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Abstract: A new plastocyanin from the fef@ryopteris crassirhizomanarkedly differs from other plastocyanins

in having a very large acidic surface, which extends into the area that is hydrophobic in other plastocyanins.
The exceptionally large dipole moment of 439 D has a completely different orientation and protrudes through
the “northwest” region of the surface, which is now acidic. Consequently, the new plastocyanin differs from
its congeners in the photoinduced reaction with zinc cytochrom&ncyt + pc(ll) — Zncyt™ + pc(l). At

ionic strength<20 mM and solution viscosityg 1.8 cp, at least three exponentials are needed to describe the
oxidative quenching ofZncyt. Besides a bimolecular phase, there are two distinct unimolecular phases
corresponding to electron transfer within two different persistent compR&msyt/pc(ll). So-called normal

and reverse titrations yield consistent values of the unimolecular rate conskams(3.34+ 0.7) x 10° s 1

and (3.2+ 0.4) x 1® s7%, andk; is (7.6 £ 0.8) x 10® s L and (8.2+ 1.2) x 10® s The respectiveAH*

values also differ (16 2 and 27+ 7 kJ/mol), butAS' values are the same-88 + 7 and—78 & 23 J/K mol).
Viscosity effects and also unrealistic reorganizational energies obtained in fittings of temperature effects to
Marcus theory reveal that both unimolecular electron-transfer reactieren(l k;) are gated by structural
rearrangement of the respective binary complexes. Additional evidence for multiple persistent binary complexes
is dependence on ionic strength of the apparent rate corgigiior electron transfer in the transient binary
complex3Zncyt/pc(ll). Analysis of this dependence indicates that rearrangement of the protein complexes
involves relatively large migration of zinc cytochrorngwhich is facilitated at higher ionic strength. When

zinc cytochromes is present in excess, a transient, but not persistent, ternary complex Zncyt/pc/Zncyt is formed;
both reverse titration and analysis of the effects of protein association éH t&R chemical shifts support

this conclusion. Existence of a ternary complex is consistent with the existence of multiple binary complexes.
Monte Carlo simulations show possible docking configurations of the binary Zncyt/pc complexes. These
theoretical calculations, in conjunction with our kinetic data, suggest that the f&sfeand slower Ky)
intracomplex reactions seem to occur wh&mcyt docks, respectively, in the “northeast” and “northwest”
surface regions of fern plastocyanin (in the conventional orientation). The new type of docking, on the
“northwest” side of the plastocyanin surface, is favored by new acidic residues in this region.

Introduction the two proteins associate because of the complementary charges
o _on their surfaces. Their association has been examined by
Electron transfer between metalloproteins is a key step in | 4rious methodé-13 Several model configurations for the
many biological processes, and it is important to understand ¢omplex have been created from the crystal structures of separate
the molecular mechanisms of these reactions. The heme prOte"broteins%“ and electron-tunneling paths between iron(ll) and

cytochromec!—3 and the blue copper protein plastocyatif, . — — —
although not physiological partners, make an excellent model 193(3;) g(')’ég'zgz'_sz'éf'mtead' R. A.; Wright, P. Biochim. Biophys. Acta
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O. Eur. J. Biochem199Q 188, 413-420.
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(1) Pettigrew, G. W.; Moore, G. RCytochromes c. Biological Asperts (11) Crnogorac, M. M.; Shen, C.; Young, S.; Hansson, O.; Ko$lic
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(2) Moore, G. R.; Pettigrew, G. WCytochromes c. Eolutionary, (12) Ivkovic-Jensen, M. M.; KosticN. M. Biochemistry1996 35,
Structural and Physicochemical Aspec8pringer-Verlag: Berlin, 1990. 15095-15106.
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Figure 1. Schematic representations of the structures of cupriplastocyanin from (a) poplar, a high plant,ncr@issirhizomaa fern38The

residues Tyr83 and Tyr86 on the “east” side, His87 and His90 on the “north” side, and the negatively charged residues forming the acidic patch
are highlighted. In high-plant plastocyanins (a), the “north” side is hydrophobic, and the “east” side is acidic. In the fern plastocyanin (b), the
“north” surface is incorporated into the much-extended acidic patch.

copper(ll) sites in these configurations have been analyzed insites!® In the photoinduced reaction, the electron-transfer step
our laboratory by théathwaysnethod!® The dynamic proper- has a high driving force and is gated by a rearrangement of the
ties of this diprotein system allow study of the interplay between diprotein complex, a step slower than the electron-transfer
the structural rearrangement and electron traridfég;16-18 a step®-17 Experiments with mutants of high-plant plastocyanins
phenomenon of intense current inter&sg? revealed that in the rearrangement of the complex the basic patch
Plastocyanin has two surface regions for recognition of redox of zinc cytochromec moves from a position between the two
partners: a hydrophobic patch adjacent to the copper site, whichacidic clusters to a position at or near the upper acidic cluster
contains the ligand His87, and an acidic patch remote from the on the plastocyanin surfaéé!318
copper site, which consists of two clusters of acidic residues Crystal structure of a new plastocyanin from the fern
surrounding Tyr83. Despite their different distances from the Dryopteris crassirhizomahowed great differences in surface
copper site, these two patches are approximately equally coupledbroperties from the high-plant plastocyanins: the acidic patch

to this redox sité523-25 Cytochromec, which is positively is extended toward the copper-bound His residue, and several
charged, binds to the large acidic patch of plastocyanin, and acidic residues disappear from the remote patch (Figufé 1).
electron transfer occurs in this general configurafiéa®26-30 This unusual charge distribution allows us to study the dynamic

Previous research in our laboratory showed that mobility within aspects of proteiaprotein recognition and electron transfer.
the diprotein complex is necessary for efficient electron Extension of the acidic patch in fern plastocyanin creates a larger
transfets2” and that the complex with optimal electrostatic binding surface, which might incorporate multiple binding sites.
interactions is not optimal for electron transfer; motions of the Moreover, appearance of a new cluster of acidic residues away
proteins enhance the electronic coupling between their redoxfrom Tyr86 may favor new electron-transfer pathways through
the protein. The new plastocyanin has the same active site as

(15) Ullmann, G. M.; KosticN. M. J. Am. Chem. So&995 117, 4766—

4774. other plastocyanins but very different electrostatic properties.
(16) Zhou, J. S.; KosticN. M. J. Am. Chem. S0d.993 115, 10796~ To test the effects of this structural change on reactivity, we
10804. indi i wi
(17) Ivkovic-Jensen, M. M.: KostioN. M. Biochemistryl997 36, 8135- study binding and electron transfer of fern plastocyanin with
8144, cytochromec.
_(18) Ivkovit-Jensen, M. M.; Ullmann, G. M.; Crnogorac, M. M, Very recent studies with metal complexes as redox probes
Eédel%%g,_g/lé;g;(oung, S.; Hansson, O.; Kosfibl. M. Biochemistry1999 have concluded that the electron-transfer properties of fern and
(19) Hoffman, B. M.; Ratner, M. AJ. Am. Chem. So987, 109, 6237 high-plant plastocyanins are _qulte_S|m|Fénn this study, using
6243. another protein to probe this unique protein, we come to a
74((5%30) Brunschwig, B. S.; Sutin, Nl. Am. Chem. Sod.989 111, 7454~ different conclusion. Because cytochrom@nd plastocyanin

(21) Davidson, V. LBiochemisiry1996 35, 14035-14039 are not physiological partners, our study is not biological in
(22) Nocek, J. M.; Zhou, J. S.; De Forest, S.; Priyadarshy, S.; Beratan, the narrow sense. We use cytochroaie explore the surface

D. (NZ.S;)(?_nuchic. |§]A ND.; Hgffn;an, I?. xlcrgrghR% 139%96é2r159—24g?.| of the new protein and to learn about electron transfer and
owery, M. D.; Guckert, J. A.; Gebhard, M. S.; Solomon, .. i in i
Am. Chem. S0d993 115 3012-3013. dynamlt?s .Of the prote'm |r.1terfacg.' .

