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Enforced Interaction of One Molecule of Plastocyanin with Two Molecules of
Cytochromec and an Electron-Transfer Reaction Involving the Hydrophobic Patch
on the Plastocyanin Surface
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ABSTRACT. Laser flash photolysis is used to study the photoinduced electron-transfer reaction cyt(ll1)//
pc(ll) + 3Zncyt — cyt(ll)//pc(l) + Zncytt at pH 7.0 and 25C. In the covalent (symbol //) complex
cyt(llN//pc(ll) the acidic patch in cupriplastocyanin is directly cross-linked to the basic patch in
ferricytochromec. The triplet state of zinc cytochronmareduces the pc(ll) moiety, not the cyt(lll) moiety,

of the covalent complex. The reaction is strictly bimolecular in the entire range of ionic strength studied,
from 1.25 mM to 1.00 M. The two reactants interact only transiently, in a collisional complex, and do
not form a persistent complex cyt(l1)//pc(ll)/Zncyt. Because noncovalent (symbol /) association of three
separate protein molecules is far less probable than association of the covalent complex and another protein
molecule, we conclude that, without the aid of covalent cross-links, one molecule of plastocyanin will
not form a ternary complex with two molecules of cytochromeyt/pc/cyt. Dependence of the rate
constant on ionic strength is analyzed in terms of van Leeuwen theory of electrostatic interactions, which
recognizes the importance of dipole moments of the proteins. This analysis showZnbwt reacts

with the hydrophobic patch in the pc(ll) moiety of the covalent complex cyt(lIl)//pc(ll). At high ionic
strength, at which electrostatic interactions are practically abolished, the blue copper site is reduced with
approximately equal rates via the hydrophobic patch in the pc(ll) moiety of the complex and via the
acidic patch in free pc(ll). This is evidence that the two distinct patches on the plastocyanin surface are
comparable in their intrinsic “conductivity” for electrons coming to the copper site. Positively charged
and electroneutral redox partners tend to react at the acidic patch (although not necessarily at the initial
docking site in this broad patch) for electrostatic, not electronic, reasons. Earlier theoretical studies disagreed
about the relative electronic conductivities of the two patches. This experimental study corroborates very
recent theoretical studies that found the two patches to be comparable in the efficiency of electron transfer.

Respiratory and photosynthetic electron-transport chainsoxidized and reduced states and in both crystal and solution
are strictly directional because reactions among the metal-are known in detail. Although their reactions with various
loproteins and other redox agents involved are highly redox agents and with each other have been studied, the
selective. At a molecular level, this selectivity depends on mechanisms of these reactions are largely unknown.
protein—protein interactions and on electron-transfer paths  Plastocyanin in chloroplasts carries electrons from the
between redox groups. These interactions and paths are beshembrane-bound cytochronfi¢o the reaction center P700
studied with well-characterized, small proteins (Kostig91, of photosystem I. Plastocyanin has two distinct surface areas
Hoffman et al., 1991; Mauk, 1991; McLendon, 1991a,b; through which it can exchange electrons with other redox
McLendon & Hake, 1992; Therien et al., 1991; Winkler & agents. The broad and negatively charged acidic patch is
Gray, 1992). remote from the copper site, whereas the smaller and

The heme protein cytochrome (Pettigrew & Moore, electroneutral hydrophobic patch is proximate to this site.
1987; Moore & Pettigrew, 1990) and the blue copper protein The intriguing facts that plastocyanin has two physiological
plastocyanin (Sykes, 1991a,b; Redinbo et al., 1994), desig-partners and also two patches on its surface have prompted
nated cyt and pé,are ideally suited to kinetic and mecha- various studies, some of which yielded contradictory results
nistic studies. Their three-dimensional structures in both (Chapman, 1991). The current view is that plastocyanin
accepts an electron from cytochrorheia the acidic patch
and sends an electron to P700 via the hydrophobic patch
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through Grant MCB-8222741. N.M.K. thanks the A. P. Sloan Founda- (Modi et al., 1992a,b; Haehnel et al., 1994) but that it uses

tion for a Research Fellowship. its acidic patch for recognition of positively—gharged patches
® Abstract published imdvance ACS Abstractdarch 1, 1996. that both of these membrane-bound proteins have. More-
* Abbreviations: apopc, apoplastocyanis; cytochromebs; b(l), over, the proteirprotein orientation that optimizes the

ferrocytochromebs; bs(l11), ferricytochromebs; cm, center of mass; . . .
CD, circular dichroism; cyt, cytochrome cyt(ll), ferrocytochrome; interactions between the surfaces may differ from the

cyt(lll), ferricytochromec; MCD, magnetic circular dichroism; pc, orientation that favors the electron-trangfeactionbetween
plastocyanin; pc(l), cuproplastocyanin; pe(ll), cupriplastocyanin; Sncyt, the active sites inside the respective proteins. Research in

tin(IV) cytochromec; “Sncyt, triplet state of tin(IV) cytochrome; this laboratory showed that neither cytochroraenor
Sncyt', tin(IV) cytochromec cation radical; Zncyt, zinc cytochrome

