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Abstract: A kinetics study of the oxidation of Pseudomonas aeruginosa azurin, bean plastocyanin, and Rhus vernicifera stella-
cyanin by tris complexes of 1,10-phenanthroline and its 5-chloro, 5,6-dimethyl, 4,7-dimethyl, and 4,7-diphenyl-4’-sulfonate
derivatives with Co(111) has been performed. The reactivity order at 25 °C (pH 7.0) is stellacyanin (k = 1.80 X 105 M~!s~1,
u = 0.1 M) > plastocyanin (k = 4.87 X 103 M~!s=! ;4 = 0.1 M) > azurin (k = 3.20 X 103 M~!s~!, x = 0.2 M) for Co-
(phen)33* as the oxidant. This order matches that found previously for the Fe(EDTA)?~ reduction of the blue Cu(11) proteins.
The electron transfer pathways from azurin(1) and plastocyanin(l) to Co(phen)33* are characterized by large enthalpic acti-
vation requirements of 14.3 and 14.0 kcal/mol coupled with favorable activation entropies amounting to 5 cal/(mol deg) in
both cases. Reduced stellacyanin, on the other hand, prefers an oxidation mechanism for which AH¥ is considerably smaller
(6.1 kcal/mol) and AS¥ is negative (—13 cal/(mol deg)). It is suggested that the activation parameters for electron transfer
from reduced plastocyanin and azurin to Co(phen)3;3* may be accounted for in terms of oxidant-induced protein structural
changes which expose active sites that are, by comparison with stellacyanin, inaccessible to reagent attack. Arguments based
on blue protein reduction potentials, calculated protein self-exchange electron transfer rate constanis, and isokinetic correla-
tions among activation parameters for the series of cobalt(111) oxidants containing 1,10-phenanthroline derivatives, are pre-
sented in support of this hypothesis. Kinetic data for the oxidation of azurin by Co(5,6-Mezphen);3* and Co(4,7-Me;phen);3*

2483

provide confirmatory evidence for the existence of a difficult-to-oxidize azurin isomer.

Copper proteins containing only type 1 (or blue) sites
function as electron carriers.? Although x-ray crystallographic
results are not presently available for any of the blue proteins,
detailed structural models are emerging for the type 1 copper
site. The intense absorption near 600 nm characteristic of blue
proteins has been assigned as a cysteine sulfur to copper(II)
charge transfer transition, and a number of physical studies
have provided evidence that the metal atom occupies a slightly
flattened tetrahedral binding site.3-5 It should also be noted
that magnetic resonance®-!! and fluorescence'? measurements
strongly suggest that in at least some blue proteins the copper
atom lies within a solvent-inaccessible hydrophobic environ-
ment.

Kinetic parameters for electron transfer from the non-
physiological reductant Fe(EDTA)?~ to blue copper proteins
have recently been reported.!3!4 Large second-order rate
constants and minimal activation enthalpies for the reduction
of stellacyanin (k =4.3 X 10°M~1s~!,25°C, pH 6.9, 1 = 0.5
M; AH# = 3.0 kcal/mol, AS* = —21 cal/(mol deg), pH 7.0,
g = 0.1 M), bean plastocyanin (k = 8.2 X 10* M~1s=! 25°C,
pH 6.9, 1 =02 M; AH* = 2.1 keal/mol, ASF = —29 cal/(mol
deg)), and Pseudomonas aeruginosa azurin (k = 1.3 X 103
M=is=125°C,pH 7.0, » = 0.2 M; AHF = 2.0 kcal/mol, AS¥
= —37cal/(mol deg)) have been interpreted as an indication
that there is little activation requirement for either protein or
inner-sphere rearrangement.? {3 [t has been suggested that the
wide range of electron transfer reactivity of the blue copper
proteins reflects variations in the accessibility of the active site
to outer sphere contact with external redox agents, and that
the large negative apparent entropies of activation may be
attributable to some nonadiabaticity in the electron transfer
from Fe(EDTA)2- to the Cu(II) centers.214

To explore the electron transfer reactivity of blue proteins
further, we have investigated the oxidation of reduced stella-
cyanin, plastocyanin, and azurin by tris complexes of 1,10-
phenanthroline and several of its derivatives with cobalt(I1I).
By utilizing substitution in the 4, 5, 6, and 7 positions of the
phenanthroline ring system, we have been able to evaluate the

reactivity of the reduced blue proteins as influenced by sys-
tematic variations in the charge and molecular structure of the
Co(III) oxidant complex.

Experimental Section

Reagent grade chemicals and deionized distilled water were used
throughout. Nitrogen gas passed through two chromous scrubbing
towers was used to deoxygenate kinetics solutions. Rhus vernicifera
stellacyanin, bean plastocyanin, and Pseudomonas aeruginosa azurin
were isolated and purified as previously described.!3:14

Solutions of reduced plastocyanin and azurin were prepared by
adding a 20-fold excess of Fe(EDTA)?~ to deoxygenated, buffered
solutions of the cupric proteins. The excess reductant was then re-
moved by dialysis against deoxygenated buffer using a hollow fiber
Dow beaker dialyzer obtained from Bio-Rad Laboratories. As reduced
stellacyanin was readily oxidized by traces of O, which could not be
excluded using this technique, solutions of cuprous stellacyanin were
prepared by adding an equivalent amount of ascorbic acid to the cupric
protein without removing the dehydroascorbate product. Dehydro-
ascorbate was shown to have no influence on the rate of oxidation of
stellacyanin(1) by Co(phen)33+ in concentrationsup to | X 1074 M
(tenfold molar excess over protein concentration).

The various oxidant solutions were prepared by standard meth-
ods.!516 Some kinetic runs with stellacyanin were performed using
the perchlorate salt of Co(phen)33+, prepared by the method of Schilt
and Taylor.!” Good agreement was found between observed rate
constants obtained with the chloride and perchlorate salts. Sodium
phosphate buffers were used throughout, and sodium chloride or
ammonium sulfate was added to adjust the ionic strength to the desired
level.