(24) Kyritsis, P.; Lundberg, L. G.; Nordling, M.: Vigard, T.; Young, To eliminate complications arising from thermal reactions
S.; Tomkinson, N. P.; Sykes, A. @. Chem. Soc., Chem. Comma891], and to directly detect the dynamic process of interest, we make
8, 1441-1442. the redox step photoinduced. Replacement of heme iron with

(25) Qin, L.; Kostic N. M. Biochemistry1996 35, 3379-3386. . L

(26) Zhou, J. S.; KosticN. M. Biochemistryl992 31, 7543-7550. zinc(Il) does not significantly perturb the structure of cyto-

(27) Peerey, L. M.; KosticN. M. Biochemistryl989 28, 1861-1868. chromec and its interactions with other proteif%s.37” The

(28) Peerey, L. M.; Brothers, H. M., Il.; Hazzard, J. T.; Tollin, G.; Kbstic
N. M. Biochemistry1991, 30, 9297-9304. (31) Kohzuma, T.; Inoue, T.; Yoshizaki, F.; Sasakawa, Y.; Onodera, K.;

(29) Meyer, T. E.; Zhao, C. G.; Cusanovich, M. A.; Tollin, G. Nagatomo, S.; Kitagawa, T.; Uzawa, S.; Isobe, Y.; Sugimura, Y.; Gotowda,
Biochemistryl1993 32, 4552-4559. M.; Kai, Y. J. Biol. Chem.1999 274, 11817-11823.

(30) Madi, S.; He, S.; Gray, J. C.; Bendall, D.Bochim. Biophys. Acta (32) Anni, H.; Vanderkooi, J. M.; Mayne, LBiochemistry1995 34,

1992 1101, 64—68. 5744-5753.
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excited triplet state of the zinc porphyrifZncyt, is produced

Pletnet al.

were purchased from Air Products Co; all other chemicals were from

by a laser flash. The triplet is a strong reducing agent and is Fisher Chemical Co.

guenched oxidatively by cupriplastocyanin, pc(ll) (see eq 1).
The resulting cation radical, Zncytreturns to the ground state,

Zncyt, in the thermal (so-called back) electron-transfer reaction

with cuproplastocyanin, pc(l) (see eq 2). Our group has

extensively studied both of these reactions using wild-type and

various mutants of high-plant plastocyanifs!3:17.18,25,26,3841

Here we report a detailed kinetic study of photoinduced electron

transfer between Zn-substituted cytochromand the unique
plastocyanin from fern.

3Zneyt+ pe(ll) — Zneyt™ + pe(l) 1)

&)
A pair of redox proteins, even physiological partners, can

form multiple complexes in solutiof%:#>4 In principle, these
complexes may differ in the electron-transfer reactivity, but in

Zneyt" + pc(l) — Zneyt+ pe(ll)

Buffers. All buffers were prepared fresh from NaPiOy-H,O and
NaHPQO,-7H,0 and had pH of 7.0& 0.05. The ionic strengthg:)
higher than 10 mM were set with NaCl.

Temperature. Temperature in the range from 0.1 to 35 was kept
with a 30-L circulating bath Forma Scientific CH/P 2067. Most
experiments (ionic strength dependence, viscosity dependence, and
reverse titration) were done at 25400.2 °C.

Viscosity. The kinetic effects of viscosity were studied at the ionic
strength of 2.5 mM and with a cupriplastocyanin concentration of 30
uM for detailed study of one of the two unimolecular phase¥oicyt
quenching. Glycerol was added incrementally to the buffered solution,
up to the concentration of 85% w/v. The absolute viscosj)yof the
solutions was interpolated from tabfés.

Proteins. Horse-heart cytochrome was obtained from Sigma
Chemical Co. Iron was removed, and the free-base protein was purified
and reconstituted with zinc(ll), by a modification of the original
procedure?3 The criteria of purity were the absorbance ratfosy
Assg > 15.4 andAsadAsgs < 2.0 and also the rate constant for natural
decay of the triplet statdéy < 110 s'*. Plastocyanin from leaves of the

very few cases has this difference been detected experimentallyfern D. crassirhizomaNakai was isolated by the published mett¥dd.

Hoffman et al. elegantly showed that cytochrooan bind to
cytochromec peroxidase at two different sité:8-50 but the

The criterion of purity was the absorbance raf\g;gAsqso < 1.4.
Concentrations were determined on the basis of known absorptivities:

electron-transfer rate constants for these two sites could not bef2s = 243 mM* cm™* for zinc cytochromec and eseo = 4700 M™*

determined directly and had to be extracted from the fittings.
In another recent report from the same laboratory, two distinct

intracomplex processes caused by different protein configura-

cm! for cupriplastocyanii!®> Apoplastocyanin and cobalt(ll) plas-
tocyanin were prepared and purified by standard metPfoals proteins
were stored in liquid nitrogen. Before each series of kinetic experiments,
protein stock solutions were exchanged into working buffer using

tions have been identified in the thermal back-reaction after the centricon-10 ultrafiltration cells obtained from Amicon Co.

photoinduced oxidation of zinc myoglobin by cytochrohae’
Our study may be the first in which different electron-transfer

Flash Kinetic Spectrophotometry. Laser flash photolysis on the
microsecond time scale was performed with a standard appdfatus.

reactions are detected within the electrostatic complex of the The triplet statéZncyt was created by 04s pulses from a Phase-R

same protein pair and thoroughly characterized.

Materials and Methods

Chemicals.Distilled water was demineralized to a resistivity greater
than 17 M2-cm. Chromatography resins and gels were purchased from
Sigma Chemical Co. Hydrogen fluoride, nitrogen, and ultrapure argon

(33) Angiolillo, P. J.; Vanderkooi, J. MBiophys. J.1995 68, 2505~
2518.

(34) Ye, S.; Shen, C.; Cotton, T. M.; Kostikl. M. J. Inorg. Biochem.
1997, 65, 219-226.

(35) Vanderkooi, J. M.; Adar, F.; Eréska, M.Eur. J. Biochem1976
64, 381-387.

(36) Vanderkooi, J. M.; Landesberg, R.; Hayden, G. W.; Owen, C. S.
Eur. J. Biochem1977 81, 339-347.

(37) Erecirska, M.; Vanderkooi, J. Methods Enzymol978 53, 165.

(38) Zhou, J. S.; KosticN. M. J. Am. Chem. Sod 991, 113 6067
6073.

(39) Zhou, J. S.; KosticN. M. J. Am. Chem. Sod.991 113 7040~
7042.

(40) Zhou, J. S.; KosticN. M. J. Am. Chem. S0d.992 114, 3562~
3563.

(41) Kosticg N. M. Dynamic Aspects of Electron-Transfer Reactions in
Metalloprotein Complexe®ittman, C. U., Ed.; Plenum: New York, 1996;
pp 491-500.

(42) Nocek, J. M.; Stemp, E. D. A,; Finnegan, M. G.; Koshy, T. |;
Johnson, M. K.; Margoliash, E.; Mauk, A. G.; Smith, M.; Hoffman, B. M.
J. Am. Chem. S0d.991 113 6822-6831.

(43) Willie, A.; Stayton, P. S.; Sligar, S. G.; Durham, B.; Millett, F.
Biochemistryl992 31, 7237-7242.

(44) McLendon, G.; Zhang, Q.; Wallin, S. A.; Miller, R. M.; Billestone,
W.; Spears, K. G.; Hoffman, B. Ml. Am. Chem. Sod.993 115 3665.

(45) Harris, T. K.; Davidson, V. L.; Chen, L.; Mathews, F. S.; Xia, Z.-
X. Biochemistry1994 33, 12600-12608.

(46) Mauk, M. R.; Ferrer, J. C.; Mauk, A. @iochemistry1994 33,
12609.

(47) Nocek, J. M.; Sishta, B. P.; Cameron, J. C.; Mauk, A. G.; Hoffman,
B. M. J. Am. Chem. S0d.997, 119 2146-2155.

(48) Stemp, E. D. A.; Hoffman, B. MBiochemistry1l993 32, 10848~
10865.

(49) Zhou, J. S.; Hoffman, B. MSciencel994 265 1693-1696.

(50) Zhou, J. S.; Tran, S. T.; McLendon, G.; Hoffman, B. 81.Am.
Chem. Soc1997, 119, 269-277.

(now Luminex) DL1100 laser containing the dye rhodamine 590. For
deaeration, argon was passed first through water and then through the
buffer. After the temperature of the buffer was adjusted, protein
solutions were added. For the so-called normal titration experiments,
the concentration of zinc cytochronsewvas kept at 10.M, and the
concentration of cupriplastocyanin was varied between 2.0 apd/#0

For the so-called reverse titrations, the concentration of cupriplasto-
cyanin was kept at 2@M, and the concentration of zinc cytochrome

c was varied between 2.0 and g8®. After each addition of proteins

to the cell, the solution was gently deaerated for-46 min, longer

for the more viscous solutions. Decay of the triplet stéZacyt, was
monitored at 460 nm, where the transient absorbance reaches the
maximum. The concentration éZncyt depended on the intensity of
the laser pulse but was always much lower than the concentrations of
cupriplastocyanin, apoplastocyanin, or cobalt(ll) plastocyanin. Forma-
tion and disappearance of the cation radical, Zhcytere monitored

at 675 nm, where the difference between the absorbances of the cation
and the triplet is greatest. To enhance signals, at least 30 shots were
collected and averaged. Experiments on a nanosecond scale were done
with the second harmonic (532 nm) of a Q-switched Nd:YAG laser
that produced 6-ns pulsés.