c; 3Zneyt, triplet state of zinc cytochrom® Zncytt, zinc cytochrome cytoc_hromg‘ can _reduce CUprip|aStOCYanin (eq 1) in the initial
c cation radical. docking orientation (Peerey & Kostid989; Peerey et al.,
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1991; Qin & Kostig 1992, 1993). (The single slash mark Scheme 1: Photoinduced Electron-Transfer Reactions

represents electrostatic association; the double slash mark

represents covalent cross-linking; and the Roman numerals hv

are the oxidation states of iron and copper.) The thermal

reaction in eq 1 is relatively slow, and it is initiated by
external oxidation of cyt(ll)/pc(l) or by external reduction
of cyt(ll1)/pc(ll). Although conclusive studies of the thermal
reactions are possible and have been done (Peerey & Kostic
1989; Peerey et al.,, 1991; Qin & Kostid992, 1993),
additional redox agents and their reactions complicate the
kinetic analysis. Kinetics and mechanism of the necessary
rearrangements of the cyt/pc complex have been studied with
zinc cytochromec, because the photoinduced reactions in
egs 2-7 are fast and do not require additional redox agents l

in solution (Zhou & Kosti¢ 1991a,b, 1992a,b, 1993a,b).

electron
transfer

cyt(I/pc(Il) — cyt(l)/pc(l) Q)
3Zncyt/pe(ll)— Zneyt pc(l) (2)
Zneyt /pc(l) — Zneyt/pe(ll) (3)
3Zncyt+ pc(ll) — Zneyt™ + pe(l) (4)
+ o
Zneyt + pe(l) — Zneyt+ pe(ll) ) Since both patches apparently are used, the question arises
3 i whether both of them can be used simultaneously, i.e.
Sncyt/pc(I)— Sncyt /pc(l 6 y, 1.€.,
neytpe(ll) neyt/pe( © whether one molecule of plastocyanin can interact with two
$Zneythg(Ill) — Zneyt bg(I1) (7) other protein molecules. The problem of ternary complexes

of metalloproteins has been studied in this laboratory since

The reaction in eq 1, which has a small electromotive 1991. Because, however, association of three molecules is
driving force, is truly an oxidoreductierthe rate-limiting statistically unlikely, in previous studies from this laboratory
step in it is electron transfer. The reactions in egs 2, 4, 6, (Zhou & Kostic 1992b; Brothers et al., 1993) covalent
and 7, which have large driving forces, are gated. Becausediprotein complexes were treated with single proteins (eqs
the electron transfer in these photoinduced reactions is faste8—10). Noninvasive cross-links (designated with a double
than the protein rearrangement (a process independent of the
electromotive force), the rearrangement becomes the rate- CYt(I1)//pc(ll) + cyt(ll) — cyt(il)//pc(l) + cyt(lll) (8)
ments. In some of the experinent (6q 7, pastocyaninwas  VHINIPE() + po(lh — INIpe() + pe() (9
replaced as an electron acceptor by ferricytochrdmea 3 4
protein that has only one, acidic, patch on its surface (Qin Zneyt/pc()+ pedll) = Zneyt /ipe(l) + pe(l) - (10)
& Kosti¢, 1994). The reactions in eqgs 2 and 7 showed a sjash mark) ensured that a molecule of cytochrangeith
very similar dependence on the solution viscosity and jron or zinc in the heme) remained attached to the acidic
virtually identical rate constants for the rate-limiting rear- patch of plastocyanin during the bimolecular reaction of the
rangement. Evidently, this rearrangement does not requirécgyalent complex with another metalloprotein. Although
multiple patches on the surface of the electron-acceptingthese studies dealt with binary systems, their results shed
protein; the broad acidic patch is sufficient to allow for the gome Jight on the elusive ternary complexes of metallopro-
protein rearrangement. This comparison shows that thisteins. Very recently, Hoffman, Zhou, and co-workers
dynamic process is a configurational fluctuation of the optained direct evidence for association of cytochrame
diprotein complex, a motion in which the two proteins remain peroxidase with two molecules of cytochroméStemp &
docked in the same general orientation but wiggle With Hoffman, 1993; Zhou & Hoffman, 1993, 1994). A ternary
respect to each other. Finally, a theoretical analysis of complex might be involved in the physiological function of
electron-transfer paths between the heme and blue coppeghese proteins.
sites in various configurations of the cyt(Il)/pc(ll) electro-  of the aforementioned reactions only the one in eq 8
static complex confirmed the experimental findings (Ulimann  pertains to the question whether a molecule of plastocyanin
& Kosti¢, 1995). The configuration that optimizes the can simultaneously interact with two other protein molecules.
surface interactions does not optimize the hew@pper  This thermal reaction had to be initiated by external oxidation
electronic coupling. Motions of the cytochroroenolecule or reduction of the protein reactants, in a way that compli-
within or near the acidic patch enhance the electronic cated the kinetic experiments and their interpretation. The
coupling, and this improvement in inherent reactivity ap- present study concerns the reaction in eq 11, which was
parently drives the configurational fluctuation.

