak feature at high field, has been observed only for the isolated protein
1. .

As shown in Figure 1, after oxidation of ¢yt bsse by addition of 1 mM
DDQ the ESR spectrum of the cytochrome in oxygen evolving PSII mem-
branes shows a main peak around g = 3.08 along with a shoulder at g = 2.94;
this spectrum is indicative of a high/low potential cyt bsse mixture. If we
compare the ESR signal of cyt bss shown in Figure 1 to that reported earlier
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Table 1. Effect of various inhibitory treatments on oxygen evolution activity of photo-
system II membranes

Treatment Activity (uMol O,/mg Chle hr)*
—CaCl, +CaCl,
None 720 730
0.8 M Tris, pH 8.0 0 0
2M NaCl, pH 6.0 200 580

*Photosystem II membranes were assayed for oxygen evolution activity in a medium
containing 50 mM MES, pH 6.0, 15 mM NaCl, +15mM CaCl,. The chlorophyll concen-
tration was 20 pg/ml and DCBQ (300 uM) served as an exogenous acceptor

by Bergstrdm and Vanngird [2] for intact thylakoids, we observe an
increased amount of low potential cyt bsse in the isolated PSII complex; this
is probably due to the exposure of the photosynthetic membrane to the
detergent Triton X-100 (see Discussion section). A titration of cyt bsso in an
O,-evolving PSII preparation has demonstrated that about 50% of the cyt
bssy was in the high potential form(s) (hydroquinone reducible), while
another 50% was reduced by ascorbate [12]. However, various values of the
high potential/low potential ratio in untreated PSII preparations have been
reported [11, 17, 20, 21, 22] (see below), and there is uncertainty in the
overall cyt bsso/PSII stoichiometry in the resolved preparations. Several
groups report two cyt bsse per P680 [e.g., 17, 22, 23, 26], whereas others
report only one [8, 11, 12]. Figure 2a shows that upon inhibition of oxygen
evolution activity by incubation with 0.8 M Tris-buffer (Table 1), cyt bsso is
converted to the low potential form(s) (g, = 2.94) as expected.

As indicated in Table 1, another treatment which inhibits oxygen evolu-
tion activity is exposure of the PSII complex to high ionic strength; this treat-
ment is known to release two water soluble polypeptides (17 and 23 kDa)
from the oxidizing side of Photosystem II without any release of functional
manganese [13]. Previously, we have shown that the 17, 23 kDa-depleted
PSII compex is very susceptible to exogenous reductants which reduce and
destroy the Mn-complex [14]. Therefore, it is not possible to examine the
state of ¢yt bgsg in salt treated membranes reliably by use of hydroquinone
because such an addition would result in release of functional manganese
with concomitant conversion of any high potential cyt bgse to the low
potential form(s) [10, 18]. To avoid this complication, we studied the state
of ¢yt bsse in high salt-treated PSII membranes by use of ESR spectroscopy.
As shown in Figure 2¢, after exposure of the PSII complex 2 M NaCl a signifi-
cant amount of high potential ¢yt bsso has been converted to the low poten-
tial form(s). Compared to the signal observed after Tris treatment (Figure 2a)
however, we notice that after salt wash a fraction of the cytochrome still
remains as the high potential form(s).

Since addition of high concentrations of CaCl, to salt washed PSII mem-
branes is known to reconstitute high rates of oxygen evolution activity (Table
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Figure 2. ESR spectra of (a) Tris treated; (b) intact; (¢) 2M NaCl-treated (H.S.), and (d)
2M NaCl-treated plus 40mM CaCl, PSII preparations oxidized with 1 mM DDQ. The
following conditions were used: Microwave power, 30 mW; modulation, 20G; time
constant, 0.1 sec; sweeptime, 200 sec; gain, 1.6 X 10°; temperature, 18 K; each spectrum
was obtained as the average of six scans. The chlorophyll concentration was 6.5 mg/ml

1), we studied cyt bssg in 2 M NaCl-treated PSII membranes which had been
reactivated by addition of 40 mM CaCl,. In a separate series of time-resolved,
room temperature measurements (not shown), we observed that addition of
40 mM Ca** to concentrated, salt-washed PSII membranes (~4 mg chl/ml) was
sufficient to restore the rapid Z* reduction kinetics which accompany the
reactivation of oxygen evolution [3, 13]. As shown in Figure 2d, even though
CaCl, restores oxygen evolution activity, cyt bsse remains in its low potential
form(s).

