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ABSTRACT: The highly efficient electron-transfer chain in photosynthesis demonstrates a remarkable variation
among organisms in the type of interactions between the soluble electron-transfer protein plastocyanin
and it partner cytochromef. The complex from the cyanobacteriumNostoc sp. PCC 7119 was studied
using nuclear magnetic resonance spectroscopy and compared to that of the cyanobacteriumPhormidium
laminosum. In both systems, the main site of interaction on plastocyanin is the hydrophobic patch. However,
the interaction in theNostoccomplex is highly dependent on electrostatics, contrary to that ofPhormidium,
resulting in a binding constant that is an order of magnitude larger at low ionic strength for theNostoc
complex. Studies of the mixed complexes show that these differences in interactions are mainly attributable
to the surface properties of the plastocyanins.

In oxygen-evolving photosynthetic organisms, the cyto-
chromeb6f complex (1, 2) couples electron transport between
PSI1 and PSII to proton translocation across the thylakoid
membrane (3). In this complex, Cf transfers electrons from
the Rieske iron sulfur cluster to a soluble metalloprotein that
acts as the electron donor for the P700 cofactor of PSI. The
Cf subunit consists of a ca. 28 kDa N-terminal part anchored
to the membrane by a C-terminal helix (4). A soluble form
of Cf, lacking the C-terminal anchor, has greatly facilitated
the study of the intermolecular electron-transfer reaction. It
consists of an atypicalc-type cytochrome with mainlyâ-sheet
secondary structure and an unusual heme axial coordination
(5). The most ubiquitous electron carrier between Cf and
PSI is Pc (6), which is a type I cupredoxin (7) with a single
copper atom (8, 9), coordinated by highly conserved residues

in a distorted tetrahedral conformation. To fulfill its role,
Pc must have the capacity to interact with the redox-active
environments of both partners. Furthermore, the interaction
must be transient (∼millisecond time scale), consistent with
the high turnover regime necessary for electron flow.

The mechanism of the electron-transfer reaction between
Cf and Pc has been studied by several techniques (10),
including a combination of site-directed mutagenesis and
kinetic studies that has highlighted the role of electrostatics
on binding under in-vitro conditions (11-17), although it
should be noted that in-vivo experiments indicate a weaker
dependence on electrostatics (18). Evidence was also found
for an essential role of specific residues at the hydrophobic
areas in both proteins (19, 20).

Two structures of the transient complex formed by Pc and
Cf have been determined by NMR spectroscopy (21-23).
In the complex of spinach Pc and turnip Cf (PDB entry
2PCF), the proteins are oriented such that the hydrophobic
patches are in contact and the complementary charged
patches are juxtaposed. This structure provides a convincing
molecular explanation for the strong ionic strength depen-
dence of the reaction. Moreover, the exposed active site
residues (H87 of Pc and Y1 of Cf) were found to be in van
der Waals contact, providing an appropriate environment for
efficient electron transfer. The structure of the Pc-Cf
complex from the thermophilic cyanobacteriumP. lamino-
sum proved to be significantly different from its plant
counterpart. In this case, Pc has a “head-on” interaction with
Cf, in which the hydrophobic patch accounts for the entire
complex interface. Furthermore, it was shown by both NMR
spectroscopy and stopped-flow kinetics that the interaction
is only weakly dependent on electrostatic effects (14, 23).
These data are consistent with the extremely low binding
affinity of the P. laminosumproteins (KA ≈ 3 × 102 M-1
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(23) as compared to 22× 103 M-1 in plants). It is striking
that the mechanism of complex formation is different for
such structurally conserved proteins as Cf and Pc. Apparently,
both mechanisms, one dominated by hydrophobic interac-
tions, the other depending strongly on electrostatics, result
in comparable electron-transfer rates at physiological ionic
strength and temperature (14). It is noteworthy that the
binding sites for Pc determined by NMR spectroscopy are
compatible with the orientation of Cf in the cytochromeb6f
complex, the structure of which has been determined recently
by X-ray crystallography (24, 25).

