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Abstract: This work is a theoretical analysis in four stages of association between the blue copper protein plastocyanin
and the heme protein cytochrorfiewhich are physiological partners in the photosynthetic electron-transfer chain.

In the first stage, 32 000 trajectories of approach by plastocyanin to cytochreveee generated with implicit
consideration of hydration and with gradual cooling of the system from 300 to 0 K. Approximately 2000 trajectories
resulted in local minima of energy, i.e., in docking. The molecular configurations having relatively low energies
were grouped, by structural similarity, into six families. In the second stage, six configurations having the lowest
energies, one from each family, were subjected to thorough molecular dynamics simulation, for 260 ps. Extensive
hydration of the proteins was treated explicitly. The whole plastocyanin molecule and the relevant parts of the
cytochromef molecule were given conformational freedom. In the third stage, the following three contributions to
the energy of binding were calculated: polarization of water by the proteins, determined from numerical solutions
of the PoissorrBoltzmann equation; nonelectrostatic (van der Waals and other) interactions involving the proteins
and water; and the Coulombic interactions within and between the protein molecules. Total energy of association
was calculated with a thermodynamic cycle; several realistic sets of parameters gave consistent results. The
configuration having the most favorable Coulombic interactions turned out to have the second highest total energy.
This finding exemplifies the importance of allowing for hydration and for conformational flexibility in docking
calculations and perils of neglecting these factors. In the fourth stage, electronic coupling between the copper and
heme sites in the six configurations was analyzed and compared by the Pathways method. The configuration providing
the most efficient path for electron tunneling turned out to be different from the most stable configuration. There
are indications that the evident interaction between Lys65 in cytochfand Tyr83 in plastocyanin may involve

the ammonium group of the former and the aromatic ring of the latter. These surprisingly strong noncovalent
interactions, so-called chargeinteractions, have recently been discovered and are important for molecular recognition.
Modeling and structural optimization of these interactions are beyond the state of the art in molecular mechanics,
but these studies should become possible with improved force fields. The electron-transfer reaction between
cupriplastocyanin and ferrocytochrorhés fast in the noncovalent complex and undetectably slow in the covalent
complex. This contrast is explained in terms of our theoretical analysis.

Introduction opposite charges or by minimizing the electrostatic energy of
the diprotein complex:12 Yet another method, which involves

lism, flow of genetic information, and molecular physiology. simulation of Brownian dynaml_cs, requires a reaction criterion
nd can be used in calculating and analyzing the rate of

Therefore, association has been studied by experimental an Atiof-18
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In most of the theoretical studies to date the aqueous The luminal part of cytochromiecan gently be cleaved from
environment and the protein flexibility have not been considered. the short segment anchoring it, as a part of the cytochimie
Conformational flexibility has been included in calculations by complex, to the membrane. Recent crystallographic analysis
molecular dynamic$? Monte Carlo method%2! and search of this solubilized form of cytochromerevealed a remarkable
for side chain rotamer8. Of the various methods for analyzing two-domain structuré? The larger domain contains heme with
electron-transfer properties of proteitis! the most popularis  the amino group of the terminal residue Tyrl as an axial ligand
the one embodied in the program Pathw?y$® to the iron atom. The smaller domain contains a patch of

This study deals with the blue copper protein plastocyanin, POSitively-charged residues. Unexpectedly, the heme and this
designated pc, and the heme protein cytochréndesignated ~ Paich are relatively far apart. o
cytf, whose three-dimensional structures are known. These . When plastocyanin and cytochroriare noninvasively cross-
proteins are involved in photosynthetic electron transfer: cu- nked in a reaction mediated by a carbodiimi¢he resulting
priplastocyanin accepts an electron from ferrocytochrgraed covalent complex ca.nnot dgtegtably u.nd'ergo the |ntern§1I
cuproplastocyanin donates an electron to the oxidized form of electron-;rlrasuzwsfer reactlon,_vx_/hlch is fast within t_he electrostatic
photosystem I. These proteins are well-suited to experimental complexz™>* This unreactivity was taken as evidence that the

and theoretical studies of association and electron-transfer"'C_Proteins gOCk. and react with each other in different
reactions”* Plastocyanin is notable because it contains two configurations? This prediction and this analysis were nicely

distinct surface patches through which it can exchange electronscorroborateOI by subsequent publication of the structure of

: o L cytochromef, which showed that the positively-charged patch
with redox partners. The broad, negatively-charged acidic patch and the heme are relatively far apart. Studies of the rearrange-
around Tyr83 is remote from the copper atom, whereas the

. . . ment in complexes that plastocyanin forms with native (iron-
electroneutrall, hydrqphobm paFch around His87, allgqnd to the containing) cytochromes and with its zinc derivative gave
copper atom, is proximate to this atom. Both of these important

. i i hat d h » evidence for configurational fluctuation, in which the two
amino acid residues are somewnat exposed On e SUMace,sqqciated protein molecules fluctuate around the initial docking
Despite the different distances, these two patches are ap

) 5 a5 “configuration, without greatly deviating from %56
proximately equally coupled to the copper SRe: The present study deals with the association shown in eq 1
(18) Northrup, S. HCurr. Opin. Struct Biol. 1994 4, 269274, and with the subsequent electron-t(ansfer reaction shown in eq
(19) Wendoloski. J. J.: Matthew, J. B.: Weber, P. C.: Salemme, F. R. 2; the Roman numerals are the oxidation states of copper and
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gg; (S;)Lﬂfgfkg?‘é..’“k:‘igeg]_ m‘.’f,v'frtntcﬁzgﬁ.?igr%is 15'.. button.  ©f the rigid molecules by a Monte Carlo procedure, with implicit
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M. K.; Ulstrup, J.Inorg. Chem 199Q 29, 2808-2816. . . .
(27) (a) Skourtis, S. S.; Onuchic, J. Kthem Phys Lett 1993 209, hydration, consider local hydrophobic effects, and allow for
171-177. (b) Skourtis, S. S.; Beratan, D. N.; Onuchic, JOXem Phys conformational flexibility. Next, we analyze energetics of each
1993 176 501-520. complex on the basis of a thermodynamic cycle including

ggg (Salg?_lgrt;'ns'sf'An'\{'%kﬁgpnegogcggglli%)és‘llo%%?jgjbé%)ﬁfasfsbn numerical solution of the PoisseBoltzmann equation. Finally,

S.J. Chem Soc, Faraday Trans2 1983 79, 1375-1388. we analyze electron-transfer paths in all the optimized configu-

(30) Gruschus, J. M.; Kuki, AJ. Phys Chem 1993 97, 5581-5593. rations, and also in some others, by the Pathways method, taking
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186. (b) Onuchic, J. N.; Beratan, D. N. Chem Phys 199Q 92, 722— this is the first quantitative simulation of the complex between
733.
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Table 1. Atomic Charges for the Blue Copper Site of

Cupriplastocyanit

ligand atom charge ligand atom charge
Cu 0.35 His87 N —0.42

Cys84 S -0.26 (o 0.16
Cs 0.26 C1 0.41

His37 Ns1 —0.47 G2 0.12
C, 0.16 N2 —0.41
Ca 0.41 H» 0.39
Cs2 0.12 Met92 S —0.24
Ne2 -0.41 G 0.19
He2 0.39 C 0.25

aSupplied by E. I. Solomorf. Hydrogen atoms are united with
carbon atoms to which they are bound.

plastocyanin and cytochronfie@nd the first combination of the
aforementioned theoretical and computational methods.

