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ABSTRACT. The blue copper protein plastocyanin and the heme protein cytoclugaiiféer in composition

and in structure but perform the same function in the photosynthetic electron-transport chain. We compare
these two proteins on the basis of their electrostatic potentials in order to understand the structural basis
of their functional equivalence. In the first approach, we use a monejpgiele approximation of the
electrostatic potentials to superimpose the proteins. The resulting alignment suggests that Tyr51 in
cytochromecs corresponds to Tyr83 in plastocyanin. But since Tyr51 is not conserved in all known
cytochromecs sequences, a physiological role of this residue is questionable. In a more sophisticated
approach, we applied the recently-developegsid(flexible alignment ofmoleculeensembles) algorithm,

in which molecules are superimposed by optimizing the similarity of their electrostatic potentials with
respect to the relative orientation of the molecules. On the basis ofatime &lignments of plastocyanin

and cytochromes, we analyze the docking and the electron-transfer reactions of these two proteins with
its physiological reaction partner cytochrorhe We derive functional analogies for individual amino
acids in possible electron-transfer paths in the interprotein redox reactions. We identify two surface patches
in cytochromecs that may be involved in electron-transfer paths. The hydrophobic patch with the exposed
heme edge in cytochrom® may be equivalent to the hydrophobic patch with His87 in plastocyanin,
whereas Trp63 in cytochronme may be equivalent to Tyr83 in plastocyanin. An aromatic amino acid

is present at the position of Trp63 in all known cytochramgsequences. The electronic coupling between

the heme and the copper site on the one side and several potentially important amino acid residues on the
other is analyzed by the Pathways method. We have proposed recently that Lys65 of cytocanoime
Tyr83 of plastocyanin form a catiefir system, which may be involved in a two-step mechanism of the
electron-transfer reaction between these two proteins from higher plants. Now we corroborate this proposal
by analyzing available amino acid sequences.

The blue copper protein plastocyanin serves as a solubleChlamydomonas reinhardtithe structures of plastocyanin
electron carrier in plant and cyanobacterial photosynthesis.(14) and cytochromess (12) are known. The two proteins
It accepts an electron from cytochronfiea part of the show completely different secondary and tertiary structures.
membrane-bound cytochrorbgf complex (, 2), and donates  Plastocyanin has a-barrel fold, while cytochromes has a
an electron to P700of photosystem I3, 4). In cyanobac- mainly a-helical fold. Since, however, cytochrongg can
teria and some eukaryotic algae, the heme protein cytochromeeplace plastocyanin in the cell, the two proteins should have
Cs can replace plastocyanin under conditions of copper similar surface patterns for the recognition of cytochrdme
deficiency 6). While the electron-transfer reactions of and photosystem I. Indeed, both proteins have a hydrophobic
plastocyanin with various partners have been studied exten-and an acidic patch on their surfackl(12). The acidic
sively in recent years (for review see ré&fs7), only a few patch in plastocyanin consists of two distinct clusters formed
studies examined the electron-transfer reactions of cyto-by residues 4244 and residues 59%1, respectively. In
chromecs (8—10 and references cited therein). some plastocyanins, includin@. reinhardtii plastocyanin,

The structure of plastocyanins from various species hastwo additional acidic residues (residues 53 and 85) are
been analyzed by X-ray crystallography and NMR spectros- [ocated within the acidic patctB). In the case of plasto-
copy ). Recently, the structure of cytochroregfrom two cyanin, the hydrophobic and the acidic patches are implicated
species has been determinetll{13). In the case of  in physiological reactionss-7). An electron is transferred
from the copper site of plastocyanin to P7@ photosystem
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in the docking to the basic patch of cytochrofend the coupled to the heme? Are these residues conserved in the
electron transfer could conceivably occur in a rearranged known sequences of cytochronasg? Which amino acids

configuration, via the hydrophobic patchl( 22—24). We can form the lower and the upper cluster of the acidic patch
suggested recently that Tyr83 interacts with a cationic side in cytochromecs? Is Lys65 of cytochromé, the putative
chain in cytochromé in a special way to form a catiefir partner of Tyr83 in plastocyanin2§), conserved in the

system, which might be involved in the electron-transfer available sequences of cytochroifi@ To our knowledge,
reaction R4). In the case of cytochromes only the this is the first study in which methods originally developed
hydrophobic patch was suggested to be involved in electron-to superimpose small molecules such as drugs are applied
transfer reactionsl(l, 12). A second patch on the surface to pinpoint structurally and functionally important regions
of cytochromecs through which cytochrome; can exchange  on the surface of biological macromolecules.

electrons has not been identified so far.