Kinetic data for the oxidation of stellacyanin were obtained by
monitoring absorbance increases at 604 nm using a Durrum Model
D-110 stopped flow spectrophotometer. Plastocyanin and azurin ox-
idations were monitored at 597 and 625 nm, respectively. Kinetic
measurements were made under pseudo-first-order conditions by
employing 10- to 100-fold excess of oxidant for protein concentrations
of ca. 10 uM. Most data were assimilated in an analog to digital
converter and transmitted directly to a PDP-10 computer for analysis.
Some data were collected as photographs of absorbance-time traces
on a Tektronix Model 564 B storage oscilloscope. Observed rate
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Table I. Kinetic Parameters for the Oxidation of Blue Copper Proteins at 25 °C

Stellacyanin® Plastocyanin€ Azurin/
AS#, ASH, AS#F,
Oxidizing k., AH*,  cal/(mol k, AH*,  cal/(mol k, AH*,  cal/(mol
agent M-t -l kcal/mol  deg) M-1s-1 kcal/mol  deg) Y kcal/mol  deg)
Co(phen)3*  1.80(5)X 105  6.0(2) —13(1) 4.87(5) X 10° 14.0(5) 5(1) 3.20(5)X 103 14.3(5) 5(1)
18(1)X 1056  6.1(2) —14(1)
1.3 (1) X 105¢ 5.9 (2) —-15(1)
C0(5,6-]\'§ez- 1.85(5) X 104 9.5(2) =7(1) 7.97(5) x10* 13.6(5) 1(1) 1.54(5) x 103 11.6(5) =5(1)
phen);**
Co(5-Cl- d —10(1) 6.96(5) X102 10.9(5) —=8(1) 421(5)x 10> 89(5 —17(1)
(phen));3*
Col4,7- 231 (5) X 106 5.9(2) 259(5) X 100 7.8(5) =26(1) d
(PhSO3),-
phen]33—
Co(4,7-Me>- d d 8.41 (5) x 10! 9.9(5) ~=17(1)
phen)i3*

@ For pH 7.0 (phosphate), u = 0.1 M (NaCl) unless otherwise specified. 2 u = 0.5 M (phosphate). ¢ pH 5.1 (acetate), u = 0.5 M (acetate).
4 Experimental determinations were not made. ¢ For pH 7.0 (phosphate), & = 0.1 M ((NH4)2S04). / For pH 7.0 (phosphate), u = 0.2 M

(NaCl).
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Figure 1. The dependences of observed rate constants on the concentration
of Co(phen)33* at 25 °C, pH 7.0 (phosphate): stellacyanin, @ (u = 0.5
M (phosphate)); plastocyanin, O (u = 0.1 M ((NH4)2S04)); azurin, a
(& = 0.2 M (NaCl)).

constants (k,bsq) Were evaluated as usual from the least-squares slopes
of log (4. — Ay) vs. time plots.

All spectral data were acquired on a Cary 17 UV -visible spectro-
photometer. Brinkman pH 101 and lonalyzer Model 801 instruments
were used to make pH measurements.

Results

I. Oxidation of Cuprous Stellacyanin, Plastocyanin, and
Azurin by Co(phen);3*. First-order plots of absorbance-time
data for the oxidation of azurin(I), plastocyanin(l), and stel-
lacyanin(I) by Co(phen)3** were found to be linear for greater
than 90% of the reactions. The dependence of observed rate
constants on [Co(phen)33*] is illustrated in Figure 1 for data
collected at 25 °C (pH 7.0). In each case the experimental
results are compatible with the rate law:

d[type 1 Cu(II)]

& = k[type 1 Cu(I)][Co(phen)s3*]

8.0
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Figure 2. Eyring plots of the rate data for oxidations by Co(phen);** at

pH 7.0 (phosphate): stellacyanin, @ (u = 0.5 M (phosphate)); plasto-
cyanin, © (u = 0.1 M ((NH,)>S0,)); azurin, A (u = 0.2 M (NaCl)).

over the tenfold range in oxidant concentration accessible in
phosphate media. Second-order rate constants obtained from
the least-squares slopes of kobsg vs. [Co(phen);3*] plots are
summarized in Table I, along with activation parameters de-
rived from linear Eyring plots of In (k/T) vs. 1/ T (Figure 2).
Rate parameters evaluated for stellacyanin in acetate (u = 0.5
M, pH 5.1) and in phosphate (u = 0.5 M, pH 7.0; 0 = 0.1 M,
pH 7.0) buffers are in good agreement.

Data describing the dependence of the oxidation rate of the
proteins on ionic strength at pH 7.0 are assembled in Table I1.
The rates of oxidation of stellacyanin and azurin are observed
to be nearly independent of ionic strength over the interval
0.05-0.5 M, whereas the plastocyanin oxidation rate decreases
slightly with increasing ionic strength. Table II also contains
results of a study of the pH dependence of the rate of oxidation
of stellacyanin at an ionic strength of 0.5 M. Second-order rate
constants for the oxidation of stellacyanin increase with in-
creasing pH, but vary by less than a factor of 2 between pH 5
and 9. An abrupt increase in k from 1.8 X 10° t0 2.5 X 10°
M-! s~ occurs between pH 7 and 8, taking the form of a ti-
tration curve with apparent pK of 7.7 £ 0.2.