Previous studies answered some, but not nearly all, cyt(111)//pc(ll) + 3Zncyt— cyt(Ill)//pc(l) + Zneyt™ (11)
questions concerning the choice of surface patches that
plastocyanin uses in reactions with other redox proteins. initiated simply by a laser flash; see Scheme 1. Since the
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acidic patch of plastocyanin is permanently occupied by 0.10
ferricytochromec, zinc cytochromec cannot interact with A
this patch. The hydrophobic patch remains available, and 0.08 A
the question is whether it is used for the electron-transfer 0.06 4
reaction in eq 11. @
< 0.04 H

MATERIALS AND METHODS < 002

Proteins. Horse-heart cytochronewas the so-called type 0.00
VI from Sigma Chemical Co. The free-base form of this '
protein was prepared and reconstituted with zinc(ll) by . . T ; T
standard procedures as quickly as possible (Vanderkooi & 0 20 40 60 80 100
Erecitska, 1975; Vanderkooi et al., 1976; Anni et al., 1995), Time, ms
and zinc cytochrome was always handled in the dark. 0.10
French-bean plastocyanin was isolated by standard methods 8
(Milne & Wells, 1970) and purified repeatedly by gel- 0.08
filtration chromatography on Sephadex G-25 and G-75 0.06 -
columns and by anion-exchange chromatography on a »
Sephadex DEAE A-25 column until the absorbence quotient g 0.04
A7 Asg7 became less than 1.20. < 002 |

The covalent complex cyt//pc was prepared by a published ‘
procedure (Zhou et al., 1992). Four fractions were separated 0.00
on a CM-52 column, and their isoelectric points were
determined with a Bio-Rad horizontal electrophoresis cell. ‘ ' ‘ ‘ ‘
Only the first fraction was used in this study. Copper was 0o 2 T ¢80 8

ime, ms

removed from the covalent complex by a method developed

for plastocyanin alone (McMillin et al., 1974). To 0.40 mL  Ficure 1: (A) Disappearance of the triplet sté#ncyt, monitored

of a buffered solution that was 1.0 mM in cyt/pc and 30 at 460 nm, in a solution containing 1M Zncyt in a sodium

mM in ascorbic acid was added 3.60 mL of a 100 mM phosphate buffer at pH 7.0 and at ionic strength of 15 mM, at 25
uti f thi . 00 d h h buff °C. (B) As in part A, but with 15 mM covalent complex cyt(l11)//

solution of thiourea in a 100 mM sodium phosphate buffer )y “in each plot the solid line is a single-exponential fit.

at pH 4.4. The resulting solution was dialyzed in a tubing

against this same buffer at pH 4.4 under nitrogen, &4 an average of four pulses. Appearance and disappearance
After the copper was fully extracted, thiourea was removed of the cation radical, designated Zntytvere monitored at
by dialysis against a 100 mM sodium phosphate buffer at 575 nm, where the difference in absorbance between the
pH 70 The covalent complex containing apoplastocyanin cation radical and the triplet state is greatest.
is designated CW/ apopc. ) o The concentration of zinc cytochroncevas always 10.0

All the experiments were done with distilled water that M. The concentrations dZncyt and of Zncyt depended
was further demineralized and purified to a resistance greatergn the excitation power. In this study the concentration of
than 15 M2 cm. All the common chemicals were of reagent 3zpcyt was 0.36-1.0 uM, and the concentration of the

grade. Circular dichroism spectra were recorded with a ¢qyalent complex cyt//pc was varied from 5.0 to8d. At
JASCO J-710 instrument, in the range from 200 to 470 nm. concentrations higher than 8@M, the solution becomes

Kinetics. Sodium phosphate buffer had pH of 7.0 and difficult to deaerate and insufficiently transparent to the
ionic strength of 5.00 mM. lonic strength was raised up to monitoring light beam. The concentration of the triplet state
1.00 M by adding NaCl and lowered down to 1.25 mM by was always less than one-tenth the concentration of the
dilution. Laser flash photolysis on the microsecond scale quencher, so that pseudo-first-order conditions always pre-
was done with a standard apparatus (Zhou & Ko48®l1a,b,  vailed. Each pseudo-first-order rate constant is an average
1992b, 1993a,b). The sample solution in a 10-mm cuvette result from at least four experiments, all at 5. Second-
was thoroughly deaerated by gentle flushing with ultrapure order rate constants at different ionic strengths were obtained
argon supplied by Air Products Co. Special precautions were from the corresponding pseudo-first-order rate constants by
taken at low ionic strengths. To avoid denaturation, the |east-squares fittings.
protein solution was slowly stirred while wet argon was  calculation of Dipole MomentsAtomic coordinates for
blown over the surface. horse-heart cytochrome were obtained from its crystal