Unlike the acidic Pc found in plants andP. laminosum
(pI ) 5.0), Pc from the cyanobacteriumNostocsp. PCC7119
(formerlyAnabaena) is a basic protein (pI) 8.8). The amino
acid sequences of Cfs from Phormidiumand Nostocare
conserved, with the notable exception of the small domain
of the soluble part (residues 170-230), which shows two
insertions and several changes in the surface charge distribu-
tion for Nostocas compared toPhormidiumCf. The surface
charge distributions, calculated in MOLMOL (26), suggest
that charges may play a role in the interaction of Pc and Cf
in Nostoc, contrary to thePhormidiumcomplex (Figure 1).
Here, we report the study of the Pc:Cf complex fromNostoc
by heteronuclear NMR spectroscopy. The binding interface
of NostocPc is reported, and it is demonstrated that the
affinity depends on ionic strength. Crossed complexes of the
proteins fromNostocandP. laminosumprovide additional
insight into the control of the binding mode for the complex
formation between Pc and Cf.

MATERIALS AND METHODS

Protein Preparation.Uniformly 15N-labeled N-Pc was
expressed inE. coli JM109 transformed with pEAP-wt (27).
A 10 mL LB/ampicillin (100µg/mL) pre-culture grown for
8 h was used to inoculate 1 L of M9minimal broth modified
with citric acid (10 g/L). The medium was supplemented
with 100µg/mL ampicillin, 0.5 g/L15NH4Cl, 1 mM thiamine,
and 1 mM copper citrate. The culture was grown at 37°C/
250 rpm for 48 h up to an OD600 of 0.6 before induction of
petE expression by addition of 1 mM IPTG. Incubation was
then continued for 6 h before harvesting. Isolation and

purification of the protein was performed as described
previously (27). Uniformly 15N-labeled Ph-Pc production was
carried out as described elsewhere (28). For NostocPc, a
ratio A278/A598 of 1.0 of the oxidized protein indicated
sufficient purity for characterization by NMR and further
applications. TheA278/A597 ratio was equal to 2.0 in the case
of Ph-Pc.

The soluble part of N-Cf was obtained fromE. coli DH5R

transformed with both the Cf expression vector pEAF-WT
and pEC86 (29). Construction of the expression vector and
the culture conditions and purification methods used for N-Cf
will be published elsewhere. Ph-Cf was obtained as previ-
ously reported (23). TheA278/A556 was 0.9 and 1.1 for N-Cf
and Ph-Cf, respectively.

NMR Samples.15N-labeled Pc protein solutions were
concentrated to the required volume by ultrafiltration meth-
ods (Amicon, YM3 membrane) and exchanged into 10 mM
sodium phosphate pH 6.0, H2O/D2O 95:5 solutions. Protein
concentrations were determined by absorption spectroscopy
using aε598 of 4.5 mM-1 cm-1 and aε597 of 4.3 mM-1 cm-1

for the oxidized forms of N-Pc and Ph-Pc, respectively. The
soluble domain of Cf was concentrated using Amicon YM10
membrane and exchanged into 10 mM sodium phosphate
pH 6.0, 3 mM sodium ascorbate, H2O/D2O 95:5 solutions.
For both types of Cf, the concentration was determined by
optical spectroscopy usingε556 of 31.5 mM-1 cm-1 for the
reduced Cf. After concentration, stock solutions of 3.7 mM
for N-Cf and 1.75 mM for Ph-Cf were obtained.

