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the cis amide conformer energetically accessible for binding and 
recognition by the receptor, then the tetrazole analogue should 
provide a useful probe of this role. On the other hand, the cis 
amide offers a unique arrangement of an adjacent hydrogen-bond 
donor and acceptor, which the tetrazole does not possess and whose 
steric bulk would prevent from assuming close proximity to the 
receptor. Activity of analogues with tetrazole replacement will 
provide strong evidence for the role of the cis amide in receptor 
recognition. Lack of activity will not exclude the cis amide from 
consideration, because of the differences pointed out above. Other 
cis amide surrogates such as the cis olefinic isostere would be useful 
to probe this question. Hann et al.20 have reported synthetic 
difficulties in the preparation of peptides with the cis olefinic 
surrogate due to rearrangement from the cis-/3,7-unsaturated 
isomer to the more stable trans-a,/3-unsaturated isomer. 

Conclusion 
Conditions for the preparation of tetrazole dipeptide analogues 

in which the amide bond is replaced by a 1,5-disubstituted tetrazole 
ring have been found that preserve the chiral integrity of the 

(20) Hann, M. M.; Sammes, P. G.; Kennewell, P. D.; Taylor, J. B. J. 
Chem. Soc, Perkin Trans. 1 1982, 307-314. 

The complex [Ru(NH3)5H20]2+ is an appropriate reagent for 
the modification of metalloproteins because of its affinity for 
accessible surface histidine residues. It has for example been 

'The University, Newcastle upon Tyne. 
'The University, Liverpool. 
I University of Leeds. 

starting dipeptide. A comparison of the crystal structure of a 
diketopiperazine in which one of the cis amides has been replaced 
with a tetrazole ring demonstrates clearly the strong geometric 
similarity of these two functional groups. A method to assess the 
impact of the minor geometrical changes and the increase in steric 
bulk on the conformational ability of the tetrazole analogue to 
mimic those conformers accessible to the cis amide has been 
developed that shows 88% mimicry. The combination of a syn
thetic route to chirally pure products with the knowledge that the 
tetrazole isostere allows nearly complete sampling of the con-
formers available to the cis amide bond argues strongly for its 
use to probe the role of proline and other /V-alkyl amino acids 
in molecular recognition. 
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attached to specific histidine residues on ribonuclease A,1 lyso-
zyme,2 horse heart cytochrome c,3 and Pseudomonas aeruginosa 
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Ruthenium-Modified Algal Plastocyanins and an Unusually 
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Abstract: Plastocyanins from the algae Anabaena variabilis and Scenedesmus obliquus possess a single uncoordinated surface 
histidine at position 59. Procedures for Ru modification of this residue using [Ru(NH3)SH2O]2+ are described. The modification 
time required is strongly dependent on the net charges on the proteins, estimated as 1+ and 9- respectively for PCu1 at pH 
7. The major product in each case has been characterized by ICP atomic emission spectroscopy (1:1 ratios of Cu to Ru). 
The His-59 residue of the Ru-modified products no longer reacts with diethyl pyrocarbonate (DEPC). Also the sharp 1H 
NMR His-59 C2H resonance at 8.2 ppm is lost due to paramagnetic line broadening by the adjacent Ru(III). The PCu"/PCu' 
reduction potentials remain essentially unchanged, and the PCu" UV-vis spectrum is unperturbed by Ru modification, except 
for the additional shoulder at 300 nm due to the [Ru(NH3)5His]3+ moiety. On pulse radiolysis using CO2" to reduce PCu11Ru111 

(pH 7, 20 0C) the behavior observed in both cases is very similar. Reduction is partitioned between the Cu(II) (72%) and 
Ru(III) (28%), rate constant 6.7 X 108 M"1 s"1, yielding stable PCu1Ru111 and transient PCu11Ru", respectively. The latter 
decays to PCu1Ru"1 by intra- and/or intermolecular processes (Ar1, Ic1), which together constitute the second stage. For A. 
variabilis, Jt1 = 0.024 ± 0.058 s'1 and k2 = 1.2 X 105 M"1 s"1; and for S. obliquus, Ic1 = 0.04 ± 0.22 s"1 and Jt2 = 3.3 X 105 

M"1 s"1. Therefore Jt1 values are <0.082 and <0.26 s"1, respectively, with zero values not excluded from this study. Modification 
of Pseudomonas aeruginosa azurin was also carried out by a procedure already described. From four pulse radiolysis runs, 
transient ACu11Ru" gives Jc1 = 2.5 ± 0.8 s~' (pH 7, 17 0C), with no significant competition from Jc2, in satisfactory agreement 
with the flash photolysis value of 1.9 ± 0.4 s"1 from the Gray group. Donor-acceptor distances (~ 12 A) and driving forces 
are similar for the PCu11Ru" and ACu11Ru11 systems. Of particular interest is the very small ky for both Ru-modified plastocyanins, 
indicating that electron transfer from the His-59 site through to the Cu is not a favorable route. On the other hand when 
unattached [Ru(NH3)5Im]2+ is the reductant, stopped-flow studies indicate Jtet > 5 x 103 s""1 for reduction from the acidic 
patch (42-44) region of S. obliquus PCu". 

0002-7863/88/1510-5880S01.50/0 © 1988 American Chemical Society 



Ru-* Cu Electron Transfer in Plastocyanins J. Am. Chem. Soc, Vol. 110, No. 17, 1988 5881 

azurin.4 Four singly modified sperm whale myoglobin derivatives 
in which the Ru label is attached to different histidine residues 
have also been isolated.5 Because of their kinetic inertness in 
the Ru(II ) and Ru(III ) states, the modified proteins lend them
selves to the study of intramolecular electron-transfer processes.6,7 

Plastocyanin has not so far been a part of these studies because 
the protein from the more readily available higher plant sources 
has only two histidine residues, both of which are coordinated to 
the Cu at the active site.8 From sequence information a number 
of algal plastocyanins are known to have an uncoordinated surface 
histidine, and it is two of these plastocyanins9,10 that provide the 
subject of the present study. More specifically, plastocyanin from 
the blue-green alga Anabaena variabilis and from the green alga 
Scenedesmus obliquus have a surface histidine at position 59. 
Both plastocyanins are of interest because in the case of A. 
variabilis the protein is basic (p / ~ 7.8) with an estimated PCu1 

charge of 1+ at pH ~ 7 and S. obliquus is acidic (p / ~ 4.2) with 
an estimated PCu1 charge of 9- , in common with higher plant 
plastocyanins (±1) . Of further interest are the two deletions in 
aligned sequences at positions 57 and 58 on S. obliquus, which 
results in a tightening of the peptide loop incorporating His-59.11,12 

Experimental Section 

Proteins. Procedures for growing and isolating plastocyanin from the 
blue-green alga A. variabilis (original sample from Sea Plantations Inc., 
Salem, MA)13"15 and the green alga S. obliquusx6~n have been described. 
Homogeneity of the purified A. variabilis plastocyanin, after passage 
down two C-50 cation-exchange Sephadex columns, was confirmed by 
chromatography on a Mono-S FPLC (Pharmacia) column in 20 mM 
acetate buffer at pH 5.2. Protein of absorbance {A) ratio A2n/Ai91 ^ 
1.3 was used for modification. Plastocyanin from S. obliquus was pu
rified as described,18 to give protein with A2ig/Am = 3.1 or less, before 
use in modification procedures. Spinach plastocyanin (Spinacea olera-
cea) was isolated by the procedures used previously in this laboratory and 
purified to A2nJA^1 = 1.1 ± 0.1." a The His-59 pA^ values for the 

(3) (a) Yocum, K. M.; Shelton, J. B.; Shelton, J. R.; Schroeder, W. A.; 
Worosila, G.; Isied, S. S.; Bordignon, E.; Gray, H. B. Proc. Natl. Acad. Sci. 
U.S.A. 1982, 79, 7052. (b) Nocera, D. G.; Winkler, J. R.; Yocum, K. M.; 
Bordignon, E.; Gray, H. B. J. Am. Chem. Soc. 1984, 106, 5145. (c) Isied, 
S. S.; Kuehn, C.; Worosila, G. J. Am. Chem. Soc. 1984, 106, 1722. (d) 
Bechtold, R.; Gardineer, M. B.; Kazmi, A.; van Hemelryck, B.; Isied, S. S. 
J. Phys. Chem. 1986, 90, 3800. 

