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Abstract

Cytochrome c6 (Cyt) from the thermophilic cyanobacterium Phormidium laminosum has been purified and char-
acterized. It is a mildly acidic protein, with physicochemical properties very similar to those of plastocyanin
(Pc). This is in agreement with the functional interchangeability of the two metalloproteins as electron donors to
Photosystem I (PS I). The kinetic analyses of the interaction of Pc and Cyt with Photosystem I show that both
metalloproteins reduce PS I with similar efficiencies, according to an oriented collisional kinetic model involving
repulsive electrostatic interactions. The thermostability study of the Phormidium Pc/PS I system compared with
those from mesophilic cyanobacteria (Synechocystis, Anabaena and Pseudanabaena) reveals that Pc is the partner
limiting the thermostability of the Phormidium couple. The cross-reactions between Pc and PS I from different
organisms demonstrate not only that Phormidium Pc enhances the stability of the Pc/PS I system using PS I
from mesophilic cyanobacteria, but also that Phormidium PS I possesses a higher thermostability than the other
photosystems.

Abbreviations: Cyt – Cytochrome c6; kbim – bimolecular rate constant for the overall reaction; kinf – bimolecular
rate constant extrapolated to infinite ionic strength; Pc – plastocyanin; PS I – Photosystem I; P700 – the photoactive
dimeric chlorophyll molecule in Photosystem I; Ti – temperature of inflection of the experimental kinetic data for
PS I reduction compared with the Eyring plot; Tm – midpoint temperature of protein thermal transition; Tmax –
temperature at which the maximum rate for PS I reduction is observed; �G‡, �H‡ and �S‡ – changes in apparent
activation free energy, enthalpy and entropy, respectively, for the overall reaction of PS I reduction

Introduction

In oxygenic photosynthesis, electron transfer between
the membrane complexes cytochrome b6f and Pho-
tosystem I (PS I) is accomplished by two diffusable
electron carriers, the copper protein plastocyanin (Pc)
and the heme protein cytochrome c6 (Cyt) (see Chit-
nis 1996; Navarro et al. 1997, for reviews). Higher
plants use just Pc, whereas many green algae and cy-

anobacteria can use either Pc or Cyt depending on
the availability of copper in the medium (Merchant
and Bogorad 1986; Sandmann 1986; Sandmann et
al. 1983). Cyt and Pc are thus functionally inter-
changeable in species that can express both proteins.
Such a convergent evolution of the two electron car-
riers seems to have occurred in a common ancestor
as well as within each organism (De la Cerda et al.
1999; Hervás et al. 1995; Molina-Heredia et al. 2001).
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In addition, the structure and function of most of
the components of the photosynthetic electron trans-
port chain are similar in cyanobacteria and higher
plants (Chitnis 1996; Golbeck 1994), thereby mak-
ing cyanobacteria an excellent model for the study of
oxygenic photosynthesis.

Thermophilic cyanobacteria are the only known or-
ganisms having thermostable oxygenic photosynthetic
systems, but it is not yet well understood how thermo-
philes stabilize their photosynthetic apparatus at elev-
ated temperatures (Inoue et al. 2000; Nishiyama et al.
1999). Many investigations in plants have shown that
PS I is more stable than Photosystem II at high tem-
peratures (Berry and Björkman 1980; Havaux 1993;
Rokka et al. 2000; Sayed et al. 1989; Yordanov et al.
1986). It has been found that moderately high temper-
atures stimulate PS I activity both in vivo and in vitro
(Armond et al. 1978; Sayed et al. 1994). Studies with
spinach Pc have shown that the reduced molecule is
more stable (Tm = 71◦C) than the oxidized form (Tm =
61 ◦C) (Gross et al. 1992). Significantly less is known
in cyanobacteria on the thermostability of the Pc/PS I
and Cyt/PS I systems. The PS I reaction centre has an
optimum temperature of ca. 60 ◦C for Cyt oxidation
in Mastigocladus laminosus, but this value decreases
to 32 ◦C for the oxidation of the same protein by
spinach PS I (Nechushtai et al. 1983). The PS I re-
action centre from the thermophilic cyanobacterium
Synechococcus elongatus is highly stable at elevated
temperatures (Sonoike et al. 1990). To the best of our
knowledge, there are no reports on the thermostability
of Cyt and Pc from cyanobacteria.