Protein interactions were investigated for the diamagnetic
species only. To maintain reducing conditions, sodium
ascorbate was added and samples were kept under argon.
Complex formation between Pc and Cf was investigated by
titrating microliter aliquots of the Cf stock solution into an
NMR sample containing 0.20 mM15N-labeled Pc. The pH
was verified before and after each addition of protein or salt.
To study the effects of ionic strength on binding, a sample
containing 3 molar equivalents of Cf:Pc at pH 6.0 was titrated
by addition of sodium chloride.1H-15N-HSQC spectra were
acquired on Pc-Cf samples at 0, 5, 10, 20, 40, 80, and 160
mM salt concentrations. In all experiments, control measure-
ments were recorded on free Pc under identical conditions.

FIGURE 1: Electrostatic potential surfaces of (A) Cf and (B) Pc ofNostoc(left) andPhormidium(right). The surfaces were created with a
color ramp for positive (blue) or negative (red) potentials at 20 mM ionic strength, pH 6.0. The potentials were calculated in MOLMOL
(26).
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NMR Spectroscopy.All NMR experiments were performed
on a Bruker DMX 600 MHz NMR spectrometer operating
at 298 K. 2D 1H-15N HSQC spectra (30) of samples
containing N-Pc were obtained with spectral widths of 32.0
ppm (15N) and 12.0 ppm (1H) and 256 and 1024 complex
points in the indirect and direct dimensions, respectively.
For samples containing Ph-Pc, spectral widths were 40.0 ppm
(15N) and 14.0 ppm (1H). Data processing was performed
with AZARA (available from: http://www.bio.cam.ac.uk/
azara/), and analysis of the chemical-shift perturbation
(∆δBind) with respect to the free protein was performed in
Ansig (31-33). The spectra were referenced against the
internal standard15N-acetamide (0.5 mM).1H and 15N
assignments of reduced Ph-Pc and N-Pc were taken from
refs 28 and34, respectively.

Binding CurVes.Titration curves were obtained by plotting
|∆δBind| against the molar ratio of Cf:Pc. Nonlinear least-
squares fits to one-site binding model (11) were performed
in Origin 6.0 (Microcal Inc., USA). This model explicitly
treats the concentration of both proteins, with the protein
ratio Cf:Pc and|∆δBind| as the independent and dependent
variables, respectively. The binding constant (KA) and the
maximum chemical-shift change (∆δmax) were the fitted
parameters. A global fit of the data was performed in which
all of the curves were fitted simultaneously to a singleKA

value.
Chemical-Shift Mapping.The chemical-shift perturbations

observed in the complexes with 3 equiv of Cf were
extrapolated to 100% bound on the basis of the binding
constant derived from the fits. The average chemical-shift
perturbation (∆δAvg) of each amide was calculated using the
following equation (35):

∆δN is the change in the15N chemical-shift, and∆δH is the
change in the1H chemical-shift when the protein is fully
bound to Cf. Chemical-shift maps were prepared by coloring
surface representations of Pc according to the calculated
∆δAvg of each backbone amide, using model 1 from the NMR
solution structure of Pc (PDB entry 1NIN (34)).

RESULTS

Nostoc Pc and Nostoc Cf Interaction.Comparison of 2D
1H-15N HSQC spectra of N-Pc before and after addition of
N-Cf revealed distinct effects arising from complex forma-
tion. During the titration for each backbone amide, a single
resonance was observed at the weighted average of bound
(δbound) and free (δfree) forms, indicating that both forms were
in fast exchange on the chemical shift time scale.

In addition to the chemical shift changes, a general
broadening of the resonances was observed. In Figure 2A,
slices through the proton dimension of the HSQC spectrum
are shown for M97, which represents residues showing
chemical shift perturbation, and for F76 as an example of
an unperturbed signal. In both cases, a similar line-width
increment is observed, in agreement with a fast exchange
regime.

The absolute values of the largest chemical shift perturba-
tions, |∆δBind|, are plotted in Figure 3A against the molar
ratio of N-Cf and N-Pc. Despite the addition of 3 equiv of

Cf, complete saturation of the chemical-shift changes was
not observed. A global fit of the curves to a 1:1 binding
model (11) yields a binding constant of 26((1) × 103 M-1.