(4) (a) Margalit, R.; Kostic, N. M.; Che, C-M.; Blair, D. F.; Chiang, 
H.-J.; Pecht, I.; Shelton, J. B.; Shelton, J. R.; Schroeder, W. A.; Gray, H. B. 
Proc. Natl. Acad. Sci. U.S.A. 1984, 81, 6554. (b) Kostic, N. M.; Margalit, 
R.; Che, C-M.; Gray, H. B. J. Am. Chem. Soc. 1983, 105, 7765. 

(5) (a) Margalit, R.; Pecht, I.; Gray, H. B. J. Am. Chem. Soc. 1983,105, 
301. (b) Lieber, C M.; Karas, J. L.; Gray, H. B. J. Am. Chem. Soc. 1987, 
109, 3778. (c) Crutchley, R. J.; Ellis, W. R., Jr.; Gray, H. B. In Frontiers 
in Bioinorganic Chemistry; Xavier, A. V., Ed.; VCH: W, Germany, 1986; 
p 679. 

(6) Mayo, S. L.; Ellis, W. R„ Jr.; Crutchley, R. J.; Gray, H. B. Science 
(Washington, D.C.) 1986, 233, 948. 

(7) Gray, H. B. Chem. Soc. Rev. 1986, 15, 17. 
(8) Sykes, A. G. Chem. Soc. Rev. 1985, 14, 283. 
(9) Aitken, A. Biochem. J. 1975, 149, 675. 
(10) Ambler, R. P.; Kelly, J. M., unpublished work quoted in ref 9. 
(11) Moore, J. M.; Case, D. A.; Chazin, W. J.; Gippert, G. P.; Havel, T. 

F.; Powls, R.; Wright, P. E. Science (Washington, D.C.) 1988, 240, 314. 
Personal communication from Dr. P. E. Wright. 

(12) (a) Guss, J. M.; Freeman, H. C J. MoI. Biol. 1983, 169, 521. (b) 
Guss, J. M.; Harrowell, P. R.; Murata, M.; Norris, V. A.; Freeman, H. C 
J. MoI. Biol. 1986,192, 361. (c) Collyer, C A.; Freeman, H. C, unpublished 
work on structure of plastocyanin from the green alga E. prolifera (personal 
communication from Professor H. C Freeman). 

(13) Kratz, W. A.; Meyers, J. Am. J. Bot. 1955, 42, 282. 
(14) Jackman, M. P.; Sinclair-Day, J. D.; Sisley, M. J.; Sykes, A. G. / . 

Am. Chem. Soc. 1987,109, 6443. The estimate of the charge on A. variabilis 
PCu' of 2+ is now relevant. 

(15) Ellefson, W. L.; Ulrich, E. A.; Krogmann, D. W. Methods Enzymol. 
1980, 69, 223. 

(16) Kessler, A.; Arthur, W.; Brugger, J. B. Arch. Biochem. Biophys. 1957, 
71, 326. 

(17) Rowells, P.; Powls, R. Biochim. Biophys. Acta 1976, 423, 65. 
(18) McGinnis, J.; Sinclair-Day, J. D.; Sykes, A. G.; Powls, R.; Moore, 

J.; Wright, P. E. Inorg. Chem., in press. 
(19) (a) Sinclair-Day, J. D.; Sykes, A. G. J. Chem. Soc, Dalton Trans. 

1986, 2069. (b) McGinnis, J.; Sinclair-Day, J. D.; Sykes, A. G. J. Chem. Soc., 
Dalton Trans. 1986, 2007. (c) Armstrong, F. A.; Henderson, R. A.; Sykes, 
A. G. J. Am. Chem. Soc. 1979, 101, 6912. 

Table I. Products from the Reaction of A. variabilis Plastocyanin 
with [Ru(NH3)5H20]2+ [[PCu11] = 0.48 mM, [Ru(NH3)5H20]2 + = 
21 mM, pH 7.5 (20 mM Hepes), Reaction Time 4.3 h] 

band % yield0 

40 
11 
30 

Ru/Cu band yield" Ru/Cu 

no Ru 
1.00 
1.05 

2.26* 

"21 mg of protein recovered following modification of 24 mg. 
'Determined for bands 4 and 5 combined. 

Table H. Effect of Redox Cycling (RC) on Product Distribution for 
the 5. obliquus Plastocyanin Ru Modification Reaction 

band 

1 
2 
3 

% 
no RC0 

20 
42 
38 

yield 

RC6 

0 
58 
38 

Ru/Cu 

1.93 
0.97 
no Ru 

"Modification conditions: [PCu"] = 0.20 mM, [Ru(NHj)5H2O]2+ 

= 11 mM, pH 7.5 (20 mM Hepes), reaction time 25 min, 20 mg of 
protein chromatographed. * Modification conditions: [PCu11] = 0.18 
mM, [Ru(NH3)5H20]2+ = 11 mM, pH 7.5 (20 mM Hepes), reaction 
time 20 min, 18.5 mg of protein chromatographed. Redox cycling as in 
the Experimental Section. 

Figure 1. Elution profile by FPLC (absorbance monitored at 280 nm) 
of reaction mixture from Ru modification of A. variabilis plastocyanin. 
A Mono-S column in 20 mM acetate, pH 4.5, was used with a 0-30% 
linear gradient of 1 M NaCl. Labeled peaks: la, native PCu'; lb, native 
PCu". Other bands (2-5) as defined in the text. All the fractions except 
la were blue. 

native plastocyanins in the PCu1 state, determined by NMR, are 7.3 (A. 
variabilis)20 and 7.8 (S. obliquus).1* 

Complexes. The aquapentaammineruthenium(II) complex [Ru(N-
Hj)5H2O] (PF6)2 was prepared21 by a method similar to that of Sundberg 
et al.22 and the composition confirmed by analysis. The imidazole Ru(II) 
complex, [Ru(NH3)5Im]2+ was prepared by reduction of a solution of 
[Ru(NH3)5H20](CF3S03)3 (0.47 g) and imidazole (0.15 g; Sigma) in 
0.10 M HCl (1OmL) with amalgamated zinc shot (~1.2 g) under argon. 
Reduction was allowed to proceed for 5 h in the dark, after which the 
solution was transferred by argon pressure through a glass wool filter into 
a flask containing a deaerated (argon) solution OfNH4PF6 (1.5 g) in 2.5 
mL of water. The pale yellow precipitate was filtered off, washed with 
methanol and a little ether, and dried under an argon stream overnight. 
It was possible to handle the dry solid in air for short periods. Storage 
was under argon. [Ru(NH3)5Im](PF6)2: yield 0.34 g (87%); UV [X/nm 
(e/M"1 cm"1)] 255 (2660), 280 sh (2580) [lit.22 255 (2800), 280 sh 
(2700)]. 

(20) Curtis, J. C; Sullivan, B. P.; Meyer, T. J. Inorg. Chem. 1983, 22, 224. 
(21) Callahan, R. W.; Brown, G. M.; Meyer, T. J. Inorg. Chem. 1975,14, 

1443. 
(22) Sundberg, R. J1; Bryan, R. F.; Taylor, I. F., Jr.; Taube, H. J. Am. 