In this paper, we present the kinetic and thermody-
namic characterization by laser-flash absorption spec-
troscopy of the interaction of Pc and Cyt with PS I in
Phormidium laminosum, a filamentous thermophilic
cyanobacterium that grows in hot springs at temper-
atures up to 57–60 ◦C (Castenholz 1970). The thermal
stability of PS I when reacting with the copper protein
has been analysed in a comparative way using meso-
philic cyanobacteria, namely Anabaena sp. PCC 7119,
Synechocystis sp. PCC 6803 and Pseudanabaena sp.
PCC 6903.

Materials and methods

Growth conditions

Phormidium laminosum strain OH-1-p clone 1 (cour-
tesy of Dr Juan L. Serra, Bilbao, Spain) was grown

in medium D of Castenholz (1970), supplemented
with NaHCO3 (0.5 g/l). Cells were grown in 20-l
bottles at 50 ◦C, under continuous illumination by
fluorescent tubes, in an atmosphere enriched with 1%
CO2. The production of either Pc or Cyt depended on
whether copper was added to or omitted from the cul-
ture medium, respectively. Anabaena, Synechocystis
and Pseudanabaena were grown autotrophically at 30
◦C in a standard BG-11 medium (Rippka et al. 1979).

Purification of plastocyanin and cytochrome c6

The metalloproteins from Phormidium were purified
from 150 g of cell paste, as previously described for
Synechocystis (Hervás et al. 1993) with the following
modifications: phosphate was used as buffer instead
of Tris, and the proteins were eluted from the DEAE-
cellulose column by a 1–100 mM phosphate buffer
(pH 7.0) gradient. Protein concentration was determ-
ined spectrophotometrically using absorption coeffi-
cients of 4.5 mM−1 cm−1 at 597 nm for oxidized Pc
and 25 mM−1 cm−1 at 553 nm for reduced Cyt. Pur-
ity of the resulting protein fractions was determined
by using a A275/A597 ratio close to 3 for Pc (Sch-
larb et al. 1999; Varley et al. 1995) and a A275/A553
ratio close to 1 for Cyt (Díaz et al. 1994; Molina-
Heredia et al. 1998). Pure protein preparations were
concentrated and stored at –80 ◦C. Pseudanabaena
Pc was purified from the cyanobacterium as described
(Hervás et al. 1998). Recombinant Pcs from Synecho-
cystis and Anabaena were expressed in Escherichia
coli cells, as previously described (Hervás et al. 1993;
Molina-Heredia et al. 1998).

Photosystem I particles

PS I particles were isolated from cells by β-dodecyl
maltoside solubilization, as described by Rögner et
al. (1990) and modified by Hervás et al. (1994). The
chlorophyll/P700 ratio of the resulting preparations
was 130/1, 140/1, 110/1 and 137/1 for Synechocystis,
Anabaena, Pseudanabaena and Phormidium, respect-
ively. The P700 content in PS I samples was calculated
from the photoinduced absorbance changes at 820 nm
using the absorption coefficient of 6.5 mM−1 cm−1

determined by Mathis and Sétif (1981). Chlorophyll
concentration was determined according to Arnon
(1949).
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Laser-flash absorption spectroscopy

Kinetics of flash-induced absorbance changes in PS
I were followed at 820 nm, as described by Hervás
et al. (1995). Unless otherwise stated, the standard
reaction mixture contained, in a final volume of 0.2
ml, 20 mM buffer (Tricine-KOH, pH 7.5, or MES, pH
5.5), 0.03% β-dodecyl maltoside, an amount of PS
I-enriched particles equivalent to 0.36 mg of chloro-
phyll ml−1, 0.1 mM methyl viologen, 2 mM sodium
ascorbate, 10 mM MgCl2, and either Pc or Cyt at
the indicated concentration. In the studies of the ionic
strength effect, MgCl2 was omitted from the stand-
ard reaction mixture, and either NaCl or MgCl2 was
added to reach the desired ionic strength. Data collec-
tion, as well as kinetic and thermodynamic analyses
were carried out as previously reported (Hervás et
al. 1995, 1996). Apparent thermodynamic parameters
were estimated as in Díaz et al. (1994).