The similarity of two proteins is usually defined on the MATERIALS AND METHODS
basis of their primary, secondary, or tertiary structures. In  Protein Structures The properties of plastocyanin and
the case of the two functionally equivalent electron-carrier cytochromecs are expected to be most similar if these
proteins plastocyanin and cytochromethese characteristics  proteins are from the same organism. The only species for
are completely different; thus traditional techniques for which the structures of both proteins are knownQs
comparison are inapplicable. Since both proteins dock andreinhardtii (12, 14). We used the PDB entries 2plt for
react with the same physiological partners and since theplastocyanin and 1cyj for cytochroncg To test the ability
pairwise association is mainly caused by electrostatic attrac-of the Fame algorithm to superimpose proteins, we used it
tion, we compared plastocyanin and cytochrotg®n the to alignC. reinhardtii plastocyanin with poplar plastocyanin
basis of their electrostatic potentials. We use the Hodgkin (31) (PDB entry 1plc; sequence identity with 2plt, 60%) and
index @5) based on the electrostatic potentials of the with Pseudomonas aeruginoaaurin (PDB entry 5azu, chain
molecules to define the similarity of the molecules in A) (32).
structural alignments. This index has been used so far only For the superposition of electrostatic potentials with the
for small molecules, but we apply it as a measure of protein Famg algorithm and for the calculation of dipole vectors,
similarity and alignment quality. No prior knowledge about we deleted all water molecules contained in the crystal
identical or homologous sequences, functional correspon-structure. They may contribute nonspecifically to the overall
dences of amino acids, or information about the active sites electrostatic potential, since their position depends often on
of the proteins is required in this new approach. the crystalline environment. Only one of the two similar

In order to compare cytochronwg with plastocyanin and  rotamers of the disordered residue Arg57anreinhardtii
to identify surface patches in cytochrorogthat may be plastocyanin, the one marked A in the PDB entry, was used.
involved in redox reactions, we use a new method, termed In the calculations of electron-transfer path, all crystal
Fame (flexible alignment of moleculeensembles), for align-  waters were considered. Moreover, we added solvent by
ing proteins in a way that maximizes similarities in their placing plastocyanin and cytochrontg separately at the
electrostatic potential26). The approach implemented in  center of a water sphere with a diameter of 19 A and
Fame is based on the common procedure in medicinal and removing all water molecules that come in sterical conflict
computational chemistry, the active-analogue appro2éh) ( with the protein or water molecules in the crystal. The
where isofunctional but structurally diverse molecules are energy of the system, created by this procedure, was
compared. The alignments obtained with this method help minimized using the program Harmm (33). The water
to identify bioequivalent and sterically equivalent parts of molecules were free, while the protein structures were fixed
drugs—their pharmacophore pattern. Itis possible to identify during the energy minimization.
putative bioactive conformations of isofunctional molecules  Atomic Charges The charges of most atoms were taken
as local maxima on the high-dimensional similarity hyper- from the Giarmm22 parameters3@). Atomic charges for
surface of the Hodgkin index with respect to local transla- the blue copper site in plastocyanin, calculated by a density
tional, rotational, and torsional parameters of each structure.functional method, were kindly supplied by Professor E. I.
The alignments of cytochroneg and plastocyanin obtained  Solomon and have been published previoug#).( The same
with Fame should allow us to compare common mechanistic charges were assigned to the blue copper site in azurin.
properties and bioequivalent features in these structurally Charges of titratable groups are those at pH 7.0, assuming
diverse proteins. Our use of electrostatic potentials to align standard |, values. Superpositions were done with cupri-
two proteins was motivated by the experimental finding that plastocyanin and ferricytochromes, since these forms
the association of plastocyanin and of cytochrorgevith interact with ferrocytochrome The same charges have been
their reaction partners is greatly diminished by an increase used in the EME algorithm and in the calculations of the
in ionic strength. This dependence is evidence for electro- dipole moments.
static attractiong, 9, 28, 29). Amino Acid SequencesSequences of plastocyanin, cy-

We apply the EBvE algorithm with fixed molecular  tochromecs, and cytochroméwere obtained from thev8ss
conformations and use electrostatic potentials to align ProT data bank. Additional sequences of one plastocyanin
plastocyanin and cytochrome;. We analyze electron- and one cytochromé have been published recentlg4j.
tunneling paths30) within plastocyanin and cytochronug, The numbering of amino acids was taken from the sequences
and we compare amino acid sequences of these proteins fronof poplar plastocyaninC. reinhardtii cytochromecs, and
various species. On the basis of these investigations, weturnip cytochromd. We analyzed 34 sequences of plasto-
offer answers to the following questions: Which residues cyanin, 23 of cytochromes, and 20 of cytochromé
of cytochromecs are functionally equivalent to His87 and Superposition of Centers of Mass, Dipole Vectors, and
Tyr83 in plastocyanin? How are these residues electronically Hydrophobic PatchesThe dipole vector of each protein was
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calculated with respect to its center of mads)( All atomic We started from 100 different random initial orientations
charges and partial charges of the proteins were consideredof the two proteins and maximized the Hodgkin index (eq
The origin of the coordinate system was placed on the centersl) with respect to translational and rotational degrees of
of mass for both proteins, and the dipoles were aligned by freedom to ensure to find the highest maximum several times.
rotating one molecule around the normal to the plane defined About 40% of all maximizations ended at the two highest-
by the two dipole vectors. Next, one molecule was rotated ranked superpositions. The highest-ranked alignment can
around the aligned dipole axis to bring the hydrophobic be taken to represent the global maximum of the Hodgkin
patches of both molecules close to each other. Keeping theindex. The rotations were parametrized in quaternions, as
dipole vectors aligned, we minimized the distance between previously done in &L (39). Quaternions behave correctly
the N.; atom of His87 in plastocyanin and the inner carbon if the rotation matrix is identity, while Euler angles are
atom of the vinyl group at heme ring C (atom CAC in the undetermined in this casé®. The FaME method involves
PDB convention) of cytochromes. These atoms lie at the  a highly efficient eigenvector-following algorithn#{) for
centers of the respective hydrophobic patches. optimizations, which requires analytic first and second
Matching of Proteins Based on Electrostatic Potentials. derivatives of the functionHzL‘f". Typically, 15 steps
Three-dimensional similarity indices are widely used to (minimal 8, maximal 28) were needed to converge to a local
compare molecules and provide a quantitative measure ofmaximum of this function. If convergence was reached, i.e.,
the similarity of two molecules3g). We use for this purpose  if the norm of the gradient became less tham®0the
the integral-based Hodgkin indeigfi defined ineq 1. The  maximization was terminated. One maximization took about
0.5 h on a Mips R8000 k. Here, we have summarized