Chem. Soc. 1974, 96, 381. 
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Figure 2. UV-vis spectrum of band 3 (—) in the fully oxidized A. 
variabilis PCu11Ru1" state compared with that of native PCu11 (- - -) at 
pH 7 (phosphate buffer). When the pH is increased to 9.5 (glycine 
buffer), the spectrum of band 3 changes, 300-450 nm, due to acid dis
sociation of the pyrrole nitrogen. The effect is similar to that reported 
for [Ru(NH3)5(His)]3+, pK, = 8.7.24 

Modification Procedures. In a typical procedure A. variabilis plas-
tocyanin PCu" (28 mg, 0.48 mM) was treated with [Ru(NH3J5H2O]2+ 

(57 mg, 21 mM) in 10 mL of solution at pH 7.5 (20 mM Hepes buffer) 
for 4 h at room temperature, / = 0.10 M (NaCl). The same conditions 
were employed for S. obliquus PCu11 (17.5 mg, 0.18 mM) and [Ru-
(NH3)5H20]2 + (38 mg, 11 mM), with a reaction time of 20 min only. 
In both cases the reaction was terminated by gel filtration on a Sephadex 
G25 column (3 X 25 cm), previously equilibrated with phosphate buffer 
(0.10 M, pH 7) under argon. The protein mixture obtained from the gel 
column was immediately oxidized with a small excess of [Fe(CN)6]3" and 
the protein determined spectrophotometrically, assuming here and else
where that e = 4500 M"1 cm"1, at 597 nm.23 The protein was then 
subjected to redox cycling. It was fully reduced with excess ascorbate 
and then left overnight at 4 0C after the ascorbate was removed by 
diafiltration. Under these conditions Ru(II) attached at other amino acid 
residues aquates and multiply modified 5. obliquus protein is converted 
back to the singly modified derivative. Samples were subsequently re-
oxidized with [Fe(CN)6]3" and diafikered into the appropriate buffer for 
ion-exchange chromatography. 

The A. variabilis plastocyanin mixture was loaded onto a CM52 
cation-exchange column (1.5 X 8 cm) in 1 mM phosphate buffer, pH 7.0, 
and eluted with a 20-100 mM gradient of phosphate buffer, pH 7.0. The 
flow rate was 3 mL/min. Three blue bands were collected and concen
trated by diafiltration. A small amount of protein that remained bound 
at the top of the column on completion of the gradient was eluted in 0.10 
M phosphate buffer, pH 7.0, containing 0.1 M NaCl. Two bands were 
resolved and collected as described above. Recovery of protein from the 
column was >90%. Relative yields of the five isolated bands are given 
in Table I, together with their Ru to Cu ratios. Small variations in 
reaction time, ionic strength, and protein concentration did not dra
matically affect the relative yields of the bands or alter their chromato
graphic properties. The product distribution in Table II is typical of a 
sample left in the reduced state for several hours before chromatography. 
If however the redox cycling was omitted and the protein mixture was 
chromatographed directly, the product distribution was weighted more 
toward the multiply modified species. The chromatographic separation 
described above was less satisfactory under these conditions due to some 
merging of protein bands during the 4-h elution period. This could be 
minimized by more rapid chromatographic separation (~20 min) using 
a Mono-S FPLC (Pharmacia) column. Protein was loaded in 20 mM 
acetate buffer, pH 4.5, and eluted in a linear gradient of 0-100% NaCl 
in this buffer. The elution profile is shown in Figure 1. 

Recovery of S. obliquus plastocyanin following modification was 95%. 
Chromatographic separation of the oxidized protein mixture used a DE52 
anion-exchange column, to which the modified (negatively charged in this 
case) protein is expected to bind less strongly than native protein. Elution 
in a 20-100 mM gradient of phosphate buffer, pH 7.4, resulted in the 
resolution of two bands if redox cycling had been performed before 
column loading or three bands if it had not. Bands were collected sep
arately and concentrated by diafiltration. The relative yields of these 
bands and their corresponding Ru to Cu ratios are given in Table II. 

(23) Milne, P. R.; Wells, J. R. E. J. Biol. Chem. 1970, 245, 1566. 
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Figure 3. UV-vis spectrum of A. variabilis band 2 (—) in the fully 
oxidized PCu11Ru111 state compared with native PCu" (—). The spec
trum is independent of pH in the range 4.5-9.5. 

Stability of Products. When fully oxidized A. variabilis and S. ob
liquus samples, PCu11Ru1", were rechromatographed after standing at 
4 0C in 0.10 M phosphate (pH 7) for 48 h, some native PCu" (<10%) 
was detected. Storage of a 5-mg sample of A. variabilis PCu11ZRu1" 
(band 3) thawed and rechromatographed after 2 weeks at -20 0C con
tained no detectable native PCu". Observations on the A. variabilis 
PCu11Ru1" (band 2) suggested a similarly inert product. 

UV-Visible Spectra. The S. obliquus PCu11Ru1" product and band 
3 from the A. variabilis modification have similar spectra, illustrated for 
the latter in Figure 2. A new peak at 300 nm (e ~ 2000 M"1 cm"') is 
a feature of both spectra that corresponds to that observed for [Ru-
(NHj)5HiS]3+ at 303 nm (e = 2100 M"1 cm"1).24 The peak at 597 nm 
remains unaltered, indicating little or no perturbation of the PCu" active 
site as a result of modification. Both the 597- and 300-nm peaks dis
appear on ascorbate reduction to PCu1Ru" with increased absorption at 
lower wavelengths. The pH dependence of the spectrum of A. variabilis 
PCu11Ru1" was investigated. At pH 9.5 in 20 mM glycine buffer the 
300-nm peak decreases in intensity and a new peak at ~370 nm is 
observed. Readjustment to pH 7.0 gave the original spectrum, with a 
small (~10%) deterioration in purity. No change in spectrum was 
observed over the range pH 4.5-7.0. The changes observed are similar 
to those for [Ru(NH3)5His]3+, which gives a displacement of the 300-nm 
peak to 365 nm (t = 3350 M"1), assigned as deprotonation of the pyrrole 
nitrogen of [Ru(NH3)5His]3+ (ptfa = 8.8) (eq I).24 The pKz of this 
deprotonation in free histidine is ~ 14.22 The changes observed for A. 
variabilis PCu11Ru"' at pH 9.5 were somewhat less, suggesting a pA^ > 

(NH3 I5Ru N 
/T--NH 

(NH3 I5Ru N 
. . ^ N 

( 1 ) 

Band 2 obtained for A. variabilis has a quite different spectrum 
(Figure 3) with a peak at 370 nm (e ~ 2500 M"1 cm"1) that is inde
pendent of pH in the range 4.5-9.5. Reduction by excess ascorbate 
resulted in loss of the 597-nm, but not the 370-nm, absorbance, indicating 
that the Ru(III) center is not reduced. Absorbance bands at 370 nm have 
been reported for P. aeruginosa azurin modified at His-83 to give cis-
[Ru(NH3)4(OH)His-83],25 but the absence of pH effects on the UV-vis 
spectrum of band 2 does not support such an assignment in the present 
case. The spectroscopic properties of band 2 also seem to preclude the 
presence of a C-bound histidine complex.22,24 The exact nature of this 
product therefore remains uncertain. Since no reaction is observed in the 
DEPC modification procedure (see below), it would appear that attach
ment is also at His-59. Loss of an NH3 ligand and possibly further 
coordination to the peptide (or phosphate buffer26) may be occurring. 
This product is not considered further, and subsequent reference is made 
only to band 3 of the A. variabilis modification. 

DEPC Modification. Absorbance changes observed on reacting A. 
variabilis native (44 /^M) and Ru-modified protein (25 txM) with a 
20-fold excess of diethyl pyrocarbonate (DEPC; Sigma) in 0.10 M 

(24) Sundberg, R. J.; Gupta, G. Bioinorg. Chem. 1973, 3, 39. 
(25) Che, C-M.; Margalit, R.; Chiang, H.-J.; Gray, H. B. Inorg. Chin 

Acta 1987, 135, 33. 
(26) Ilan, Y. Inorg. Chem. 1985, 24, 4223. 
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Figure 4. Increase in absorbance at ~238 nm on DEPC (diethyl pyro-
carbonate) modification of A. variabilis plastocyanin. Spectra were 
recorded at 5-min intervals. 