NMR Spectroscopy. Proton NMR experiments at 25C were
performed with a Bruker DRX500 spectrometer and analyzed with
Bruker Xwinnmr 2.5 software.

Aliquots of a solution that contained 4.3 mM ferrocytochroorend
2.0 mM sodium ascorbate in a sodium phosphate buffer at pH 7.0 and
ionic strength of 2.5 mM were added to the NMR tube containing a
solution in the same buffer that contained 1.0 mM cuproplastocyanin
and 10% DRO. One-dimensionalH NMR spectra were recorded for
plastocyanin alone and after each addition of cytochran&he
acquisition parameters were: FID size 16 000, 256 transients, and
spectral width of 20 ppm. The solvent signal was suppressed by a

(51) Weast, R. C., EECRC Handbook of Chemistry and Physi€RC
Press: Boca Raton, FL, 1986; p D-232.

(52) McMillin, D. R.; Rosenberg, R. C.; Gray, H. Broc. Natl. Acad.
Sci. U.S.A1974 71, 4760.

(53) Rihter, B. D.; Kenney, M. E.; Ford, W. E.; Rodgers, M. AJJ.
Am. Chem. Sod993 115 8146.
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presaturation pulse during the relaxation delay. External reference waskindly supplied by Professor E. |. Solomé&hCalculations of the dipole

the methyl signal of sodium 2,2-dimethyl-2-silapentane-5-sulfonate

(DSS) in the aforementioned buffer. Resonances well resolved through-
out the titration were analyzed. Their chemical shifts were determined

manually, minding the effects of overlap on the peak shape.

Several of the cuproplastocyanin resonances significantly shifted in
the titration were assigned with 2D nuclear Overhauser effect spec-
troscopy (NOESY) and total correlation spectroscopy (TOCSY) spectra
of this protein. In both NOESY and TOCSY experiments, each of 400

moment included partial charges of all atoms.

Fittings of Kinetic Data. The rate constants were obtained from
changes of the absorbance at 460 and 675 nm with time. The change
at 460 nm corresponds to the disappearance of the tépheyt and is
a sum of several exponentials (eq 7). The change at 675 nm is caused
by the triplet3Zncyt and by the cation radical Zncyand is described
by egs 8-118 The contribution of théZncyt to the absorbance change
at 675 nmis given in eq 9, in whidh is the instantaneous absorbance

acquired FIDs was an average of 80 scans and consisted of 1024after the laser flash. The contribution of the Zncijg analyzed with

complex points. Mixing times were 125 ms (NOESY) and 60 ms
(TOCSY). Solvent resonance was suppressed with the WATERGATE
method. In the TOCSY experiment, isotropic mixing was done with
the TOWNY sequence.

Treatment of Electrostatic Interactions. The dependence of the
bimolecular rate constant on ionic strength was analyzed in terms of
net charges4) and dipole moments (vectoPswith magnitude$) of
the protein molecule¥, as in eq 3. In this equatiork and ki, are,
respectively, the

Ink=In Kk, — [Z,Z, + (ZP)(1 + kR) +
&

PR+ KR)2]4neoekBTR

f() (3)

bimolecular rate constants at a given and at infinite ionic strendths;
andZ; are net charges$}; andR; are the radii of each proteiR = R,

+ Ry; the other symbols have the usual meanitfgbhe function of
ionic strength is defined in eq 4. The monopsetépole (eq 5) and
dipole—dipole (eq 6) interactions depend on the location of the reactive

1—exp— 2R,

f(x) = 4
@ = R <RY @
Z,P, cos#® + Z,P, cosb,
P= oR (5)
P,P, cosf, cosf
pP= 1" 2 1 2 (6)

(eR?

sites on the protein surfaces with respect to the dipole vectors. The
anglesf; and 6, are defined by the positive end of the dipole vector

the simplifying eq 11. Because at low ionic strength the signal at 675
nm from the Zncyt is too weak for reliable analysis, fittings to more
complex equations are unwarranted. Kinetic data were analyzed with
the software SigmaPlot v.4.0, from SPSS Inc. All error margins include
two standard deviations and correspond to the confidence limit greater
than 95%.

AAsgo = a exp(ki) +b @)
AA675 = AAtriplet + AAcation (8)
AP = 3y Ty expkit)] ©)

_ 2
Tatata wo
AAzion= at[exp(_ k‘fallt) - exp(_kriset)] (11)

Monte Carlo Calculations. The docking was simulated with
ferrocytochromes and cupriplastocyanin because their net charges are
relevant to the experimental studies. In the search for the encounter
complex(es) the protein molecules were rigid bodies. The center of
mass of plastocyanin was placed in the center of two concentric cubes
having edges of 100 and 200 A and of two concentric spheres having
radii of 60 and 80 A. The dielectric constantvas set at 80.0. The
Coulombic potential of plastocyanin was mapped on two cubic grids,
with spacings of 0.5 A in the inner cube and of 1.0 A in the outer. The
energy of cytochrome in this field was evaluated by multiplying the
atomic charges taken from CHARMMZ22 with the field values obtained
by linear interpolations at the atomic positions. The configurations of
the diprotein complex were simulated by an annealing procedure
described earlie®® The temperature was gradually lowered from 300
to 0 K.

and the vector from the center of mass to the reactive surface in each

protein. For convenience, we use the supplementary angfeand

0)': 6 = 180 — 6. The radii of cytochrome and plastocyanin are
18.5 and 15.5 &5 In eqs 3-6, the subscript 17;, Py, Ry, and 6-)
designates zinc cytochronte the larger protein; the subscript Zy(

P,, Re, and 8,) designates plastocyanin. In the fittings, Pi, Ry, 61,

Z,, P2, andR; were constants. The dipole moment of zinc cytochrome
cis 281 D; its orientation was reported earlieBecause cytochrome

Results

Natural Decay of 3Zncyt. In the absence of a quencher, the
decay of this triplet excited state to the ground state is
monoexponential. The rate constdqf,depends on temperature
and viscosity but not on protein concentrati@t 25 °C and
viscosity of 0.89 cp, the intrinsic rate constdgtis 90 + 10

¢ undergoes electron transfer via its exposed heme edge, which iss™1,

located at about 30with respect to the positive end of the dipole
vectori® the parametef; was set at 30

The dipole moment of fern cupriplastocyanin was calculated from
its atomic coordinates (entry 1KDI in the Protein Data Batik).
Hydrogen atoms were added with CHARM®/Partial charges for most
atoms were taken from the CHARMM force fieléland the usual g,

values were assumed. Atomic partial charges for the copper site were

(54) van Leeuwen, J. WBiochim. Biophys. Actd983 743 408-421.

(55) Rush, J. D.; Levine, F.; Koppenol, W. Biochemistry198§ 27,
5876.

(56) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M. Comput. Chenil983 4, 187.

(57) MacKerell, A. D., Jr.; Bashford, D.; Bellott, M.; Dunbrack, R. L.,
Jr.; Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S;
Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.;
Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E., IlI;
Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe,
M.; Wiorkiewicz-Kuczera, J.; Yin, D.; Karplus, Ml. Phys. Chem1998
102 3586.