elec 2 f G, dV only the key points of the method that are necessary to
= 1) . =
ab 5 2 ( reproduce our results. For a detailed description of theeF
f¢a dv+f¢b av method and additional features of the program, see a

Coulomb potentialg of the structurally-different molecules ~ forthcoming publicationZ6).

a and b are integrated over the whole volume. The  Calculation of Electronic Couplings between the Redox
numerator quantifies the spatial overlap of the electrostatic Sites and Surface AtomsThe theoretical basis and the
potentialsg, while the denominator normalizes this value. algorithm of the Pathways method are described elsewhere
The resulting similarity index falls in the interval between (30, 42—47). Here we briefly explain only the salient
—1 and+1. The valuet 1 corresponds to molecules with ~ features of the method.

identical potentials, whereasl corresponds to electrostatic ~ The rate constank] for a nonadiabatic electron-transfer
complementarity; this means potentials of the same magni_reaction is proportional to the square of the tunneling matrix

tude but opposite sign. The electrostatic potengiaht ~ €lement {oa) between the donor (D) and the acceptor (A)
positionr in a medium with the dielectric constastis and to the density of vibrational states weighed by their
calculated from point chargeg assigned to each atohas ~ Franck-Condon factors (the exponent). The symboénd
given by eq 27 is the positional vector of atoin The 1t AG®, respectively, stand for the reorganizational energy and

nog ha K Gibbs free energy of the reactiod§).

| |
#(r) = Z— = Zl— G“(r) (2) °o 1 7)2
(S1elr — 1l =1ei= | k=2£|T |2—1 ex _(AG Ay +/1)) 4)
h' DA JART 4ART
Gi(r) =y, expa,(r — 1)’ )

An electron-tunneling path is a trace of interacting covalent
term of the Coulomb law can be approximated by a spherical bonds, hydrogen bonds, and van der Waals contacts (interac-
Gaussian function (eq 3). This approximation avoids the tions through space) that link the donor with the acceptor.
singularities of the Coulomb terms and makes the computa- The respective decay parameters for attenuation of electronic
tion approximately 100 times faster than those involving grid coupling via these bonds and contacts are the unitless
evaluation 87). In general, two Gaussians are sufficient to quantitiesec, ey, andes, defined in eq 5, and are calculated
fit a 1/r curve within a range of 12 A. By applying standard  with the standard parameteus 8, andreg r is the distance
least-squares fitting techniques with a spherical shell weight- between the interacting atoms. Coupling within aromatic
ing function @38), we obtained the following parameters;
= 0.1247 A2, o, = 0.0065 A2, y; = 0.5168 AL, andy, e=aexp(pA(r —rey) (5)
= 0.1958 AL, With these parameters, the Hodgkin index
H2E® accounts for a significant portion of the electrostatic
potentials outside the two protein molecules. The series o
integrals reduce to spherical Gaussians with modified pref-
actors and exponents, which depend only on the pairwise
interatomic distances between the two proteins, i.e., on the
relative orientation of these molecules. The parameters for
these Gaussians are easily calculat2g).( The analytical
formula for the Hodgkin index can be evaluated extremely ton O ch(i)l_lfH(j)l_lfs(k) ©6)
[ j k

rings of heme, histidine, phenylalanine, tyrosine, and tryp-
ftophan and within the guanidinium group of arginine was
defined in two ways. In one, bonds were treated as usual
covalent bonds ¢ = 0.6). In the other, the enhanced
coupling was recognized by neglecting the attenuatios (
1.0). The tunneling matrix element for a single patin)
is proportional to the relative coupling, according to eq 6.

rapidly, and no singularities exist in this approximation. In

a homogeneous medium, the Hodgkin index based on the

Coulomb electrostatic potential is independent of the dielec- We recognize that electronic coupling via a given path
tric constant, since the dielectric constant cancels out in eqdepends on the degree of covalency of the-tbgand and

1. copper-ligand bonds included in that path. As in our



16190 Biochemistry, Vol. 36, No. 51, 1997 Ullmann et al.

Table 1: Hodgkin Indices for the Superpositions@ifreinhardtii electrostatic potentials of plastocyanin and azurin are rather

Plastocyanin withC. reinhardtii Cytochromecs (c6), Poplar different, their hydrophobic patches overlap in the orientation
Plastocyanin (pc), anB. aeruginosaAzurin (az) Obtained by Three  with the highest Hodgkin index. This overlap shows that
Methods analogous surface regions can be identified, even when the
superposition method protein Hodgkin index proteins compared have different overall electrostatics.
FAME c6 0.85 These results sh_ov_v that the Hodgkin .index is a good
pc 0.92 measure of the similarity of electrostatic potentials of
. . az 0.56 proteins. The EvE algorithm is an unbiased and meaningful
dipole alignment c6 0.75 method for aligning two proteins with similar electrostatics
Kabsch algorithm pc 0.91 : . .
— and comparable size. The obtained alignment can be used
Defined in eq 1. to compare the reactivity of these proteins.