AA 

Figure 5. 300-MHz 'H NMR spectra in the aromatic region for native 
A. variabilis PCu" (lower spectrum) and the Ru(III)-modified protein 
(band 3). 

phosphate (pH 7) at 25 0C are shown in Figure 4. The reaction is as 
in eq 2. Similar results were observed for S. obliquus. Spinach plas-

' ' \ „ „„ .. ~ 3 0 mi" VL_ N _c— 
(2) 

-H 
rf? 

P - O C 2 H 5 

DEPC 

OC2H5 

CO2 + C2H6OH 

tocyanin, which has no His-59, does not react with DEPC. After 40 min 
the extent of reaction with native A. variabilis and 5. obliquus was 
~84% based on the absorption coefficient for iV-ethoxyimidazole at 240 
nm of 3200 M"1 cm"1.27 For iV-ethoxyhistidine in proteins a smaller 
value, 2900 M"1 cm-1, has been reported,28 and in the present work a 
value 2750 ± 100 M"1 cm"1 with a peak at 238 nm would seem appro
priate. The Ru-modified proteins give little or no absorbance change at 
238 nm consistent with Ru attachment at His-59, which prevents reaction 
with DEPC. The PCu" spectrum at >280 nm was unaffected by DEPC 
modification. 

419. 

(27) Miles, E. W. Methods Enzymol. 1977, 47, 431. 
(28) Tudball, N.; Bailey-Wood, R.; Thomas, P. J. Biochem. 1972, 129, 

Table III. Comparison of Reduction Potentials (25 0C) for Cu 
Active Site in Native and Ru-Modified Proteins, pH 7.0, / = 0.21 M 
[Errors in Parentheses] 

protein 

spinach PCu1VRu1 

A. variabilis PCu"/Ru I , ! 

S. obliquus PCu" /Ru" 
P. aeruginosa ACu"/RuI<r 

E°/mV (vs NHE) 

native 

363 (2) 
339 (2)* 
363 (2) 
308 (2) 

Ru modified 

340 (4) 
385 (7) 
320 (2) 

ref 

this work 
this work 
this work 
4a 

0Ru modified at His-59. * Value 342 mV determined by optical 
transparent thin-layer electrode (OTTLE) (J. A. Goodwin, this labo
ratory). 'Ru modified at His-83. 

NMR Spectra. Proton NMR spectra at 300 MHz were obtained for 
the fully oxidized protein in 0.10 M deuteriated phosphate buffer at pH 
7.0 (no correction for the deuterium isotope effect is made). The aro
matic regions of the 1H NMR spectra of native and Ru-modified A. 
variabilis plastocyanin are compared in Figure 5. The most striking 
change due to modification is the disappearance of a sharp resonance at 
8.25 ppm, which has been assigned previously to the imidazole C2H 
proton of His-59.22 The C4H proton resonance should occur at 6.75 ppm 
at pH 7.0. However, the complex nature of the spectrum in this region 
prevented its assignment here. 

Reduction Potentials. These were determined for native and Ru-
modified plastocyanin by titration of the oxidized protein with [Fe-
(CN)6]4". The separation of the [Fe(CN)6]3"/4- (410 mV)29 and [Ru-
(NH3)sHis]3+ ' '2+ (80 mV)30 reduction potentials is sufficient to ensure 
that negligible reduction to Ru(II) occurs. For A. variabilis plastocyanin 
six protein solutions were prepared containing 0.50 mL of fully oxidized 
protein in 0.10 M phosphate buffer, pH 7. Aliquots of 0, 0.03, 0.05, 0.20, 
0.30, and 0.40 mL of buffered [Fe(CN)6]4" (1.22 mM) were added by 
microsyringe, and the volume was adjusted to 1 mL in each case. For 
S. obliquus plastocyanin consecutive additions were made to one solution 
and corrections for the volume change made. The absorbance of the 
protein (53 fiM) at 597 nm was measured after 5 min for equilibration. 
Since PCu" is the only absorbing species at 597 nm (e = 4500 M"1 cm"1), 
equilibrated concentrations could be determined and K calculated for 
each solution. Hence, £ ° values (Table III) were obtained. If an ab
sorption coefficient for PCu" of 5000 M-1 cm"1 rather than 4500 M"1 

cm"1 is taken, the E" value obtained increased by ~ 5 mV. 
Other Ru Products. Brief mention is made here of the more exten

sively Ru-modified products (Ru/Cu « 2/1), bands 4 and 5 (A. varia
bilis), and a single S, obliquus product. UV-vis spectra of the S. obli
quus and band 5 A. variabilis products are like those of the singly 
modified products (band 3 for A. variabilis) but with the 300-nm peak 
more intense (t = 2500 M"1 cm"1). Band 4 gives a broad absorbance 
centered around 300 nm that is less intense (e « 1000 M"1 cm"1) than 
for the band 3 product. As already indicated, storage of these products 
in the reduced form leads to the formation of the singly Ru-modified 
products. Further characterization was not attempted. 

Pulse Radiolysis. All solutions were made in triply distilled water with 
phosphate buffer (Analar salts). Experiments were carried out at the 
Cookridge Radiation Research Centre, using 1- or 5-cm light path cells 
and a beam of 2.5 MeV electrons. Pulse lengths were in the 0.2-1.2-MS 
range. Some data were also obtained at Paterson Laboratories, Christie 
Hospital, Manchester, using a 2.5- or 10-cm light path cell. The yields 
of reducing radical (R) for a given pulse were calculated from (3). The 

[R] = K(SEC) x S(SEC) X GR (3) 

secondary emission chamber voltage, K(SEC), was measured directly, 
and the sensitivity, S(SEC), obtained by thiocyanate dosimetry.31 Here 
CR is the radiation chemical yield of radicals per joule of energy absorbed 
by the system. 

Pulse radiolysis was performed at 19 ± 1.5 0C on N20-saturated 
solutions containing the oxidized protein, either PCu" or PCu11Ru"1, in 
the concentration range 1-23 iiM. Samples of Ru-modified protein were 
purified by column chromatography the day prior to kinetic experiments 
to remove any traces of native protein. They were then oxidized and 
exhaustively diafiltered into 0.10 M phosphate buffer generally at pH 
7.0, but in some experiments (to check the effect of pH) at pH 6.2 or 7.8. 
The absorbance of solutions prior to pulsing confirmed that the protein 
was present as PCu11Ru"'. 

(29) Kolthoff, I. M.; Tomsicek, W. J. J. Phys. Chem. 1935, 39, 945. 
(30) Nocera, D. G.; Winkler, J. R.; Yocum, K. M.; Bordignon, E.; Gray, 

H. B. J. Am. Chem. Soc. 1984, 196, 5145. 
(31) Fielden, E. M. In The Study of Fast Processes and Transient Species 

by Electron Pulse Radiolysis; Baxendale, J. H., Busi, F., Eds.; Riedel: 
Dordrecht, 1982; p 58. 
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Solutions also contained 0.10 M sodium formate to give formate 
radicals, CO2", on pulsing. Formate radicals are generated as the sole 
(radical) product from a number of highly reactive primary radicals. 
Their reactivity while high (-2.0 V)32 is lower than that of e"a(| (-2.9 V)," 
and they are less likely to undergo spurious radical trapping at the protein 
surface. Moreover, they do not absorb at 597 nm (unlike e~aq). Several 
previous reports involving the reduction of metalloproteins by CO2"" have 
been reviewed by Buxton.34 The ionic strengths were 0.31, 0.22, and 0.39 
M, respectively, for pH 7, 6.2, and 7.8 runs. For reactions with the 
methyl viologen radical, MV + , solutions contained initially 2 mM MV2+ 

(systematic name l,l'-dimethyl-4,4'-bipyridylium ion). For both CO 2 " 
and M V + radicals GR is 7.38 X 10"7 mol J"1.32 

An estimate of the efficiency of the reduction was made by comparing 
the yield of CO 2 " with the amount of protein reduced. At 23 ixM 
PCu11Ru1" the efficiency was 80-90%, but this dropped to only - 1 0 % 
for 2 MM PCU1 1RU"1 . At lower protein concentrations the bimolecular 
decay of CO 2 " occurs (2CO2" — C2O4