A Phase-R (now Lumenex) DL 1100 laser contained a 50 structure (Bushnell et al., 1990), and the iron(ll) ion was

uM solution of rhodamine 590 in methanol and delivered Atomic coordinates for six
0.4-us pulses of excitation light. The monitoring beam from
a tungster-halogen lamp (Oriel 60065) passed through a
filter monochromator (Oriel 7155) and was perpendicular
to the excitation beam. The absorbantiene curves were
obtained and analyzed with kinetic software from OLIS, Inc.
Disappearance of the triplet state of zinc cytochrame
designatecfZncyt, was monitored at 460 nm, where the

replaced by a zinc(ll) ion.
conceivable configurations of the covalent complex cyt(l11)//

pc(ll) are those obtained by molecular modeling and a
thorough search for favorable electrostatic interactions of the
corresponding electrostatic complex (Roberts et al., 1991).
Tuna-heart cytochrome was replaced by its horse-heart

congener by overlapping the two crystal structures, and
poplar plastocyanin was replaced by its bean cogener by

transient absorbance reaches a maximum. After each lasepverlapping the crystal structure of the former and the
pulse 500 data points were collected, and each signal wassolution structure of the latter, determined by NMR spec-
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FiGure 2: Appearance (eq 11) and disappearance (eq 18) of the
cation radical Zncyt, monitored at 675 nm, in a solution specified cyt(lll)//pc(ll) concentration, pM
in the caption to Figure 1. The solid line is a fit to both of these ] ) )
electron-transfer reactions. FiIcure 3: The observed rate constants for quenching of the triplet

state3Zncyt by the covalent complex cyt(ll)//pc(ll) as in eq 11.
troscopy (Moore et al., 1991). In both cases root mean The solutions contained 1M Zncyt and different concentrations

T ; ; . of the quencher in sodium phosphate buffers at pH 7.0 and at the
square deviations of the atomic coordinates were minimized. specified ionic strengths, at &, The rate constants in the inset

The resulting six configurations of the diprotein complex \yere obtained over a particularly wide range of the quencher
were designated as in the original study (Roberts et al., concentrations, at the lowest ionic strength.

1991): maximum-overlap; maximum-overlap, rotated; north-
ern equatorial; southern equatorial; maximum-charge; and+ Ry; ¢ is the permitivity constant is the static dielectric
minimum-distance. It was reasonably assumed that at pHconstantkg is the Boltzmann constant; amds elementary
7.0 all lysine and arginine side chains are protonated, thatcharge.
the terminal amino group is protonated in plastocyanin and |n eqs 12-15, subscript 143, P, Ry, andf;) designates
acetylated in cytochrome, and that all carboxylic groups cyt//pc, and subscript 22§, P,, R,, and6s) designates zinc
are deprotonated (Eltis et al., 1991; Zhou & Kosfi®92b, cytochromec. Estimated uncertainty il is the interval of
1993a). Partial charges were assigned to atoms (McCammonis values over which the average difference between the best
et al., 1979; Northrup et al., 1981). The net charge of the fitted and the experimentally determined valueskait all
proteins and the magnitude and orientation of their dipole jonjc strengths is 10% or less. Fitting to eq 12 was done
monrel”lltggvé()?fe calculated by an established method (Northrupwith software Sigmaplot, marketed by Jandel Scientific.
et al., .

Treatment of Electrostatic InteractionsThe theory em- RESULTS
bodied in eq 12 recognizes not only net chargg<(it also

dipole moments (vectoR with magnitudes?) of the protein Because all the kinetic experiments were done in sodium

phosphate buffers at pH 7.0, only the ionic strength will be

Ink=Ink—[Z,Z,+ZP(1+ «R) + specified.
& Nonredox Quenching ofZncyt. In the absence of a
PP(1 + KR)z]Wf () (12) guencher and in the presence of ferricytochrantae triplet
0

state decays exponentially, with the rate constant of£10

molecules (van Leeuwen et al., 1981: van Leeuwen 1983.10 s'%; see Figure 1A. This value is independent of ionic
Rush et al., 1987, 1988). The n%onope,tﬁpole (eq 13) and  strength in the entire range studied, from 1.25 mM to 1.00
dipole—dipole (eq 14) interactions are anisotropibey M. Inthe presence of 16M cyt(lll)//apopc, in a 2.5 mM

depend on the location of the reactive sites on the surfacestﬁer’ the decay is still ex_ponential_, with th_e rate constant
of 1804 10 si. In experiments with monitoring at 675

Z,P, cosf, + Z,P, cos6, nm, the cation radical Zncytwas not observed.
= eR (13) Redox Quenching dZncyt. In the presence of cyt(l11)//
pc(ll) the decay of the triplet state became much faster but
P,P, cos0, coso, remained exponential; see Figure 1B. The cation radical
P= (eR)2 (14) Zncyt" was clearly evident; see Figure 2. The pseudo-first-
order rate constant is linearly proportional to the concentra-

of the proteins with respect to the dipole vectors. The tion of the quencher, cyt(lll)//pc(ll), at all ionic strengths;
function of ionic strength is defined in eq 15. The new See Figure 3. The second-order rate constants, obtained from

symbols in egs 1215 have the following meanings is the slopes of the plots in Figure 3, decreased as the ionic
strength increased; see Table 1.