Methods

Structures and Charges. The crystal structure of the luminal
domain of turnip cytochrom&? is the entry 1ctm in the Protein Data
Bank. The two C-terminal residues absent from this structure were
modeled by a simulated annealing procedure based on molecular
dynamics, while the rest of the protein was kept rigid. Sixteen similar Figure 1. Monte Carlo procedure for finding predocking configura-

400 3

structures of bean plastocyanin in solution, determinedtbNMR
spectroscopy’ comprise the entry 9pcy; each was used in the
calculations.

Charges of most atoms, including those in the hémed hydrogen
atoms in polar bonds, were taken from the parameters of CHARMM.

tions. The energy of plastocyanin in a Coulombic field of cytochrome
f (at the center) was calculated on a finer grid within the inner cube
(having an edge of 200 A) and on a coarser grid elsewhere in the outer
cube (having an edge of 400 A). Trajectories started randomly on the
inner sphere (having a radius of 100 A). For example, trajectory A

Carbon and hydrogen atoms bonded to each other were united. Chargegnded unproductively when plastocyanin exited the outer sphere (having

of the copper atom and of its ligands, calculated by a density functional
method and consistent with spectroscopic evidence, were kindly
supplied by Professor E. I. Solomon; see Table 1. Charges of titratable
groups are those at pH 7.0, assuming standed/alues. Electrostatic
calculations by a published metHf8&* showed His142 in cytochrome

f to be electroneutral at pH 7.0.

Monte Carlo Calculations. In the search for the predocking
orientation the protein molecules were treated as rigid bodies. The
center of mass of cytochromewas placed at the center of two
concentric cubes having edges of 200 and 400 A and of two concentric
spheres having radii of 100 and 160 A. The dielectric constantewas
= 80.0. The grid in the small box encompassing cytochrémich

a radius of 160 A), and trajectory B ended when plastocyanin found a
local minimum of energy near cytochronfewithout entering the
excluded volume.

the inner sphere. Each step consisted of a random displacement and a
random rotation. The components of these two vectors were taken
from normal distributions with means of zero and with respective
deviations of 2.0 A and 50 Each step was accepted or rejected
according to the Metropolis algorithfA. If the energy of the new
situation was lower than that of the preceding one, the step was always
accepted. If the new energy was higher Al than the preceding

one, the probability of the step was taken to be proportional to exp-

was used in testing whether plastocyanin entered the excluded volume (—AE/RT). This step was accepted or rejected depending on whether
had the spacing of 0.5 A. The Coulombic potential of cytochréme  this probability was greater or less than the random probability of the
was mapped on two cubic grids, with spacings of 1.0 A in the inner givenAE. If plastocyanin entered the excluded volume of cytochrome
cube and of 2.0 A in the outer, each having 20@00 x 200 points. f, the step was rejected. A total of 32 000 trajectories were created.
See Figure 1. The energy of plastocyanin in this electrostatic field After 3000 accepted steps at 300 K the temperature was lowered by
was evaluated by multiplying the atomic charges with the field values, 10 K. After each 300 accepted steps thereafter the temperature was
obtained by linear interpolations at the atomic positions. again lowered by 10 K. An unproductive trajectory was ended if the
Calculating the interaction energies for thousands of orientations with distance between the centers of mass of the two proteins exceeded 160
the PoissorBoltzmann equation would demand excessive memory A (thatis, if plastocyanin left the outer sphere). A productive trajectory
and time. If the potential of cytochronfewere calculated with this was ended if 2000 consecutive steps were rejected; this was the criterion
equation, its dielectric inhomogeneity would have been treated exactly. for a local minimum. A 0 K the steps were continued until either of
Then calculating the energy of plastocyanin as was done here wouldthese criteria was met. The procedure just described yielded ap-
have neglected the dielectric inhomogeneity of this protein. In this proximately 2000 different diprotein configurations. Those with the
case, the solvation contribution would have been considered for the highest and the lowest Coulombic energies were found. One hundred
former protein but neglected for the latter. In our method this fourty configurations had electrostatic energies lower than the average
contribution is consistently neglected for the sake of internal consis- value of these two and were analyzed further. Those whose geometrical
tency, so that the same interaction energy is obtained regardless ofstructures were similar, i.e., those with root-mean-square (rms) devia-
which protein molecule is moving in the field of which. tions of 8.0 A or less, were grouped together. Six families of
The first configurations of the diprotein complex were simulated configurations emerged. The configuration having the lowest Cou-
by an annealing procedure. Initial positions and orientations of lombic energy in each family was further refined, as described below.
plastocyanin were chosen randomly, by placing its center of mass on  Molecular Dynamics Simulation. At this stage conformational
flexibility was imparted to each of the six electrostatically-favorable
configurations, and hydration was treated explicitly. The simulations
were done with the program CHARMRA. A sphere with a diameter
of 30 A was placed at the geometrical center of plastocyanin and filled
with 3587 water molecules; those that overlapped with either protein
were removed. Water was treated according to the model TiP3P.

(57) Moore, J. M.; Lepre, C. A,; Gippert, G. P.; Chazin, W. J.; Case, D.
A.; Wright, P. E.J. Mol. Biol. 1991, 221, 533-555.

(58) Mishra, K. C.; Mishra, S. K.; Das, T. B. Am Chem Soc 1983
105 7729-7735.

(59) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J;
Swaminathan, S.; Karplus, M. Comput Chem 1983 4, 187-217.

(60) Bashford, D.; Karplus, MBiochemistry1991, 29, 10219-10225.

(61) Beroza, P.; Fredkin, D. R.; Okamura, M. Y.; FeherR&oc. Natl.
Acad Sci U.SA. 1991 88, 5804-5808.

