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The interaction between electron transfer (ET) proteins is usually
transient in nature, which is essential for physiological function.1,2

The specificity of such reactions is maintained without compromis-
ing the need for a rapid flow of electrons.2 Long-range electrostatic
forces enhance association and preorient the partners, whereas
hydrophobic interactions (which are effective over shorter distances)
are important for reactive encounter complex formation.1 The
reaction between cytochromef (cyt f) and plastocyanin (PCu), which
forms part of the photosynthetic ET chain in plants, green algae,
and cyanobacteria, has been widely studied.3-9 The structure of
the complex formed by the proteins from higher plant sources has
been determined6 (see Figure 1A). The patch of acidic residues on
the surface of the higher plant PCus around the conserved Tyr83
interact with a number of basic amino acids on cytf. The His87
ligand, which protrudes through a hydrophobic patch on PCu,
approaches the heme of cytf, providing the ET pathway. The
surface properties of PCu vary depending on the type of organism
from which the protein originates (see Figure 1B).14,15In green algae
(for exampleUlVa pertusa), the acidic patch is more diffuse, while
in the novel PCu from the fernDryopteris crassirhizoma, very few
acidic residues are found around Tyr83 and an arc of aspartates
and glutamates are located on the periphery of the hydrophobic
patch. The latter surface feature is smaller in theD. crassirhizoma
protein than in any other PCu.16 Cyanobacterial PCus (such as that
from Synechococcus) possess very few charged surface residues
and have a more extensive hydrophobic patch than other PCus.16,17

To assess the importance of the extent and location of the acidic
patch for physiological function we have investigated the ionic
strength dependence of the ET reaction between a variety of PCus
and a higher plant cytf.

The kinetics of the oxidation of turnip cytf 18 by PCus from a
number of sources19 has been studied.22 In all cases, linear plots of
first-order rate constants against PCu(II) concentration are obtained
(data not shown) and the slopes provide the second-order rate
constantk2.23 The influence of ionic strength onk2 was determined
for all four PCus in the range I≈ 0.02-2.58 M, and the results
obtained are shown in Figure 2. The PCu and cytf from higher
plant sources react rapidly at low ionic strength9 due to favorable
electrostatic attraction between the oppositely charged surfaces on
the proteins. As the ionic strength is increased, the surface charges
are shielded, and thus a decrease ink2 is observed. The absence of
an acidic patch, as in the cyanobacterial PCus, has a dramatic effect
on the interaction with the cytf,9 and at low ionic strength, thek2

value forSynechococcusPCu is 2 orders of magnitude smaller than
that for the higher plant protein. The rise ink2 as the ionic strength
is increased is due to the presence of a couple of basic residues on
the surface of theSynechococcusPCu, which hinder association

with the plant cytf at low ionic strength.9 The largerk2 value at
high ionic strength for the cyanobacterial protein, as compared to
all of the other PCus (see Figure 2), can be attributed to its more
extensive hydrophobic patch (see Figure 1B).

The acidic patch of the green algal PCu fromU. pertusa24 is
more diffuse than the corresponding region of the spinach protein

† University of Newcastle upon Tyne.
‡ Ibaraki University.

Figure 1. (A) Structure of the complex of spinach PCu with turnip cytf
(PDB entry 2pcf).6 The His87 ligand of PCu is indicated as is its Tyr83
residue and surrounding acidic patch. A number of basic residues on the
surface of cytf are also included. The iron of cytf and the copper of PCu
are both shown as black spheres. (B) The surface properties of PCus from
spinach (PDB entry 1AG6),10 U. pertusa(PDB entry 1IUZ),11 D. cras-
sirhizoma(PDB entry 1KDJ),12 andSynechococcus(PDB entry 1BXU)13

in which the exposed imidazole ring of His87 is shown in purple and the
surrounding hydrophobic patch is yellow. The acidic and basic residues
are red and dark blue, respectively, polar residues are cyan, and Tyr83 is
green.

Figure 2. Ionic strength dependence of ln(k2) for the oxidation of turnip
cyt f by spinach (+), U. pertusa(O), D. crassirhizoma(b), andSynecho-
coccus(×) PCu(II)s.
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(see Figure 1B). This has very little effect on the interaction with
turnip cyt f (see Figure 2). At low ionic strength, the curve is
virtually identical to that of spinach PCu, and it remains similar
with increasing ionic strength.

The fern PCu fromD. crassirhizoma25 has an almost identical
k2 value for the reaction with the higher plant cytf at low ionic
strength as the spinach andU. pertusaproteins (see Figure 2). The
repositioning of the acidic patch in this protein (see Figure 1B)
therefore does not have a deleterious effect on the interaction with
cyt f. Thus, the long-range electrostatic attractions, which are key
to rapid encounter complex formation,1,26,27 prevail and lead to a
complex that is as efficient at performing the physiological function
as the higher plant complex. As the ionic strength is increased, a
similar decrease ink2, as seen for the higher plant and green algal
PCus, is observed. Thus, shielding of charge on the surface of the
fern protein also disrupts the interaction with cytf. At very high
ionic strength, thek2 value for D. crassirhizomaPCu is ap-
proximately half the value observed for the spinach protein. On
the basis of observations made for the cyanobacterial PCus under
these conditions, this is due to diminished hydrophobic interactions,
consistent with the less extensive hydrophobic patch in the fern
protein (see Figure 1B).16

This study demonstrates that an acidic patch on the surface of
eukaryotic PCus is essential for the interaction with its physiological
electron donor cytf. When this region is absent, as in the
SynechococcusPCu, the association with cytf is dramatically
diminished at low ionic strength.9 Small changes in this region of
PCu (as in the green algal proteins) have a minimal effect on the
interaction with cytf. This influence is considerably smaller than
that seen in studies on mutants in which changes are made in the
acidic patch.4 However, in many of these variants not only are acidic
residues removed but the replacements are basic. The remarkable
finding from the present studies is that the relocation of the acidic
patch (as in the fern PCu) has very little influence on thek2 value
for the reaction with cytf (the structure of the complex formed
will presumably be different from that shown in Figure 1A). The
acidic patch on theD. crassirhizomaPCu is therefore still able to
effectively enhance association with cytf. Thus, the only require-
ment of a PCu to enable it to interact efficiently with a eukaryotic
cyt f in vitro is that it has a hydrophobic patch close to the active
site, which has acidic residues at its periphery. These conclusions
are consistent with the fact that a number of soluble ET proteins
are able to interact with various partners.2,27,28 Thus, the need to
maintain the efficient flow of electrons along an ET chain requires
the protein-protein interactions involved to be pseudospecific (not
highly specific).28
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