II. Oxidations by Ring-Substituted Tris(1,10-phenanthro-
line)cobalt(IIT) Ions. The rate law observed for the oxidation
of reduced blue proteins by Co(phen);3* was found to pertain
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Table I1

A. lonic Strength Dependences of Co(phen);3* Rate Parameters?

Protein w (M) k (M~1s=1) 103 [Co(phen);3t] (M)

Stellacyanin?  0.052 1.89 X 10% 2.00
0.194 1.89 X 105 2.00
0.296 1.93 X 105 2.05
0390 1.92X%10° 1.50
0.502 1.84 X 10° 0.30-2.35

Plastocyanin®  0.05  2.49 X 100 0.56
0.10 1.50 X 100 0.56
0.20 8.11 X 10! 0.56
0.30 5.95 X 10~! 0.56
0.50 4.75 X 10~1 0.56

Azurin®¢ 0.05 261 %103 2.00
0.08 2.20 X 103 2.00
0.12 2.11 X 103 2.00
0.16 2.11 X 103 2.00
0.20 2.02 X 103 2.00
0.05 2.43 X 103 1.00
0.08 2.26 X 103 1.00
0.12 2.08 X 103 1.00
0.16 1.83 X 103 1.00
0.20 1.89 X 103 1.00

B. pH Dependence of Co(phen)33+ Rate Parameters

Protein pH  k(M~!'s~!) 103 [Co(phen)33*t] (M)

Stellacyanin 500 1.89x10° 2.10
1.71 X 105 0.20

6.04 1.83 X 10° 2.05

1.83 X 105 0.20

6.44 1.98 X 10° 2.05

1.73 X 10° 0.19

7.46 1.99 X 105 1.80

1.99 X 105 0.19

7.98 2.54 X 105 1.95

2,46 X 105 0.20

8.53 2.46 X 10° 0.34

2.46 X 105 1.73

9.02 2.46 X 105 1.08

2.50 x 10° 1.61

@ All values are the mean of at least two separate determinations.
625.3°C, pH 7.0 (phosphate). ¢ 25 °C, pH 7.0 (phosphate).

in most cases to the analogous reactions employing tris com-
plexes of the 5-chloro, 4,7-dimethyl, 5,6-dimethyl, and 4,7-
diphenyl-4’-sulfonate derivatives of 1,10-phenanthroline with
Co(III) as oxidants. Kinetic parameters for oxidations by
Co(phen);3* derivatives (Table I) exhibit striking variations
in both second-order rate constants and activation parameters.
Oxidation rate constants for the ring-substituted tris(1,10-
phenanthroline)cobalt(11I) ions are, with the exception of that
for the stellacyanin(I1)-Co[4,7-(PhSQ;),-phen];3~ reaction,
substantially smaller than the corresponding parameters for
the unsubstituted oxidants.

The oxidation of azurin(1) by either Co(5,6-Me,phen)s3+
or Co(4,7-Me;phen);3+ displays complicated kinetic behavior.
Spectral changes at 625 nm are biphasic (Figure 3), with the
faster phase accounting for about 65% of the observed ab-
sorbance change. The absorbance-time traces were success-
fully treated in terms of two parallel first-order reactions,!®
yielding observed rate constants for slow and fast rate pro-
cesses. Plots of kqpsd (fast) against oxidant concentration are
linear with near zero intercepts, consistent with the second-
order rate expression given previously. Solutions of azurin(I)
that showed biphasic oxidation traces with Co(5,6-
Mesphen);3* and Co(4,7-Me;phen);3t were checked for
possible contamination by performing several runs with Co-
(phen);3* as the oxidant. Monophasic kinetic behavior was
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Figure 3. Absorbance vs. time data for the oxidation of azurin(1) by 2 X
104 M Co(5,6-Me;phen)s3* at 25 °C, pH 7.0 (phosphate), p = 0.2 M
(NaCl).

still found for the unsubstituted oxidant, and the rate constants
were in agreement with previous results. The second phases
of the reactions were difficult to characterize because of their
slowness and the small absorbance changes involved. For
Co(5,6-Me;phen);3* as the oxidant, an oxidant-independent
kobsa (slow) value of (1.1 £ 0.1) X 1072s=1 (25 °C, pH 7.0,
p = 0.2 M) was found over the concentration range 1.0-10.0
X 10~* M, with a AH¥ of 4 £ | kcal/mol and a AS¥ of —54
+ 2 cal/(mol deg). By contrast, observed rate constants for the
slow phase of the oxidation of azurin by Co(4,7-Me;phen);3*
vary linearly with the oxidant concentration (k = (4.2 £ 0.4)
X 10! M~!'s~!;25 °C, pH 7.0, u = 0.2 M) over the range
5.0-20.0 X 10~* M (Figure 4).

First-order analytical plots for the oxidation of azurin(I) by
Co[4,7-(PhSO3),phen]s3~ are linear for about 90% of the
reaction. However, a plot of kopg vs. [Co[4,7-(Ph-
S03);phen]33-] reveals that the reaction is not first order with
respect to the oxidant. The plot remains nonlinear even when
an ionic strength of 1.0 M is used to limit electrostatic inter-
actions between the oxidant and the metalloprotein. The data
of Figure 5, which were taken at an ionic strength of 0.5 M,
may be interpreted in terms of a mechanism involving rapid
preequilibrium oxidant-protein complex formation followed
by rate limiting intramolecular electron transfer:

Ox(I11) + Az(I) =2 Ox(I1I) - - - Az(I)
OxX(IID) - - - Az(l) —3 Ox(II) - - - Az(II)

Ox(II) - - - Az(II) —> Ox(I1) + Az(1I)

alAzan]

dr
koK p[OX(1ID) )10t AZ(1) ] 1or _
L+ K [Ox(IDT - KomelAZ(D]io

Reduced azurin and the cobalt(III) oxidant are represented,
respectively, by Az(I) and Ox(III). A plot of kgpsg™! vs.
[Ox(I1I) ]! is expected to be linear with slope (k»Kp)~! and
intercept k>~ !. The experimental data may be fit well through
such a plot (correlation coefficient of 0.999), yielding apparent
values for the precursor complex formation constant K, of (7.0
+ 0.1) X 102 M~!and for ky of (3.7 £ 0.1) X 10~ s,

= k,[Ox(III) - - Az(I)] =

Discussion

Comparison of kinetic parameters for the oxidation of re-
duced stellacyanin, plastocyanin, and azurin by Co(phen)33*
reveals that the latter two proteins have similar reactivities,
whereas stellacyanin falls into a distinctly different class. The
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Figure 4. Plot of kqps4 vs. oxidant concentration for the slow phases of the

reactions between azurin(1) and Co(5,6-Mezphen)33* (0) and Co(4,7-
Me;phen)s3* () at 25 °C, pH 7.0, 1 = 0.2 M (NaCl).

