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ABSTRACT

The rates of oxidation and reduction of various metallo-
proteins (several cytochromes ¢, azurin, plastocyanin, stella-
cyanin, and HiPIP) by inorganic reagents (including Fe(EDTA)z-,
Co(phen)3%, Fe(CN)63- /4-‘, derivatives of the latter two reagents,
and Ru(NH3)62+) have been analyzed within the framework of the
relative Marcus theory of outer-sphere electron transfer. This
approach has allowed contributions to the overall free energy of
activation (the specific activation of the reagent, the thermo-
dynamic driving force for the reaction, and the general coulombic
interactions of the reactants) to be factored out, leaving a quantity
which is characteristic of the activation process the protein must
undergo in order to transfer an electron with each reagent. These
analyses have led to the definition of the "kinetic accessibility' of
the electron transfer sites of several proteins, the order being
stellacyanin > plastocyanin > horse heart cytochrome ¢ >

Pseudomonas cytochrome c;;; > HiPIP = Pseudomonas azurin.

As the kinetic accessibility of the proteins decreases, the variety
of apparent electron transfer mechanisms increases. It is
concluded that the two most important factors in controlling the
reactivity of redox proteins with inorganic reagents (after the three
previously mentioned contributions are eliminated) are the
availability of extended 7 orbital systems to facilitate orbital over-

lap and thus adiabaticity, and the capacity of the reagents to
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penetrate the hydrophobic residues surrounding the metal sites in
many proteins. Protein-protein electron transfer reactions are also
considered, as are ionic strength and pH influences on the rate

constants.
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CHAPTER 1. ELECTRON TRANSFER MEC HANISMS EMPLOYED
BY METALLOPROTEINS



The electron transfer reactivities of metalloproteins are of
current interest for several reasons. The biological function of the
simple electron carriers, long recognized for the cytochromesl and
more recently elucidated for some of the blue copper proteins, & is
being further investigated in terms of the mechanism of the specificity
between physiological redox partners; in addition, the more c'omplex
reaction-pathway problems of the multi-electron accepting, multi-
substrate oxidases are beginning to be explored. The simple one
electron carriers have been singled out for study as they are not
expected to have as much of a substrate-accepting role as the
oxidases or enzymes catalyzing covalent changes; furthermore,
there are often only two forms of the protein which must be
considered (oxidized and reduted). Although structural differences
between these two forms may be expected, these may be studied
conveniently by standard physical and chemical techniques. The
workers in the field have come from different disciplines and have
provided different approaches to the problems, but many recent
advances have come from the laboratories of bioinorganic
chemists3 and others who have studied the reactions of electron
transfer proteins with small inorganic redox reagents as well as
with other redox-active biomolecules.

Three general classes of metalloproteins, the c type
cytochromes, the iron-sulfur proteins, and the blue, type 1 copper
only, proteins, have been frequently and extensively studied. A

brief summary of the available three dimensional and electronic



structural information is appropriate. X-ray studies by Dickerson
and coworkers1 have established the essential features of the
structures of both oxidized and reduced forms of horse heart
cytochrome c¢. Further, some structural information on ferri-

. : : 1
cytochrome c;;, from Pseudomonas aeruginosa is also available.

In the structure of horse heart ferricytochrome ¢, a heme ¢ group
(Figure 1) is bound to the polypeptide chain through covalent sulfur
linkages at Cys-17 and Cys-14, as well as by the axial iron ligands
His-18 imidazole and Met-80 sulfur. A schematic representation
of the structure in the vicinity of the heme group is shown in Figure
2. The heme group is buried in the hydrophobic interior of the
protein, except for one edge (shown in boldface in Figure 2; rings
2 and 3 in Figure 1) which is near the surface. In the present
discussion we shall refer to the 2, 3-ring system as the "exposed
heme edge'. However, we hasten to note that the exact extent of
exposure of this edge to solvent molecules and redox agents is a
matter for speculation. Examination of the models of the ferri-
cytochrome ¢ structure suggests that the 2, 3-edge is at least 1 A
below the protein surface and access to the region may be difficult
for certain molecules. Both oxidized and reduced cytochromes c
possess low-spin electronic ground states, corresponding to the

metal orbital configurations (tzg)5 and (t, respectively. Outer

6
g) ’
sphere electron transfer of a tzg electron is known to be facile, as
minimal inner sphere reorganizational activation is required (vide

infra). Thus, both steric and electronic considerations favor outer



Figure 1. Structural formula of heme c, showing the attachment

to the protein from rings 1 and 2,






Figure 2. A schematic representation of cytochrome c in the

vicinity of the heme (see ref. 1 for structural details).
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sphere electron transfer to and from the exposed heme edge as the
mechanism of choice for cytochromes c¢c. However, adjacent inner
or outer sphere attack is not precluded, but must necessarily be
accompanied by some type of conformational change in which the
heme crevice is exposed to small molecules.