Circular dichroism spectroscopy

CD analyses were performed in a thermostated Jasco
spectropolarimeter, model J-710. A cell with 1 cm
path-length was used for all measurements.

Fluorescence spectroscopy

Fluorescence spectra were recorded using a Perkin-
Elmer fluorescence spectrophotometer, model LS-5.
The excitation wavelength was 275 nm, and light
emission was recorded between 280 and 500 nm. The
temperature was monitored by a Digitron 2008 ther-
mocouple, fitted to a flexible probe inserted directly
into the 1-cm path-length cell. The average emission
of fluorescence from 289 to 350 nm was considered
in order to reduce the background noise. Data were
corrected for the sloping of the baselines for the fol-
ded and unfolded proteins, normalized to describe
the fraction of folded protein, and fitted to a two-
state equilibrium mechanism for protein unfolding to
estimate the values for Tm (Privalov 1979).

Gel electrophoresis

Isoelectric points were determined by electrofocusing
gel electrophoresis in 5% acrylamide–0.2% bisacryl-
amide gels, with an ampholyte mixture from pH 2.5 to
8 and IEF markers ranging from 3.6 to 9.3 (Robertson
et al. 1987).

Molecular mass was determined by SDS-PAGE us-
ing a 16% acrylamide–0.5% bisacrylamide running

gel (Schägger and von Jagow 1987). The molecular
mass marker MW17SDS from Sigma was used as a
standard kit.

Redox titrations

Redox titrations were performed in a dual-wavelength
spectrophotometer setup as described by Ortega et al.
(1988). The differential absorbance changes at 597
nm minus 500 nm for Pc, and at 553 nm minus 570
nm for Cyt, were monitored in the presence of the
following redox mediators: menadione, diaminodurol
and p-benzoquinone, at 20 µM final concentration.

Results

Characterisation of Phormidium cytochrome c6

Cyt from Phormidium has been purified and character-
ised. The resulting physicochemical data are summar-
ised in Table 1, along with those previously reported
for Phormidium Pc (Schlarb et al. 1999). The molecu-
lar mass of Cyt determined by SDS-PAGE is similar
to that inferred from the gene sequence (Table 1), a
value that is comparable to that of Pc. Cyt is a slightly
acidic protein, with an isoelectric point (pI) of 5.10
similar to that of Phormidium Pc (Schlarb et al. 1999;
Stewart and Kaethener 1983), as well as to those of
Pc and Cyt from Synechocystis (Hervás et al. 1994).
Phormidium Cyt has a redox potential value of +331
mV (Table 1), equivalent to that determined for Pc by
Schlarb et al. (1999). Such close analogies between
Cyt and Pc from Phormidium have previously been
observed in many other organisms (Díaz et al. 1994;
Hervás et al. 1993, 1998; Molina-Heredia et al. 1998),
a fact that is consistent with the same physiological
role played by both metalloproteins and their parallel
evolution (Navarro et al. 1997).

Kinetic analysis of Photosystem I reduction

The observed pseudo first-order rate constant (kobs) for
the reduction of photooxidized P700 in Phormidium
PS I particles at different temperatures depends lin-
early on the concentration of added metalloprotein –
either Pc (Figure 1) or Cyt (not shown). In all cases,
the kinetics can be well fitted to single exponential
curves with no fast phase. The interaction of both Pc
and Cyt with PS I does thus follow an oriented col-
lisional kinetic model involving no formation of any
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Table 1. Physicochemical properties of Phormidium cytochrome c6 and plastocyanin

Protein Molecular mass (kDa) pI Em,pH 7.0

SDS-PAGE Gene sequence (mV)

Plastocyanin 11.3 (± 0.5) 11.42a 4.96 (± 0.09) +336 (± 5)

Cytochrome c6 8.9 (± 0.5) 9.04b 5.10 (± 0.08) +331 (± 5)

aSchlarb et al. (1999).
bPersonal communication from J. Wastl (Cambridge, UK).