Oxidative Quenching of3Zncyt by Fern Cupriplastocyanin
at High and Intermediate lonic Strength. In the presence of
fern cupriplastocyanin, at ionic strengths from 3000 to 30 mM,
the decay of the triplet staf&@ncyt became faster but remained
monoexponential. The rate constants for disappearanée of
Zncyt and appearance of Zndyare equal within the error
bounds, as Figure 2 shows. The pseudo-first-order rate constants
are directly proportional to the cupriplastocyanin concentration
and depend on ionic strength. The second-order rate constants,
obtained from the slopes of the linear plots, are listed in Table

Oxidative Quenching of3Zncyt by Fern Cupriplastocyanin
at Low lonic Strength. In the presence of fern cupriplasto-
cyanin, as ionic strength is lowered further, the kinetics becomes

(58) Ullmann, G. M.; Knapp, E.-W.; KostjdN. M. J. Am. Chem. Soc.
1997 119, 42-52.
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Figure 3. Triexponential quenching of the tripléZncyt by 30uM
fern cupriplastocyanin in a sodium phosphate buffer at pH 7.0 and ionic
0.008 1 strength of 2.5 mM at 25C. The solid line is a fit to eq 12. The three
phases are designated by the corresponding rate conskanks; and
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Figure 2. Transient absorbance changes in a solution initially
containing 1M zinc cytochromee and 15:M fern cupriplastocyanin

in a sodium phosphate buffer at pH 7.0 and ionic strength of 1000
mM at 25°C. (a) Disappearance of the triplé&Zncyt, monitored at
460 nm. The line is a single-exponential fit. (b) Appearance and 6
disappearance of the cation radical Zricynhonitored at 675 nm. The

ke X 107 (s7)
.

p=10 mM

line is a fit to eqgs &11. W,
b
=3
Table 1. Bimolecular Rate Constantksfn x 1075, M~1 s7%) for :m )
the Reaction ofZncyt with Cupriplastocyanin from Different Plants & |
at pH 7.0, 25°C, and Different lonic Strengthg) =20 mM -
0 H &
pc source 0 10 20 30 40
u, mM fern bean lec(ihl, (uM)
30 770+ 20 nd Figure 4. Results of so-called normal titrations: dependence of the
40 320+ 20 700 rate constank,,son the concentration of fern cupriplastocyanin at low
50 340+ 10 310 ionic strength g). The solvents were sodium phosphate buffers of
60 150+ 5 230 indicated ionic strengths at pH 7.0 and 25. The lines are fits to eq
80 140+ 20 150 15. Error bars smaller than the dots cannot be seen.
100 100+ 5 130
200 18+ 2 40 _ _
500 13+1 14 tion.) The third rate constantk,,s depends on both the
1000 9.5+£0.4 9.4 cupriplastocyanin concentration and ionic strength. (See Figure
3000 5.8+ 04 6.7 4) The relative amplitude of this phase decreases as the
aFrom ref 16. cupriplastocyanin concentration increases and as ionic strength

decreases. (See Figures S2 and S3 in the Supporting Informa-
more intricate. The3Zncyt decay is best described with a tion.) At high quencher concentrations, the rate conskaat
triexponential function (eq 12), as Figure 3 shows. Many shows saturation owing to protein association.
attempts to an_alyze thg absort_)ance changg with time .in terms  Tnhe cation radical Zncyt formed as the tripleBZncyt is
of biexponential functions failed. (See Figure S1 in the (yidized by cupriplastocyanin, is observed also at low ionic
Supporting Information.) strength. (See Figure 5.) At ionic strength of 2.5 mM, the
absorbance grows at the rate of (290.9) x 10° s71 and
AA=a, exp(—kit) + a, exp(kyt) + a; exp(—kyd) jL(fZ) declines at the rate of (1% 0.1) x 10° s . The decrease of
the absorbance matches the average rate congtanfior the
Rate constants for two of the three phasess (3.3+ 0.7) decay of the triple¥Zncyt _(eq 13), obtained from the absorbance _
x 106 s'Landk, = (7.6 + 0.8) x 10° 1, are independent of change at 460 nm. The increase of the absorban_ce at675 nmis
the cupriplastocyanin concentration and ionic strength; evidently, caused by the back-reaction, and the decrease is caused by the
they correspond to intracomplex reactions. The relative ampli- forward reactior??
tudes of these phases increase as the quencher concentration
increases. (See Figures S2 and S3 in the Supporting Informa- Koy = f1ky + 5k, + fokops (13)
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Figure 5. Appearance and disappearance of the cation radical Zncyt
monitored at 675 nm, in a sodium phosphate buffer at pH 7.0 and ionic
strength of 2.5 mM at 28C. Initial concentrations of the proteins were
10uM zinc cytochromec and 40uM fern cupriplastocyanin. The line
is a fit to egs 8-11.
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Figure 6. Results of so-called reverse titrations: dependence of the
rate constarit's,s0n the concentration of zinc cytochrome a solution
containing 20uM fern cupriplastocyanin. The solvent is a sodium
phosphate buffer at pH 7.0 and ionic strength of 2.5 mM at@5The
dashed line is the theoretical prediction for a 1:1 model of binding
with the parameters obtained from the so-called normal titration
experiments. The solid line is a fit to a 2:1 model of binding. The
dotted line is the difference between the experimental data and the
simulated points for a 1:1 model of binding. Error bars smaller than
the dots cannot be seen.

80

In a so-called reverse (superscript r) titration, at the ionic
strength of 2.5 mM and 25C, zinc cytochrome was added
successively to a solution containing a fixed concentration of
fern cupriplastocyanin. Again, decay of the tripf&ncyt is
triexponential. The intracomplex rate constantskire (3.2 +
0.4) x 10® st andk, = (8.2 + 1.2) x 10®* s'%. The third
componentk;,, depends on zinc cytochroneeconcentration
and shows saturation. (See Figure 6.)

Nonredox Quenching of3Zncyt. The rates of théZncyt
decay in the presence of copper-free (apo-) and cobalt(ll) forms
of fern plastocyanin were measured at the ionic strength of 2.5
mM. Apoplastocyanin associates with zinc cytochrotnéut
does not quench the triplet by either energy transfer or electron
transfer. Upon association, however, radiationless decay of
3Zncyt is enhanced by 198 50 s1. Reduction of cobalt(ll)
plastocyanin is improbable, but energy transfer is possible. The
observed enhancement of tfgncyt decay by 256 20 s'tis

J. Am. Chem. Soc., Vol. 122, No. 6, DIR®

K, x10°(s™)
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relative viscosity (n/n,)

Figure 7. Dependence on solution viscosity of the unimolecular rate

constank;. The viscosity of a sodium phosphate buffer at pH 7.0 and

ionic strength of 2.5 mM at 28C was adjusted with glycerol. The

solid line is a fit to eq 21. Error bars smaller than the dots cannot be
een.

Table 2. Friction Parameterd) and Activation Parameters for the
Unimolecular Reaction ofZncyt with Cupriplastocyanin from
Different Plants at pH 7.0 and lonic Strength of 2.5 mM, Obtained
by Fittings to Two Equations

eq 21 eq 14
AG AH* AS
pc source T (K) 0 (kd/mol)  (kd/moal) (JI/K mol)
ferr? ki, 298 0.66+0.05 41.7+0.2 16+2 -—-88+7
ko 27+7 —78+23
bean 298 0.450.07 41.8+0.2* 13+2° —-97+4°
spinach 293 0.80.1¢ 43+1d 17+ 2% -85+ 4¢°

aTwo unimolecular reactions; and k;, are observed with this
protein, only one with each of the other proteihgrom ref 17.¢ From
ref 12.9 From ref 11.¢ From ref 13.

cyanin, the estimated rate constant for energy transfer to the
latter is ca. 600 <38

Kinetic Effects of Viscosity. The reaction in eq 1 was studied
at ionic strength of 2.5 mM and 2%C. The decay ofZncyt
was triphasic in the range from 0.89 to 1.8 cp, and biphasic at
higher viscosities. The amplitude of the fastest phase was
unaffected by viscosity. (See Figure S4 in the Supporting
Information.) Apparently, the two slower phases converge at
higher viscosities. We therefore analyze only the fastest
component. The unimolecular rate constapt(for an intra-
complex process) smoothly decreases and levels off as the
solution viscosity increases. (See Figure 7.)

Effects of Temperature on Unimolecular Rate Constants
ki and k,. The dependencies on temperature of the rate constants
ki andk; at ionic strength 2.5 mM are shown in Figure S5 in
the Supporting Information. Fitting to Eyring equation (eq 14)
gave the activation parametessd* and AS', which are listed
in Table 2. The amplitudes of the kinetic phases change only
slightly with temperature. (See Figure S6 in the Supporting
Information.)

kT

h

AS

exp—- exp

—AH*
RT

k

(14)

Association of Fern Cuproplastocyanin and Ferrocyto-
chromec. To avoid complications in the NMR spectra, titrations
were done with the reduced forms of both cytochrocrend

a combined effect of a radiationless process and energy transferplastocyanin. Numerous resonances, corresponding to protons

The rate constant for dipotedipole energy transfer is propor-
tional to the overlap between the emission spectrum of the
donor, here®Zncyt, and the absorption spectrum of the
guencheP? On the basis of the difference between the absorption
spectra of the cobalt(ll) and copper(ll) forms of fern plasto-

in both proteins, were affected by the presence of the other
protein, but changes in their chemical shifts were 0.06 ppm or
less, varying in magnitude and direction. Two resonances are

(59) Faster, T. Modern Quantum ChemistrySinanogu, O., Ed;
Academic Press: New York, 1965; Part Ill, p 93.
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8,=5.9887 ppm

8,=-0.2123 ppm

AS {(ppm)

[c;t(ll)] : [pzc(l)]
Figure 8. Titration of fern cuproplastocyanin with ferrocytochrome
c, followed by'H NMR spectroscopy. Changes in chemical shit§
for two of the plastocyanin peaks, whose chemical shifts in free
cuproplastocyanin ardy, are plotted against the mole ratio. The dotted
lines are fittings to a 1:1 model of binding. The solid lines are fittings
to a 2:1 model of binding.

chosen for Figure 8. Some resonances in cuproplastocyanin
broadened upon addition of ferrocytochromé& hese observa-
tions are consistent with protein association. Absence of
resonance splitting suggests that the exchange between the
complex and the free proteins is fast on the NMR time scale.