Superposition of Centers of Mass, Dipole Vectors, and
previous study, in which consideration of anisotropic cova- Hydrophobic Patches of Plastocyanin and Cytochrome ¢
lency was introduced into the Pathways algoritt2fl)( we from C. reinhardtii If electrostatic interactions dominate
scale the relative coupling by coefficients X representing  the docking of two proteins, their association depends on
the contributions of the relevant ligands (L) to the redox ionic strength. The resulting dependence of bimolecular
molecular orbitals of the electron donor (D) and acceptor protein-protein reactions on ionic strength can be well
(A) (49, 50); see eq 7. This scaling is based on the described by the van Leeuwen theo®yl,(53—55), in which

the electrostatic potential of the proteins is approximated by
ton 0 VoL VAL |_| €(i) (7) its monopole and dipole. Inspired by this theory, we used
[ this approximation of the electrostatic potentials of the two
_ i . proteins to superimpose plastocyanin and cytochrage
reasonable assumption that the expansion coefficieate  pqgitionally, we brought the hydrophobic patches of plas-
independent of the relative _coupllng. The yaluegvmﬁere tocyanin and cytochromes in proximity to each other by
0.68 for Cys84, 0.11 for His37, 0.11 for His87, and O for (tating one of them around their aligned dipole axes. A
Met92 in plastocyanini, 20) and 1.00 for the porphyrin  gimjlar attempt was made by Frazabal. (11). The total
ligand and 0.6 for each axial ligand in cytochrome For charge of cupriplastocyanin and ferricytochroogdrom C.
the sake of consistency with previous publications, we used rgjnhardtii at pH 7 is—6; their dipole moments have a
similr_:lr symbol_s3 which vary only in indices, for different magnitude of 340 and 175 D, respectively. The Hodgkin
physical quantities in egs 3, 5, and 7. index of this alignment is also listed in Table 1, for
comparison.
RESULTS AND DISCUSSION Besides the total charge and the magnitude of the dipole
Optimization of the Superposition of the Electrostatic vector, the angle between the dipole vector and the vector
Potential of C. reinhardtii Plastocyanin with the Electrostatic from the center of mass of the protein to the reaction site on
Potentials of Poplar Plastocyanin and of P. aeruginosa the protein surface is an important parameter in the van
Azurin To test the utility of the Eve algorithm for Leeuwen theoryg3). The angle between the dipole moment
superimposing proteins, we have applied it to superimposeand the vector from the center of mass to eatom of
plastocyanin fronC. reinhardtiiwith two other blue copper ~ Tyr83 in plastocyanin is small; i€. reinhardtii it is 19°.
proteins: with plastocyanin from poplar and with azurin from Therefore, we searched for an aromatic residue in cytochrome
P. aeruginosa Poplar plastocyanin andC. reinhardtii Cs lying at a small angle with respect to the dipole moment.
plastocyanin have sequences that are only 60% identical, butWe found Tyr51, which lies at an angle of 2&ith respect
they have very similar electrostatic properties. Plastocyaninto the dipole moment.
from poplar and plastocyanin froi@. reinhardtii, respec- As Figure 1 shows, both Tyr51 in cytochroneg and
tively, have charges of-8 and —6 at pH 7 and dipole  Tyr83in plastocyanin are surrounded by negatively charged
moments of 330 and 340 D. The orientation of the dipole residues. The residues in these two proteins that may have
in the two proteins is the same. Both azurin and plastocyanin similar functions in the recognition of the reaction partners
have g-barrel folds. Although they belong to the same are listed in Table 2. Two residues are considered to be
structural family b1), their electrostatic properties are isofunctional if the distance of their acidic groups in the
different. The overall charge of azurin at pH 7+4.0, and superposition is less than 6.5 A. Aligned peptid®nd
its dipole moment has a magnitude of only 95 D. In spite dipoles ina-helices create a macrodipokg] that can have
of their dissimilar electrostatic properties, both azurin and a strong influence on the electrostatics of proteins. The
plastocyanin have a hydrophobic patch close to the copperdipole moment arising from the-helix between residues

site. 33 and 39 in cytochromes enhances the negative electro-
The relative orientation of the two plastocyanins found static potential at the position of residue 41.
with the Fame algorithm is very similar to an orientation The electronic coupling of Tyr51 to the heme is maintained

found with the Kabsch algorithnbg), which minimizes the by the sequential neighbor GIn52, which is in van der Waals
distances between analogous backbone atoms of two proteinscontact with the heme ring. As Table 3 shows, however,
As Table 1 shows, the Hodgkin indices (eq 1) of the Tyr51 is coupled weakly to the heme. The residue GIn52
superpositions, found with theake algorithm (0.92) and is present in all known cytochroneg sequences, but Tyr51
with the Kabsch algorithm (0.91), are nearly equal. The bestis missing in 10 sequences out of 23 and is replaced by
Hodgkin index found folC. reinhardtii plastocyanin anép. nonaromatic amino acids; see Supporting Information, Figure
aeruginosaazurin (0.56) is considerably lower than that for S1. Only one of the organisms lacking Tyr51 in cytochrome
the superposition of the two plastocyanins. Although the cs is a eukaryote. This sequence has been determined by
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Plastocyanin
hydrophobic patch hydrophobic patch