(62) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A.
H. J. Chem Phys 1953 21, 1087-1092.
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Since the structure of plastocyanin had been determined in solution, AGRr = Gg(egém) — Grleses 4)

by NMR spectroscopy, no water molecules were included in it. A total

of 114 water molecules found in the crystal structure of cytochrbme Grlege) = (1/2)ZQi¢i(€sx8i) (5)
]

were included; those that overlapped with protein atoms after energy

minimization were removed. Water was contained in the sphere by a

suitable potentigl* The whole plastocyanin and the part of cytochrome cavity is defined by the water-accessible surface of the molecule. The
finside the sphere were completely flexible, subject only to the potential potentials¢; can be obtained by solving numerically the Poisson
defined by the force field. Each atom of cytochrofeutside the Boltzmann equation or its linearized form.

sphere was gently fixed with a harmonic potential defined by the force  The nonelectrostatic contribution to the solvation energy is caused
constant of 0.05 kcainol-2:A-1. The Coulombic and Lennard-Jones by van der Waals interactions between the solute and the solvent and
interactions of each atom were calculated with so-called group switch also by creation or enlargement of the cavity for the solute against the
boundary conditions. At distances greater than 11.0 A no potential solvent pressure. This, the second term in eq 3, can be estimated by
existed, from 11.0 to 9.0 A the potential was gradually applied, and at the empirical eq 6, in whictAA is the change in the water-accessible
distances less than 9.0 A the full potential was applied. The water

molecules within a 2.5-A layer below the sphere surface were coupled AGg=a+ bAA (6)

to a heat bath at 300 K. In Langevin dynamics the friction coefficient

wasf = 8 psL; it accounts for the removal of energy from the system. surface upon protein docking. The water-accessible surfapes(

The lengths of the covalent bonds between heavy atoms and hydrogertefined by rolling a sphere with a diameter of 1.4 A over the protein
atoms were constrained with the SHAKE algoritfimso that the molecule. The quantithGne is negative because this surface decreases
intergration could be done in 2-fs steps. Each of the six configurations in the docking. The parametessandb are empirically fitted? Since

was simulated for 200 ps at 300 K and then cooled by coupling to heat we are interested in relative, not absolute, energies of various docking
baths at 200, 100, and 0 K. The simulations continued for 20 ps at configurations, we justifiably neglected the paramederwhich is
each of these lower temperatures. Finally, the energy of each common to all of them. The parametbrwas set at 5.0, 6.8, or
configuration was minimized. Each of them was then quantitatively 20.057273

analyzed, as described below. Coulombic energy arises from pairwise interactions among all the
Energetics of Association. At least four factors contribute to the ~ atoms, within each protein and between the two proteins. It can be
change in free energy of the protein pair upon associatio@p, calculated according to eq 7, in whi¢tandj run over all the atoms.
according to eq 3. Changes in solvation energy come from electrostatic,
a9
AGp = AAGg + AGye + AGg + AGrpc 3) Geled = (1/2);; 7
stij

AGg, and nonelectrostatidy\Gng, interactions; the latter depends only ~ We also define electrostatic energyGe) as the sum of the so-called

on the shapes of the protein molecules. There are also changes irreaction field and Coulombic energy (eq 8) and the total ene@yr)

Coulombic electrostatic energi&Gec. The termAGc is simply energy as the sum of all three terms, i.e., of the electrostatic and nonelectrostatic

calculated with the Coulomb law, using a single dielectric constant contributions (eq 9). In egs 4, 5, and &, was set at 80.0 for water

(for a uniform medium). The terr®g, which is calculated with the

Poissor-Boltzmann equation, includeSc, but contains an additional AGE = AAGR + AG. 8

term if more than one dielectric medium is present. In calculations of

solvation energy, with a thermodynamic cfl)cle, the Coulombic terms AGr = AAGg + AGe + AGye = AGe + AGye ©)

cancel out in the difference. Loss of translational, rotational, and . )

conformational mobility is represented tyGrre. Each of these four ~ @nd & was set at 1.0, 2.0, or 4.0 for the protein matter. Since the

terms is the energy difference between the docked complex pc/cytf on nuclear rearrangement was treated exphcntly,_thg value 2.0 probably is

the one side and the noninteracting plastocyanin and cytochiome the most realistic one. In egs 4 and 5, the ionic strength was set at

the other. The last term in eq 3 is likely to have similar values for all 0-10 M and a Stern layer of 2.0 A was used. .

the configurations of the docked complex; this is assumed in studies _ 1hermodynamic Cycle. Numerical solution of the Poissen

of this kind. Since we are interested in differences among the Boltzmann equatlon requires moving charge d!StI’IbutIOﬂ discretely on

configurations, i.e., in their relative stabilities, neglect of this term is the grid. The resulting artifact is termed the grid energy. It precludes

justifiable. The remaining three terms can be estimated with the help diréct calculation of the binding energy by comparing separate and

of various approximations. associated proteins, along the thick horizontal line in Scheme 1. This
The electrostatic contribution to the solvation energy arises from .

polarization of the medium by the charges in the protein. This Scheme 1. Thermodynamic Cycle

contribution can ‘be _calculated by solviqg numerically the Poisspn pc+cytE AGc+AGyg pc/cytf

Boltzmann equatioff~"* The energy required to bring a molecule with tg,Eq ’ €g.Eg

the dielectric constants from a medium with the constant, to a

medium with the constant is given in eq 4. The energy of a molecule Agn(cytf,l 1AGR(PC,CYH)

within its reaction field is defined in eq 5, in whidjp are the atomic +AG,(pc)

charges in the molecule angl is the electrostatic potential at the ®

position of the charge inside a dielectric cavity with a dielectric pc+cytf pc/cytf

constants is a medium with a constamsf such that; is en or es. The €g,8 Ac,, €g,60

M.(isg;ﬂg:ge;ﬁ;;ig\éé ?Q,agggfsge:ga" I Madura, J.; Impley, R.; Klein, artifact can be avoided by calculating the other three steps in the
(64) Brooks, C. L.; Karplus, MJ. Chem Phys 1983 79, 6312-6325. thermodynamic cycle. We calculated the energies required to transfer
(65) Ryckaert, J.; Ciccotti, G.; Berendsen, H.Comput Phys 1977, the separate proteins from a medium with the dielectric constant of

23,327-341. _ ) water to a medium with the dielectric constant of the protein (the vertical
Eg% \li\llgév;\)”grlfel.r;' lgmgN;tsosnhaFr'po-K '\AOIH%':;L]lgS}ZH,&)?gnGSE%E%? : on the left) and the energy required to transfer each of the six optimized

47-59. configurations of the diprotein complex in the reverse direction (the
(68) Gilson, M. K.; Sharp, K. A.; Honig, B. Hl. Comput Chem 1987, vertical on the right). The grid energies canceled out, and we obtained

9, 327-335. reliable quantities for the two “vertical” processes in Scheme 1.
(69) Gilson, M. K.; Honig, B. HProteins1988 4, 7—-18. Because in the calculation & the dielectric constants of the solute
(70) Honig, B.; Nicholls, A.Sciencel995 268 1144-1149.
(71) Sharp, K. A.; Honig, BAnnu Rev. Biophys Biophys Chem 199Q (72) Ben-Naim, A.Curr. Opin. Struct Biol. 1994 4, 264—268.

19, 301—-332. (73) BIOSYM. DelPhi User Guide 1993.
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and the medium are equal, this term was calculated with the Coulomb
law and a single dielectric constant. EstimationAdBne completed

the cycle and allowed an estimation AiGr. This procedure was
repeated for each of the six configurations of the diprotein complex;
the structures of the separate proteins were kept the same.

The conformations of the individual proteins and configuration of
the diprotein complex were flexible in this study. Other thermodynamic
cycles, which are applicable to rigid structupesre inapplicable here
because the grid energy would not be exactly canceled out.