Table 2. Bimolecular rate constant and apparent activation parameters for the overall-reaction of PS I reduction by
plastocyanin and cytochrome c6 from Phormidium, Synechocystis and Anabaena

pH kbin×10−7 kinf×10−7 (M−1 s−1) �H‡ �S‡ �G‡

(M−1 s−1) MgCl2 NaCl (kJ mol−1) (J mol−1 K−1) (kJ mol−1)

Phormidium

Plastocyanin 7.5 1.17 1.73 1.46 48.1 52.8 32.3

5.5 1.35 48.1 53.9 32.0

Cytochrome c6 7.5 1.57 1.29 1.37 40.8 30.3 31.8

5.5 1.90 40.1 29.0 31.4

Synechocystis

Plastocyanin 7.5 0.86a 1.09c 1.06a 47.4f 46.9f 33.4f

5.5 0.99a 47.4f 48.5f 32.9f

Cytochrome c6 7.5 0.89b 1.10c 1.30b 41.8f 28.2f 33.3f

5.5 1.40b 41.0f 29.8f 32.1f

Anabaena

Plastocyanin 7.5 7.6d 0.59d 0.59d 36.8f 29.9f 27.9f

5.5 5.3 34.9f 20.2f 28.9f

Cytochrome c6 7.5 11.3e 1.14e 1.14e 30.4f 11.4f 27.0f

5.5 11.5 29.8f 9.5f 27.0f

All the parameters were determined at 25 ◦C. Values obtained from: aDe la Cerda et al. (1997); bDe la Cerda et al.
(1999); cDe la Cerda (1998); dMolina-Heredia et al. (2001); eMolina-Heredia et al. (1999); fHervás et al. (1996).

Figure 1. Dependence upon plastocyanin concentration of the ob-
served rate constant (kobs) for PS I reduction in Phormidium at
varying temperature and pH 7.5. Other experimental conditions
were as described under ‘Materials and methods’.

kinetically detectable transient complex, as is the case
in other organisms (Hervás et al. 1995).

The bimolecular rate constants (kbim) for the over-
all reaction of PS I reduction by Cyt or Pc can be
calculated from linear plots as those in Figure 1. As
can be seen in Table 2, which summarizes the kbim
values in Phormidium along with those previously re-
ported in Anabaena and Synechocystis, both at pH 5.5
and 7.5, Pc and Cyt are equally efficient in reducing
PS I within each cyanobacterium and at any pH.

Thermodynamic parameters

From the Eyring equation it is possible to calculate
values for the changes in apparent activation enthalpy
(�H‡), entropy (�S‡) and free energy (�G‡) for the
overall reaction of PS I reduction. Table 2 summarizes
the estimated values for these three thermodynamic
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Figure 2. Ionic strength dependence of the bimolecular rate con-
stant (kbim) for PS I reduction by plastocyanin in Phormidium at
different temperatures and pH 7.5. Pc concentration was 100 µM.
The ionic strength was increased by adding small amounts of a con-
centrated solution of NaCl. Solid lines correspond to theoretical fits
according to the Watkins equation (Watkins et al. 1994).

parameters in Phormidium, Synechocystis and Ana-
baena. The �G‡ values are not significantly different
from one another organism, either with Pc or Cyt at pH
7.5 and 5.5. Within the same, however, the differences
in �H‡ and �S‡ with Pc and Cyt (Cyt always shows
lower values than Pc for both �H‡ and �S‡ ) reflect
their structural dissimilarity, which are compensated
as to make the changes in apparent free energy nearly
identical.

Ionic strength dependence

Taking into account the electrostatic nature of the in-
teraction between PS I and its electron donor proteins,
the bimolecular rate constants for PS I reduction by
both Pc (Figure 2) and Cyt (not shown) were determ-
ined at varying ionic strength and temperature. By
increasing the ionic strength, the kbim values with Pc
increase and reach a nearly limiting value at different
temperatures. This can be explained by assuming that
the repulsive electrostatic interactions between Pc and
PS I are weakened at high ionic strength, a fact that is
observed with Cyt as well. A similar ionic strength de-
pendence is observed when MgCl2 was used instead of
NaCl, thereby suggesting that the Phormidium Pc/PS
I system, unlike that from other organisms (Hervás et
al. 1995), is not specifically affected by magnesium
cations.