Ficure 1: Superposition of plastocyanin and cytochrotgérom C. reinhardtii by alignment of their dipole moments and overlap of their
hydrophobic patches. The magnitude of the dipole moment is not proportional to the length of the line. In the left panel, the ligands to the
copper atoms and Tyr83 in plastocyanin and also the heme, Cys17, and Tyr51 in cytochammshown as balls and sticks. In the right

panel, the protein molecules are rotated by @found the vertical axis in the figure plane; the acidic patch points to the viewer. The
residues in the acidic patches (dark gray), some of the residues in the hydrophobic patches (ball and stick), and Tyr83 in plastocyanin and
Trp83 in cytochromees (light gray) are highlighted.

Table 2: Corresponding Acidic Residues adHelices in Plastocyanin and Cytochromgefrom C. reinhardtii Identified in Two
Superpositionsby Overlaying Centers of Mass, Dipole Vectors, and Hydrophobic Patches and by Optimizing the Match of Electrostatic
Potentials

cytochromecs
alignment of matching of
plastocyanin dipoles electrostatic fields
Asp42, Glu43, Aspd Glu69, Glu70, Glu71 Glu70, Glu71
Asp53 Glu47 Glu69
Asp59, Asp6? Asp4l,a-helix (33-39) Glu54,a-helix (46-55)
Glu85 Glu54 a-helix (46—55) Asp65

aThree residues in the lower clustéTwo residues in the upper cluster.

Table 3: Significant Amino Acid Residues on the Protein Surface and Their Properties Relevant to Electron-Transfer Reactions

squared relative electronic coupling
between the residue and the metal'site

distancé
residue to the (Mei)? (Mei)? (Mei)?

proteirf (electron pair) metal site (A) €arom= 0.6 €arom= 1.0 €arom= 1.0
plastocyanin His87 (G—H.2) 5 1.7x 1072 4.7 x 1072 6.7x 1076
Tyr83 (G:—0y) 12 4.7x 1076 3.7x 105 7.7x 10°®

cytochromecs Cys17 (S lone pair) 6 3.6 1078 7.8x 1072 7.8x 1072
Trp63 (G2—Cxa) 9 9.9x 10°° 5.8x 102 5.8 x 1072

Tyr51 (G—0,) 15 1.2x 10710 2.6x 108 2.6x 1078

aThe distance is measured from the metal atom to the center of the electron pair specified in the second dalles for different proteins
should not be compared because the proportionality factors in eq 6 and 7 may¢diffem C. reinhardtii

Edman degradation (57), which is sometimes unreliable. A in the electron-transfer reaction whereas prokaryotic cyto-
redetermination of this sequence by a different method would chromescs do not. The second interpretation, requiring

be of interest. All the other cytochronesgsequences lacking  different mechanisms for different species, seems unlikely
Tyr51 are prokaryotic proteins. These facts can be explainedto us.

in two ways. Either Tyr51 is not involved in the electron- Optimization of the Superposition of the Electrostatic