From the ratio of|∆δBind| and∆δMax, it was estimated that
ca. 90% of N-Pc was bound in the presence of 3.0 molar
equivalents of N-Cf. The average chemical shift data
extrapolated to the 100% bound form,∆δAvg, are plotted in
Figure 4. A total of 42 amides experience a significant
chemical shift perturbation (∆δAvg g 0.025 ppm). The most
affected amides of N-Pc occur in four regions on the primary
structure, between positions 7-16, 32-42, 63-72, and 89-

FIGURE 2: Cross-sections through1HN resonances of M97 and F76
from HSQC spectra of the Pc-Cf complexes, N-Pc:N-Cf (A), N-Pc:
Ph-Cf (B), and Ph-Pc:N-Cf (C). Spectra corresponding to the free
Pc and Pc in the presence of 3 equiv of Cf are represented by dotted
and solid lines, respectively. Line widths (Hz) are on the left for
the free Pc and on the right for the sample with Cf.

∆δAvg ) x(∆δN/5)2 + ∆δH
2

2
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99. In addition to these clusters, some isolated residues, A19,
K20, D54, L55, and S60, experience a significant∆δAvg. Of
these 42 perturbed residues, 26 are hydrophobic, 9 are polar,
and 7 are charged. Figure 5A, generated used Swiss-

PdbViewer version 3.7 (36), illustrates the location and the
magnitude of the chemical shift perturbation data onto the
NMR structure of N-Pc (34). The largest shifts are observed
for the copper coordinating residues (H39, H92, and M97)
and the neighboring hydrophobic patch residues (V36 and
A95). Large effects are also observed for residues N40, S67,
and E90 on the edge of the hydrophobic patch. In addition,
signals of some residue remote from the hydrophobic patch
(A19, K20, D54, and L55) experience a significant∆δAvg.
Interestingly, a conserved arginine, R93, which from kinetic
results has been implicated in the interaction of N-Pc with
both PSI (37, 38), shows only a medium chemical shift
perturbation. It is noteworthy that substitution of such an
arginine by glutamine or glutamate impairs the reduction of
N-Pc by N-Cf (39).

To study the role of electrostatics in the interaction, the
complex at a molar ratio of 3 was also investigated at
different NaCl concentrations ranging from 0 to 160 mM.
The perturbations (∆δBind) were defined relative to the control
measurements recorded on free N-Pc at the same concentra-
tion of NaCl. Figure 6 shows a clear ionic strength
dependency of∆δBind for all perturbed amides, indicating
that the association equilibrium is under control of electro-
static interactions. However, qualitatively, the perturbation
pattern is not affected, suggesting that the relative orientation
of both partners in the complex is not influenced by ionic
strength. This is in agreement with recent kinetic data on
the electron transfer between the two proteins, wherein the
reaction rate decreases monotonically with ionic strength
(39).

Nostoc Pc and Phormidium Cf Interaction.The behavior
of the amide resonances for the heterologous system, formed
by N-Pc and Ph-Cf, corresponds to a fast exchange process,
as explained previously for the physiological complex. A
general line broadening was observed similar to that of the
N-Cf:N-Pc complex, although the line width increase was
smaller (Figure 2B).

Fitting the protein dependence of chemical shift perturba-
tion data to a 1:1 model (Figure 3B) yields a binding constant
(KA ) 12((1) × 103 M-1), 2-fold smaller than that for the
Nostocphysiological system. The chemical shift perturbation
pattern for the fully bound state (Figure 5B) resembles that
obtained in the physiological pair (Figure 5A). However,
some residues such as V36, S67, E90, and A95, which
undergo large average chemical shift perturbations (colored
in red) in theNostocsystem, show medium or small changes
(pointed out in orange and yellow, respectively) in the N-Pc
and Ph-Cf interaction. In the same way, some residues (e.g.,
V15, G69, and G96) with medium effects (orange) in Figure
5A are displayed in yellow (small changes) in Figure 5B.
Also, the smallest signal perturbations observed in the
physiological complex disappear when Ph-Cf replaces the
protein fromNostoc. In contrast, H61 and K62 experience
small chemical shift changes (yellow) when N-Cf is substi-
tuted by Ph-Cf.