Circular Dichroism Spectra. Molecular ellipticities (in
degrees) at the wavelengths (in nm), recorded with solutions
in a 2.5 mM buffer at 25°C, were as follows. For the
the angle between the dipole vector and the vector from the electrostatic complex cyt(lll)/pc(ll): —3.65, 17.76, and
center of mass (cm) to the center of the reaction site on the—9.63 deg at 222, 406, and 420 nm, respectively. For the
surface;ki is the rate constant at infinite ionic strengt; covalent complex cyt(ll)//pc(ll):—2.57, 16.00, and-9.63
is the sum of the radii of the two reacting proteifs= R, deg at 221, 407, and 420 nm, respectively.

_1-expC2R)

M) = 2R+ «R)

(15)
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Table 1: Dependence on lonic Strength of the Second-Order Rate
Constantsfor Oxidative Quenching ofZncyt by Cupriplastocyanin
That Is Fre and Cross-Linked to Ferricytochronee

10%/M~tstat 25°C 10%/M~t st at 25°C
and pH 7.0 and pH 7.0
pc(l), cyt(l/pc(ll), pc(l), —cyt(l//pc(ll),
ulmM  eq4 eq 11 ulmM  eq4 eq 11
1.25 380 80 150 -
25 290 95 33
5.0 220 100 130
20 130 200 40 16
40 700 400 8.5
45 84 500 14
50 310 1000 9.4 7.5
60 230

aEstimated error;:10%.° Zhou and Kosfig(1993a).

Ficure 4: The backbonesfcarbon atoms) of cytochroneand

. . . plastocyanin in the so-called maximum-overlap configuration of
Dipole Moments.The dipole moment of zinc cytochrome e covalent complex cyt(llly//pc(ll), according to the atomic

¢ in which one of the propionic groups in the heme is coordinates from Roberts et al. (1991). The heme group of the
deprotonated (Moore & Pettigrew, 1990) is 250 D. The cytochromec moiety and the Phe35, Pro36, His37, and His87 of
dipole vector forms an angle of 3Qvith the vector from mgnf’e'?ﬁt?sc’s’ﬁg'ﬁnn;?% :srﬁegl?iﬂlcleghlzﬁg'a&?&scggmgtjeev iﬂ:pole
the center of mass to the iron atom. Th_e positive end of the respect to the positive end of the d'ipole moment; four reference
dipole moment penetrates the protein surface near theyyes ofg, are shown.
carbonyl carbon atom of Ile81, and the negative end
penetrates it near thie carbon atom of Phe36. The exposed efficiently cross-linking the proteins, the carbodiimide
heme edge is located at 2@0° with respect to the positive  converts certain carboxylate anions into neubtaicylurea
end of the dipole moment (Zhou & Kos$fid993a). Very  groups (Means & Feeney, 1971; Carraway & Koshland,
similar results were obtained by different calculational 1972: Timkovich, 1977). Cation-exchange chromatography
methods (Koppenol et al., 1991). . therefore yields several derivatives of the covalent complex
The covalent complex cyt(lll)//pc(ll) in the so-called  cyt(IIl)/pc(ll) (Peerey & Kostic 1989; Peerey et al., 1991;
maximum-overlap configuration and with both propionic acid zhou et al., 1992). Analysis of chromatographic mobility
groups in the heme deprotonated has a calculated net charggnd of UV—vis, EPR, CD, MCD, resonance Raman, and
of —1.5 at pH 7.0 and a dipole moment of 490 D. The surface-enhanced resonance Raman spectra of these deriva-
negative end of the dipole vector penetrates the proteintives showed that they differ somewhat in the distribution
surface near the-carbon atom of His37 in the plastocyanin - of surface charge but not in the proteiprotein orientation
moiety, and the positive end penetrates the surface near rinqzhou et al., 1992). The new experiments show a good
B of the heme in the cytochromemoiety; see Figure 4. match, in both the UV and visible regions, between the CD
spectra of the electrostatic and covalent complexes. This
DISCUSSION evidence further supports the conclusion that the two

Zinc Cytochrome c.Replacement of iron(ll) by zinc(ll) ~ complexes have the same general configuration, i.e., that
does not perturb the conformation of cytochromand its cross-links reinforce the electrostatic complex that forms
association with other proteins (Vanderkooi & Erestia, ~ SPontaneously in solution at low ionic strength. Since a
1975; Vanderkooi et al., 1976; Moore et al., 1980; Anni et thorough theoretical analysis (Roberts et al., 1991) found
al., 1995). This replacement renders the triplet state of the the so-called maximum-overlap configuration to be optimal,
heme long-lived and suitable for kinetic studies. The net it is reasonable to assign this configuration also to the
charge of the protein at pH 7.04s7 if one of the propionic ~ covalent complex.
groups in the heme is deprotonated (Moore & Pettigrew, Each covalent cross-link abolishes a unit of positive charge
1990; Mathews, 1985). Since the change in the oxidation (of a lysine residue) in cytochronteand a unit of negative
state of iron does not significantly alter the dipole moment charge (of a carboxylate group) in plastocyanin. In the
of native cytochromec (Koppenol & Margoliash, 1982), absence oN-acylurea groups, therefore, the net charge at
neither should the electronic excitation of the heme. There-pH 7.0 of the cyt(lll)//pc(ll) complex should be 0 ot1,
fore, the dipole moment oZncyt was calculated with the  the sum of the charges of the constituent proteins. These
atomic coordinates of ferrocytochronse charges arer-8 or +7 for ferricytochromec, if one or both