transfer reaction or eukaryotic cytochrontgslo use Tyr51 Potentials of Plastocyanin and Cytochrome fcom C.
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reinhardtii. In a second approach, we aligned plastocyanin apart from the center of the aromatic ring of Tyr83 of
and cytochromess using a detailed representation of their plastocyanin. This long distance, a sign of non-superim-
electrostatic potentials and optimized the Hodgkin index for posability of Tyr83 and Tyr51, can be taken as evidence
the alignment. Each of the 100 optimizations started from against the involvement of Tyr51 in the electron-transfer
a different initial orientation. This search yielded 10 different reaction between cytochronwg and cytochromé.
local maxima, which represent relative orientations of the  Because the aromatic ring of Trp63 is in van der Waals
proteins in which their electrostatic potentials are best contact with the heme, favorable coupling between them is
matched. The two best superpositions, those with the highestikely. This and other couplings that may be involved in
Hodgkin index, differ only very little from each other; 41 the interprotein electron-transfer reactions are given in Table
out of 100 maximizations ended in one of these two maxima. 3. As in plastocyanin, where the relative couplings of Cu(ll)
The hydrophobic patches, for which a functional role has to His87 and to Tyr83 scaled by the expansion coefficients
been suggested {, 12), are superimposed only in these two are comparable, the scaled relative couplings of Fe(ll) to
alignments. Only a few optimizations converged to each of Cys17 and to Trp63 in cytochrongg are similar (the last
the remaining eight overlays, which correspond to lower column in Table 3). The relative couplings in plastocyanin
Hodgkin indices. In some of these overlays, only the acidic and in cytochromecs should not be compared, since the
patches overlap, while the remainder of the proteins do not. proportionality factors in eq 7 are not necessarily the same
In other overlays, the hydrophobic patches are on oppositefor different proteins.
sides; these cases are uninterpretable. In the best superposi- In Figure 3, we compare the positions of acidic residues
tion, in which the electrostatic potentials are maximally in plastocyanin and in cytochromg. Two residues are
matched, functionally-equivalent residues are expected to beconsidered analogous to each other if the distance of their
superimposed. For that reason, we discuss only the orientaacidic groups is less than 6.5 A. These residues are listed
tion that has the highest Hodgkin index (0.85; see Table 1). in Table 2. Because am-helix in cytochromecs between
This orientation is shown in Figure 2, in which we compare residues 46 and 55 ends near Glu54, the negative end of the
the electrostatic potentials, the secondary and tertiary struc-dipole moment arising from the-helix also contributes to
tures, and the coupling of the surface atoms to the redoxthe electrostatic potential at Glu54.
sites of the two proteins. Because the pH value within the luminal space of the
The similarity of the values 0.85 and 0.92 in Table 1 thylakoids is about 5, we calculated by an established method
indicates a high degree of similarity between the electrostatic (58) the protonation patterns for plastocyanin and cytochrome
potentials of plastocyanin and cytochromge The copper ¢ at this pH value. The superpositions found with these
ligand His87 in plastocyanin lies only 3.5 A away from protonation patterns do not differ significantly from those
Cys17 in cytochromes, which is covalently attached to the  obtained with the protonation patterns at pH 7, assuming
heme (an iron ligand). Both residues sit in the center of the standard [, values (Ullmann and Hauswald, unpublished
hydrophobic patches in their respective proteins. Since thisresults). Because there is no clear experimental evidence
patch in plastocyanin is implicated in the electron transfer on which residues have nonstandard protonation in plasto-
to photosystem 115), a similar role can be assigned to Cys17 cyanin or cytochromes at pH 5, we describe the results
in cytochromecs. A similar assignment has already been found with protonations at pH 7 assuming standaid'
suggested1(1, 12). The residue Tyr83 in plastocyanin is All conclusions of this study would remain the same if we
implicated in the electron transfer from cytochrorhéo studied the proteins at the physiological pH value.
plastocyanin 16, 17). The aromatic residue in cytochrome A Cation—x System as an Intermediate Electron Acceptor.
Cs that sits closest to Tyr83 in the superposition is Trp63. The electron-transfer reaction between cytochrdnand
The distance between the centers of aromatic rings of theseplastocyanin is inhibited by noninvasive cross-linking of
two amino acids is only 3.5 A. A rotation of one molecule these proteins. This finding led to the suggestion that a
by a few degrees fully superimposes Cysl17 in cytochrome rearrangement of the initially formed, electrostatic complex
Cs with the His87 in plastocyanin and also Trp63 in is necessary for the electron transfer and that cross-links
cytochromecs with Tyr83 in plastocyanin. This latter prevent this rearrangemen2?). Indeed, rearrangement
superposition of Trp63 in cytochromes with Tyr83 in processes are important in electron-transfer reactions of
plastocyanin implies similar roles of the two aromatic various protein complexe$9—65). In a recent theoretical
residues in the electron-transfer reactions of the respectivestudy, we proposed a structural model of the rearrangement
protein with cytochromef. The two residues may be of the plastocyanincytochromd complex, but we gave also
involved in the association with cytochronfeor in the an alternative interpretation of the redox inactivity of the
subsequent electron-transfer step. An aromatic residue atcross-linked complex 24). We proposed a catiofir
position 63 can be found in all 23 known sequences of interaction between the side chains of Lys65 in cytochrome
cytochromecs. It is tryptophan in 5 and phenylalanine in  fand Tyr83 in plastocyanin. Such interactions have recently
18 sequences, as Figure S2 in Supporting Information showsbeen documented in synthestic heguest adducts and
The replacement of one functionally-important aromatic biochemical complexes66, 67), but we are not aware of
amino acid by another aromatic amino acid has been any investigations of the electrochemical properties of such
observed in several proteins. For example, Tyr83 is replacedcomplexes. However, the system composed of the cation
by a phenylalanine in two algal plastocyanins, as Figure S3 over the aromatic ring may serve as an intermediate electron
in Supporting Information shows. The superpositions ob- acceptor in the protein complex, since the cation can stabilize
tained from the dipole alignment suggested a function for an anion radical at the aromatic ring. If so, the electron-
Tyr51 in cytochromecs analogous to that of Tyr83 in  transfer reaction could occur in two steps. An electron is
plastocyanin. In the superposition with the highest Hodgkin first transferred from the ferroheme in cytochroime the
index, the aromatic ring of Tyr51 in cytochrorogis 9.5 A aromatic ring of the cationsr system at the proteinprotein



Comparison of Cytochrome; and Plastocyanin Biochemistry, Vol. 36, No. 51, 19976193

Plastocyanin Cytochrome cg

Electrostatic
Potential

1011 1

Coupling map

FIGURE 2: Properties of plastocyanin and cytochrocgérom C. reinhardtiithat are relevant to the interprotein electron-transfer reaction.

The superposition of the two proteins corresponding to the best match of their electrostatic fields, i.e., the highest Hodgkin index, is shown
in the middle of the figure. The separate proteins are kept in the positions so defined. Top part: electrostatic potentials calculated with the
uniform dielectric constant of 4. The color is calibrated in unitkgf, T = 298 K. Middle part: G traces and secondary and tertiary
structures. The copper atom, His87, and Tyr83 in plastocyanin and also the heme, Trp63, Tyr51, and Cys17 in cydgatedrighlighted.