2", rate constant 7 x 10s M"1 s"1 

at pH 7.0, / = 0.31 M).35 Reduction efficiencies were, as far as could 
be ascertained, the same for both plastocyanins. With knowledge of these 
efficiencies the dose was adjusted so that the expected reduction of 
PCu11Ru1" was <20%. This constraint decreased the probability of 
double reduction to yield PCu1Ru" and also ensured that PCu11Ru"1 was 
in > 10-fold excess over PCu11Ru11. Examples of doses: (i) 1-cm cell with 
23 MM PCu11Ru1", S(SEC) = 23 Gy V"1, K(SEC) 0.23 V, dose 5.3 Gy; 
(ii) 5-cm cell with 2 ^M PCu11Ru1", S(SEC) 1.5 Gy V"1, F(SEC) « 3 
V, dose 4.5 Gy. Absorbance (.4) changes were calculated using (4), 

AA = log (V1/V0) (4) 

where V is the photomultiplier voltage, and K0 and V1 are the signals from 
the photomultiplier before the pulse and at time t after the pulse, re
spectively. Reduction of PCu11Ru"1 was monitored at 597 nm. Light of 
wavelength below 550 nm was excluded by an OG550 filter. In the final 
analysis, only traces obtained from first pulses were considered in order 
to avoid complications arising from the buildup of reduced species. 

A sample of Ru-modified A. variabilis plastocyanin partially reduced 
by pulse radiolysis at pH 7.0 was chromatographed on a Mono-S FPLC 
column in 20 mM acetate buffer, pH 5.2. The majority (>95%) of the 
protein eluted at 15-17% 1 M NaCl, consistent with retention of the Ru 
label during pulse radiolysis. 

Stopped-Flow Studies. The rate constant for reaction of S. obliquus 
PCu1Ru" (fully reduced) with PCu11Ru"1 (fully oxidized) protein was 
determined at 17 0C under buffer conditions as in the pulse radiolysis 
experiments (/ = 0.31 M, pH 7.0). Reactant concentrations were 
PCu1Ru" (34 MM) and PCu11Ru1" (4 yM), giving a small (<0.035) 
absorbance change. Concentrations of air-sensitive PCu1Ru11 were 
moreover small for handling on the stopped flow. The [Ru(NH3J5Im]2+ 

reduction of A. variabilis and S. obliquus PCu" was also studied by this 
method. 

Treatment of Data. Pulse radiolysis traces retrieved from disc file were 
subjected to first-order kinetic analysis. From absorbance changes, plots 
of -In \(A„ - A,)/(A. - A0)] against time were linear to at least 3 
half-lives. Computed rate constants were extracted by weighted linear 
least-squares fitting procedures. In some cases (generally when reduction 
was >10%), a slight downward drift in Am was observed. These traces 
were treated by the Guggenheim method,36 taking a At of at least 2 
half-lives. Rate constants were obtained by standard least-squares fitting 
procedures. 

Results 

A. variabilis Plastocyanin. The CO 2 ' " reduction of native PCu" 
(23 fiM) gave one kinetic stage only, rate constant (8 ± 2) X 108 

M"1 s"1. With PCu11Ru111 the combined rate constant obtained 
by monitoring the Cu(II ) decay is kh = (6.7 ± 1.5) X 10s M"1 

s"1. No further absorbance changes are observed for times up to 
0.2 s (6 nM protein). However, on a longer time base (2 s/div 
for 6 jiM protein) a slow decay is observed. These two stages have 
been illustrated previously.37 If a sample was repeatedly pulsed, 

(32) Breitenkamp, M.; Heoglein, A.; Lilie, J. Ber. Bunsenges. Phys. Chem. 
1977, Sl. 556. 

(33) Swallow, A. J. Radiation Chemistry; Longmans: New York, 1973. 
(34) Buxton, G. V. Adv. Inorg. Bioinorg. Mech. 1984, 3, 131. 
(35) Buxton, G. V.; Seller, R. M. J. Chem. Soc, Faraday Trans. 1 1973, 

69, 555. 
(36) Espenson, J. H. Chemical Kinetics and Mechanisms: McGraw-Hill: 

New York, 1981; p 25. 
(37) Jackman, M. P.; Sykes, A. G.; Salmon, G. A. J. Chem. Soc, Chem. 

Commun. 1987, 65. 

Table IV. Rate Constants (~20 0C) for Reaction of A. variabilis 
PCu11Ru1" with CO2", pH 7.0, / = 0.31 M 

106IPCu11Ru111IVM F* V s " 1 1O6IPCu11Ru111JVM F* ^ / s " 1 

1.4 
1.4 
1.8 
1.8 
1.8 
1.8 
1.8 
3.1 
3.1 
3.1 
3.2 
3.2 
3.3 
3.4 

0.80 
0.74 
0.75 
0.78 
0.72 
0.68 
0.72 
0.63 
0.71 
0.70 
0.75 
0.79 
0.97 
0.62 

0.38 
0.16C 

0.14 
0.15 
0.18 
0.28 
0.37 
0.28 
0.29 
0.31 
0.32 
0.44 
0.40'' 
0.60 

4.4 
4.5 
4.7 
5.6 
5.7 
8.1 

11.4 
11.4 
11.4 
11.5 
11.6 
17.6 
18.7 
20.9 

0.79 
0.73 
0.71 
0.67 
0.71 
0.79 
0.80 
0.81 
0.78 
0.76 
0.70 
0.65 
0.62 
0.63 

1.06f 

0.44 
0.45 
0.69 
0.87 
1.1 
0.99 
1.25 
1.58 
1.58 
1.47 
2.3 
2.5 
2.0 

" Concentration remaining after first pulse. b Ratio of absorbance 
change for first stage to that for first and second stages combined. 
c Average of two runs at pH 7.8. dAverage of four runs at pH 6.2. 
' Average of four runs at pH 7.8. 

Figure 6. First-order rate constants kh (~20 "C), for the second stage 
of reaction in pulse radiolysis experiments on A. variabilis band 3 Ru-
modified plastocyanin. The rate constant is for the decay (597 nm) of 
PCu11Ru" (generated in the first stage) by intermolecular (slope) and 
intramolecular (intercept) processes, pH 7.0 (0.10 M phosphate), / = 
0.31 M. 

and each time allowed to reach a steady Ax, then PCu1Ru111 

accumulated. Under such conditions the fractional absorbance 
change for stage 1 to stages 1 and 2 combined, the selectivity factor 
F progressively decreased, as did the first-order rate constant (kb) 
for stage 2. From first-pulse traces F = 0.72 ± 0.06, and the 
dependence of kb (Table IV) on [PCu11Ru111] is as shown in Figure 
6, which can be expressed as in (5). The intercept gives k] = 

kb = Ic1 + ^2[PCu11Ru111] (5) 

0.024 ± 0.058 s"1 and the slope k2 = (1.2 ± 0.1) X 105 M"1 s"1. 
The first stage of reaction can therefore be expressed as in (6), 

PCu1Ru111 (72%) 

CO2'" + PCu11Ru111 - ^ ~ < ^ <6) 

PCu11Ru11 (28%) 

with the second stage consisting of in-parallel first-order intra
molecular (Zc1) and second-order intermolecular (k2) steps (7) and 
(8). 

*> 
PCu 1 1Ru" — PCu1Ru"1 (7) 

PCu1 1Ru" + PCu1 1Ru"1 — PCu1 1Ru1" + PCu1Ru"1 (8) 

Two stages were also observed for runs at pH 6.2 and 7.8, and 
the fractional absorbance remained essentially unchanged. The 
dependence of kb on [PCu11Ru1"] was not determined at these 
pH's, and the different ionic strengths pertaining make it difficult 
to assess whether there are any trends in data. 