Since we cannot exclude the possibility that the reduced form of DDQ,
which is present in the medium after addition of 1 mM of the oxidant as
revealed by a strong ESR signal around g = 2.00 (data not shown), reduced
and destroyed the Mn-complex [14] in the experiments in Figure 2, we
repeated the experiment but this time we oxidized cyt bsse by illumination at
—196 °C [16]. Figure 3b shows that in PSII membranes frozen in the dark,
low potential form(s) of cyt bsse are oxidized while high potential form(s)
are in the reduced state and thus ESR silent. Illumination of the PSII
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Figure 3. ESR spectra of (a) intact PSII membranes illuminated for 4 min at
—196°C; (b) dark-adapted PSII membranes; (c) spectrum (a) — spectrum (b);
(d) salt-washed PSII membranes plus 40 mM CaCl, illuminated for 4 min at —196 °C; (e)
dark-adapted, salt-washed PSII membranes plus 40mM CaCl,; (f) salt-washed PSII
membranes plus 40mM CaCl, illuminated for 4min at 4°C and then frozen and
illaminated for another 4 min at —196 °C. Experimental conditions the same as those in
Figure 2

complex at —196 °C results in photooxidation of the high potential form(s)
(Figures 3a, 3c). Examination of cyt bsse in CaCl,-reactivated salt-washed
PSII membranes by the same method showed that only a small fraction of the
cytochrome is in the high potential form(s) (Figures 3d, 3e). An attempt to
expose the higher S-states to CaCl, before freezing, by illumination at 4 °C in
the presence of CaCl,, was also not successful in restoring cyt bsse to its high
potential form(s) (Figure 3f).
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Discussion

Although there are data in the literature which provide circumstantial links
between high potential cyt bsse and the water-splitting capacity of PSII, eluci-
dation of its function is problematic [4, 7] . Treatments which inhibit oxygen
evolution activity (e.g. exposure to 0.8 M Tris, heptane extraction, etc.) cause
a decrease in the midpoint potential of cyt bsse. In the case of heptane
extraction, Okayama and Butler [25] showed that low potential cyt bgsy was
restored to the high potential form(s) upon reconstitution of oxygen evolu-
tion activity by addition of plastoquinone A and S-carotene. It has been
suggested that high potential cyt bsse requires the structural integrity of the
photosynthetic membrane and that disruption of that integrity, by use of
treatments such as incubation with chaotropic reagents or detergents, causes
modification of cyt bsse to the low potential form(s) and loss of oxygen
evolution. Results which support this contention were provided by Matsuda
and Butler [20, 21] who showed that low potential forms of cyt bsse in PSII
preparations could be restored to the high potential form by incubation with
digalactosyldiacylglycerol (DGDG)-containing liposomes. Accompanying the
restoration of high potential cyt bsso in this system was in increase in rate of
oxygen evolution [21]. Similarly, a comparison of the rates of O, evolution
in PSII particles prepared in three different laboratories with the high
potential/low potential ratio measured on the same preparations in the same
laboratories shows that the higher the ratio the greater the O, rate [11, 12,
17].

Whether the link between high potential cyt bsse and O, evolution is
causal, however, has been difficult to establish [6]. The results presented here
provide some insights into this question. Exposure of the PSII complex to
2 M NaCl releases two water soluble polypeptides (17,23 kDa) and decreases
oxygen evolution activity to 20—30% of the control. The low temperature
ESR data on salt-washed PSII membranes show that in 17, 23kDa
polypeptide-depleted membranes a significant fraction of high potential
cyt bssy has been converted to the low potential form(s). The fraction of
the cytochrome which remains in the high potential form(s) may be associ-
ated with the residual activity of the PSII complex (see Table 1). When we
reconstituted high rates of oxygen evolution activity by addition of external
calcium, however, we observed no restoration of the low potential cyt bsso
to the high potential form(s). This observation suggests that high potential cyt
bsse per se is not necessary for high O, evolution rates. It also rationalizes
the correlation noted above between high potential cyt bsse and oxygen rates
in PSII preparation as it is quite likely that the 17 and 23 kDa polypeptides
may be removed to a greater or smaller extent during isolation. Loss of these
polypeptides would decrease O, evolution and increase the concentration of
low potential forms of the cytochrome. Evidence supporting this idea can be
taken from the recent report by Preston and Critchley, who noted that the
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low rates of O, evolution in their PSII preparations could be enhanced by
addition of Ca** [27].

The situation is more complex than the above analysis indicates, however,
as it is clear that Ca®* reactivation of oxygen evolution in polypeptide-
depleted PSII preparation does not reconstitute the native system. Dekker et
al. have shown that even though CaCl, restores high rates of oxygen evolution
activity the reactivated system differs from the intact system in that the
S3——>84——>8, transition is 2—3 times slower in the salt-washed system [9].
Similarly, the observations of Ghanotakis et al. [14] on the accessibility of
the oxidizing side of PSII to exogenous reductants have demonstrated that
the structural organization of PSII in calcium-reconstituted salt-washed
membranes is different from that of the intact system. To these observations
we now add our results on the differences between the properties of cyt bssg
in untreated and polypeptide-depleted, Ca®* reactivated preparations.