Q.30

] 1 1 | 1 1 1

5 10 15 20 25 30 35 40
[Co(4,7- [$-SO0s),- phen)3”] x 10° (M)

Figure 5. Plot of kgbsq vs. [Co[4,7-(PhSO;);phen]3?~] for the oxidation
of azurin(l) at 25 °C, pH 7.0 (phosphate), x = 0.5 M (NaCl).

room temperature reactivity sequence for Co(phen)s3* oxi-
dation is stellacyanin > plastocyanin > azurin, which matches
that found!3 for the Fe(EDTA)2~ reduction of the blue Cu(II)
proteins. The azurin and plastocyanin oxidation pathways are
characterized by abnormally large enthalpic activation re-
quirements of ca. 14 kcal/mol, coupled with favorable en-
tropies of activation amounting to 5 cal/(mol deg) in both
cases. Stellacyanin, on the other hand, prefers a pathway for
which AH¥ is smaller by ca. 8 kcal/mol and AS¥ is more
negative by ca. 20 cal/(mol deg). Activation parameters ob-
tained for the reaction between Co(phen);3* and a low mo-
lecular weight reductant, Co(terpy),** (AH™ = 6.6 kcal/mol,
AS* = —24 cal/(mol deg); & = 0.5 M= PH 7.0)! resemble
those for the oxidation of stellacyanin much more closely than
those for the oxidation of the other two blue proteins.

On the basis of the observed activation parameters we pro-
pose that the oxidation of stellacyanin by Co(phen)s3* occurs
by an adiabatic outer-sphere electron transfer mechanism. The
entropy of activation (—13 cal/(mol deg)) is in good quanti-
tative correspondence with expectations for the association
contribution to AG¥ resulting from the conversion of the sep-
arated reactants into a bimolecular collision complex.2° Fur-
thermore, thesmalldifferenceinrate parametersfortris(1,10-
phenanthroline)cobalt(111) and its 4,7-diphenyl-4’-sulfonate
derivative suggests that electrostatic interactions between
reduced stellacyanin and the external oxidant are of little im-
portance in stabilizing the precursor complex for electron
transfer. The insensitivity of the pH 7.0 oxidation rate to the
charge carried by the oxidant is especially striking, as stella-

15+
§10~
~N
B 4
(&1
=
.“.I [m] [m]
q 5l 1 4

| | L {
-20 -0 0 10

AS* (cal/mol - deg)

Figure 6. Compensation plot for the oxidation of blue copper proteins by
tris(1,10-phenanthroline)cobalt(111) ions. Data from Table 1: pH 7.0
(phosphate); stellacyanin, Q; plastocyanin, O, —; azurin, 4, - - -. Oxidant
key: 1, Co(phen);3*; 2, Co(5,6-Mejphen)s3t; 3, Co(5-Cl(phen))s3+; 4,
Co[4,7-(PhSOs);phen]33—; 5, Co(4,7-Meaphen)s3+.

cyanin is a strongly basic metalloprotein (pl 9.86).2! The fact
that the stellacyanin oxidation rate varies very little over wide
ranges in pH and ionic strength provides further support for
the hypothesis that interactions between the oxidant and
charged amino acid side chains are not an important feature
of the electron transfer mechanism.

The activation parameters for the oxidation of plastocyanin
and azurin may be accounted for in terms of structural changes
in the reduced proteins which expose type 1 copper sites that
are, by comparison with stellacyanin, inaccessible to attack by
external redox agents. No conclusions based on kinetic results
may be drawn regarding the position of the redox centers in
the crystallized proteins; rather, the crucial factor apparently
is the ability of Co(phen);3* and its derivatives to influence
the protein conformation in such a way that overlap is estab-
lished between donor and acceptor redox orbitals. A require-
ment for both normal Franck-Condon and substantial con-
formational activation is consistent with the unusually high
experimental AH* values. The entropic driving force for spe-
cific protein activation perhaps could be linked to hydrophobic
interactions between the phenanthroline ligands and nonpolar
amino acid side chains, which result in the disordering of water
molecules held in the outer coordination sphere of Co(phen)s3+
as well as those on a portion of the surface of the reduced
proteins. Activation parameters for the reduction of parsley
plastocyanin by cytochrome f (AH¥ = 10.5 kcal/mol, AS* =
11 cal/(mol deg), pH 7.0, 1 0.1 M)22 and for electron transfer
between the physiological redox partners cytochrome css(1I)
and azurin(Il) (AH* = 10.6 kcal/mol, AS¥ = 8.6 cal/(mol
deg); pH 7.0, u = 0.05 M phosphate)?3 are remarkably similar
to those for the reactions of azurin(I) and plastocyanin(I) with
Co(phen)s3*. In accord with our proposal, Wood has ac-
counted for the positive entropy of activation for the cyto-
chrome f(II)-plastocyanin(1I) reaction in terms of unfolding
of the proteins and breakage of ordered water structure.??