Using the formalism developed by Watkins et al.
(1994), it is possible to extrapolate the bimolecular
rate constant to infinite ionic strength (kinf), which
provides a better understanding of the intrinsic reactiv-

Figure 3. Eyring plots for PS I reduction by either plastocyanin
(closed circles) or cytochrome c6 (open circles) in Phormidium at
pH 7.5. Tmax denotes the temperature at which the maximum rate is
reached, and Ti is the temperature at which the inflection between
the Eyring prediction and experimental data takes place.

ity of the redox partners in the absence of electrostatic
interactions. As shown in Table 2, the estimated val-
ues for kinf with Pc and Cyt are similar in the three
cyanobacteria herein considered, namely Phormidium,
Synechocystis and Anabaena.

Effect of temperature on PS I and plastocyanin

The Eyring plots in Figure 3 show the kinetic con-
stants of Phormidium PS I reduction by Pc and Cyt
within a wide temperature range. The close superpos-
ition of experimental data with both metalloproteins
makes evident their equivalent physiological function
and biophysical features. The experimental points for
Pc and Cyt are linear in the Eyring plots at temper-
atures below 40 ◦C, but they are nonlinear at higher
temperatures. The temperature at which the experi-
mental data separate from the Eyring line is here called
inflection temperature (Ti). The data can be fitted to
a polynomial curve that bends at temperature values
higher than Ti, reaches a maximum at 59 ◦C (Tmax)
and decreases thereafter.

The two parameters, Ti and Tmax, were also de-
termined for the Pc/PS I system from Synechocystis,
Anabaena and Pseudanabaena. As can be seen in
Table 3, the value for Tmax is higher in the thermo-
phile Phormidium, as would be expected, than in the
mesophilic cyanobacteria. Among the mesophiles, the
Anabaena system has the highest Tmax value, whereas
that of Pseudanabaena is more sensitive to temperat-
ure than the others. It is interesting to note that the
value for Ti in Phormidium is lower than expected
from the thermophilic nature of the organism.
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Table 3. Activation energy (Ea), maximum temperature (Tmax) and inflection temperature (Ti) for the reduction of PS I by plastocyanin from
different sources at pH 7.5

Photosystem I

Phormidium Synechocystis Anabaena Pseudanabaena

Plastocyanin Ea Tmax Ti Ea Tmax Ti Ea Tmax Ti Ea Tmax Ti

(kJ mol−1) (◦C) (◦C) (kJ mol−1) (◦C) (◦C) (kJ mol−1) (◦C) (◦C) (kJ mol−1) (◦C) (◦C)

Phormidium 38.3 59 40 – – – 39.0 59 41 51.6 61 41

Synechocystis – – – 42.3 51 40 – – – – – –

Anabaena 28.9 61 40 39.3 54 46 33.6 54 46 – – –

Pseudanabaena 33.3 46 30 – – – – – – 31.2 49 30

Figure 4. Effect of temperature on the far-UV circular dichroism
spectra of PS I. Spectra were recorded at 25 ◦C, either before (closed
symbols) or after (open symbols) heating the sample for 5 min at 70
◦C. Experiments were carried out in 10 mM phosphate buffer, pH 7,
supplemented with 0.03% β-dodecyl maltoside. PS I concentration
was 42 nM (Phormidium) or 51 nM (Anabaena).

The cross-reactions between Pc and PS I from dif-
ferent organisms, which were likewise investigated
(Table 3), suggest that the thermal properties of the
copper protein, rather than PS I, are those that determ-
ine the heat resistance of the different Pc/PS I couples.
The activation energy (Ea) for every reaction was in-
deed estimated from the Arrhenius plots (Table 3),
with the cross-reaction between Phormidium Pc and
Pseudanabaena PS I yielding the highest values for
Ea and Tmax. In addition, high Tmax values (ca. 60 ◦C)
are obtained for Pc and PS I cross-reactions between
Phormidium and Anabaena (Table 3).

Figure 5. Thermal denaturation of cyanobacterial plastocyanins as
monitored by following their fluorescence changes. Excitation was
carried out at 275 nm, and the fluorescence intensity was measured
as described under ‘Materials and methods’. Experiments were run
in 50 mM phosphate buffer, pH 7.5. Solid lines correspond to the-
oretical fits to a simple two-state unfolding model (Privalov 1979).
Other experimental conditions were as described under ‘Materials
and methods’.