Phormidium Pc and Nostoc Cf Interaction.In the case of
the complex of Ph-Pc and N-Cf, a single averaged resonance
was also observed for each backbone amide, indicating that
the free and bound forms of Ph-Pc were in fast exchange on
the NMR time scale. Although the signals exhibit only a
small broadening (Figure 2C), this line width increment
appears to be significant because the15N-acetamide signal,

FIGURE 3: Binding curves for the interaction of N-Pc with N-Cf
(A) and Ph-Cf (B). The data were fitted globally (nonlinear, least-
squares) to a 1:1 model, yielding binding constants of 26((1) ×
103 M-1 and 12((1) × 103 M-1 for A and B, respectively.

FIGURE 4: Changes in the average amide chemical shift extrapolated
to a 100% bound (∆δAvg) experienced by N-Pc upon formation of
a complex with N-Cf. Dashed lines (- ‚ -) indicate the∆δAvg
categories (g0.100 ppm for large,g0.050 ppm for medium,g0.025
for small, and<0.025 for insignificant) for chemical shift mapping
in Figure 4. Prolines are pointed out with asterisks (*).
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used as internal standard, does not change its line width (8.1
Hz) significantly (less than 0.05 Hz) along the N-Cf titration.

Only H39 and H92, two of the copper ligands of Ph-Pc,
experience medium chemical shift perturbations for the15N
dimension (15N∆δ g 0.175). The resonances of a large
number of amides show small perturbations (0.175> 15N∆δ
g 0.05). The perturbations were too small to allow reliable
fitting of a binding constant. These results indicate that the

interaction is weak, possibly weaker than in the physiological
complex ofPhormidiumfor which aKA ≈ 3 × 102 M-1 has
been reported (23).

DISCUSSION

The surface properties of Pc and Cf differ between the
cyanobacteriaNostocsp. PCC 7119 andP. laminosum. The
Pcs have pI values of 8.8 and 5.0, respectively, resulting in

FIGURE 5: Chemical shift maps of N-Pc in the presence of N-Cf (A) and Ph-Cf (B). Residues for which a∆δAvg (ppm) was calculated are
color-coded onto the structure of N-Pc (34) according to the categories in Figure 2: blue for<0.025, yellow forg0.025, orange for
g0.050, red forg0.100. Prolines are indicated in dark gray. Residues are identified with the single-letter amino acid code, and the surfaces
have been rotated in steps of 90° around the vertical axis, with respect to the one on the left. Surface representations were generated used
Swiss-PdbViewer version 3.7 (36).

FIGURE 6: Ionic strength dependence of∆δBind for 59 affected backbone amide resonances, observed in the complex of N-Pc and N-Cf at
(b) 0 mM NaCl, (O) 5 mM NaCl, (9) 10 mM NaCl, (0) 20 mM NaCl, (2) 40 mM NaCl, (4) 80 mM NaCl, and (f) 160 mM NaCl. At
each ionic strength,∆δBind values have been defined relative to the resonance position of the free Pc at the same ionic strength.
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an overall more positive surface (Figure 1) inNostocPc.
Also, the Cf sequences differ, in particular in the small
domain of the soluble part, with a more negative surface for
NostocCf. In the present work, the binding properties of
both complexes have been compared under equilibrium
conditions.