Bottom part: Electronic coupling between surface amino acid residues on the one hand and the iron heme site or the copper site on the
other, calculated as in eq 7, taking into account differences in covalency of the various-iigetadl bonds. The decadic logarithm of the

square of the relative couplings, log/§(?[1€i)?), is mapped onto the molecular surface of the proteins. The strongest coupling is shown

in red and the weakest in dark blue.

interface and then from the transient anion radical to the of Lys65 to an acidic residue disrupts the cationinterac-
copper site in cupriplastocyanin. The two-step reaction can tion between Lys65 and Tyr83. Indeed, residues Glu59 and
be faster than the simple one-step reaction if each step isGlu60 of plastocyanin, which have been implicated in
considerably faster than the assumed one-step reaction. Theovalent cross-linking between the two proteié8)( lie near
electronic coupling between the heme and the copper site inLys65 in the calculated configuration of the plastocyanin
the plastocyanifrcytochromef complex may be too weak cytochromef complex @4). Under this hypothesis, the
to allow the fast reaction that is observed experimentally. diversion of Lys65 away from Tyr83 would disturb the

The redox inactivity of the cross-linked complex can be electron-transfer path and neutralize the cation required for
explained in terms of the two-step mechanism. Cross-linking the stabilization of the anion radical of Tyr83.
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Plastocyanin
hydrophobic patch hydrophobic patch

Cytochrome ¢

hydrophobic patch hydrophobic patch

Ficure 3: Similarity between the acidic patches on the surface of plastocyanin and of cytoatyrfsora C. reinhardtii The two molecules

in the same column adopt the positions corresponding to the best match of their electrostatic fields, i.e., the highest Hodgkin index. On the
left side of the figure, the acidic patches point to the right. On the right side of the figure, the protein molecules are rotateatdyn@0

the vertical axis in the figure plane, so that the acidic patches point to the viewer. The ligands at the metal sites are shown as balls and
sticks, acidic residues are in dark gray, and the aromatic residues Tyr83 and Trp63 in plastocyanin and cytchespectively, are in

light gray.

The hypothesis of a catiefir interaction and of its special When Lys65 is present in cytochrorfiet may interact with
role in the electron-transfer mechanism can be tested byTyr83 in plastocyanin, to form a catietr system at the
analyzing its consistency with the available amino acid protein—protein interface. When Lys65 is laking in cyto-
sequences. Residue Tyr83 is conserved in nearly all plas-chromef, Arg88 and Tyr83 in plastocyanin may form a
tocyanins; it is only replaced by a phenylalanine in two algal cation—z system within this protein. In either case the
plastocyanins (Supporting Information, Figure S3). But interprotein electron-transfer reaction can occur in two steps,
Lys65 is missing in all cyanobacterial cytochrorese- because Tyr83 is always involved in a cationsystem. The
quences and in two eukaryotic algal cytochromd&Sup- electron transfer in the cyanobacterial plastocyaitiyto-
porting Information, Figure S4). These two eukaryotic algae chromef complex may go via the serine or the glutamine,
belong to the taxonomic grouthodophytdred algae) and  which replaces Lys65 in cyanobacterial cytochrdmé his
Glaucophytawhich have rather primitive chloroplasts with  serine or glutamine residue is a capable hydrogen-bond
many similarities to those in cyanobacter&®), The lack partner of Arg88 in cyanobacterial plastocyanin (Supporting
of Lys65 does not necessarily invalidate the proposal that alnformation, Figure S4). We have found no amino acid
cation—m system serves as a “half-way” electron acceptor sequence that disagrees with this expanded version of the
in the interprotein reaction. The role of Lys65 may be hypothesis first presented in our previous stugs)(

fulfilled by Lys66, which is conserved in all known cyto-  pgssible Catior- Interaction within Cytochromesc All
chromef sequences (Supporting Information, Figure S4). put two known amino acid sequences of cytochrogge
Lysine side chains are not the only cations potentially contain a cationic residue (lysine or arginine) in position 66.
capable of interacting with the aromatiesystems of Tyr83  The crystal structurel) and the NMR spectoscopic model
in plastocyanin. Moreover, both the cation and the aromatic (13) of Monoraphidium brauniicytochromecs consistently
residue may belong to the same protein. The residue atshow the spatial proximity of Arg66 and Trp63, possibly a
position 88, which is located above the aromatic ring in consequence of a catietr interaction. Although the crystal
plastocyanin, is an arginine in all known cyanobacterial structure ofC. reinhardtiicytochromecs (12) does not show
plastocyanins (Supporting Information, Figure S4). Their this close proximity, a small reorientation of the side chain
interaction could concievably form a catiem systemwithin of Arg66 is sufficient to bring the guanidinium cation over
plastocyanin This hypothesis is supported by a recent NMR the indole ring of Trp63, to a position required for a cation
spectroscopic model of a cyanobacterial plastocyan@. ( interaction. Because three-dimensional structures of proteins
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determined by both X-ray crystallography and NMR spec-
troscopy are refined by classical force fields, which normally
can not account for catiefir interactions {1), minor

adjustments in the positions of side chains are justifiable.