The thermostability of PS I from Phormidium and
Anabaena was probed by circular dichroism (CD).
The CD spectra of native PS Is (Figure 4) was typ-
ical of α-helical proteins, as expected from the X-ray
structure of a homologous PS I (Krauss et al. 1996).
After 5 min at 70 ◦C, the CD spectra recorded at 25 ◦C
reveal an irreversible decrease in helical content that is
significantly less pronounced in Phormidium than in
Anabaena because of the higher thermostability of the
former.

The thermal unfolding of Pc from Phormidium,
Anabaena, Synechocystis and Pseudanabaena was
monitored by fluorescence spectroscopy. Figure 5
shows the normalised data fitted to a two-state model
in order to calculate Tm values. Pc exhibits the
lowest midpoint value for the thermal transition in
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Pseudanabaena (Tm = 51.2 ◦C), followed by Syne-
chocystis (Tm = 57.7 ◦C), whereas Anabaena exhibits
a Tm value of 64.1 ◦C, which is close to the highest
value of 65.6 ◦C that was found in Phormidium.

Discussion

The data presented in this work indicate that the inter-
action of both Pc and Cyt with PS I from Phormidium
follows a simple oriented collisional reaction mechan-
ism, with no formation of any kinetically detectable
transient complex, as previously observed in other cy-
anobacteria (Hervás et al. 1994). Such a kinetic model
is based on the repulsive electrostatic interactions
between the two redox partners, as experimentally in-
ferred from the ionic strength dependence of the rate
constant. Actually, the kinetic behaviour of the Pc/PS I
and Cyt/PS I systems is identical in Phormidium (this
work) and Synechocystis (Hervás et al. 1996), whose
metalloproteins display the same pI value. Indeed, the
slight increase in the bimolecular rate constant at acid
pH for Phormidium (Table 2), which was also ob-
served in Synechocystis, is in good agreement with
the slightly acidic pI of the metalloproteins, as well as
with the pH value of 5.8–6.5 for the thylakoid lumen
under illumination (Kramer et al. 1999).

The apparent thermodynamic parameters for PS I
reduction with Pc and Cyt in Phormidium, Synecho-
cystis and Anabaena are independent of pH. The heme
protein shows lower values than Pc for both �H‡ and
�S‡, but these values compensate each other to give
similar values for �G‡. These differences between
Pc and Cyt can be ascribed to their structural dis-
similarities. Actually, the lower value of �H‡ with
Cyt suggests a higher number of favourable interac-
tions in the transition state, whereas the lower value of
�S‡ with Cyt indicates the release of less solvent mo-
lecules during the eventual formation of the transient
complex.

The electron transport machinery of the photosyn-
thetic membranes is very sensitive to elevated tem-
peratures. Stewart and Bendall (1980) have reported
that the thermal stability of O2 evolution in grow-
ing cultures of Phormidium is apparently not retained
when the cells are broken to yield membrane frag-
ments. The results reported herein show that the Pc/PS
I system from Phormidium is more thermostable than
those from the mesophiles Anabaena, Synechocystis
and Pseudanabaena. The Tmax value for the redox
activity of the Pc/PS I and Cyt/PS I systems from

Phormidium (59 ◦C) is close to that estimated for
the Cyt/PS I couple from the thermophilic cyanobac-
terium Mastigocladus laminosus (Nechushtai et al.
1983).

Few data are available on the thermostability of PS
I, in which P700 is the most stable redox centre with a
temperature for 50% inactivation of ca. 70 ◦C in spin-
ach (Shuvalov 1976; Takamiya and Nishimura 1972)
and 68 ◦C in pea (Hoshina et al. 1989). Even less is
known in cyanobacteria. The P700 molecule is des-
troyed by treatment at temperatures above 80 ◦C for 5
min, with a half time inactivation temperature of 93 ◦C
in Synechococcus elongatus (Sonoike et al. 1990). The
Fa/Fb, Fx centres of PS I exhibit temperatures for 50%
inactivation of 53 and 65 ◦C, respectively, in spin-
ach, and 70 ◦C each in Synechococcus elongatus. Our
comparative study by CD spectroscopy of PS I from
Phormidium and Anabaena shows a higher thermo-
stability of Phormidium PS I, a fact that is also made
evident in the cross-reaction between Phormidium PS
I and Anabaena Pc.