Plots of AH¥ against AS¥ for the oxidation of blue proteins
by the series of tris(l,10-phenanthroline)cobalt(III) ions
(Figure 6) reveal that good isokinetic correlations?* exist
among the activation parameters for azurin and plastocyanin
but not for stellacyanin. Thus AH¥ varies linearly with AS¥,
yielding 8 values (slopes) of 217 K for azurin (correlation
coefficient 0.981) and 206 K for plastocyanin (correlation
coefficient 0.992). Compensation behavior has been docu-
mented for a number of protein unfolding or denaturation
processes, 2326 with 8 values typically falling somewhat higher
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(250-320 K)2° than those reported here. That linear com-
pensation plots are found for the oxidation of plastocyanin and
azurin strongly suggests that the mechanism by which each
of the reduced proteins transfers an electron to Co(phen)33*
is not substantially altered upon introduction of substituents
into the 1,10-phenanthroline ring system. Rather it seems more
likely that in each case variations in activation parameters may
be accounted for in terms of substituent-induced perturbations
on a common interaction mechanism.

Introduction of substituents into the phenanthroline ligands
probably limits the distance of closest approach between the
cobalt(I1I) oxidant and the type 1 Cu(l) site, forcing electron
transfer to occur over a larger distance than is preferred by the
unsubstituted oxidant. The conformational contribution to
AH® presumably will become smaller to the extent that ring
substituents prevent close approach between the Cu(l) and
Co(Ill) centers. At the same time, however, disordering of
water molecules linked to extensive van der Waals attractions
between a reduced protein and the phenanthroline ligands of
the oxidant will occur to a lesser extent, causing AS¥ to become
less favorable.

Looked at in another way, the isokinetic relationships be-
tween AH¥ and AS¥ for the oxidation of azurin and plasto-
cyanin are consistent with the reaction acquiring nonadiabatic
character to the extent that ring substituents block overlap
between donor and acceptor redox orbitals on the two metal
centers. Thus nonadiabaticity or tunneling is associated with
minimal reorganizational activation requirements and large
negative apparent entropies of activation, the latter a conse-

“quence of decreases in the transmission coefficient to values
less than 1.27 Nonadiabaticity is expected to become increas-
ingly important as electron transfer is constrained to occur over
larger and larger distances. Indeed, the values of both activa-
tion parameters consistently decrease with increasing size of
the ring substituent. The correlation between the activation
parameter trends and substituent size, however, also is com-
patible with an interpretation of the isokinetic relationships
based solely on the extent of protein conformational rear-
rangement. Both factors may in fact contribute to the en-
thalpy-entropy compensation effect. On the basis of the data
presently available, it is not possible to ascertain the relative
importance of the two proposed substituent-induced pertur-
bations.

The availability of only three points in the compensation plot
for stellacyanin precludes our firmly ruling out the presence
of an isokinetic relationship in this case. The available data,
however, seemingly indicate that, although activation pa-
rameters are a sensitive function of the structure of the oxidant,
they do not follow the systematic compensation pattern ex-
hibited by the other two blue proteins. Thus it may be con-
cluded that ring substituents have a much larger effect on the
stellacyanin oxidation mechanism than on the related processes
for azurin and plastocyanin. In accord with this reasoning are
comparisons of the ratio of rate constants for oxidation by
Co(phen)33* to that for oxidation by the 5,6-Me,phen deriv-
ative. The ratio decreases in the order ten for stellacyanin, six
for plastocyanin, and two for azurin. For plastocyanin or azurin
the oxidation rate is less sensitive to substituent effects as the
activation process appears to be primarily protein dependent.
In addition, each protein apparently is able to compensate for
steric hindrance by allowing electron transfer to occur over
larger distances without drastically altering the overall acti-
vation free energy. Activation free energies and standard free
energy changes for the redox reactions of interest are set out
in Table [I1. Many of the derivatives exhibit activation free
energies higher than those for Co(phen)s;** by only about |
kcal/mol, the maximum displacement being 3 kcal/mol for
the Co[4,7-(PhSO;);phen]s3~-plastocyanin(l) reaction. By
contrast, variations in AH¥ of over 6 kcal/mol and in AS¥* of
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over 30 cal/(mol deg) may be noted in Table I.

As both plastocyanin®® and azurin?® are acidic metallo-
proteins with substantial net negative charges at pH 7.0, the
possibility of electrostatic stabilization of precursor complexes
for electron transfer to Co(phen);3* must be considered. Al-
though the reactivity of the anionic 4,7-diphenyl-4’-sulfonate
derivative with plastocyanin(I) is a factor of 200 lower than
that of Co(phen);3*, activation parameter comparisons cast
some doubt on the assignment of this difference to electrostatic
effects. A tendency toward rate saturation with increasing
oxidant concentration is expected in the presence of attractive
forces between redox partners which enhance the equilibrium
constant for precursor complex formation, yet no such ten-
dency is evident in rate data for the azurin(I)- or plastocyan-
in(I)-Co(phen)33* reactions. Quite to the contrary, deviations
from a first-order oxidizing agent dependence were noted only
in the case of the azurin(1)-Co[4,7-(PhSO3),phen]33~ reac-
tion. Interestingly, rate data for electron transfer between
azurin and various cytochromes support the hypothesis that
this blue protein has a marked specificity for acid redox part-
ners in spite of expected electrostatic repulsions between
negatively charged species.2? Additionally, Goldberg and Pecht
have shown3? that Az(I) and Fe(CN)¢>~ form a precursor
complex witha K,0f 6.1 X 102M~!and a k¢; of 4.5 X 10! s~!
at 25 °C. The K, values are surprisingly similar for Az(I)-
Fe(CN)¢3~ and Az(I)-Co[4,7-(PhSO3);phen];*, but the
intracomplex electron transfer rate is much faster in the former
case, possibly owing to better overlap of Fe(CN)¢*~ and Az(I)
redox orbitals.