In the presence of methyl viologen, MV2 + (2 mM), all the C O 2 " 
radicals are converted to M V , + . In contrast to C O 2 " , M V + is 



Ru —• Cu Electron Transfer in Plastocyanins J. Am. Chem. Soc, Vol. 110. No. 17, 1988 5885 

Table V. Rate Constants (~20 0C) for the Reaction of S. obliquus 
PCu11Ru" with CO2-, pH 7.0, / = 0.31 M 

1O6IPCu11Ru111I0ZM F* kb/s~] 1O6IPCu11Ru111IVM F* kjs~' 

0.6 
1.1 
1.8 
1.8 
7.6 
8.1 
8.2 

13.0 

0.76 
0.76 
0.67 
0.71 
0.77 
0.80 
0.74 
0.71 

0.20' 
0.40 
0.58 
0.76 
3.0 
2.5 
3.3 
4.3 

13.4 
15.1 
15.1 
15.1 
15.1 
15.1 
22.5 
22.7 

0.52 
0.60 
0.58 
0.81 
0.81 
0.72 
0.73 
0.80 

3.8' 
4.0' 
4.1' 
4.4 
4.6 
4.9 
7.7 
7.9 

•Concentration after first stage of pulse radiolysis. 6Ratio of ab
sorbance change in first stage to that of first and second stages com
bined. 'Runs taken out in second analysis of data. 

[PCU" Ru"1]/JJM 

Figure 7. First-order rate constants kb (~20 0C) for the second stage 
of reaction in pulse radiolysis experiments on Ru-modified S. obliquus 
plastocyanin. The rate constant is for the decay (597 nm) of PCu11Ru" 
(generated in the first stage) by intermolecular (slope) and intramolecular 
(intercept) processes, pH 7.0 (0.10 M phosphate), / = 0.31 M. 

relatively long-lived and should react quantitatively with P-
Cu11Ru"'. The yield of M V + (GR = 7.38 X 10"7 mol J"1)35 was 
restricted by controlling K(SEC) such that [MV + ] =$ 
5[PCu11Ru111]. An essential difference is that M V + absorbs 
strongly at 597 nm (t = 1.4 X 104 M"1 cm"1).38 The rate constant 
for the first stage is 2.5 X 108 M"1 s"1. The selectivity F is now 
~0.9, and the small amplitude of the change for the second stage 
makes it very difficult to determine kb with any precision. 

S. obliquus Plastocyanin. Native PCu" is reduced by CO2*" 
in a single step, rate constant (7.8 ± 1.0) X 108 M""1 s"1, with no 
subsequent absorbance changes. With PCu11Ru"1 a second stage 
was again observed on a slower time base, giving first-order rate 
constants kb (Table V). A plot of kb against [PCu11Ru"1] is shown 
in Figure 7, from which ^1 = 0.04 ± 0.22 s"1 and k2 = (3.2 ± 
0.2) X 105 M"1 s"1, with the selectivity factor 0.72 ± 0.08. By 
removing one point in which 40% reduction occurred and three 
points in which F lies >1.5 standard deviations from the mean 
F, the recalculated values are F = 0.75 ± 0.04, Jt1 = 0.08 ±0.19 
s"1, and k2 = (3.3 ± 0.2) X 105 M"1 s"1. Clearly the inclusion 
of these points does not affect the interpretation. 

Absorbance-time traces for the stopped-flow study of the re
action OfPCu1Ru" (34 ^M) with PCu11Ru1" (4 pM) were noisy 
(small-amplitude change) and gave slightly biphasic behavior 
(breakdown of pseudo-first-order conditions). Rate constants from 
four traces were 1.31, 1.70, 1.71, and 2.20 s"\ giving 1.7 ± 0.3 
s~\ from which a second-order rate constant (5.1 ± 0.9) X 104 

M'1 s"1 is obtained. This compares with k2 = (3.4 + 0.2) X 105 

M"1 s"1 from pulse radiolysis and suggests that the assignment 
of this process to the reaction of PCu11Ru" with PCu11Ru'" is a 
reasonable one. 

Reduction of PCu" with [Ru(NH3)5Im]2+. A stopped-flow study 
of the reaction of A. variabilis and S. obliquus PCu" with [Ru-

(NH3)5Im]2+ indicated rate constants too fast to follow at 8.7 0C 
with the complex in 10-fold excess of protein. With the complex 
and protein in equal concentrations (1.4 X 10"5 M) second-order 
rate constants of >4 X 106 M"1 s~' were determined at pH 7.8 
(Tris-HCl), / = 0.10 M (NaCl). It was demonstrated from 
competitive inhibition studies with redox-inactive 
[ ( N H 3 ) S C O N H 2 C O ( N H 3 ) S ] 5 + that - 5 0 % of the reaction with S. 
obliquus is at the acidic residues in the vicinity of Tyr-83, and 
when a value of 400 M"' is assigned for the equilibrium constant 
K for prior association of the two reactants (which is likely to be 
high for a 24- reactant) an estimate ka > 5 X 103 s"1 is ob
tained. I9b'c 

Reaction of Ru-Modified Azurin. A sample of P. aeruginosa 
azurin was modified by the procedure previously described.4 The 
modification at His-83 was confirmed by absence of a DEPC 
reaction. With a similar pulse radiolysis procedure as above with 
CO2'" reductant, four runs were carried out and an intramolecular 
rate constant for Ru(II) -* Cu(II) electron transfer of 2.5 ± 0.8 
s"1 was obtained in satisfactory agreement with the value of 1.9 
± 0.4 s"1 reported from flash photolysis studies.415 The value of 
kb (here Zc1) was independent of repeated pulsing, in contrast to 
the Ru-modified plastocyanin studies. 

Discussion 
The [Ru(NH3)5H20]2+ modification of A. variabilis plasto

cyanin is at least 1 order of magnitude slower than that for S. 
obliquus, consistent with the 1+ and 9- charges, respectively, on 
PCu'. Yields of Ru-modified protein from (9) were ~85% and 

PCu'His-59 + [Ru(NH3)5H20]2+ — 
PCu'His-59Ru(NH3)5 + H2O (9) 

~95%, respectively. The pH was maintained at 7.5 so that 
formation of the low-pH form of PCu1 (with His-87 protonated) 
was negligible.9'12b The A. variabilis product pattern is more 
complicated with two 1:1 Cu to Ru products. The major product 
(band 3) was spectroscopically similar to the 1:1 product of the 
S. obliquus modification, both giving an absorbance peak at 300 
nm (t « 2000 M"1 cm"1)24 as is observed for [Ru(NH3)5His]3+. 
Further characterization of these 1:1 products included the ob
servation that (a) there is no His-59 modification by DEPC and 
(b) the presence of Ru(III) results in the loss of the 1H NMR 
His-59 h 8.2 signal due to paramagnetic line broadening. 

The reduction potential of the PCu"/PCu' component in the 
two Ru-modified products has been determined. For A. variabilis 
the perturbation is so small as to be experimentally undetectable 
(<5 mV), while for S1. obliquus a small (20-mV) increase was 
detected. In the cases of Ru-modified azurin (Table III),4 cy
tochrome c,5 and myoglobin,6 marginally higher values are also 
observed as compared to the native protein. The Ru(III)/Ru(II) 
reduction potential is not as readily accessible by spectrophoto-
metric titration, but for other modified proteins it has been shown 
to lie in the range 75-90 mV, compared to 80 mV for the [Ru-
(NH3)sHis]3+/2+ couple.4"6 

Turning to the side products of the Ru modification reactions, 
the doubly modified derivatives were readily depleted to 1:1 
products on redox cycling, indicating that at alternative modi
fication sites the Ru(II) is more labile. The second site for 
modification clearly cannot be a further histidine, since the 597-nm 
peak is unperturbed, and His-37 and His-87 must therefore remain 
coordinated to the Cu. The identity of the second site(s) remains 
uncertain, and carboxylate residues cannot for example be ruled 
out39 in view of the absorbance of the doubly modified products 
at 300 nm (absorption coefficient, M"1 cm"1): A. variabilis band 
4, 1000; A. variabilis band 5, 2500; 5. obliquus band 1, 3000. 
Isolation of a second 1:1 product absorbing at 370 nm in the A. 
variabilis case (band 2) is of interest in light of similar observations 
reported by Matthews and co-workers from the Ru modification 
of ribonuclease A1 and lysozyme.2 In the latter case the broad 
~350-nm band was reported to be insensitive to pH in the range 
5-11. With ribonuclease A a component absorbing at 350 nm 

(38) Tsukahara, K.; Wilkins, R. G. J. Am. Chem. Soc. 1985, 107, 2632. (39) Stritar, J. A.: Taube, H. J. Am. Chem. Soc. 1976, 98, 689. 
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was detected at reaction times >12 h. 
In the pulse radiolysis studies, reduction by the formate radical 

CO2
-" is rapid for both A. variabilis and S. obliquus PCu" 

plastocyanins, with rate constants close to 8 X 108 M-1 s"1 for 
unmodified protein and 7 X 108 M"1 s"1 for Ru(III)-modified 
protein (A. variabilis only). These values are consistent with the 
reaction of CO 2 " at the uncharged hydrophobic north surface of 
the protein, since other surface regions of A. variabilis and S. 
obliquus have significantly different charge distributions. 