Our calculations were done with the program package MEAD
1_1.3530,74—76

Iron —Ligand Bonding in Cytochrome f. The coordinates of the
heme were taken directly from the protein structure. All the peripheral
substituents in the porphyrin were retained; the two cysteine side chains
that form covalent bonds to the porphyrin were represented with thio
ether groups; the imidazole group of histidine and the terminal amino
group axially coordinated to iron were represented with imidazole and

Ullmann et al.

(e = 0.6). In the other, the enhanced coupling was recognized by
neglecting the attenuatior & 1.0).

The tunneling matrix element for a single pathnj is proportional
to the relative coupling, according to eq 12. The total tunneling matrix

ton O [ ]ec®[ ] @] Jes®
i j k

element Tpa) in eq 10 includes the elemertis, for various possible
paths. The difficult problem of interactions among paths, i.e., of the
relation betweerTpa andtpa, has not yet been solved. Since the
parameters in eq 12 are ultimately based on experimental results, these
parameters implicitly account for the multiplicity of paths. Usually,
however, one or a few paths dominate the overall coupling.

We recognize that electronic coupling via a given path depends on
the degree of covalency of the iretigand and coppefligand bonds
included in that path. As in our previous study, in which this treatment

(12)

methylamine, respectively, and both propionate groups were reasonablywas introduced into the Pathways algorithihye scale the relative

deprotonated. The electronic structure of the ferrous complex was
calculated by the Extended kel method.”78

Electronic Coupling between the Redox SitesBoth the theoretical
basis and the algorithm for the Pathways method are described in detail
elsewherg?-36.79.80 \We kept in mind its assumptions and approxima-
tions but also its utility and soundness, established in many of the
previous application%: 8 Here we briefly explain only the salient
features of the method.

The rate constantk] for the electron-transfer reaction in eq 2 is
proportional to the square of the tunneling matrix elem&pt) between
ferroheme as the donor (D) and the cupric site as the acceptor (A) and
to the density of vibrational states weighed by their FranClndon
factors (the exponent) (eq 10). The symbbBndAG?®, respectively,

2
ex
represent the reorganizational energy and Gibbs free energy of the
reaction®>8¢ An electron tunneling path is a combination of interacting

1
(4«7TART)1/2

_(AG°+1)
47ART

21
k= Z{Tonl” (10)

coupling coefficientsy() for the contributions of the relevant ligands
(L) to the redox molecular orbitals of the electron donor (D) and
acceptor (A¥"88see eq 13. This scaling is based on the reasonable

toa O VD|_2VA|_2 rle(i)

(13)

assumption that the expansion coefficients are independent of the
relative coupling. The values ferwere 0.68 for Cys84, 0.11 for His37,
0.11 for His87, and 0 for Met92 in plastocyafifi® and 1.00 for the
porphyrin ligand and 0.6 for each axial ligand in cytochrdm8ecause
y values are essentially the expansion coefficients in linear combinations
of orbitals, their squares are proportional to orbital overlap and electron
density.

The couplings were calculated with the program Greenpath G%973.
Figures 2-6 were drawn with the program MOLSCRIPT.

Results and Discussion

Experimental Studies of the Electron-Transfer Reaction

covalent bonds, hydrogen bonds, and van der Waals contacts (interachetween Plastocyanin and Cytochromé. Kinetic effects of
tions through space) that link the donor and the acceptor. The respectivechemical modificatiof?~%4 and of site-directed mutagenésis?
decay parameters for attenuation of electronic coupling via these bondsin plastocyanin indicate that this protein uses its acidic patch,

and contacts are the unitless quantitiesen, andes, defined in eq 11

€= a.exp[=A(r —reyl (11)

and calculated with the standard parameterg, andreg r is the
distance between the interacting atoms. (Note the difference between.
the symbole in egs 4, 5, and 7 and the symkoin eq 11.) Coupling
within aromatic rings of heme, histidine, phenylalanine, tyrosine, and
tryptophane and within the guanidinium group of arginine was defined
in two ways. In one, the bonds were treated as usual covalent bonds

(74) Bashford, D.; Gerwert, KJ. Mol. Biol. 1992 224, 473-486.

(75) Bashford, D.; Case, D. A.; Dalvit, C.; Tennant, L.; Wright, P. E.
Biochemistryl993 32, 8045-8056.

(76) You, T.; Bashford, D. BBiophys J. 1995 69, 1721-1733.

(77) Hoffmann, R.J. Chem Phys 1963 39, 1397-1412.

(78) Zerner, M.; Gouterman, M.; Kobayashi, Fheor Chim Acta1966
6, 363—-400.

(79) Betts, J. N.; Beratan, D. N.; Onuchic, J.NAmM Chem Soc 1992
114, 4043-4046.

(80) Regan, J. J.; Risser, S. M.; Beratan, D. N.; Onuchic, J. Rhys
Chem 1993 97, 13083-13088.

(81) Casimiro, D. R.; Wong, L.-L.; Colon, J. L.; Zewert, T. E.; Richards,
J. H.; Chang, I.-J.; Winkler, J. R.; Gray, H. B. Am Chem Soc 1993
115 1485-1489.

(82) Casimiro, D. R.; Richards, J. H.; Winkler, J. R.; Gray, H.B.
Phys Chem 1993 97, 13073-13077.

(83) Wuttke, D. S.; Bjerrum, M. J.; Winkler, J. R.; Gray, H. 8cience
1992 256, 1007-1009.

(84) Jacobs, B. A.; Mauk, M. R.; Funk, W. D.; Gillivray, R. T. A. M;
Mauk, A. G.; Gray, H. BJ. Am Chem Soc 1991, 113 4390-4394.

(85) Marcus, R. A.; Sutin, NBiochim Biophys Acta1985 811, 265~
322.

(86) Canters, G. W.; van de Kamp, Murr. Opin. Struct Biol. 1992
2, 859-869.

and Tyr 83 in particular, for binding (eq 1) and the electron-
transfer reaction (eq 2) with cytochronfie These processes,
however, are quite intricate. Replacement of Leul2 by various
amino acids seems to affect the association constant, whereas
neutralization of a negative charge in the mutant Asp42Asn
'seems not to, even though position no. 12 lies in the hydrophobic
patch and position no. 42 lies in the acidic patch. Morever,
mutation Phe35Tyr in the hydrophobic patch, not far from
Leul2, appears not to affect the association con§taMuta-
tions at position no. 12 may affect the reaction indirectly, by
perturbing the redox potential of the nearby copper “ite.
Conclusive analysis of kinetic effects of mutation requires direct
observation of the intracomplex electron-transfer reaction in eq
2; this was achieved at low ionic strengff? Effects of

(87) Newton, M. D.J. Phys Chem 1988 92, 3049-3056.

(88) Newton, M. D.Chem Rev. 1991 91, 767—792.

(89) Lowery, M. D.; Guckert, J. A.; Gebhard, M. S.; Solomon, El.I.
Am Chem Soc 1993 115 3012-3013.

(90) Regan, J. oreenpath Software V0.973an Diego, 1995.