Dipole Moment of Fern Cupriplastocyanin. The calculated
magnitude is 439 D. The positive and the negative ends of the
vector penetrate the protein surface near the backbone oxygen
atom of Thr82 and near the nitrogen atom of Glu68, respec-
tively.

Monte Carlo Simulations of the Docking Configurations.
Extensive calculations resulted in 10 000 successful events,
docking configurations corresponding to local minima of energy.
More than 50% of these configurations fell below the average Figure 9. Representations of the 5000 most stable (of the 10 000 found)
of the highest and the lowest Coulombic energies. (See Figureconfigurations of the binary complex simulated by the Monte Carlo
9.) Each dot represents the center of mass of a cytochtome method. Fern plastocyanin is shown explicitly, with residues Tyr86
molecule; the heme always points toward fern plastocyanin. and His90 highlighted. Each dot represents the center of mass of
Simulations with cytochromeand spinach plastocyanin showed cytochromec. The density of dots reflects probability of docking. The
that in most of the electrostatically stabilized diprotein com- particularly stable orientations of cytochroroeare represented with

plexes cytochrome is docked at the remote (acidic) patch, in red dots. (a) View from the conventional direction and (b) view from
the vicinity of the residue Tyr83 the top. The pictures were prepared with the program RasMol, version

2.6.
Discussion surface and electron-transfer reactivity of fern plastocyanin, a
Protein Docking and Electron Transfer. Rate and specific- itzlsugucr]?a%%er protein that contains a very large acidic patch on

ity of electron-transfer reactions depend on association of the
reactants and on electron tunneling between the redox®8ites.
In some reactions the rate-limiting step is simply the electron
transfer. A pair of proteins, however, can associate in multiple
configurations, and an orientation that is optimal for binding
might not be optimal for the electron transfer. In such cases,
the electron-transfer reaction involves a rearrangement of the
e o Compls,Zney ol ich et before e ase ash. T
slower phase at low ionic strength, and the only one at

thermodynamically unfavorable, the overall electron-transfer . S . . .
reaction is called “coupled”; if the rearrangement is slower than intermediate and high ionic strength, is the bimolecular reaction

the electron-transfer step, the overall reaction is called “gafed”. between unassociated proteins, within the transient (collisional)

Both orotein docki dd ) t affect th complex. The persistent and transient complexes have similar

| ? ptro e|rf1 oc 'r,:.g an dy.t”.""m'c re?rr?r;gem(;an ? thh € rate constants, (2.5 0.4) x 1® st and (2.8+ 0.6) x 1P
electron-transter reaction, and it 1s important to understan 6.583*1,38 and activation parametersH* (13 + 2 and 13+ 1 kJ/
interactions. Here we combine kinetic and NMR spectroscopic

iments and theoretical simulations t lore the bindi mol) andAS' (=97 & 4 and—96 + 3 J/K mol)!? Evidently,
expenments and theoretical simuiations to explore the binding y,q proteins associate similarly in the persistent and the transient

(60) Marcus, R. A.; Sutin, NBiochim. Biophys. ACta®85 811 265 complex and rearrange to the same redox-active configuration.
322. (61) Zhou, J. S.; KosticN. M. Biochemistryl993 32, 4539-4546.

Mechanism of 3Zncyt Quenching by Fern Cupriplasto-
cyanin. Previous studies in this laboratory showed that high-
plant cupriplastocyanin quenches the triplet state of zinc
cytochromec by electron transfer, as in eqt138.61The reaction
is biphasic at low ionic strengthx (< 20 mM) and monophasic
at intermediate and high ionic strength% 30 mM). The faster
phase is the unimolecular reaction within the persistent diprotein
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In this study, we did similar kinetic experiments with fern Scheme 1
cupriplastocyanin. A = 30 mM, the results are as before.

The reaction witfZncyt is bimolecular; the two proteins form tg:e‘or:iﬁﬁl,zr uggfﬁﬁgr
only a transient complex. At lower ionic strength, however, the
fern protein differs markedly from its high-plant congeners. At Zneyt + pe(ll) Ka Zneytipe(ll)
least three kinetic phases are necessary to describ tiogt
decay in the presence of fern cupriplastocyanin. Two of the three hv
kinetic phases are unimolecular processes, corresponding to
intracomplex reactions. We conclude that at least two different 3Zncyt + pe(ll) hv
configurations of the persistent complex Zncyt/pc(ll) exist in
solution before the laser flash. Because both proteins are Kot || Kon
chromatographically pure and the relative amplitudes of the transient 37, 00 3Zncytipc(l1) PErSistent
different phases change with solution conditions, the multiphasic ~ °°P/ex complex
kinet.ics is.not.cau.seo! by heterogenity of the individual prote?ns. Kapo =K1, K2) ikh Ky
Multiphasic kinetics is caused by multiple complexes, which
differ in reactivity. Zneytipe(l) Zneyt'/pc(l)

Various evidence shows that all three phases offfmeyt
decay in the presence of fern cupriplastocyanin are caused by
the electron-transfer reaction, as shown in eq 1. Control P P
experiments with apo- and cobalt(ll) forms of this plastocyanin ° b
show that nonredox modes of quenching are negligible.
Moreover, the cation radical Zncywas detected in all three K

a

phases of the reaction. Zneyt + pe(ll) ~————— Zneytipe(ll)
The complete mechanism of the photoinduced reaction is

given in Scheme 1. At ionic strength lower than 30 mM, the

rate constant&; and k, are observed directly. The apparent K,- kon

electron-transfer rate constatt,, and the overall apparent Koft

association constant, are obtained from eq 1%, which

contains the concentration of cupriplastocyanin that acts as a'able 3. Apparent Electron-Transfer Rate Constanks,, and
guencher in the bimolecular reaction. Because this concentratio Aﬁﬁaég?rt] A&?%?;Qgccgzﬁagﬁﬁ ?BtgﬁngCt'on ofZneyt
is less than the total concentration (subsript 0), eq 16 is needed: Y :

This kinetic treatment does not incorporate microscopic as- #: MM Kapp x 1074, s°7* Ka M7
sociation constants and rate constants for the individual diprotein 1.25 3.2+0.2 n.de
complexes. Possibly more than two complexes exist in solution 2.5 4.1+£01 (6.8£2.7) x 10P
and are not distinguished experimentally. Moreover, these forms 15'0 ~5.2 n.dt

. " : 0 6.8+ 0.2 (1.8+ 0.6) x 10°
may interconvert (see below). Addition of more parameters in 20 77408 (1.9+ 1.0) x 10P

fittings would not give firm results. We use the simplest kinetic . -
model conservatively to estimate the overall association con- deieTr?n?nléagpbvatlﬁgslin%rt?n og;algeiotgom ,:fi'tsurtgbﬁq:lfoﬁfd Cal{l%twe”
stantsK, for the diprotein complexes and the “average” electron- 4cicrmined bécause thegdatg pgims Weregfew. a "
transfer rate constank,,, within these complexes. These

apparent constants are given in Table 3. Electrostatic Interactions and Protein—Protein Orienta-
tions in the Bimolecular Reactions ofZncyt with High-Plant
_ konkap,J(a[pC(”)] and Fern Cupriplastocyanins. Assuming normal K, values,
Kops = Ko * KapKa T KonK[pC(I1)] (15) zinc cytochromec and fern cupriplastocyanin at pH 7.0 have

overall charges oft6 and—6, respectively. The bimolecular
1 1 rate constank,m in Table 1 decreases with increasing ionic
[pc(I] = [pc(IN] — E{[Z”Cyt]o + [pc(iD]o + Ky ™ — strength, as expected for the oppositely charged proteins. The
bimolecular rate constants are very similar to those reported
\,/([chyt]wL [pc(iN]o + K, % — 4[Zneytl[pe()] o} for the analogous reaction of high-plant cupriplastocyanin,
(16) especially at higher ionic strength. (See Table 1.)
Zinc cytochromec and plastocyanin have not only large net
At ionic strengths of 30 mM and higher, the quenching of charges, but also large dipole moments. Dipolar interactions can
3Zncyt by fern cupriplastocyanin is a monoexponential process strongly influence the dependence on ionic strength of rate
and the dependence of the observed rate condtagton the constants and association constants for the reactions of
cupriplastocyanin concentration does not show saturation. Now macromolecules?26:45.61.6468 The semiquantitative van Leeu-
only the bimolecular rate constamtim, is determined (see eq  Wen theory (eq 3) provides information about the protein
17)83 In this case, the association constigaffects the value  protein orientation in the transient compfPrevious studies

of koim, but K, cannot be determined from kinetics. (64) Brothers, H. M., Il; Zhou, J. S.; Kosti&l. M. J. Inorg. Organomet.
Polym.1993 3, 59-76. ;
kobs: Kakap;IpC(“)] = kbim[pc(”)] (17) 16(()669 Cheng, J.; Zhou, J. S.; Kosti. M. Inorg. Chem1994 33, 1600~
(66) Davidson, V. L.; Jones, L. HBiochemistry1995 34, 1238.
(62) Espenson, J. H., E@hemical Kinetics and Reaction Mechanisms (67) Dixon, D. W.; Hong, X.; Woehler, S. Biophys. J1989 56, 339—
2nd ed.; McGraw-Hill: New York, 1995. 351.