In theNostoccomplex, most chemical shift perturbations
map at the hydrophobic patch of Pc, around the copper ligand
H92, like in thePhormidiumcomplex (23). Although the
main site of interaction is thus conserved, the nature of the
interactions is very different. The observed chemical shift
perturbations forNostocPc are larger than those observed
for Phormidium, reflecting the different affinities of these
complexes. The observed binding constant at low ionic
strength,KA ) 26((1) × 103 M-1 is approximately 2 orders
of magnitude higher than inPhormidium(KA ≈ 3 × 102

M-1), and, in fact, this value is nearly identical to the binding
constant observed in plants (KA ≈ 22 × 103 M-1 at 15 mM
ionic strength) (M. Ubbink, unpublished results), see Table
1. In line with this, kinetic data show that the electron transfer
from Cf to Pc is much faster inNostoc (39 and results
submitted for publication) than inPhormidium(14, 16). Both
in plants and inNostoc, the higher affinity can be ascribed
to electrostatic interactions. The ionic strength data in Figure
6 show that an attractive electrostatic interaction exists
between Pc and Cf in Nostoc. Also, the reaction rate for the
electron transfer depends on ionic strength, and paramagnetic
NMR studies have shown that theNostoccomplex exhibits
charge-charge interactions (results submitted for publica-
tion), resembling the plant complex (22). Such favorable
electrostatic interactions in vitro have been described for
other Pc-Cf interactions as well (10-16, 19, 20). In contrast,
in Phormidium, the electron-transfer rate is only weakly ionic
strength dependent (14, 16) and the chemical shift perturba-
tion data show almost no dependence betweenI ) 10 and
200 mM (23). Also, the affinity between N-Pc and its other
partner, PSI, decreases with ionic strength (38, 40), while
an increase was found for the interaction between Ph-Pc and
PSI (38, 41, 42).

Interestingly, most of the N-Pc residues at the interface
are identical to their equivalent ones in Ph-Pc. Those that
are not conserved in Ph-Pc (S11, N20, A90, and S62) are
all replaced by charged residues in N-Pc (K11, K20, E90,
and K62, respectively). Furthermore, the binding patch
contains side chains that are atypical of tight protein

complexes. Proline, for example, which has one of the lowest
propensities to be found in tight complexes, makes a large
contribution to the interface used by both N-Pc (Figure 5)
and Ph-Pc (23). Whereas intermolecular polar interactions
are abundant in high-affinity complexes (43), they are less
important in transient protein complexes (44). Therefore,
proline, which cannot act as a hydrogen bond donor, might
occur in transient protein interfaces as a means to limiting
the affinity. In summary, the composition of the interface
map reflects the transient nature of the Pc-Cf complex (45).
In the case of thePhormidiumcomplex, with its extraordi-
nary low binding constant in the mM-1 range, it is remark-
able that Pc appears to assume a well-defined orientation
(23). In theNostoccomplex, it is the additional electrostatic
interactions that help to increase the affinity, at least at low
ionic strength. At physiological ionic strength values, the
affinity increase will be more modest.

In the experiments with cross complexes, it was observed
that the affinity of N-Pc for Ph-Cf is slightly lower than that
for its natural partner N-Cf but still 2 orders of magnitude
larger than that between the nativePhormidiumproteins. This
suggests that electrostatic attraction is also important in this
complex, although it can be expected to be somewhat lower,
given the charge differences between the Cf values (Table
1). The interface between N-Pc and Ph-Cf is similar to that
between N-Pc and N-Cf and to that reported forPhormidium
(23). Subtle differences between the native N-Pc:N-Cf
complex and the nonphysiological N-Pc:Ph-Cf cross complex
are observed, however. Comparing Figures 5A and 5B, it
can be seen that the cross complex exhibits a more even
and less extensive perturbation map, which could indicate
that in this complex some specific interactions, for example
involving the area around V36 and A95, are weaker or
missing. This resembles an observation made for another
cyanobacterial Pc:Cf interaction, between Pc fromProchlo-
rothrix (Pcx-Pc) and Ph-Cf. Pcx-Pc is remarkable because
it has a Tyr and a Pro at positions 12 and 14, respectively,
while in most Pcs these residues are conserved as Gly12
and Leu14. Despite the fact that these residues are within
the complex interface, the cross complex of Pcx-Pc and Ph-
Cf is readily formed, with a binding constant that is even
10-fold larger than that for the physiological complex of Ph-
Pc and Ph-Cf. Mutagenesis of both residues to their
conserved counterparts (Y12G and P14L) yields a variant
of Pcx-Pc that binds with an affinity that is only marginally
less, but shows a binding map that is weaker and more even
than that of wild-type Pcx-Pc. This has been interpreted as
evidence of a less specific, more dynamic complex (46).
Similarly, the differences between the binding maps of N-Pc:
N-Cf and N-Pc:Ph-Cf could indicate that the latter complex
is less specific.