(91) Kraulis, P. JJ. Appl. Crystllogr. 1991, 24, 946-950.

(92) Anderson, G. P.; Sanderson, D. G.; Lee, C. H.; Durell, S.; Anderson,
L. B.; Gross, E. L.Biochim Biophys Acta 1987, 894, 386—-398.

(93) Gross, E. L.; Curtiss, MBiochim Biophys Acta1991, 1056 166—
172.

(94) Christensen, H. E. M.; Conrad, L. S.; UlstrupBibchim Biophys
Acta 1992 1099 35—44. -

(95) Modi, S.; Nordling, M.; Lundberg, L. G.; Hansson,; Bendall, D.
S. Biochim Biophys Acta 1992 1102 85—-90.

(96) Modi, S.; He, S.; Gray, J. C.; Bendall, D.Bochim Biophys Acta
1992 1101 64—68.

(97) He, S.; Modi, S.; Bendall, D. S.; Gray, J.EMBO1991, 10, 4011~
4016.
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mutation on bimolecular rate constants, determined at intermedi-
ate ionic strength, can be partitioned into contributions from
the two steps in eqs 1 and 2, but this partitioning may be
uncertain. A small but intriguing dependence of the electron-

transfer rate constant on ionic strength may be due to a mismatch

between thermodynamic stability and redox activity of a
diprotein complex formed at low ionic strength and a rear-
rangement at higher ionic strength.Alternative explanations

are conceivable. The small dependence may be due to a reaction g

of the diprotein complex with free plastocyanin or with
cytochromd. An explanation in terms of different contributions

by the net charges, local charges, and dipoles to the electrostatic

interaction energy at different ionic strengths has been offfred.
A similar explanation can probably be attempted by an extension
of the van Leeuwen theolf including higher multipoles. A
very recent study of plastocyanin mutants claimed that the upper
cluster of anionic residues (nos.-561) is not involved in the
electron-transfer reaction, but that the lower cluster (nos. 42
45) jsl1o1

The aforementioned studies show that intricacy of investigat-
ing the problem of association and reaction of plastocyanin and
cytochromef. The acidic patch in the former and the basic
patch in the latter are important for the reaction. It is not clear,
however, whether the prominent residue Tyr83 is involved in
the docking, in the reaction, or in both. We will discuss this
question below.

Covalency of Copper-Ligand and Iron —Ligand Bonds.

The electronic structure of the cupric site in plastocyanin is
relatively well understood®102-105 The short and highly-
covalent bond between the copper(ll) atom and the thiolate anion
of Cys84 provides strong electronic coupling to the adjacent
Tyr83, a residue between the two anionic clusters at the acidic
patch. The ligand His87, partially exposed at the hydrophobic
surface, also provides a good path for electronic tunneling to
the copper(ll) atom. Indeed, both surface sites are well coupled
electronically with the copper atom. We will discuss later their
roles in electron tunneling.

Our simple calculation, by the Extended ¢kel method,
seems to be the first quantum-chemical study of the unusual
heme complex found in cytochrorfie The several highest filled
molecular orbitals have similar energies. The HOMO is
delocalized over the porphyrin ring; the three molecular orbitals
just below it are mostly composed of the iron 3d orbitals. These
high-lying molecular orbitals have very small contributions from
the two axial ligands. See the Supporting Information, Table
1 and Figures 45. Our finding that electron transfer in
cytochromd involves mainly ther-electron system agrees with
similar findings by others concerning other cytochrorifég7
Indeed, a porphyrin-to-iron charge-transfer transition is observed
spectroscopically®

(98) Meyer, T. E.; Zhao, Z. G.; Cusanovich, M. A, Tollin, G.
Biochemistryl993 32, 4552-4559.

(99) Watkins, J. A.; Cusanovich, M. A.; Meyer, T. E.; Tollin, Brotein
Sci 1994 3, 2104-2114.

(100) van Leeuwen, J. WBiochim Biophys Acta1983 743 408-421.

(101) Lee, B. H.; Hibino, T.; Takabe, T.; Weisbeek, P. J.; Takabé, T.
Biochem (Tokyo)1995 117, 1209-1217.

(102) Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, N.
C.; Norris, V. A.; Freeman, H. C.; Solomon, EJ.Am Chem Soc 1981,

103 4382-4388.

(103) Solomon, E. I.; Baldwin, M.; Lowery, M. DChem Rev. 1992
92, 521-542.

(104) Penfield, K. W.; Gerwirth, A. A.; Solomon, E. J. Am Chem
Soc 1985 107, 4519-4529.

(105) Larson, S.; Broo, A.; Sjm, L. J. Phys Chem 1995 99, 4860-
4865.

(106) Nakagawa, H.; Koyama, Y.; Okada,Jr Biochem (Toky0)1994
115, 891-897.

(107) Stuchebrukhov, A. A.; Marcus, R. A. Phys Chem 1995 99,
7581-7590.
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Table 2. Six Configurations of the Diprotein Complex That
Emerged from Monte Carlo Calculations, Molecular Dynamics
Simulations with Allowance for Flexibility and with Inclusion of
Water, and Energy Minimization

_ Cu-Fe interacting side chains
config- distance
uration  (A) anions in pc cations in cytf
34  Glub9, Glu60, Glu6l Lys187, Lys185

Asp44, Glu43, Glu4s Lys65, Lys66

31  Glub9, Glu60 Lys185, Lys187
Glu43 Arg209, Lys45
C 37  Glub9 Lys187
Asp45, Glu43 Lys65, Lys66, Lys58
D 14  Glu43, Asp42, Asp44, Glu45 Lys187, Arg209
Glu59, Glu60 Lys65, Lys58
E 20  Asp44, Glu45, Asp42, Glu43 Lys187, Arg209
Glu59, Glu60, Glu61 Lys58, Lys65, Lys66
F 35  Asp42, Asp44, Glu43 Lys58, Lys65
Glu59, Glu60, Glu6l Arg209, Lys187
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Figure 2. One of the six configurations of the diprotein complex
between plastocyanin (blue) and cytochranpeed) that emerged from
the Monte Carlo procedure. A sphere with a radius of 15 A was filled
with water (black), and molecular dynamics simulation was performed.

Six Configurations of the Diprotein Complex. The series
of calculations culminating in Table 2 began with 32 000 Monte
Carlo trajectories obtained with rigid proteins. Approximately
2000 of them ended at local minima of energy. Of these, 140
configurations were relatively stable and were clustered into
six families on the basis of structural similarity. The most stable
member of each family was subjected to a thorough molecular
dynamics simulation, in which the protein molecules were
hydrated and given conformational flexibility. Finally, the
energy of each configuration was minimized. They are
designated A F.