The only available data on thermal denaturation of
Pc come from spinach, with a Tm value of 71 and
61 ◦C for the reduced and oxidized state, respectively
(Gross et al. 1992). Not only do the redox state and
pH affect the thermal stability, but the electrostatic
charge at the lipid bilayer does as well (Taneva et
al. 2000). In cyanobacteria, there are no data other
than those presented herein for the oxidized form
of the copper protein from Anabaena, Synechocystis,
Pseudanabaena and Phormidium. The estimated Tm
values indicate that Pc is more stable in Phormidium
than in the other cyanobacteria, but is similar in Phor-
midium and in spinach. This finding makes it difficult
to explain how Pc itself can confer thermostability
to the Phormidium Pc/PS I system. It is interesting
to note that the Tm values of several Pcs are lower
than those of P700 (see above), a fact suggesting that
the limiting factor in the thermostability of the Pc/PS
I system is the copper protein. The cross-reactions
herein presented reveal that Phormidium Pc enhances
the heat resistance of the Pc/PS I system when using
PS I from several different mesophilic cyanobacteria.
On the other hand, the observed thermolability of
Pseudanabaena Pc agrees with the lower Tmax and Ti
values observed both with its own PS I and with that
from Phormidium.

To conclude, we can say that Phormidium Pc and
PS I are more thermostable than their homologues
in other cyanobacteria, but these differences are not
enough to confer the required thermostability to the
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Pc/PS I system of a thermophilic cyanobacterium. The
basis for the thermostability of the Phormidium Pc/PS
I system might thus involve additional features in its
surroundings, including lipids and other proteins on
the lumenal side.
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W (1996) Photosystem I at 4 Å resolution represents the first
structural model of a joint photosynthetic reaction centre and
core antenna system. Nature Struct Biol 3: 965–73

Mathis P and Sétif P (1981) Near infra-red absorption spectra of the
chlorophyll a cations and triplet state in vitro and in vivo. Isr J
Chem 21: 316–320

Merchant S and Bogorad L (1986) Regulation by copper of the
expression of plastocyanin and cytochrome c552 in Chlamydo-
monas reinhardtii. Mol Cell Biol 6: 462–469

Molina-Heredia FP, Hervás M, Navarro JA and De la Rosa MA
(1998) Cloning and correct expression in Escherichia coli of the
petE and petJ genes respectively encoding plastocyanin and cyto-
chrome c6 from the cyanobacterium Anabaena sp. PCC 7119.
Biochem Biophys Res Commun 243: 302–306

Molina-Heredia FP, Hervás M, Navarro JA and De la Rosa MA
(2001) A single arginyl residue in plastocyanin and in cyto-
chrome c6 from the cyanobacterium Anabaena sp. PCC 7119
is required for efficient reduction of Photosystem I. J Biol Chem
276: 601–605

Navarro JA, Hervás M and De la Rosa MA (1997) Co-evolution
of cytochrome c6 and plastocyanin, mobile proteins transferring
electrons from cytochrome b6f to Photosystem I. J Biol Inorg
Chem 2: 11–22

Nechushtai R, Muster P, Binder A, Liveanu and Nelson N (1983)
Photosystem I reaction center from the thermophilic cyanobac-



289

terium Mastigocladus laminosus. Proc Natl Acad Sci USA 80:
1179–1183

Nishiyama Y, Los DA and Murata N (1999) PsbU, a protein as-
sociated with photosystem II, is required for the acquisition of
cellular thermotolerance in Synechococcus species PCC 7002.
Plant Physiol 120: 301–308

Ortega JM, Hervás M and Losada M (1988) Redox and acid-
base characterization of cytochrome b-559 in Photosystem II
particles. Eur J Biochem 199: 239–243

Privalov PL (1979) Stability of proteins: small globular proteins.
Adv Protein Chem 33: 167–241

Rippka R, Deruelles J, Waterbury JB, Herdman M and Stanier RY
(1979) Generic assignments, strain histories and properties of
pure cultures of cyanobacteria. J Gen Microbiol 3: 275–284

Robertson EF, Dannelly HK, Malloy PJ and Reeves HC (1987)
Rapid isoelectric focusing in a vertical polyacrylamide minigel
system. Anal Biochem 167: 290–294

Rögner M, Nixon PJ and Dinner BA (1990) Purification and char-
acterization of Photosystem I and Photosystem II core com-
plexes from wild-type and phycocyanin-deficient strains of the
cyanobacterium Synechocystis PCC 6803. J Biol Chem 265:
6189–6196.