Unlike Arg88 in plastocyanin, Arg66 in cytochroneg is
present even in the species whose cytochrédmentains
Lys65. In these species, Lys65 in cytochrohig probably
not required for an efficient electron transfer from that protein
to cytochromecs. Another possibility would be that Lys65
in cytochromef replaces Arg66 in cytochromes in the
cation—x system after the formation of the protein complex.
In the two species in which the cation at position 66 is
missing, the catiofir system can presumably form between
Lys65 in cytochromd and Trp63 in cytochromes.

We recognize a possibility of a catiemr interaction
between Arg66 and Trp63vithin cytochrome £ The
electron-transfer reaction between cytochroivad cyto-
chrome ¢, as well as that between cytochronfieand

Biochemistry, Vol. 36, No. 51, 199716195

can provide meaningful information. The Hodgkin index is
a useful criterion for quantifying the similarity of electrostatic
potentials of two proteins.

We superimposed the blue copper protein plastocyanin and
the heme protein cytochronwg, which are redox partners
of cytochromef in photosynthesis. The hydrophobic surface
patches of plastocyanin and cytochromgeoverlap in the
superposition having the highest Hodgkin index. This
finding corroborates recent proposal$l( 12) that the
hydrophobic patches of both proteins play similar roles in
the electron-transfer reaction. Moreover, the aromatic
residues Tyr83 in plastocyanin and Trp63 in cytochrame
also overlap in the best superposition. Since the former is
directly bonded to Cys84, a ligand of the copper atom, and
the latter is in van der Waals contact with the heme, the two
aromatic residues may play similar roles in electron-transfer
reactions. This is the first time that a functional analogy
between Tyr83 in plastocyanin and Trp63 in cytochrame

plastocyanin, discussed above, may conceivably occur in twohas been suggested. In a recent study, we proposed that

steps with an anion radical as a transient intermediate.

Lys65 in cytochrome and Tyr83 in plastocyanin form a

Reconsideration of Two Electron-Transfer Reactions be- cation—z system24). The presence of this putative electron
tween Cytochrome f and Plastocyanin on the Basis of the 8Cceptor at the proteirprotein interface may allow a two-

Two-Step Model.A cyanobacterial cytochronfeseems to
react differently with plastocyanins from the same cyano-

step electron transfer from the heme to the copper site,
perhaps involving an anion radical of Tyr83 as a transient

study @34) showed that the former reaction is fast while the
latter is very slow at medium ionic strength. Moreover, the

notion that catior-r interactions may occur in redox proteins
and their complexes. These interactions may facilitate long-

former reaction becomes slower and the latter faster as ionicrange electron transfer between metal active sites, even
strength is raised. These observations were qualitatively though their electronic coupling is very weak.

interpreted in terms of electrostatic screening, since plasto-

By considering all known amino acid sequences and three-

cyanin from spinach and plastocyanin from this cyanobac- dimensional structures of plastocyanin, cytochrameand

terium bear different charge84).

These findings, however, may also be consistent with the

cytochromef, we propose various catiefxr interactions,
which may be signs of coevolution of proteins, that are

notion discussed above that a two-step mechanism for thephysiological partners. Because cyanobacterial cytochromes

electron transfer involving a catierr system is more
favorable than a one-step mechanism. The catiomter-

action is present within cyanobacterial plastocyanin, as
discussed above. In this case, the electron-transfer reactio

may be relatively fast because of it. A catiom interaction

is unlikely within spinach plastocyanin, because this protein _ _ . ) .
t electrostatic environment but perhaps also in their capacity

lacks a cationic side chain in the correct position with respec

to Tyr83, and is also unlikely between this plastocyanin and

cyanobacterial cytochronfebecause the latter lacks Lys65.
Thus, the electron-transfer reaction in this protein comple

may be relatively slow, because it cannot occur stepwise.

The different effects of ionic strength on the rate of the

two reactions may also be explicable in terms of our new

proposal, but this analysis is rather conjectural. We will

f lack Lys65, Tyr83 in those cyanobacterial plastocyanins
interacts with Arg88 of the same protein. By analogy, Arg66
and Trp63 in cytochrome; seem to interact. This interac-

fion would be yet another piece of evidence for the functional

similarity between Tyr83 in plastocyanin and Trp63 in
cytochromecs. Hence, they are similar not only in the

for interactions with cationic side chains. This study suggests
that when a cationsr interaction cannot fornbetweerthe

x Physiological partners, it may formithin one of the partners

and thus still facilitate the interprotein electron transfer.
We do not know of experimental findings that disagree

with the theoretical proposals in this study. The validity of

these proposals will be tested in new experimental studies.

postpone it until more experimental facts are available. In ACKNOWLEDGMENT
the meantime, the explanations both in terms of electrostatic \ye thank Jeffrey J. Regan for the program Greenpath

screening §4) and in terms of cations interactions are

0.973. M.H. and A.J. thank Dr. Christian Wsche (Pharma

worth considering. Quantitative kinetic experiments and a Research, PH-R-SR, Bayer AG) for his constant interest and

more detailed theoretical analysis of the two intriguing
reactions are needed.

CONCLUSIONS

A new theoretical method, which was originally designed

to superimpose small molecules in order to analyze their

bioactive conformations2g), is applied for the first time to
biological macromolecules to study structufanction re-

support.
SUPPORTING INFORMATION AVAILABLE

Four figures showing parts of the aligned amino acid
sequences of plastocyanin, cytochrocgeand cytochrome
f (4 pages). Ordering information is given on any current
masthead page.
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