The criterion for a salt bridge between a carboxylate anion
in plastocyanin and an ammonium cation or a guanidinium in
cytochromef was the @+N distance of 3.23.6 A. Such
interactions are found only in configuration F, between Asp42
and Lys65 and between Asp44 and Lys65. This scarcity of

salt bridges is understandable because they are energetically less

favorable than hydration of both ioA%-111 |n simulations in

(108) Gadsby, P. M. A,; Thomson, A. J.Am Chem Soc 1990 112
5003-5011.
(109) Hendsch, Z. S.; Tidor, BRrotein Sci 1994 3, 211-226.
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Figure 3. Optimized six configurations of the diprotein complex between plastocyanin (blue) and cytodhfremaethat emerged from molecular

dynamics simulations for 260 ps and energy minimization. In the simulations, hydration was treated explicitly and conformational flexibility was

allowed. The copper atom and the heme are highlighted.

which the solvent water is neglected salt bridges are commonly
found, and their contribution to the stability of the complex is

Table 3. Energies (kJ/mol) of the Complex between Plastocyanin
and Cytochromé Calculated withes = 2.0 cal/® andb =

usually overestimated. In our simulations, in which water is 20.0 callk

explicitly treated, salt bridges occur only in buried regions of AAGR AGne AGg?

the protein interface. The ionic side chains located in the config- (reacton ~ AGc ~ (nonelectro- (electro- AG

exposed regions prefer to be hydrated, when they are allowed!raion _field)  (Coulombic)  static)  static) (total)

to. A 1483 —2851 —120 —1368 —1488
Despite the scarcity of salt bridges there are numerous (B: %51;% :i%g __1?46 :ig?g :132;

electrostatic attractions, listed in Table 2. Two oppositely- D 2676 —4304 _157 1718 —1875

charged ions were considered interacting if the carbon atom of g 2713 —4585 ~107 ~1872 -1979

the carboxylate ion approached the nitrogen atom of the F 3139 —4752 -99 -1613 -1712

ammonium or guanidinium cation at less than 8.0 A. This
distance includes the radii of the ions and the thickness of the
water layer.

Only in configurations D and E is the coppdron distance
shorter than 30 A. As Figure 3 shows, in the other four
configurations the copper atom points away from the heme.

In configuration B, the prominent residue Tyr83 lies outside
of the protein interface and is not involved in docking. In
configuration A, this residue lies at the edge of the interface.
In the remaining four configurations, <, this residue is buried
in the interface. In three of them Tyr83 appears to form a
hydrogen bond with the following residues of cytochrofne
Arg209 in configurations D and F and Lys65 in configuration

aAGE = AAGR + AGC b AGT = AAGR + AGC + AGNE = AGE
+ AGE.

Lys65. These sections of the protein chain show large tem-
perature factors in the crystal structure, an indication of mobility.
Molecular dynamics simulations revealed that association with
plastocyanin causes slight reorientation of these loops in nearly
all of the configurations. The antiparallgtsheet Glyl5#
Asnil67 in configuration D swings by as much as 8 A
Molecular dynamics simulations showed no significant structural
changes in plastocyanin in any of the six configurations.
Energetics of the Docking and Analysis of the Stability
of the Six Configurations. Different contributions to the energy

E. Because Arg209 is not conserved in amino acid sequencesf the diprotein complex are defined in eqs 4 and%and

of cytochromeg, only the interaction between Tyr83 and Lys65
will be discussed in detail below.
Cytochromef contains three loops in the region that abuts
plastocyanin: Lys185Gly189, Pro208-Glu212, and Leu6t
(110) Dougherty, D. ASciencel996 271, 163-168.

(111) waldburger, C. D.; Schildbach, J. F.; Sauer, RSiruct Biol.
1995 2, 122-128.

shown in Table 3. These energy terms at ionic strengths of
0.10 M (commonly used in experiments in vitro) and 0.30 M
(prevalent in the cell) differ only slightly, generally by much
less than 1.0%. Only the former results are shown. None of
the trends and relative stabilities in Table 3 depend on ionic
strength. No single component of the docking interaction
correlates with the calculated total energi®&r. The stabilities
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Table 4. Best Electron-Tunneling Paths from Fe(ll) to Cu(ll) in Six Configurations, Shown in Figure 3, of the Plastocyanin/Cyto€hrome
Complex Calculated for Two Levels of Hydration with Two Parametrizations of the Coupling within the Aromatic RiNgduges) and
Considering the MetaiLigand Covalency as Isotropic or Anisotropic