The Caalent Complex Cyt(lll)//Pc(Il).Because ferricy- propionic groups are deprotonated, an8 for cupriplasto-
tochromec and cupriplastocyanin bear opposite net charges, cyanin. Kinetic experiments were done with the first fraction
and because they contain oppositely-charged surface patchegtom the chromatographic column, which has tHevplue
these two proteins associate in solution at low ionic strength. of 6.2 and which evidently bears a small negative charge at
Much evidence showed that the positively-charged patch pH 7.0. This result agrees with the expected charge bf
around the exposed heme edge docks against the broadh the absence dfl-acylurea groups. It is virtually impos-
negatively-charged patch in plastocyanin (King et al., 1985; sible to know whether this net charge is caused by depro-
Bagby et al., 1990; Roberts et al., 1991). This configuration tonation of both propionic acid groups in the heme or by
is noninvasively reinforced by covalent cross-linking in the perturbations of some side chains and consequent charges
presence of a carbodiimide (Geren et al., 1983). Besidesin the K, values upon protein association. For practical
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reasons we had to assume the former in our calculations of b3l
the dipole moment. Even if this untestable assumption were
incorrect, the error in the dipole moment would be relatively o -
small. i# -
Nonredox Quenching 8Zncyt. Our rate constant of 100 2 o
+ 10 st for the natural decay of the triplet state of zinc g W 3
cytochromec falls in the middle of a narrow range, 70 = ¥
140 s'1, spanned by the values reported by others (Elias et .
al., 1988; Vos et al., 1987; Dixit et al., 1981, 1984; Horie et 18 -
al., 1985). The slight variation in the rate constant, perhaps i
caused by small differences in the protein preparation and 0004 0.2 0.3 0.4 05 05 07
experimental conditions, does not affect the following kinetic
arguments and conclusions. The decay rate (i.e., the lifetime) fix)
of the triplet state is unaffected by the presence of ferricy- FIGURE 5: Dependence on ionic strength of the second-order rate
tochromec. Because two molecules of cytochrométhe constant for the reaction in eq 11; the numerical values are given

. . L in Table 1. The error margins are smaller than the symbols. The
zinc and the ferric forms) bear large positive charges, solid line is the best fit to eq 12, with the parameter= 160°.

collision of the two, and consequent quenching, are unlikely.

Although the covalent complex cyt(lll)//apopc has a charge (Ill)//pc(ll). Although the two reactants in eq 11 must collide
of —3 at pH 7.0, it does not appreciably quench the triplet in order to react, their association is only transient. There
state; the value of 18& 10 s! is less than 2 times greater is no saturation in the plots, i.e., no kinetic evidence for a
than the rate constant for natural decay. Since the cationpersistent binary complex cyt(l11)//pc(ll)/Zncyt. This com-
radical Zncyt was not detected, the slight quenching is not plex would resemble a ternary, noncovalent complex of
caused by electron transfer. It is probably due to enhance-plastocyanin with two molecules of cytochrore
ment of the radiationless decay upon electrostatic association The reaction betweefZncyt and free cupriplastocyanin
of 3Zncyt with cyt(lll)//apopc. Since, however, the exposed at low ionic strength does involve the persistent binary
heme edge is covered by apoplastocyanin in the diproteincomplex, shown in eq 2 (Zhou & Ko$tid991a, 1992a,
complex, association does not result in a detectable electron-1993b). A molecule of cytochrome covalently attached
transfer reaction. Very similar enhancements of radiationlessto the acidic patch shields this patch and almost neutralizes
decay were found earlier in this laboratory (Zhou & Kostic the negative charge of plastocyanin. Both of these effects
1992b). Clearly, redox quenching é&ncyt by ferricyto- hinder association of cyt(lll)//pc(ll) with zinc cytochrome
chromec is too slow to compete with the natural decay. c.

Redox Quenching ofzncyt by Cyt(lll)//Pc(ll). The Electrostatic Interactions and Protein OrientationAs
experiments discussed in the preceding subsection prove thaTable 1 shows, the rate constant for the reaction in eq 11
the reaction in eq 16 does not occur to an observable extentdecreases 50-fold as the ionic strength increases from 1.25
Previous studies in this laboratory showed that neither doesmM to 1.00 M. As eq 12 shows, at very low ionic strength
the reaction in eq 17 (Peerey & Kostit989; Peerey et al.,  (as the quantity approaches zero), the monopetaonopole

forces dominate the electrostatic interactions. The net charge
cyt(li//pc(ll) + 3Zncyt cyt(I//pc(ll) + Zneyt™ (16) of Zncyt was kept aZ, = +7. Fitting of the rate constants

at the ionic strengths of 1.25, 2.5, and 5.0 mM yielded an

cyt(I/Ipe(it) #= cyt(i/ipe(l) (17) estimate ofZ; = —1.3 + 0.2 for the net charge of the