It has been suggested that an equilibrium exists between two
forms of reduced azurin and that only one of these two forms
can exchange electrons with cytochrome css;.! The proposed
mechanism for electron transfer between the physiological
redox partners is:

CID + Az(ID) =2 C(111) + Az()
S
Az(Ty

where C(II) and C(III) stand for reduced and oxidized forms
of cytochrome c¢ssy, and Az(1)’ represents the form of azurin
that is unable to participate directly in an electron transfer
reaction with C(II). Wilson et al. have reported a value of 40
s~! (20°C, pH 7.0, 0.1 M phosphate)3! for k 35, whereas Rosen
and Pecht have given a valueof 11s=! (25°C, pH 7.0,0.05 M
phosphate).2? No evidence for a redox inactive form of azurin
was found in experiments with Co(phen);3* as the oxidant, but
this is not surprising considering that kgusq values were always
much smaller than & 3,, even assuming that the lower estimate
for this parameter is correct. Under these circumstances the
isomerization may be treated as a rapid preequilibrium and
second-order kinetics will be found with kgpsq = k’[Co-
(phen);3*]/(1 + kas/ksn), where k’ represents the second-
order rate constant for the oxidation of azurin(I) by Co-
(phen);3*. The value of ky3/k3; is in the range 1-2.23.31

The rate constant for the oxidant-independent slow phase
found for the oxidation of azurin(I) by Co(5,6-Meyphen)33+
clearly does not correspond to k3, as it is too small by three
orders of magnitude. A possible explanation of the slow phase
involves tight complexation between Az(I)’ and Co(5,6-
Me;phen);3t followed by slow intramolecular electron transfer
from Cu(I) to Co(III). The complex-forming step is required
to be competitive with Az(I)’ — Az(I) isomerization, as
roughly 35% of the total oxidation of reduced azurin proceeds
via the intramolecular reaction. Our observation of a slow
phase is important in that it provides strong confirmatory ev-
idence for the presence of a difficult-to-oxidize reduced azurin
isomer. Presumably the Cu(l) in this isomer is so positioned
that it cannot be oxidized very efficiently in a direct bimolec-
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Table I1l. Free Energy Changes®

AG#* (kcal/ AG® (kcal/

Protein Oxidant mol) mol)?
Stellacyanin Co(phen);3+ 9.9 -4.3
Co(5,6-Me»- 11.6 -5.7

phen)y3*
Col4,7-(PhSO3)»- 8.9 -3.4

phen]33~
Plastocyanin Co(phen);3+ 12.5 -0.5
Co(5,6-Me>- 13.3 -1.8

phen),3*
Co(5-Clphen);3* 13.3 -1.6
Co[4,7-(PhSO3)- 15.6 0.5

phen]33~
Azurin Co(phen);3* 12.8 -1.0
Co(5,6-Me»- 13.1 -24

phen);3+
Co(5-Clphen);3+ 14.0 -2.1
Co(4,7-Me>- 15.0 -0.3

phen)s3*

425°C, u=0.1 M, pH 7.0 (phosphate).  E (stellacyanin), 184
mV (pH 7.1, u = 0.3 M), B. Reinhammar, Biochem. Biophys. Acia,
275, 245 (1972); E (bean plastocyanin), 350 mV (pH 6.6), N. Sai-
lasuta, unpublished results; £ (Pseudomonas aeruginosa azurin), 328
mV (pH 6.4), T. Yamanaka in “The Biochemistry of Copper”, J.
Peisach, P. Aisen, and W. E. Blumberg, Ed., Academic Press, New
York, N.Y., 1966, p 275; E (Co(phen)33*), 370 mV, D. Cummins,
unpublished results; £ (Co(5,6-Mesphen);3*), 430 mV (0.05 M
NaCl); E (Co(4,7-Mezphen)33+), 340 mV (0.05 M NaCl); E (Co(5-
Cl(phen));**), 420 mV (0.05 M NaCl); £ (Col4,7-(PhSO3),-
phen]33~), 330 mV (0.05 M NaCl), A. R. Bowen, unpublished re-
sults.

ular process by either cytochrome css; or Co(5,6-Me;phen);3+.
For small molecule oxidants containing highly hydrophobic
ligands such as 5,6-Mesphen, then, an alternative pathway
could involve tight binding some distance away from the Cu(I)
center. Electron transfer from Cu(I) to Co(IIl) in such a
complex could easily have substantial nonadiabatic character,
as suggested by the observed —54 cal/(mol deg) value for
AS*32

The kinetic results for the oxidation of azurin by Co(4,7-
Mesphen);3* provide an intriguing contrast with those for the
5,6-dimethyl analogue. Thus biphasic kinetics are found,
suggesting that the oxidant effectively freezes the Az(I)’-Az(I)
isomerization; interestingly, the slow phase no longer is oxidant
concentration independent, but rather obeys a rate law first
order in [Co(4,7-Me;phen);3*]. One mechanistic possibility
is that electron transfer within a tight Az(I)’-Co(4,7-
Mesphen)s3* complex is slow on the time scale of bimolecular
oxidation of the complex by a second molecule of the oxidant.
Electron transfer via an analogous mechanism in the Az(I)’
-Co(5,6-Me;phen);3t system evidently is prohibitively slow.
On the basis of present evidence it may only be concluded that
the Az(I)’ oxidation mechanism is highly sensitive to the nature
and position of substituents in the phenanthroline ring system;
further experimental work is planned to elucidate the factors
controlling the reactivity of Az(I)’ with oxidizing agents.