For the other cross complex, between Ph-Pc and N-Cf,
the results are very different. The small chemical shift
perturbations and limited line broadening indicate that Ph-
Pc has a very low affinity for N-Cf, perhaps even less than
for its native partner Ph-Cf, due to a somewhat stronger
electrostatic repulsion (Table 1). It is possible that the
complex is more dynamic, which would also reduce the size
of the chemical shift perturbations (22, 47, 48).

It is unclear why for theNostoccomplex electrostatic
interactions are more important in the process of complex
formation than for thePhormidiumcomplex. This observa-

Table 1: Charge Properties and Affinities of Pc/Cf Complexes

Pc-Cf complex chargea (Pc/Cf) pI (Pc/Cf) KA (mM-1)b

N-Pc/N-Cf +1/-15 8.8/4.6 26((1)
Ph-Pc/Ph-Cf -2/-13 5.0/4.2 ∼0.3 [23]
N-Pc/Ph-Cf +1/-13 8.8/4.2 12((1)
Ph-Pc/N-Cf -2/-15 5.0/4.6
Pcx-Pc/Ph-Cf +0/-13 8.0/4.2 6((2) [45]
spinach Pc/turnip Cf -10/-2 3.8/6.0c ∼22d

a Considering only the soluble part of Cf and assuming Cf in the
FeII and Pc in the CuI state and one heme propionate group and
nonligand His residues protonated, pH 6.b Values ofKA were obtained
from nonlinear, least-squares fits of binding curves derived from
NMR titrations at pH 6.0 and 10 mM ionic strength.c Value estima-
ted using the ABIM server at Expasy Proteomics tools
(www.iut-arles.up.univ-mrs.fr/w3bb/d_abim/).d A binding curve for the
complex of plant Cf and Pc was determined at 15 mM ionic strength
(M. Ubbink, unpublished results).
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tion is not restricted to the interaction between Pc and Cf,
but it also extends to the interaction between Pc and PSI
(41). The thermodynamic analyses of the electron transfer
between these partners show that the apparent activation
entropy is, on average, 28 J mol-1 K-1 more positive in
Phormidiumthan in Nostoc in the pH range between 5.5
and 7.5 (41), while the activation enthalpy is 12 kJ mol-1

higher. It has been suggested (23) that this may be related
to the thermophilic nature ofPhormidium. At elevated
temperatures, entropy gains in importance, and, thus, en-
tropically favorable interactions such as the reduction of
solvent exposure of hydrophobic groups by complex forma-
tion may prevail over enthalpic effects, such as electrostatic
attraction. In fact, close contacts between charges are thought
to be entropically unfavorable (49, 50), which may be a
reason to avoid them at higher temperatures. A recent thermal
unfolding study of Ph-Pc reveals that the oxidized species
is more stable than the reduced one, with respect to both the
required temperature for protein unfolding (up to a 9°C
difference between the two forms) and the kinetics of the
process. The behavior of this Pc contrasts with that of other
Pcs whose unfolding had previously been studied. The pH
dependence and kinetic studies indicate that the process of
unfolding exhibits a tight control around the physiological
pH and the its isoelectric point (5.2), suggesting a compro-
mise between function and stability (51).
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