Rapid reduction of PCu11Ru111 is partitioned between the Cu(II) 
and Ru(III) centers according to eq 6. The combined rate constant 
fca in eq 6 is obtained by monitoring the Cu(II) reduction at 597 
nm. Since PCu1VPCu1 ( - 3 7 0 mV) and [Ru(NH3)5His]3+/2+ 

(~80 mV)3b have different reduction potentials, PCu11Ru" is 
thermodynamically unstable, and this can subsequently decay by 
intramolecular (first-order) and intermolecular (second-order) 
processes, kx and k2, respectively, in eq 5, which together constitute 
the second stage of reaction (kb). 

For the reaction scheme proposed, the fractional absorbance 
change F, defined as the fraction of the total absorbance change 
occurring in the first stage, can be equated to the selectivity of 
the reducing radical CO2"" for Cu(II) over Ru(III). For both the 
Ru-modified proteins with CO 2 " the selectivity is 0.72 ± 0.06. 
When M V + is the reductant for A. variabilis PCu11Ru1", the 
selectivity is ~0.9 in favor of the Cu site. In their studies on 
Ru-modified horse heart cytochrome c Isied et al.3c found a 
variation in selectivity for the heme iron of 0.65-0.05 using a range 
of reducing radicals, including CO2" (~0.3). The minimum value 
obtained was for the polyhydroxylic pentaerythritol radical C-
(CH2OH)3(CHOH). The favorable selectivity for the [Ru-
(NH3)5His]3+ center shown by the radical was ascribed to its 
hydrophobic nature. In the present study the unfavorable se
lectivity for [Ru(NHj)5HiS]3+ using M V + (-450 mV)38 can be 
ascribed to the positive charge on M V + and the aromaticity of 
MV1+, which is expected to favor reactions at the hydrophobic 
northern end of plastocyanin close to the active site. 

For pulse radiolysis doses giving <20% reduction of PCu11Ru111, 
the amount of doubly reduced protein will be small (<5%). Taking 
into account the selectivity factor, it can be concluded that [P-
Cu11Ru11] is <7% of [PCu11Ru1"]. Thus pseudo-first-order con
ditions apply in considering the reaction of PCu11Ru" with 
PCu11Ru1". Plots of kb against [PCu11Ru1"], illustrated for A. 
variabilis (Figure 6) and S. obliquus (Figure 7), reveal the relative 
contributions of the intramolecular (^1) and intermolecular (k2) 
processes (eq 5). Values of Ar1 obtained for electron transfer from 
[Ru(NH3)5His-59]2+ to the Cu(II) are 0.024 ± 0.058 s"1 in the 
case of A. variabilis and 0.04 ± 0.22 s"1 for S. obliquus. The 
magnitude of the errors indicates small values of ^1 that are at 
the most 0.08 and 0.26 s-1, respectively. The error ranges clearly 
do not exclude the possibility that kx is zero. 

Values of the intermolecular rate constant k2, 1.2 X 105 M"1 

s"1 for A. variabilis and 3.2 X 105 M"1 s"1 for S. obliquus, are 
well-defined. This process will be sensitive to any differences in 
driving force and electrostatic work terms for association of the 
protein-protein complexes. The ionic strength of the medium is 
quite high (/ = 0.31 M), which will help to shield electrostatic 
interactions betwen the proteins. The close similarity in k2 for 
the two plastocyanins is somewhat surprising but may be ra
tionalized by considering the estimated net charges on the reacting 
species. For Ru-modified A. variabilis at pH 7 these are 4+/5+, 
and for 5. obliquus, 7- /6- , with different charge distributions 
applying in the two cases. The driving force is probably larger 
by ~40 mV for the Cu site of 5". obliquus than for A. variabilis, 
which would help to compensate for the presumably less favorable 
electrostatic work term. For Ru-modified 5". obliquus the related 
rate constant determined by stopped-flow kinetics, 5 X 104 M~' 
s"1 (17 0C), is 1 order of magnitude slower. Unless the oxidation 
state of the Cu significantly perturbs the reduction potential of 
the [Ru(NH3)5His-59]3+/2+ couple, the driving force should be 
about the same for both reactions. While the disparity between 
these results is larger than expected, it should be remembered that 
the accuracy of the stopped-flow study was well below that 
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Figure 8. Representation of the edge-to-edge separation of the donor and 
acceptor sites in Ru-modified A. variabilis plastocyanin. 

normally considered reliable (AA < 0.05). In addition, spectro
photometry methods could not be used to ensure that the reagent 
in excess, PCu1Ru", was fully reduced. The stopped-flow ex
periment did serve to confirm that, in the concentration range 1-23 
MM for Ru-modified protein, bimolecular protein-protein reactions 
are slow and require seconds rather than milliseconds for their 
completion. 

In summary, the direct one-electron reduction of PCu11Ru1" 
by CO2"" takes place mainly at the Cu(II), but a significant 
fraction (28 ± 8%) of reaction is at the Ru(III) center. The 
subsequent decay of PCu11Ru11 to PCu1Ru1" is dominated by an 
intermolecular process, and the rate constant for the intramolecular 
Ru(II) to Cu(II) electron-transfer process is small (<0.26 s"1). 
This is a surprisingly low value with important implications re
garding current understanding of such reactions. 

The effect of donor-acceptor separation on rate constants for 
biological electron transfer is a subject of both theoretical40 and 
experimental interest.41,42 An equation relating distance d and 
rate constant fcinlra has been proposed (10), where /3 is the 

fcintra = k0 exp(-/W) (10) 

transmission coefficient, a measure of the intrinsic coupling of 
donor and acceptor sites, and k0 is the hypothetical rate constant 
at a van der Waals contact distance. The separation of the donor 
and acceptor sites in the two Ru-modified plastocyanins has been 
determined, where in both cases the shortest distance separating 
the delocalized metal centers is defined as N6 (His-59) to S 
(Cys-84). 

An estimate of this distance in A. variabilis has been provided 
with help from Professor Freeman's group in Sydney.120 The 
GIu-59 residue in the crystal structure of poplar plastocyanin was 
replaced by a histidine in the program FRODO, assuming an ideal 
geometry for the imidazole. In its ideal conformation the histidine 
is facing out into solution, and the separation distance is 11.9 A. 
A closer approach on rotation of the His-59 is unlikely because 
of unfavorable contacts with Ser-85 (Glu-85 in A. variabilis). 
Although measured accurately, it is to be emphasized that the 
value obtained is only an approximation to the true donor-acceptor 
separation, since the possible effect of Ru attachment on local 
protein conformation has not been considered. In other Ru-
modified proteins, such perturbation of the peptide chain con
formation appears to be minimal.3a'4 Another source of error that 
cannot be ruled out is the effect of local differences in peptide 
chain conformation between poplar and A. variabilis plasto
cyanins.14 However, both sequence43 and NMR20'44"46 data suggest 
strong structural homologies for the whole plastocyanin family. 