Rokka A, Aro E-M, Hermann RG, Andersson B and Vener AV
(2000) Dephosporylation of Photosystem II reaction center pro-
teins in plant photosynthetic membranes as an inmediate re-
sponse to abrupt elevation of temperature. Plant Physiol 123:
1525–1535

Sandmann G (1986) Formation of plastocyanin and cytochrome
c553 in different species of blue-green algae. Arch Microbiol
145: 76–79

Sandmann G, Reck H, Kessler E and Böger P (1983) Distribution
of plastocyanin and soluble plastidic cytochrome c in various
classes of algae. Arch Microbiol 134: 23–27

Sayed OH, Earnshaw MJ and Emes MJ (1989) Photosynthetic re-
sponse of different varieties of wheat to high temperature. II.
Effect of heat stress on photosynthetic electron transport. J Exp
Bot 40: 633–638

Sayed OH, Earnshaw MJ and Emes MJ (1994) Characterisation of
the heat-induced stimulation of Photosystem I-mediated electron
transport. Acta Bot Neerl 43: 137–143

Schägger H and von Jagow G (1987) Tricine-sodium dodecyl
sulfate-polyacrylamide gel electrophoresis for the separation of

proteins in the range from 1 to 100 kDa. Anal Biochem 166:
368–379

Schlarb BG, Wagner MJ, Vijgenboom E, Ubbink M, Bendall DS
and Howe CJ (1999) Expression of plastocyanin and cytochrome
f of the cyanobacterium Phormidium laminosum in Escherichia
coli and Paracoccus denitrificans and the role of leader peptides.
Gene 234: 275–283

Shuvalov VA (1976) The study of the primary photoprocesses in
Photosystem I of chloroplasts. Recombination luminescence,
chlorophyll triplet state and triplet-triplet annihilation. Biochim
Biophys Acta 430: 113–121

Sonoike K, Hatanaka H, Katoh S and Itoh S (1990) Heat-stability
of iron-sulfur centers and P-700 in Photosystem I reaction cen-
ter complexes isolated from the thermophilic cyanobacterium
Synechococcus elongatus. Plant Cell Physiol 31: 865–870

Stewart AC and Bendall DS (1980) Photosynthetic electron trans-
port in a cell-free preparation from the thermophilic blue-green
alga Phormidium laminosum. Biochem J 188: 351–361

Stewart AC and Kaethner TM (1983) Extraction and partial purific-
ation of an acidic plastocyanin from a blue-green alga. Photobi-
ochem Photobiophys 6: 67–73

Taneva SG, Donchev AA, Dimitrov MI and Muga A (2000)
Redox- and pH-dependent association of plastocyanin with lipid
bilayers: effect on protein conformation and thermal stability.
Biochim Biophys Acta 1463: 429–438

Takamiya K-I and Nishimura M (1972) Characterization of pho-
tooxidation of P-700 in chloroplast fragments. Plant Cell Physiol
13: 35–47

Varley JPA, Moehrle JJ, Manasse RS, Bendall DS and Howe
CJ (1995) Characterization of plastocyanin from the cyanobac-
terium Phormidium laminosum: Copper-inducible expression
and SecA-dependent targeting in Escherichia coli. Plant Mol
Biol 27: 179–190

Watkins JA, Cusanovich MA, Meyer TE and Tollin G (1994) A
‘parallel plate’ electrostatic model for bimolecular rate constants
applied to electron transfer proteins. Protein Sci 3: 2104–2114

Yordanov I, Dilova S, Petkova R, Pangelova T, Goltsev V and
Süss K-H (1986) Mechanisms of the temperature damage and
acclimation of the photosynthetic apparatus. Photobiochem Pho-
tobiophys 12: 147–155