(63) Equation 17 is obtained from eq 15 under the following condition: (68) Sokerina, E. V.; Ullmann, G. M.; van Pouderoyen, G.; Canters, G.
Kot > Kon[pC(I)] + Kapp W.; Kostic, N. M. J. Inorg. Biol. Chem1999 4, 111-121.
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Figure 10. Fits to eq 3 of the bimolecular rate constants in Table 1 for the reactiénafyt with cupriplastocyanins from (a) bean and (b) fern,
both in a sodium phosphate buffer at pH 7.0 and®@5Notice the great elongation and reorientation of the dipole moment in the fern protein, a
consequence of the radical change in the distribution of charges (Figure 1). The fuctiendefined in eq 4. Error bars smaller than the dots
cannot be seen.

in our laboratory, based on this electrostatic theory, showed that“northwest” region, the dipole vector reorients and protrudes
in the bimolecular reaction french-bean (later in the text, simply out of this cluster.
bean) plastocyanin uses its remote (acidic) patch for interaction Application of van Leeuwen theory to bean plastocyanin
with zinc cytochromec.5? correctly implicated the acidic patch in the reaction with zinc
Table 1 and Figure 10 allow comparison of bean and fern cytochromec,! but did not reveal the full complexity of this
plastocyanins in the same reaction (shown in eq 1). In fittings reaction. Other studies suggested that this reaction is gated by
to eq 3 two parameters were allowed to vary: the bimolecular dynamic rearrangement of the compléxVhen the rate of the
rate constank;,s at infinite ionic strength and the angle’ that rearrangement is independent of ionic strength, the reactive
specifies the position of the reaction site on the plastocyanin configuration cannot be deduced from the analysis of electro-
surface with respect to this protein’s dipole vector. The best static interactions. Moreover, van Leeuwen theory is inapplicable
fits gavekinr = (6.4+ 1.2) x 1 M~1standf, = 17 £ 30°. to proteins with multiple binding sites. For these reasons, we
Although thef' value defines a band of possible sites equatorial consider the results of van Leeuwen analyses only as hints to
to the dipole vector, rather than a unique site on the plastocyaninthe unique properties of fern plastocyanin. Firmer evidence
surface, this value allows a distinction among relatively distant comes from studies to be discussed next.
areas on the surface. The fitted valuetgf is consistent with Experimental Evidence for Multiple Binding Sites on the
the location of a new acidic patch near His90 and inconsistent Surface of Fern Plastocyanin.Analysis of the kinetic traces
with the position of Tyr86. These two residues correspond to for 3Zncyt decay in the presence of fern cupriplastocyanin

His87 and Tyr83 in high-plant plastocyanins. revealed that there are not one but two (or possibly more) forms
For comparison, similar fittings for the reaction of bean of the Zncyt/pc(ll) complex. The prime evidence for them,
plastocyanin gav&ns = (1.3£ 0.3) x 1 M1 sl andd, = discussed above, is direct observation of two different unimo-

36 £+ 15°.51 The plastocyanins from bean and fern differ in lecular (intracomplex) electron-transfer reactions. Additional
overall charge €8 vs —6), magnitude of the dipole moment experimental evidence leads to the same conclusion.

(362 vs 439 D), and, especially important, orientation of the |. Effects of lonic Strength. The apparent electron-transfer
dipole moment (see Figure 10). In both plastocyanins the rate constankap, within the transient Zncyt/pc(ll) complex
predicted reaction site sits close to the negative end of the dipoledepends on ionic strength, as Table 3 shows. The rate constant
vector. Indeed, in the most stable configuration of the diprotein for true electron transfer within a unique complex is not expected
complex the dipole moments seemed to be oriented head-to-to depend on ionic streng#lf, however, multiple complexes
tail.’® The dipole moment is reoriented from the bean to fern exist, a change in their relative populations with ionic strength
plastocyanin, and therefore the predicted reaction site on thewill cause a change in the rate constlgt,*® Others reported
surface changes completely. The binding surface of fern similar effects of ionic strength on electron-transfer rates within
plastocyanin differs from that of other plastocyanins. With the protein complexe®:5°70 and attributed them to two causes:
creation of the new cluster of acidic (anionic) residues in the coupling between conformational change and electron transfer
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The initial increase in the rate constakisandkopsis more
subtle. Clearly, as ionic strength increases (in this interval), the
contribution of the more reactive complex increases. But as ionic
strength increases, the relative amplitudes of both unimolecular
reactions k; andky) decrease; moreover, this decrease is steeper
for the faster ;) than for the slowerl}) reaction. (See Figure
10 S3 in the Supporting Information.) This experimental result
08 argues against preferential formation of the more reactive
06 complex from the free proteins as ionic strength is raised; the
initial increase in Figures 11a and 11c cannot be caused by the
change in the association constant. We take this initial increase
as evidence for rearrangement of the diprotein complex that
becomes easier as ionic strength increases (but remains low).
As ionic strength increases in the range from 0 to 10 mM,

4 interconversions between diprotein complexes become faster.
The less reactive complex(es) can rearrange to the more reactive
one(s). The most reactive complex can be the faster of the two
0 that we detect (the one corresponding to the rate conkignt

T e % w = or some complex that we do not detect.

ionic strength (mM) Dependencies similar to those in Figure 11 have been found
Figure 11. Results of fitting to a stretched-exponential function. in several other systems and taken as evidence that a “tight” or
Dependence on ionic strength of the parameterg(apd (b)n, both “less reactive” protein complex formed at low ionic strength
from eq 18, and (c) the pseudo-first-order rate conskantfrom eq rearranges into a “flexible” or “more reactive” complex at higher
12, for the reaction betweefrncyt and fern cupriplastocyanin in a  jonic strength?9:43.70.7276 The finding that ionic strength affects
sodium phosphate buffer at pH 7.0 and°Z5 Initial concentrations of the rate of rearrangement of the complex of zinc cytochrome
the proteins were 1M zinc cytochromec and 40 uM fern and fern plastocyanin is surprising, because ionic strength does
cupriplastocyanin. The lines simply connect the points. Error bars not affect the rate of the similar rearrangement involving bean
smaller than the dots cannot be seen. . R .

plastocyanir?® For this high-plant plastocyanin, the rearrange-

ment involves movement of the basic patch of zinc cytochrome
cin the vicinity of the initial binding site within the acidic patch;
various evidence argues against large migration of zinc cyto-
chromec.1113We suggest that a larger migration occurs in the

[

n
(=2

0.4

02

0.0

ks X 107 (s7)
(2]

after the complex formatioff,or change in the relative binding
affinities of two different binding site® Finding that kapp
depends on ionic strength supports our conclusion about two

(or more) binding sites on the surface of fern plastocyanin. tem involving f last . v f |

Interestingly, the apparent electron-transfer rate condtapt newt§ys tem involving etr_n pa_t;s ocyatr;]ln, rl1ant1ey rom a fess

increases as ionic strength increases, suggesting higher reactivit)réeac Ive 10 a more reactive site on the plastocyanin surtace.
urface diffusion would be promoted if the two binding sites

of fern plastocyanin at higher ionic strength. L . ) D
P y g g shared one or more anionic residues as a “bridge”. Migration

Decay of the triplefZncyt can be described not only with . .
multiple exponentials (eq 7), but equally well with a stretched- CQUId a_Iso be accomplished by breakup and re-formation of the
diprotein complex.