It might be expected that differences in the kinetic acces-
sibility of type | Cu(I) among the blue electron carriers would
be reflected in some of the physical properties exhibited by the
metal site. Very few differences may be noted among the op-
tical or the EPR spectra, or the composition and geometry of
the copper coordination environment.%*33 However, a main
point of distinction among the blue proteins lies in their re-
duction potentials (Table I1I). The potential for stellacyanin
(184 mV) is comparable with that for the cupric/cuprous
couple in water (153 mV),’* whereas E° values for plasto-
cyanin and azurin lie above 300 mV, indicative of a markedly

Table IV. Calculated Protein Self-Exchange Rate Constants®

Fe(EDTA)2- Co(phen)33+
kiz(M™' kg M7k (MTE ke (M
Protein s~ s~ s~ s~
Stellacyanin 1.OX 106 3X 1006 1.8X10° 5% 10°
Plastocyanin 53X 104 1Xx10'c  49Xx103 2X 105
Azurin 13X 103 2Xx10-2¢ 32x1034 4x10°

@ For pH 7.0, ¢ = 0.1 M, 25 °C, except where noted otherwise.
Protein and Co(phen)3* reduction potentials are given in Table I11.
For Fe(EDTA)?~, £ = 120 mV (G. Schwarzenbach and J. Heller,
Helv. Chim. Acta, 34, 576 (1951). ka5 (Co(phen);3+/2H) = 4,5 X 10!
M=1s=1 ks ((Fe(EDTA)2~/~) = 3 X 10* M~1 5~! (see S. Wherland
and H. B. Gray, Proc. Natl. Acad. Sci. U.S.A., 73, 2950 (1976).
» From ref 13. ¢ From ref 14. ¢ For g = 0.2 M.

enhanced driving force for reduction of Cu(II) to Cu(l) (AG®
more negative by 3-4 kcal/mol). Kassner has proposed?’ that
the standard reduction potentials of high potential cycto-
chromes may be accounted for in terms of a local heme envi-
ronment of low dielectric constant. Thus the ferriheme unit
carries a formal charge of +1, causing it to develop a larger
tendency for reduction to the electrically neutral ferroheme
analogue as its immediate environment becomes more hy-
drophobic. An increase of 300 mV was noted between E©
values for the reduction of a pyridine complex of ferrimeso-
heme dimethyl ester in water and in benzene solution.?’ Similar
considerations may be applied toward understanding the po-
tential differences among the blue proteins. Thus the relatively
low reduction potential of stellacyanin may be attributable to
the fact that its blue Cu(II) site lies in a comparatively polar
environment near the protein surface, whereas the azurin and
plastocyanin type | copper atoms presumably are buried deep
within the hydrophobic interior of the polypeptide struc-
ture.

It has been shown recently that self-exchange electron
transfer rate constants calculated on the basis of relative
Marcus theory provide a useful framework for comparisons
of the reactivity of metalloproteins with a variety of reductants
and oxidants.213:14 Three distinctly different reactivity types
have been identified for azurin, with kinetic access to the blue
copper center decreasing according to cytochrome ¢ss; (1) >
cytochrome c(1I) > Fe(EDTA)?~.14 The reactions that give
the highest predicted self-exchange rates frequently are as-
sociated with relatively favorable activation entropies, whereas
the more forbidden reactions proceed with minimal AH¥ but
highly unfavorable AS¥ values.2:14

The Marcus equation3®

log k1> = 0.5[log ky) + log k3> + 16.9AE9]

was employed to acquire calculated protein self-exchange rates
based on the present data. The self-exchange rate constants
for the metalloprotein and its redox partner are k|, and k»»,
respectively, the cross reaction rate constant is k5, and the cell
potential for the redox reaction is AEC. Table IV provides a
comparison of ky values calculated for stellacyanin, plasto-
cyanin, and azurin on the basis of Fe(EDTA)?~ reduction and
Co(phen);3* oxidation rate constants.

It is immediately evident from the data in Table IV that the
k1, estimates based on Fe(EDTA)2~ and Co(phen)33* cross
reactions agree closely in the case of stellacyanin, but differ
by four and six orders of magnitude for plastocyanin and
azurin, respectively. The former observation is consistent with
the hypothesis that the type | copper atom in stellacyanin is
readily accessible in aqueous solution to outer sphere contact
with external redox agents and employs essentially similar
mechanisms in donating and accepting an electron. As little
in the way of protein conformational change appears to be
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required for electron transfer in the case of stellacyanin, we
expect the calculated k| value of about 106 M~! s~! based on
Fe(EDTA)?™ to accord with the actual protein self-exchange
rate constant, although no experimental measurement is
available to test this point.

The wide variation in calculated k|, values for plastocyanin
and azurin based on the two redox agents is entirely consistent
with the view that the copper center in each of these proteins
is buried.?” It is apparent that Fe(EDTA)?~ has particularly
poor access to the blue copper in these proteins and is forced
to employ electron transfer mechanisms characterized by
substantial nonadiabaticity. The relatively large calculated
k{, values for plastocyanin and azurin based on Co(phen);3*,
however, accord with our earlier proposal that this redox agent
evidently is able to gain intimate contact with the type 1 Cu(I)
site, presumably by a mechanism involving induced protein
conformational change.

Acknowledgments. We thank Kathryn Yocom and Scot
Wherland for assistance in certain aspects of the experimental
work and for helpful discussions. Research at the California
Institute of Technology was supported by the National Science
Foundation. C.L.C. acknowledges the National Institutes of
Health for a Graduate Traineeship (1974-1976). Research
at Texas Tech University was supported by the Research
Corporation. Acknowledgment is also made to the donors of
the Petroleum Research Fund, administered by the American
Chemical Society, for partial support of this research at Texas
Tech.

References and Notes

(1) (a) California Institute of Technology; (b) Texas Tech University.

(2) R. A. Holwerda, S. Wherland, and H. B. Gray, Annu. Rev. Biophys. Bioeng.,
5, 363 (1976).