10%(relative coupling for the best path

pcleytf no H0O, isotropic HO, isotropic HO, anisotropic

configuration €=0.6 €e=1.0 €=0.6 €e=1.0 €=0.6 €e=1.0

A 310 3.9x 10° 310 3.9x 1¢° 65 825

B 3.6x 1073 0.078 8.1 62 1. 10°3 8.9x 1073

o 7.6 79 7.6 79 0.2 2.2

D 1.8x 104 1.4x 10% 2.4 x 10% 2.4 x 10% 22x 10 1.7 x 10

E 7.7x 1¢° 5.9 x 10 2.8x 107 15x 1¢° 4.4x10° 3.4x 10°

F 44 950 44 950 1.2 26.5

of different configurations can be properly analyzed only by forces, charge transfer, and possibly other interactions and
recognizing the interplay of the different components. processed!>116 Such calculations are only beginning to be
If only the Coulombic energy were considered, configuration done, and only with small moleculés' Applications to
F would be the most stable one. When, however, the changeproteins, let alone structural optimization of protein complexes,
in the reaction field is taken into account, this configuration are challenges for the future.
becomes distinctly unfavorable. This destabilizing contribution ~ The probability of this strong interaction between plastocyanin
of the reaction field may be due to the presence of two salt and cytochrome impelled us to a broader analysis of our
bridges, discussed above. This example clearly shows the perilfindings about association (here) and about electron transfer
of analyzing protein complexes solely, or mostly, in terms of (below). The observed 40-fold decrease of the bimolecular rate
Coulombic interactions even when the proteins are highly constant upon the mutation Tyr83Ll%us consistent with a
charged. Although this approach to molecular modeling remains decrease in the binding affinity. Attribution of this decrease,
populart2non-Coulombic contributions to electrostatic energy wholly or in part, to a changed electron-transfer ability is a
should be considered as well. matter of kinetic analysis, which is further complicated by the
As Table 3 shows, the nonelectrostatic term is less than 10% possibility of the rearrangement of the diprotein complex.
of the electrostatic term, but it too should be taken into account.  Electron-Tunneling Paths. The method Pathways is espe-
It makes a significant contribution to the total energy of cially applicable to electron-transfer systems in which the main
configuration D. consideration is the nature of the matter between the donor and
Configuration B has a relatively small interface, a sign of the acceptor, not solvation and other effects. We applied it, in
loose packing together of the two proteins. Consequently, its the first detailed study of this kind, to the complex between
nonelectrostatic term is the smallest of all in Table 3. Since plastocyanin and cytochrone in which both redox sites are
Tyr83 is not involved in docking and since the metal atoms are enclosed in the protein matt&f. As in this previous study, we
far apart, this configuration probably is unimportant for the Nnow consider trends, not absolute values, in the quantiiés
electron-transfer reaction. Configurations A and C, which have for various paths.
the longest coppetiron distances, are likewise of less interest. ~ Table 4 shows that configuration D, which has the shortest
The most stable configuration, E, owes its stability largely Copper-iron distance, also has by far the strongest electronic
to the very favorable electrostatic energy. This finding is coupling between the metal sites, i.e., the most efficient path.
consistent with kinetic experiments, which showed a marked Next comes configuration E, with a longer distance and a less
dependence of the rate constants for the reaction in eq 2 onstrong coupling. The other four configurations seem to be
jonic strengttpl.98 unfavorable for electron transfer. Inclusion of water slightly
Interactions of Tyr83 with Cytochrome f Residues. The enhances the coupling in configurations D and E and greatly
hydroxyl group of Tyr83 in plastocyanin emerges from several enhances it in configuration B. The small interface in this
simulations as an acceptor in hydrogen bonds. The donor, fromconfiguration (see below) benefits from hydration; the best, but
cytochromef, is Lys65 in the most stable configuration, Still inefficient, path includes three water molecules. Generally
designated E. Because this residue is positively charged, weSPeaking, paths via multiple water molecules are unlikely
were intrigued by the possibility that the putative hydrogen bond because the positions of these molecules must be simultaneously
is in fact an interaction between a cation and the aromatic ring, favorable for electron transfer to occur.
a so-called cations interactiont10.112 Because of the approximations in the Pathways method, even
Pyramidal complexes between aromatic molecules and cationsthe relative magnitudes of the couplings in Table 4 must be
such as Ag have long been known. These surprisingly strong, faken qautlously. More efficient paths may bgldlscovered by
noncovalent interactions are being emphasized in the latestMore rigorous calculations. We sought additional paths by
studies of enzymesubstrate interactions and of molecular Widening the search to include relative couplings lower than
recognition in synthetic hostguest system&0.113 A pair of those along the pest path in each of conflgurathns D and E.
hydrated ions is more stable than a salt bridge, but a single The results are given in the Supporting Information, Table 2.
cation is more stable in a complex with an aromatic molecule The best of all paths, which occurs in configuration D, is shown
than hydrated!®112 Unfortunately, the state of the art in N Figure 4. There is a van der Waals contact between a
molecular mechanics calculations is inadequate for a correctPropionate group of the heme and Pro86 in plastocyanin.
description of catior interactions; their energies are greatly Depending on the treatment of copperiligand bonding, this
underestimate#%-112 Satisfactory force fields must include (114) Caldwell, J. W.; Kollman, P. AJ. Am Chem Soc 1995 117,

contributions from polarization, induced dipoles, dispersion 4177-4178.
(115) Kim, K. S.; Lee, J. Y,; Lee, S. J.; Ha, T.-K.; Kim, D. . Am
(112) Kumpf, R. A.; Dougherty, DSciencel993 261, 1708-1710. Chem Soc 1994 116, 7399-7400.
(113) Sussman, J.; Silman, Curr. Opin. Struct Biol. 1992 2, 721— (116) Lee, J. Y.; Lee, S. J.; Choi, H. S.; Cho, S. J.; Kim, K. S.; Ha,
729. T.-K. Chem Phys Lett 1995 232 67—71.
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Table 5. Differences in Electrostatic, Nonelectrostatic, and Total
Energies (kJ/mol) between Configuration D, Having the Best
Heme-Copper Coupling, and Configuration E, Having the Lowest
Total Energy

protein

dielectric
constantgs bin eq 6 AAGE AAGNE AAGT
1.0 5 323 —-12 311
6.8 323 —-17 306
20 323 —-50 273
2.0 5 154 —-12 142
6.8 154 —-17 137
20 154 =50 104
4.0 5 72 —-12 60
6.8 72 —17 55
20 72 —-50 22

Figure 4. The most efficient electron-tunneling path between the cupric 1Y récognizes reorganization of induced, but not of permanent,
site in plastocyanin (left) and the ferroporphyrin group in cytochrome dipoles. Since both of these effects contribute nearly equally
f (right) calculated by the Pathways method. This path was found in to the value of the dielectric constant, the vadye= 2.0 seemed
configuration D of the diprotein complex. the more realistic. The results in Table 3 were obtained with
this value. Three different values of the paramdién eq 6

path can take somewhat different approaches to the copper(ll)were tested.
atom, always within the short segment-83%. If anisotropy Results of these exploratory calculations are shown in Table
of this bonding is ignored, the path goes via covalent bonds, 5. The variation of the parametersandb did not change the
through His87. If the strong coupling of Cys84 to copper(ll) main finding: The configuration having the best electronic
is recognized, the path goes via Ser85 and Cys84. This examplecoupling between the copper and heme sites (D) is different
shows the intricacies of analyzing electron-tunneling paths at from the configuration with the greatest affinity for protein
their beginnings and ends, near the donor and acceptor sitesassociation (E).

Comparison of Configurations D and E. Configuration E Possible Involvement of Tyrosine 83 and of Cationic Side
emerged as the most stable one (Table 3), whereas configuratiorchains in Electron Transfer. It is important to keep in mind
D turned out to be the most reactive one with respect to internal the approximations embodied in the Pathways method. In it
electron transfer (Table 4). Their relative stabilities probably and in the other methods for estimating electronic coupling an
are not due to interactions involving Arg209, which are present effective two-state Hamiltonian is used to describe the interac-
in both configurations. Because of the importance of this tions between the donor and the acceptor. This description
difference for the analysis of the reaction in eq 2, we checked pecomes invalid if the electronic states of the “bridging” groups
whether the relative stabilities change when parameters in the(those interposed between the donor and the acceptor) strongly
energy calculations are changed. interact with the donor state or with the acceptor state. The

The dielectric properties of proteins depend on reorientation description in terms of the superexchange mechanism fails also
of permanent and induced dipoles. Much has been written aboutwhen the electron-transfer reaction involves an intermedi-
the dielectric constariit’~11° The valuess= 4.0 is appropriate  5tg28.29.85
if ionic residues are treated as point charges and if nuclear |f, as discussed above, a cationic side chain in cytochrome
rearrangement is neglected. Because this value is used mosnd the aromatic ring of Tyr83 in plastocyanin form a special
often,*11712%we used it also even though we assigned partial hond, then the LUMO of this so-called catiom complex may
charges to all atoms and explicitly treated nuclear rearrangementact as an electron acceptor, so that a radical intermediate is
In a calculation of i values of proteins the best results were formed in the course of electron transfer from the ferroheme to
obtained with a dielectric constant of 208. This high value  the cupric site. Indeed, recent quantum-chemical calculations
may have been needed because the side chains were rigid, sghowed that interaction of @ orbital of an ammonium cation
that the states with different charges had the same structure; aand ax orbital of benzene plays an important role in stabilizing
high dielectric constant corrected this problem. Because this this pair!15116 The LUMO is delocalized over the whole
problem was absent in our calculations, in which the proteins complex and is well suited to accept the electron in the putative
were conformationally flexible, we did not test this high value. jntermediate.
Atomic charges in the CHARMM program are adjusted so that  To our knowledge, a radical of unmodified Tyr83 has not
the dielectric contstant of 1.0 is used in molecular dynamics heen detected in studies of electron-transfer reactions. Most
simulations. In cases such as the so-called special pair in theof these studies, however, were done with reducing agents that
photosynthetic reaction center, when the protein environment cannot form the special bond to the aromatic ring of Tyr83.
is rigid, the valuess = 1.0 best reproduces certain experimental The physiological partner, cytochronfiemay be able to. In
resultst?2123 Therefore, we also used this value. With the the few studies of the reaction in eq 2, radical intermediates
aforementioned parametrization of charges, CHARMM implic- were not considered, let alone sought. A short-lived intermedi-

(117) Harvey, S. CProteins1989 5, 78-92. ate may be possible, and this question is worthy of experimental
(118) Warshel, A,; Russel, S. Q. Rev. Biophys 1984 17, 283-422. study in the future.