Il. Detection of the Transient Ternary Complex. Whether
fern plastocyanin has more than one binding site competent for
electron transfer could be tested by finding whether electron
exponential functiori In eq 18, the quenching rate constagt  transfer is possible between the binary complex Zncyt/pe(Il)
iS the most prObab|e rate constant W|th|n the famlly Of reaCtive and free Zinc Cytochrom@_ |f two b|nd|ng Sites on the
specieskq is the intrinsic rate constant (in our case, natural cypriplastocyanin surface do not overlap and can simultaneously
decay of®Zncyt); andn is the distribution parameter. In the  hold two molecules of zinc cytochrone a ternary complex
limit n= 1, all reactive species show the same quenching rate zncyt/pc(ll)/Zncyt can be formed. If spatial constraints or
constant, and eq 18 reduces to a monoexponential function. Asg|ectrostatic repulsion preclude simultaneous and persistent

Figure 11 shows, at low ionic strength< 1; as ionic strength  pinding of two molecules of zinc cytochrone the ternary
increasesn increases and approaches the limit= 1. We complex may perhaps form transiently.

conclude that multiple protein complexes (which can be transient
or persistent) exist at low ionic strength. As ionic strength
increases, these complexes rapidly interconvert, or all of them
convert to the same configuration. BOth t_he rate conskgnt r for the rate constants determined in these experiments.
from fittting to a stretched exponential (Figure 11a), and the o . i
rate constankyps determined from triexponential fittings (Figure In the reverse titration at low ionic strength the quenching
11c), first increase and then decrease as ionic strength increase®! the triplet 3Zncyt by fern cupriplastocyanin was again

further. The drop is easily explained; it is expected for the — o = r e o Ui GEur. 3, Biochem1992 203
reaction of two oppositely charged proteins and is caused by a115-129 = T ' o

AA= Agexp{ (—k) — ()} +b (18)

The reverse titration procedure, introduced by Zhou and
Hoffman, allows study of binding and photoinduced electron-
transfer reactions of multisite proteiffsWe use the superscript

decrease in the association constéat, (73) Hervas, M.; Navarro, J. A.; Tollin, GPhotochem. Photobiol 992
56, 319-324.
(69) Hazzard, J. T.; Moench, S. J.; Erman, J. E.; Satterlee, J. D.; Tollin, (74) Walker, M. C.; Pueyo, J. J.; Navarro, J. A.; Gomez-Moreno, C.;
G. Biochemistry1988 27, 2002-2008. Tollin, G. Arch. Biochem. Biophy4.991, 287, 351—358.
(70) Hazzard, J. T.; Rong, S.-Y.; Tollin, Biochemistry1991, 30, 213~ (75) Medina, M.; Herva, M.; Navarro, J. A.; De la Rosa, M. A.; Gomez-
222. Moreno, C.; Tollin, G.FEBS Lett.1993 313 239-242.
(71) Frauenfelder, H.; Sligar, S. G.; Wolynes, P.Sgiencel991, 254, (76) Meyer, T. E.; Rivera, M.; Walker, F. A.; Mauk, M. R.; Mauk, A.

1598-1603. G.; Cusanovich, M. A.; Tollin, GBiochemistryl993 32, 622-627.
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triphasic. Both intracomplex rate constants agree with those
determined by the normal titration. As Figure 6 shows, the rate
constant for the third compone stays at its maximum 12

value as long as [chyt]/[pc(ll)]<n{:)Lbsand then monotonically \/([cyt(ll)] +Ipe()] + Ky )" = 4leyt(I)] fpc(D]} (19)
decreases with further additions of zinc cytochraenén both )

normal and reverse titrations, the rate constaggsand k., Next, we tried a 2:1 model, 2 cyt to 1 SeThere are new
change their behavior toward saturation as the ratio [Zncyt)/ SYMPoIs in eq 20:x, and x are the molar fractions of
[pc(1)] approaches 1. Saturation occurs when essentially all zinc plastocyanln bound in the binary _and the_ ternary CO”.‘P'eX’
cytochromec molecules are bound. The results are consistent respectl\{gly,fb andf are the respective c_:oefflc!ents desgr!blng
with tight 1:1 binding. There is no indication of a persistent the sensitivity of th_e plastocyanin chemical S.h'fts' To minimize
ternary complex. The titration curve, however, qualitatively the number of the fitted parameters, we used in the model overall

differs from that expected if only binary Zncyt/pc(ll) complex associatior_l constants and not the constants for particular sites.
were involved in the quenching of the tripRancyt. Results of The association constants for the binary and the ternary
the reverse titration in Figure 6 cannot be fitted with the
parameters obtained from the normal titration. We conclude that AS = (%, T + X f)AO,, (20)
a transient ternary complex Zncyt/pc(ll)/Zncyt contributes to
the quenching rate. The data are fitted successfully to the modelcomplex,Kg andK;, are routinely related to the molar fractions
involving the binary complex and the second molecule of zinc of these complexes, andx.. For some of the resonances, two
cytochromec that are in rapid exchange, i.e., dissociation of association constants could not be distinguished in fitting to
the transient ternary complex is much faster than the intracom-the 2:1 model. Because a global fitting was unwarranted, curves
plex quenching?-78 This fitting gives the following estimates  for individual resonances were fitted separately. The fitting
for the ternary complex (superscript t): the association constanthaving the highest value d® and yielding two association
K, ~ 4 x 106 M1 and the apparent electron-transfer rate constants gavé = (3.0+ 0.2) x 10° M~ andK} = (1.2 +
constank‘appz (4.84 1.5) x 10*s%. The second molecule of ~ 1.3) x 10° M. We then fixed these two parameters in a global
zinc cytochrome binds more weakly because the first one has fitting of all 12 curves and obtained an improved fi?(=
already neutralized the negative charge on the cupriplastocyanir0.954). The values of the association constatandK}, are
surface. The apparent rate const is equal, within the consistent with those obtained from our kinetic data. This
error bounds, to the corresponding constant for the binary consistency supports the conclusion from the reverse titration,
complex,kapp The second molecule of zinc cytochromean namely that two molecules of cytochroneecan bind to the
bind transiently at more than one plastocyanin site in per- surface of fern plastocyal_'un. Because these proteins can form a
sistent binary complexes that seem to coexist. Protein associatiorférnary complex, they likely can form at least two binary
is nonspecific because the acidic patch in fern plastocyanin is COmplexes.
very broad. In conclusion, the results of reverse titration =~ We were able to assign several of those NMR signals in
confirm that zinc cytochrome binds to fern plastocyanin at ~ cuproplastocyanin that were significantly shifted during the
more than one surface site capable of the electron-transfertitration with ferrocytochrome. (See Table S1 in the Supporting
reaction. Information.) Among the identified residues, three are exposed
IIl. NMR Spectroscopic Studies of the Protein Association. 0N the surface: His90 and Phel2 lie on the north side of the

To learn more about the stoichiometry of the protein complex protein, whereas Lys56 lies on the east side. These residqesl are
and possible location of the two binding sites, we U$¢8IMR chated too far apart on the su'rface to belong to the same bmdlng
spectroscopy. Although the interactions between the binary SIt€ for cytochrome. Interestingly, 1l€39, in the hydrophobic
complex and an additional molecule of cytochromare only core of the protein, is also affected by the association. This

transient, they can be detected i NMR titration experi- finding agrees with a previous study, which showed structural
ments79, changes deep inside the high-plant plastocyanin upon its

o . association with cytochrome®
The titration curves for 12 selected resonances were first fitted Intracomplex Electron-Transfer Reactions Are Gated b
to a 1:1 model of binding.In eq 19,A¢ is the change in P y

. . L - Rearrangement of the Diprotein Complexeslin this study,
chemical Sh'f.t’A.af’“ Is this ch_ange when t_he_ ratio [cyt(Ih}/[pe we directly observe two intracomplex reactions, corresponding
(D] tends to infinity, andK, is the association constant for a

’ o . to the unimolecular rate constaris and ky. As in previous
L1 cqmplex. Global f|tt|ng§ of all 12 data §§ts yielded 9”6 studies of the intracomplex electron-transfer reactions, we can
association constaf€,. As Figure 8 shows, fitting to the 1:1

i & - examine the processes following protein association. But now,
rln(;del 'l%a&‘:‘\ﬂﬁ'atﬁ — I?'?iBgf)' rﬁuthtﬁa;arrr%%n_ t(iB.? + it for the first time, we can directly compare two different electron-
1) x S unrealistic, far lower than ne EUC resUllS - yransfer reactions within the same pair of proteins. We examine
for fern plastocyanin and the earlier kinetic results for high-

- S the effects of viscosity, temperature, and ionic strength on the
27,29,80 - ' '
Fel?en(ztep(;atitgclx ianQ(’) d%?th at low ionic strength? We unimolecular rate constants and k, and show that both of

these reactions are gated by structural rearrangement of the

(77) Nocek, J. M.; Zhou, J. S.; Hoffman, B. M. Electroanal. Chem. rESpe(_:tIV? diprotein Comp'ex?s- . .
1997, 438, 55-60. I. Kinetic Effects of Viscosity. In previous studies in our

(78) Here we refer to the time scale of kinetic experiments, on which |ab0rat0ry, solution Viscosity was introduced as an experimenta|

the binary complexes exchange slowly and the ternary complex exchange : : ; _
rapidly. in the Results section, we referred to the time scale of NMR Svariable to determine whether the intracomplex electron-transfer

measurements, on which both binary and ternary complexes exchanger€action is gatedft131618.25Solution viscosity impedes protein
rapidly.