(3) (a) D. R. McMillin, R. A, Holwerda, and H. B. Gray, Proc. Natl. Acad. Sci.
U.S.A., 71, 1339 (1974); (b) D. R. McMillin, R. C. Rosenberg, and H. B. Gray,
ibid., 71, 4760 (1974); (c) E. I. Solomon, R.-H. Wang, D. R. McMillin, and
H. B. Gray, Biochem. Biophys. Res. Commun., 69, 1039 (1976); (d) E. |.
Solomon, J. Rawlings, D. R. McMillin, P. J. Stephens, and H. B. Gray, J. Am.
Chem. Soc., 98, 8046 (1976).

(4) E. |. Solomon, J. W. Hare, and H. B. Gray, Proc. Natl. Acad. Sci. US.A., 73,
1389 (1976).

(5) O. Siiman, N. M. Young. and P. R. Carey, J. Am. Chem. Soc., 98, 744
(1976).

(6) W. E. Blumberg and J. Peisach, Biochim. Biophys. Acta, 126, 269
(19686).

(7) J. Peisach, W. G. Levine, and W. E. Blumberg, J. Biol. Chem., 242, 2847

2489

(1967).

(8) G. H.Rist, J. S. Hyde, and T. Vanngard, Proc. Natl. Acad. Sci. US.A., 67,
79 (1970).

(9) N. Boden, M. C. Holmes, and P. F. Knowles, Biochemn. Biophys. Res.
Commun,, 57, 845 (1974).

(10) G. Rotilio, A. Finazzi-Agro, L. Avigliano, A. Lai, F. Conti, C. Franconi, and
B. Mondovi, FEBS Lett., 12, 114 (1970).

(11) S. H. Koenig and R. D. Brown, Ann. N.Y. Acad. Sci., 222, 752 (1973).

(12) (a) A. Finazzi-Agro, G. Rotilio, L. Avigliano, P. Guerrieri, V. Boffi, and B.
Mondovi, Biochemistry, 9, 2009 (1970); (b) L. Avigliano, A. Finazzi-Agro,
and B. Mondovi, FEBS Lett., 38, 205 (1974); (c) L. Morpurgo, A. Finazzi-
Agro, G. Rotilio, and B. Mondovi, Biochim. Biophys. Acta, 271, 292
(1972).

(13) S. Wherland, R. A. Holwerda, R. C. Rosenberg, and H. B. Gray, J. Am. Chem.
Soc., 97, 5260 (1975).

(14) R. C. Rosenberg, S. Wherland, R. A. Holwerda, and H. B. Gray, J. Am. Chem.
Soc., 98, 6364 (1976).

(15) J. V. McArdle, H. B. Gray, C. Creutz, and N. Sutin, J. Am. Chem. Soc., 96,
5737 (1974).

(16) J. V. McArdle, K. Yocom, and H. B. Gray, J. Am. Chem. Soc., in press.

(17) A. A. Schilt and R. C. Taylor, J. Inorg. Nucl. Chem., 9, 211 (1959).

(18) A. A.Frostand R. G. Pearson, "’Kinetics and Mechanism™, 2nd ed, Wiley,
New York, N.Y., 1961,

(19) J. V. McArdle, Ph.D. Thesis, California Institute of Technology, 1976.

(20) L. E. Bennett, Prog. Inorg. Chem., 18, 1(1973).

(21) B. Reinhammar, Biochim. Biophys. Acta, 205, 35 (1970).

(22) P. M. Wood, Blochim. Biophys. Acta, 357, 370 (1974).

(23) P. Rosen and |. Pecht, Biochemistry, 15, 775 (1976).

(24) J.E. Leffler and E. Grunwald, ‘‘Rates and Equilibria of Organic Reactions”,
Wiley, New York, N.Y., 1963.

(25) R. Lumry and S. Rajender, Biopolymers, 9, 1125 (1970).

{26) R. Lumry in “Electron and Coupled Energy Transfer in Biological Systems™,
Vol. 1A, T. E. King and M. Klingenberg, Ed., Marcel Dekker, New York, N.Y,,
1971,p 1.

(27) W. L. Reynolds and R. W. Lumry, "Mechanisms of Electron Transfer”,
Ronald Press, New York, N.Y., 1966.

(28) P.R. Milne and J. R. E. Wells, J. Biol. Chem., 245, 1566 (1970).

(29) T. Horio, |. Sekuzu, T. Higashi, and K. Okunuki, Haematin Enzymes, 1.U.B.
Symp., 19, 302 (1959).

(30) M. Goldberg and I. Pecht, Biochemistry, 15, 775 (1976).

(31) M. T. Wilson, C. Greenwood, M. Brunori, and E. Antonini, Biochem. J., 145,
449 (1975).

(32) The oxidant-independent slow phase may also be explained by assuming
that the tight Az(l)’-oxidant complex is redox inactive. In this case disso-
ciation to give Az{l)', which would be followed by isomerization to Az(l) and
then by oxidation, would be rate limiting. We prefer the explanation involving
slow intramolecular electron transfer in the Az(l)'-oxidant complex, owing
to the large negative AS™ observed.

(33) R. Malkin in “Inorganic Biochemistry"', G. L. Eichhorn, Ed., Vol. 2. Elsevier.
Amsterdam, 1973, p 689.

(34) W. L. Latimer, "Oxidation Potentials”, 2nd ed, Prentice-Hall, Englewood
Cliffs, N.J., 1952.

(35) R. J. Kassner, Proc. Natl. Acad. Sci. U.S.A., 69, 2263 {1972).

(36) R. A. Marcus, J. Phys. Chem., 67, 853 (1963).

(37) Although experimental k1 values are not available, it has been established
that the self-exchange rates at 25 °C for both azurin (H. A. O. Hill, private
communication) and plastocyanin (J. K. Beattie, D. J. Fensom, H. C.
Freeman, E. Woodcock, H. A. O. Hill, and A. M. Stokes, Biochim. Biophys.
Acta, 405, 109 (1975)) are slow on the NMR time scale.

Gray et al. / Oxidation of Blue Copper Proteins by Co(phen)s*