1991). Evidently, it is the cupriplastocyanin moiety of the covalent complex cyt(ll)//pc(ll).  This approximate result
covalent complex that quench&ncyt, as shown in eq 11. is consistent with the measured isoelectric point of 6.2 for
This “forward” electron transfer and the “back” electron thiS complex. . .
transfer, shown in eq 18, occur simultaneously. The kinetic The complete set of nine rate constants in Table 1 could

be fitted to eq 12 assuming that the covalent complet cyt-
eyt(l//pc(l) + chyt+—> cyt(l)//pc(ll) + Zneyt  (18) (III)//pc(_II) has_eithe_r the r_ngximum-overlap or southern—

equatorial configuration. Fittings to the other four configu-
profile of the cation Zncyt, Figure 2, is affected by both of  rations (Roberts et al., 1991) were unsuccessful in various
these reactions, and the solid line is a fitting to both of them degrees. These two configurations have similar structures
(Zhou & Kostic 1991a). The same rate constant for the and very similar electrostatic stabilization energies (Roberts
forward reaction (eq 11) is obtained from the disappearanceet al., 1991). Fitting to the former configuration was better
of 3Zncyt (Figure 1) and from the appearance of Zrcyt than thatto the latter, and this better fitting is shown in Figure
(Figure 2, after the initial sharp increase in absorbance owing5. The following parameters were knowR; = 498 D,R;
to the flash and théZncyt). The time scale in Figure 2 is = 20.6 A, andz, = —1.5 for cyt(Ill)//pc(ll); andP, = 250
somewhat shorter than that in Figure 1B because Zrisyt D, R, = 155 A, Z, = +7.0, andf, = 30° for zinc
consumed by the back-reaction, shown in eq 18. In the cytochromec. The only variable parameter wésg the angle
absence of this back-reaction the two figures could be given between the dipole moment of cyt(lll)//pc(ll) and the vector
with the same time scale. from the center of mass to the center of the reaction site on

Kinetics of the Electron-Transfer Reactiorfhe linear the surface of this diprotein complex; see Figure 4. The
plots in Figure 3 show that the reaction in eq 11 is fitting in Figure 5 yielded the result; = 160° with respect
bimolecular. As the inset in Figure 3 shows, no curvature to the positive (or 20with respect to the negative) end of
is seen even at the very low ionic strength and at the the dipole moment. Fitting to the southern-equatorial
relatively high concentration of the covalent complex cyt- configuration yielded the result; = 168°. The centers of
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the rings in Phe35, Pro36, and His37 in the plastocyanin taken into account (Lowery et al., 1993; Ullmann & Késtic

moiety have the respectivi values of 170, 16, and 160. 1995). The present kinetic study provides experimental
Clearly, the reaction site in the cyt(lll)//pc(ll) complex is evidence for this new theoretical notion.
the hydrophobic patch of the plastocyanin moietylhe Because zinc cytochroneeand cupriplastocyanin associate