A8 = ZAS{[eyt(IN] + [po(] + K, -

(79) Moore, G. R.; Cox, M. C.; Crowe, D.; Osborne, M. J.; Mauk, A. (80) Modi, S.; Nordling, M.; Lundberg, L. G.; Hansson,;@endall, D.
G.; Wilson, M. T. In Nuclear Magnetic Resonance of Paramagnetic S. Biochim. Biophys. Actd992 1102 85-90.
MacromoleculesLa Mar, G. N., Ed.; NATO ASI Series, Series C, Vol. (81) Palma, P. N.; Moura, |.; LeGall, J.; Van Beeumen, J.; Wampler, J.

457; Kluwer Academic Publishers: Dordrecht, 1994; pp-232. E.; Moura, J. J. GBiochemistryl994 33, 6394-6407.
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motion and slows down rearrangement of the diprotein complex, meanings: Hag is the electronic coupling between the heme
but does not affect so-called true and coupled electron-transferand the copper site}, is the reorganizational energlg;is the

reactionst® Planck’s constantR is the gas constan®, is the nuclear
Dependence of the rate constdaton viscosity, shown in frequency (188 s1); ro is the contact distance (3.0 Ag;is the
Figure 7, was fitted to the empirical eq #4jn which 7 is attenuation of electronic coupling over distance (1:4)Aand

solvent viscosityAG* is the free energy of activation for the r is the donotacceptor distance.
rearrangement; and is a parameter related to the protein

friction. The results of the fittings are listed in Table 2. 47? H 52 —(AG® + 1)?
k= ex;{ (22)
kT _AGH hv4ziRT 4ART
k= Tn‘é exp( o ) (21)
—(AG® + 1)°
k= ko exp[=A(r —rolexpl—p 5|  (23)

The parametersAG* and 6 for the faster of the two
intracomplex reactions of fern plastocyanin are similar to these
parameters for the only intracomplex reaction of high-plant
plastocyanins. Because solution viscosity similarly affects their
dynamics, the rearrangements involving these two variants of
plastocyanin probably are similar in kind: zinc cytochrome 30 kJ/mol (or 3.3 eV) and & 10722 J (or 4.0 cm?) for the
explores the surface of plastocyanin in the vicinity of the initial €SS reactive complex (reactidq). Fittings to eq 23 gave the
binding site, to improve the electronic coupling between the following respective values df andr: 259410 kJ/mol (or 2.7
heme and the copper site. Becadselepends on the protein eV) and 10.2+ 0.6 A for the more reactive complex, and_3l4
surfaces involved in the rearrangem&ht® and given the +30 kJ/mol (or 3.3 e\() and 9.3 20 'A for the less reactive
structural similarities between plastocyanins from fern and high COMPIex. The reorganizational energigpfor both complexes
plant3! we propose that this rearrangement occurs essentiallyfa" out of_ the |_nterval 0.82.3 eV for t_he ele_ct_ron-transfer
at the same part of the plastocyanin surfaaeor near the acidic  'eactions involving pairs of metalloproteif%®” Fittings to eqs

residues 5961, which correspond to the upper acidic cluster 22 and 23 in the case of the tripléZncyt and high-plant
in high-plant plastocyanins. cupriplastocyanin, the reaction proven to be gaféd,gave

II. Kinetic Effects of Temperature. Quenching of the triplet results simi_lar to thc_)se just given above for fe_rn plastocyanin.
sZncyt by fern cupriplastocyanin remained triphasic at all The e>.<cept|onally higit \{alugs give further evidence that the
temperatures. The distribution parameteobtained in fitting faster intracomplex reaction is gated and suggest that the slower

to eq 18 is unaffected by temperature. (See Figure S7 in theNfracomplex reaction aiso is gated. .
Supporting Information.) If the number of the protein complexes Il Kinetic Effects of lonic Strength. Neither the rate
remains the same in the temperature range examined, analysi§onstank: nork, depends on ionic strength. We conclude that
of the temperature effects on the individual rate constants ~ Poth of these intracomplex rearrangements are local configu-
andk; is justified. rational fluctuations within electrostatically stabilized diprotein
As Table 2 shows, the activation parametais* and AS* complex_es. 'I_'|ght binding at !ow ionic s_trength precludes the
for both reactions; andk, of fern plastocyanin are similar in ~ 1arger migration of the associated proteins.
sign to the parameters for high-plant plastocyaningf* > 0 Preliminary Identification of the Binding Sites. In the
andAS < 0. The former parameter is related to the change in conventional orientation of plastocyanin, shown in Figure 1,
the character of the exposed surfaces in the rearrangéfhent. residues His90 and Tyr86 of the fern protein mark the “north”
The latter parameter reflects tightening of the diprotein complex, @nd the “east” sides, respectively. The corresponding residues
required for the efficient electron transfer. The activation in high-plant proteins are His87 and Tyr83.
parameters for the faster unimolecular reactiy) of fern Monte Carlo calculations support our conclusion that fern
plastocyanin and for the only unimolecular reaction of two high- plastocyanin has more than one binding site. Numerous
plant plastocyanins are equal, within the error bounds. This relatively stable configurations are found; a very broad area on
equality supports our proposal that these reactions occurthe surface seems to be involved in binding of cytochrame
essentially at the same region of the plastocyanin surface. TheAs Figure 9 shows, the binding occurs on both northeast and
AH* value for the slower unimolecular reactioky) of fern northwest sides and also on the “back” of plastocyanin. In the
plastocyanin is larger than that for the reactignif the reaction =~ NMR experiments we find that residues affected by the protein
ko is also gated by structural rearrangement, this difference association lie in this general area of plastocyanin. The
would mean that this protein motion is more impeded in the calculations support our proposal from kinetics, namely that the
complex undergoing the reactidm than the complex undergo- ~ northeast area participates in binding of zinc cytochreraad
ing k1. As the discussion below will show, both of these €lectron transfer. We assign the faster intracomplex reaction,
intracomplex reactions of fern plastocyanin are gated. the rearrangemert, to this area. Binding to the northwest
Analysis by Marcus theory of the temperature effects on an region of the plastocyanin surface provides the greatest elec-
electron-transfer reaction allows a tentative diagnosis whethertrostatic stabilization. This is the region that is acidic (negatively
the reaction is gate?t. The thermodynamic driving forcéyG®, charged) in the fern protein, but not in the high-plant proteins.
for the unimolecular reactions in eq 1 is the sum of the potentials This region, however, is distant from His90 and Tyr86, and the
for the oxidation of3Zncyt to Zncyt (0.88 V) and for the ~ surface topography would present obstacles to the movement
redugtlon of cupriplastocyanin to cgproplastocyanln (0.39 V). (83) McLendon, G- Hake, RChem. Re. 1992 92, 481,
We fit the temperature dependencies of the rate conskants (84) Simmons, J.: McLendon, G.; Qiao, X.Am. Chem. S04993 115,

andk; to egs 22 and 28 in which the symbols have their usual  4889.

(85) Harris, T. K.; Davidson, V. LBiochemistry1l993 32, 14145.
(82) Khoshtariya, D. E.; Hammerstad-Pedersen, J. M.; Ulstrup, J.  (86) Brooks, H. B.; Davidson, V. LBiochemistry1994 33, 5696.

Biochim. Biophys. Actd991 1076 359. (87) Kostig N. M. Met. lons Biol. Syst1991, 27, 129-182.

Fittings to eq 22 gave the following respective valuest of
andHpg: 2654 10 kd/mol (or 2.7 eV) and X 10723J (or 2.5
cm~1) for the more reactive complex (reacti&g), and 320+
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of zinc cytochromec. We implicate this site in the slower biological systems, it is more useful to consider whether an

intracomplex reaction, the rearrangemégnt electron-transfer reaction involves an interface between the
_ proteins. Dynamic processes at this interface may affect the
Conclusions reaction in ways that remain unknown.

One well-characterized protein molecule, cytochramean o o
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