20(%‘;) \é\g?gshel, A.; Aquist, Annu Rev Biophys Biophys Chem 1991 If a radical intermediate is involved, then analysis by the
(120) Gilson, M. K.Curr. Opin. Struct Biol. 1095 5, 216-223. Pathways method must be done in two paftem ferroheme
(121) Antosiewicz, J.; McCammon, A. J.; Gilson, M. B.Mol. Biol. to Tyr83 and from Tyr83 to the cupric site. Because the state

1994 238, 415-436. ) of the art in molecular mechanics is inadequate for description
(122) Ullimann, G. M.; Muegge, |.; Knapp, E.-W. The Reaction Centers

of Photosynthetic BacterjaMichel-Beyerle, E. M., Ed.; Springer-Verlag: (123) Muegge, |.; Apostolakis, J.; Ermler, U.; Fritsch, G.; Lubitz, W.;

Berlin, 1996; pp 143155. Knapp, E.-W.Biochemistryl995 35, 8359-8370.
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Figure 5. Two special electron-tunneling paths between the cupric
site in plastocyanin (left) and the ferroporphyrin group in cytochrome Figure 6. Rearrangement of the diprotein complex between cupri-
f (right) found in configuration E of the diprotein complex. The Plastocyanin (blue) and ferrocytochrorhged) that may be involved
ammonium cation of Lys65 is shown above the aromatic ring of Tyrg3, in the intracomplex electron-transfer reaction. Configuration E has the
in so-called catior interaction. One path (through residues 156, highest binding affinity, whereas configuration D provides the best
60, 61, and 65) involves the hydrogen bonds (dashed lines), whereaselectronic coupling between the redox sites, which are highlighted.

the other path (residues #85) leads through the protein backbone. ) ] ) )
transfer reaction (eq 2), which is fast in the noncovalent

of interactions between cations and aromatic rings (see above) COmMplex, becomes undetectably slow in the covalent confglex.
we did not limit our analysis to optimized configurations, results _ 1Nis study offers two possible explanations of this interesting
of complete molecular dynamics simulations for 260 ps. We finding. Oneis thatdlrec_t (_:ross-llnks (without any tethers) make
also considered the evolving structures of the diprotein complex the covalent complex rigid and preclude the rearrangement,
at the earlier stages of simulation and the actual structures ofShown in Figure 6, from the most stable configuration (E) into
plastocyanin and cytochronfie The main result of this analysis ~ the most reactive one (D). This rearrangement is possible in

is the interesting pattern shown in Figure 5 and in the Supporting the case of the noncovalent complex, which is flexible. The
Information. Table 2. other explanation is that electron transfer in the noncovalent

diprotein complex occurs in the configuration with the highest
binding affinity (E), but via the proposed special bond between
the ammonium cation of Lys65 and the aromatic ring of Tyr83,
shown in Figure 5. In the presence of carbodiimide this
noncovalent bond may be broken and Lys65 forced into covalent
cross-linking with a proximate acidic group in plastocyanin.
Indeed, the residues Glu59 and Glu60, which have been
implicated in covalent cross-linking between the two protéihs,

A tunneling path starts at the iron atom and goes through the
porphyrin ring, via a salt bridge involving the propionate group
in the pyrrole ring D and the guanidinium group of Arg156,
via another hydrogen bond to the oxygen atom of Val60, via
the peptide bond to Leu61, then to the oxygen atom of Lys65,
and then to the ammonium cation in the side chain that
presumably interacts with the aromatic ring of Tyr83. This

pattern is present in the early stages of simulation of configu- . o X
- - : : lie close to Lys65, see Table 2. This diversion of Lys65 would
ration E but disappears after approximately 80 ps. Since, disrupt the electron-transfer path and neutralize the cation

however, the aforementioned hydrogen bonds are evident in the : e . .
crystal structure of cytochromé®® we believe that their required for the stabll!zatlon of the anion radical of Tyr 83.
disappearance from the simulation is caused by the inability of We' plan an experlmental. study to answer the important
the force field to reorganize the special interaction of Lys65 questions that arose from this theoretical study.
and Tyr83. Instead of simulating this interaction, the force field Conclusion
simulates others that are more tractable, such as the attraction Protein docking can be modeled qualitatively, as in a very
of Lys65 to the acidic patch in plastocyanin; see Table 2. From recent analysis of cytochroniand plastocyani#?* In our study
this point of view, “diversion” of Lys65 somewhat strains this the simulation was done in stages, by Monte Carlo calculations
residue and residues bound to it; consequently the aforemen-ollowed by molecular dynamics calculations, for a relatively
tioned hydrogen bonds and the path requiring them are disruptedlong period of time; in this study this period was 260 ps, at
Then a path along the backbone of cytochrdimiegom Asn70 different temperatures. The protein molecules can be given
to Lys65, becomes relatively favorable, with a coupling of much conformational freedom, and hydration can be treated
approximately 10% of the previous one; see Figure 5. explicitly. The structures obtained by thorough simulations can
This diprotein system, and likely others in which interactions be analyzed in terms of various interactions that contribute to
between cationic and aromatic side chains may occur, shouldthe binding energy. Possible artifacts can be sought, and ruled
be thoroughly investigated in the future. Quantum-mechanical out, by critically comparing the results obtained with different
calculations should be combined with classical mechanical reasonable values of the adjustable parameters. Only then can
simulations based on much-improved force fields for analysis simulated structures be analyzed in functional terms and the
of these newly-recognized interactions. theoretical results used to explain experimental ones.
Unreactivity of the Covalent Diprotein Complex. In the The fack? that structurally noninvasive covalent cross-links
presence of carbodiimide, direct amide bonds form between in the diprotein complex pc/cytf abolish the electron-transfer
lysine side chains in cytochronfeand carboxylate groups in ~ reaction in eq 2 can be explained in two ways. First, the rigid
glutamate or aspartate side chains in plastocyéhiBtructures  cross-links may prevent the rearrangement shown in Figéite 6.
and redox properties of the active sites of these proteins are™ (124) pearson, D. C., II; Gross, E. L.; David, Eiophys J. 1996 71,
not significantly perturbe®®<but the intracomplex electron-  64-76.
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