Figure 4 shows a model which summarizes the findings presented here and
links them to recent suggestions as to the membrane and protein structural
factors which control the properties of cyt bsgo [1]. In both high and low
potential cyt bssy the axial ligands are histidines, each one of which is con-
tained in a separate and distinct polypeptide chain. The high potential form
is achieved by structural factors which twist the plane of one of the two
histidine imidazole rings out of a parallel orientation with respect to the
second ring, i.e., the dihedral angle between the imidazole planes is not zero.
In Figure 4a these structural forces are suggested to be the nonparallel
orientation of the two histidine bearing polypeptide chains. This trans-
membrane organization is stabilized by the interaction of the two membrane
polypeptides with the peripheral 17 and 23 kDa. Upon removal of the two
extrinsic polypeptides, (Figure 4b), the transmembrane polypeptides relax to
a more parallel orientation which allows the imidazole ring to assume the low
energy, parallel (i.e., zero dihedral angle) conformation which is typical of
low potential cyt bsso [1]. At the same time, the release of the peripheral
polypeptides depletes the Ca** binding site and the OEC relaxes to an inactive
configuration. Upon addition of high concentrations of Ca®* in Figure 4c, the
oxygen evolving complex assumes an active conformation, which is different
from that of the untreated system; cyt bsso remains in low potential conform-
ation.

Such a model is also able to rationalize the early observations of Butler
and coworkers [4]. These data showed that cyt bsse existed as a heter-
ogeneous population with a range of midpoint potentials after inhibition of
O, evolution. In the model of Figure 4, this suggests that the dihedral angle
between the two imidazole planes is somewhat labile and can assume a range
of values all of which, however, should be fairly close to zero. Because of the
link established between imidazole geometry and principal g-values for
various forms of cyt bsse, this variability in imidazole orientation may be
expected to be manifested in the ESR properties of the cytochrome. An
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example of this may be found in the recent work in inhibited systems by
Matsuura and Itoh [22] which showed that g, was 2.98 for Tris or heat-
treated PSII preparations but 2.95 for the same preparation following a 1M
CaCl, wash.

Acknowledgements

This research was supported by grants from NSF (PCM-8214240) and USDA/
CRGO (G-82-CRCR-1-1127) to CFY and by USDA/CRGO (5901-04010-9-
0344) to GTB.

References

1. Babcock GT, Widger WR, Cramer WA, Oertling WA and Metz JG (1985) Bio-

chemistry 24:3638-3645

Bergstrom J and Vanngird T (1982) Biochim Biophys Acta 682:452-456

Boska M, Blough NV and Sauer K (1985) Biochim Biophys Acta 808:132—-139

Butler WL (1978) FEBS Lett 95:19--25

Cramer WA and Butler WL (1967) Biochim Biophys Acta 143:332-339

Cramer WA and Whitmarsh J (1977) Annu Rev Plant Physiol 28:133-172

Cramer WA, Whitmarsh J and Widger WR (1981) in ‘Photosynthesis Electron

Transport and Phosphorylation’ (Akoyounoglou G, ed.) pp 509-521, Balaban Int

Sci Serv, Philadelphia

Dekker JP (1984) Ph.D. Thesis, University of Leiden

Dekker JP, Ghanotakis DF, Plijter JJ, Van Gorkom HJ and Babcock GT (1984)

Biochim Biophys Acta 767:515-523

10. Erixon K, Lozier R and Butler WL (1972) Biochim Biophys Acta 267:375-382

11. Ford RC and Evans MCW (1983) FEBS Lett 160:159-164

12. Ghanotakis DF, Babcock GT and Yocum CF (1984) Biochim Biophys Acta 765:
388-398

13. Ghanotakis DF, Babcock GT and Yocum CF (1984) FEBS Lett 167:127—130

14. Ghanotakis DF, Topper JN and Yocum CF (1984) Biochim Biophys Acta 767:
524-531

15. Herrmann RG, Alt J, Schiller D, Cramer WA and Widger WR (1984) FEBS Lett
179:239-244

16. Knaff DB and Arnon DI (1969) Proc Natl Acad Sci USA 63:956-962

17. Lam E, Baltimore B, Ortiz W, Chollars S, Melis A and Malkin R (1983) Biochim
Biophys Acta 724:201-211

18. Lozier R, Baginsky M and Butler WL (1971) Photochem Photobiol 14:323-328

19. Malkin Rand Vanngird T (1980) FEBS Lett 111:1—-4

20. Matsuda H and Butler WL (1983) Biochim Biophys Acta 724:123--127

21. Matsuda H and Butler WL (1983) Biochim Biophys Acta 725:320-324

22. Matsuura K and Itoh S (1985) Plant Cell Physiol 26:537-542

23. Murata N, Miyao M, Omata H, Matsunami H and Kuwabara T (1984) Biochim
Biophys Acta 765:363-369

24, Nugent JHA amd Evans MCW (1980) FEBS Lett 112:1-4

25, Okayama S and Butler WL (1972) Plant Physiol 69:769-774

26. de Paula JC, Innes JB and Brudvig GW (1985) Biochemistry, in press

27. Preston C and Critchley C (1985) FEBS Lett 184:318—-322

28. Widger WR, Cramer WA, Hermodson M, Meyer D and Gullifor M (1984) J Biol
Chem 259:3870--3876

[ W NI Y

© oo