The comparable distance in 5. obliquus plastocyanin has been 
estimated from a solution structure generated from the results 

(40) Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265. 
(41) Scott, R. A.; Mauk, A. G.; Gray, H. B. J. Chem. Educ. 1985, 62, 932. 
(42) Peterson-Kennedv, S. E.; McGourly, J. L.; Kalweit, J. A.; Hoffman, 

B. M. J. Am. Chem. Soc. 1986, 108, 1739. 
(43) See comments in ref 8 and 14. 
(44) Ulrich, E. L.; Marklev, J. L. Coord. Chem. Rev. 1978, 27, 109. 
(45) Beattie, J. K.; Fenson, D. J.; Freeman, H. C; Woodcock, E.; Hill, H. 

A. O.; Stokes, A. N. Biochim. Biophys. Acta 1975, 405, 109. 
(46) Larsson, S. J. Chem. Soc, Faraday Trans. 2 1983, 79, 1375. 
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Table VI. Comparison of Rate Constants" for Intramolecular 
Electron Transfer in Ru-Modified Metalloproteins 

protein4 

cytochrome c (horse heart) 
azurin (P. aeruginosa) 
myoglobin (sperm whale) 
plastocyanin (A. variabilis) 
plastocyanin (S. obliquus) 

d/k 
11.8 
11.8 
13.3 
11.9 
10-12 

A£° VmV 
180 
240 
-20 
260 
290 

k/s'' 
30, 53 

1.9 
0.02 

<0.08 
<0.26 

ref 

3b,c 
4a 
5b 
this work 
this work 

"Temperature 25 0C, except for plastocyanin ~20 0C. 4Ru at
tachment sites are His-33 for cytochrome c, His-83 for azurin, His-48 
for myoglobin, and His-59 for plastocyanin. 'Assuming an E° = 80 
mV for [Ru(NH3)5His]3+/2+. 

of 2D correlation NMR experiments.11 The deletion of residues 
57 and 58 slightly alters the peptide chain conformation, and as 
a result d is in the range 10-12 A, with the most likely distance 
close to 10 A. Therefore, a distance 10-12 A encompasses not 
only both plastocyanins but also the Ru-modified metalloproteins 
cytochrome c3a and azurin,4a in which rate constants of 30-533b,c 

and 1.9 s~'4b have been observed for the intramolecular reoxidation 
of Ru(II). Clearly, distance alone is not rate limiting in the two 
plastocyanin cases. 

As far as the energetics of electron transfer are concerned, both 
the reorganizational energy and driving force should be considered. 
Reorganizational energy, X, can be split into inner- and outer-
sphere contributions Xj and X0.

40 The geometry at the Cu site is 
a compromise between preferred Cu(II) and Cu(I) geometries 
so that inner-sphere reorganization is minimized. UV-vis and 
E0 measurements indicate that this situation is essentially un
changed for Ru-modified plastocyanin. Also, since the Cu site 
is buried and contains no detectable solvent H2O,12 X0 is expected 
to be small. Therefore, X at the Cu site is not expected to be rate 
determining. 

It is likely that the [Ru(NH3)5His]3+/2+ environment in Ru-
modified plastocyanin is closely analogous to that in other Ru-
modified metalloproteins. Reduction potentials for [Ru-
(NH3)5His]3+/2+ in Ru-modified cytochrome c, azurin, and 
myoglobin are all in the range 75-90 mV4""6 and similar to that 
observed for unattached [Ru(NH3)5His]3+ '2+ (80 mV). The 
thermodynamic driving force for Ru(II) -* Cu(II) intramolecular 
electron transfer in Ru-modified plastocyanin is not therefore 
expected to be rate limiting. Electron-transfer data for the systems 
under discussion are summarized in Table VI.6 For myoglobin 
(which is not an electron-transport protein) reorganization of the 
high-spin heme Fe site is large due to the loss of H2O on reduction 
of the Fe(III) state. This appears to retard substantially the Ru(II) 
—* Fe(III) electron transfer. 

The effect of intervening medium on electron transfer in me
talloproteins is not easy to assess experimentally. Theoretical 
studies by Larsson46 have suggested that any material positioned 
between the donor and acceptor sites will enhance the rate of 
electron transfer. The energy of some intervening structure el
ements (such as aromatic rings) may enhance electronic coupling 
between the donor and acceptor, as has recently been demonstrated 
in site-directed mutagenesis studies involving the reaction of 
mutant cytochrome c forms with Zn-substituted cytochrome c 
peroxidase,47 where removal of aromatic residues in the elec
tron-transfer path results in a decrease in the rate of 4 orders of 
magnitude. 

In the case of plastocyanin one favorable route for electron 
transfer to and from Cu has been established,8 involving a surface 
site in the vicinity of solvent exposed Tyr-83 (or Phe-83 for S. 
obliquus) and Asp-42. The donor-acceptor separation between 
the carboxylate of Asp-42 and the S atom of Cys-84 is estimated 

(47) Nong Liang; Pielat, G. J.; Mauk, A. G.; Smith, M.; Hoffman, B. M. 
Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 1249. 

to be ~ 14 A. For reactions such as the [Co(phen)3]3+ oxidation 
of PCu1 in which saturation kinetics apply, rate constants (£et) 
for electron transfer within the PCu1, [Co(phen)3]3+ precursor 
complex have been determined and are 5.75 s~' for plastocyanin 
from parsley, 23 s~' for spinach, and 26 s"1 for S. obliquus.SM9 

These values are substantially bigger than kx despite a driving 
force of less than 20 mV and a less favorable self-exchange rate 
constant (45 M"1 s"1) for the [Co(phen)3]3+/2+ couple.48 Also 
as a part of this study we estimate that ka > 5 x 103 s~! for the 
reaction of [Ru(NH3J5Im]2+ with A. variabilis and S. obliquus 
PCu", indicating that unattached [Ru(NH3)5Im]2+ is able to select 
a site to its advantage as compared to the His-59 site (which is 
in fact closer to the Cu). As for other Ru-modified proteins the 
histidine is most probably located at a physiologically irrelevant 
site. There are no aromatic residues between His-59 and the Cu, 
but such residues at positions 80 and 82 close to the Tyr-83/Phe-83 
emphasize the availability of aromatic residues at (or close to) 
this site. This cannot be the only factor, however, since in the 
case of Ru-modified cytochrome c and azurin there are no in
tervening aromatic residues and quite favorable electron transfer 
is observed. In the case of plastocyanin we note that Tyr-83 (via 
Cys-84) and Asp-42 (via His-37) are linked directly to the Cu 
active site, generating a connecting channel that by providing 
low-lying orbitals may further assist electron transfer. 

The results obtained in this study support the belief that quite 
specific spatial alignment of redox partners is required for electron 
transfer in the case of plastocyanin. Intramolecular (or intra-
adduct) electron transfer from the Tyr-83/acidic patch region to 
Cu(II) is known to be physiologically relevant in the reduction 
of higher plant PCu" by its natural partner cytochrome f.49 

Clearly a favorable electron-transfer pathway is being utilized from 
this location. 

The unexpectedly small rate constant for the Ru(II) — Cu(II) 
electron transfer in His-59-modified plastocyanin indicates that, 
at least in weakly coupled systems, the effect of intervening 
medium on long-distance electron transfer may be more significant 
than previously supposed. A recent study on the m-[Ru-
(NH3)4(Isn)His-33]-modified cytochrome c (Isn = isonicotin-
amide), in which the cytochrome is now a stronger reductant than 
the Ru moiety, has shown that electron transfer is very much 
slower than in the reverse direction.50 A gated mechanism in
volving redox-state-dependent conformational changes in the 
cytochrome c structure has been suggested.51 However, a related 
study involving m-[(NH3)4Ru(py)His-48]-modified myoglobin 
has demonstrated the reversibility of electron transfer in this 
system.5" Further studies on the effect of varying the Ru coor
dination sphere are of interest with plastocyanin. 
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