same conclusion is reached regardless of the exact config-at low ionic strength, the electron-transfer reaction between
uration of the covalent complex. These two configurations them is predominantly unimolecular, as in eq 2 (Zhou &
are similar, as mentioned above. When the acidic patch isKostic, 1991a,b, 1992a, 1993b). This is why there are no
blocked, even the reactant such as zinc cytochrgméich second-order rate constants at ionic strengths lower than 40
bears a high positive charge, reacts at the hydrophobic patchmM in the pc(ll) column in Table 1. At intermediate ionic
This conclusion was obtained by applying the established strengths, at which the monopeimonopole interactions are
theory in eq 12 to the reliable rate constants in Table 1. weak, the covalent complex, which bears a small net negative
Clearly, this is chemical evidence for the spatial orientation charge, is only about-35 times less effective in quenching
of the proteins reacting according to eq 11. Given the the triplet state of zinc cytochromethan free cupriplasto-
complexity of the system under investigation, no evidence cyanin, which bears a large negative charge. At very high
can be direct and conclusive and neither is ours. ionic strengths, at which the electrostatic interactions are
Electron-Transfer Reaatity at the Hydrophobic Patch in  practically abolished, the two quenchers are approximately
Plastocyanin. A number of studies addressed the docking equally effective in their reactions witfzncyt, shown in
interactions and redox reactions of transition-metal com- eqs 4 and 11. Under these conditions the reactivity is
plexes and of other “small” reagents with the acidic and governed by intrinsic electron “conductivity” of the two
hydrophobic patches in plastocyanin (Sykes, 1985, 1991a,b).quenchers. Evidently, the acidic patch (in free cupriplasto-
Relatively little, however, is known about the involvement cyanin, eq 4) and the hydrophobic patch (in the covalent
of the hydrophobic patch in reactions between plastocyanin complex, eq 11) are similar in the efficiency with which they
and other redox proteins. An early study (Rush et al., 1988) transmit electrons into the blue copper site.
led to a conclusion that ferrocytochrorneould react at the This conclusion from the comparison of the free plasto-
hydrophobic patch but not at the acidic patch. When cyanin and the covalent complex can reasonably be applied
computational findings about protedockingwere applied to plastocyanin per se. The reactions in egs/ linvolve
to the interprotein electron-transfezaction it seemed that  the acidic patch (although not the initial docking site in that
ferrocytochromec reacts from the optimal docking site in  broad patch) because of the electrostatic attractions, not
the acidic patch (Roberts et al., 1991). Studies from this because of the existence of particularly favorable paths for
laboratory cited above showed, however, that the triplet stateelectron transfer between the acidic patch and the copper
of zinc cytochromee, and possibly also ferrocytochrome site.
reduces the blue copper site from the broad acidic patch or The plots in Figure 3 are linear even at an ionic strength
from its periphery toward the hydrophobic patch, but not as low as 1.25 mM and at a quencher concentration as high
from the initial docking site within this broad patch. as 80uM. The absence of curvature shows the absence of
A couple of theoretical studies have recently addressed persistent association of the reactants in eq 11. This electron-
the question of electron transfer via the two patches on thetransfer reaction, therefore, involves only the transient
plastocyanin surface. In a semiquantitative analysis of encounter, as shown in Scheme 1. The highest pseudo-first-
tunneling paths, the two patches were not explicitly compared order rate constant measurable was 2.80* s%, and this
(Betts et al., 1992). Extended "ekel calculations of  value is only a lower limit to the rate constant for the
superexchange pathways indicated that the electron-transfeintracomplex reaction designated “electron transfer” in
“channel” via Tyr83, in the acidic patch, is almost as efficient Scheme 1.
as the channel via His87, in the hydrophobic patch (Chris- Plastocyaninversus Cytochrome c¢ Peroxidas&here is
tensen et al., 1990, 1991). On the basis of tunneling no evidence for persistent association between the two
distances through space, the hydrophobic channel is expectegieactants in eq 11 and Scheme 1. Since a molecule of
to be approximately 1500 times more efficient than the acidic plastocyanin evidently cannot “hold” two molecules of
one, whereas on the basis of discrete paths through bondgytochromec (one containing iron and the other zinc) even
the acidic channel is expected to be approximately 3000 timeswhen one of these two is held by cross-links, we conclude
more efficient than the hydrophobic one (Lowery et al., thatthree separate molecules will not form a genuine ternary
1993). Experiments with small redox reagents, however, led complex in solution under the conditions used in this study.
to a conclusion that the two channels are approximately Plastocyanin has only one (albeit broad) acidic patch, and
equally efficient, with the respective rates of electron transfer this protein is too small to allow simultaneous binding of
differing not more than approximately 10-fold (Sykes, 1985, two other protein molecules comparable to itin size. There
1991b; Christensen et al., 1991). The apparent contradictionis, however, evidence that a molecule of cytochrome
between the theoretical and experimental estimates disappeargeroxidase binds two molecules of cytochromgang et
when the anisotropy of electronic coupling between the al., 1977; Stemp & Hoffman, 1993; Zhou & Hoffman, 1993,
copper atom and its amino acid ligands in plastocyanin is 1994), although this notion is still controversial (Pelletier &
Kraut, 1992). Since a molecule of cytochromperoxidase
2 Fitting to eq 12 of the rate constants for the reaction in eq 4 was 'S élatively large and possesses at least two surface domains
done (Zhou & Kostic 1993a) with the following known parameters ~ With an appreciable negative electrostatic potential (Northrup
f0r| CUDrip][aStOCyani(rjl_:fl? =f362 tEr){ R = 1565 A,t?]ndzl = —Eti; tthedse H et al., 1988), the electrostatic attraction for two molecules
ggr‘;enfétzrscfoﬂriﬁ; . éyfor P e the <A ae i thie St d‘;.VT'he € of cytochromec and the electrostatic and steric repulsions
reaction site in free cupriplastocyanin had the value= 36°, which between these two molecules may be balanced in a way that
corresponds to the acidic patch (Zhou & Kostl®93a). allows the existence of a ternary complex.
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Qin and Kostic

Biological electron-transport chains likely involve associa- McMillin, D. R., Rosenberg, R. C., & Gray, H. B. (197#yroc.

tion of more than two redox proteins, and most redox
enzymes consist of multiple subunits. A systematic inves-

tigation of ternary complexes (Stemp & Hoffman, 1993;

Natl. Acad. Sci. U.S.A. 74760.
Means, G. E., & Feeney, R. E. (197Chemical Modification of
Proteins,Holden-Day, San Francisco, CA, Sections 7-2 and A-4.
Milne, P. R., & Wells, J. R. E. (1970). Biol. Chem. 2451566.

Zhou & Hoffman, 1993, 1994) and of systems that resemble Modi, S., He, S., Gray, J. C., & Bendall, D. S. (199&ipchim.

them (Zhou & Kosti¢ 1992b; Brothers et al., 1993) will

Biophys. Acta 110164.

contribute to a better understanding of the biological Modi, S., Nordling, M., Lundberg, L. G., Hansson, & Bendall,

processes and of chemical electron-transfer mechanisms.
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