X-ray studies of the high potential-iron sulfur protein from

Chromatium vinosum (HiPIP) show that the cube-like Fe,S,S,*

cluster is completely buried4’ 5 with the closest distance from a
protein surface to the edge of the cluster being about 3.5 A (Figure
3)§ HiPIP utilizes relatively nonbonding (e-type) orbitals7 of the
distorted tetrahedral FeS, centers (each Fe in the Fe,S,S,* cluster
is tetrahedrally coordinated to four S atoms) for electron transfer,
and thus the activation requirements owing to inner sphere rearrange-
ment are not expected to be large. As was the case for cytochrome
c, therefore, structural considerations greatly favor outer sphere
electron transfer as a pathway of choice in redox reactions
involving HiPIP and other iron-sulfur proteins that contain tetra-
hedral FeS, centers.

X-ray crystal structure analysis has not been completed to
date for any blue copper protein. The probability that the copper
coordination environment is highly unusual, however, has long been
fecognized, as a result of various spectroscopic studies. A typical
blue copper protein is characterized by an intense visible absorption
band system, . which peaks at about 600 nm, as well as by an

extremely small AI | EPR spectral parameter. Neither of these



Figure 3. Illustration of the relatively buried Fe,S,* cluster
in HiPIP (see ref. 4 for structural details).
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spectral properties has been duplicated satisfactorily in low
molecular weight copper(II) complexes. As square planar copper(II)
centers, in particular, exhibit optical and EPR spectra that are
much different from those observed for the blue proteins, most
models have featured geometries based on tetrahedral or five
coordinatiori. Two explanations of the intense, 600-nm absorption
have been proposed. One treats the band as arising from one or
more allowed d-d transitions in a noncentrosymmetric center, and
the other attributes the strong absorption to a charge transfer
process, probably of the ligand-to-metal type. Spectroscopic studies

of cobalt(Il) derivatives of Rhus vernicifera stellacyanin, bean

plastocyanin, and Pseudomonas aeruginosa azurin have established

that the charge transfer interpretation is to be preferred, as
intense bands analogous to the 600-nm band system are observed
between 300 and 350 nm in the cobalt(Il) derivatives. 8,9,10
Furthermore, visible and near infrared absorption, circular
dichroism (CD), and magnetic circular dichroism (MCD) spectra of
the cobalt(Il) derivatives of stellacyanin, plastocyanin, and azurin
have been interpreted11 successfully in terms of the d-d transitions
expected for a high-spin cf ion in a distorted tetrahedral binding
site. In recent work, the d-d transitions have been observed for
the first time in near infrared absorption, CD, and MCD studies

of the native copper forms of all three proteins. 10 The positions of

the near infrared d-d transitions are fully consistent with a slightly

flattened tetrahedral structure for the blue copper centers in the

native proteins.
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Research aimed at the identification of the ligands comprising
the flattened tetrahedral blue copper center has been particularly
inteﬁse in the case of plastocyanin. Direct evidence for a sulfur
ligand has come from X-ray photoelectron spectral experiments on
bean plastocyanin, where a large shift of the S2p core energy of a
single cysteine (Cys-85) residue in the protein upon metal incorpora-
tion has been observed. L The two histidines in spinach plastocyanin
have been found in NMR titration experiments to exhibit pK values
below 5, - suggesting that they are coordinated to copper. It is
reasonable to assume, therefore, that the analogous two residues in
the bean protein, His-38 and His-88, are also ligands. 10 The fourth
ligand in the proposed donor set for bean plastocyanin has been
identified in extensive infrared spectral studies. . These experi-
ments have revealed that a short section of helix in apoplastocyanin
is strongly perturbed upon metal (Cu(Il) or Co(ll)) incorporation,
thereby implicating a backbone peptide nitrogen or oxygen as a
ligand. The preference of copper for nitrogen donors, as well as
evidence from charge transfer spectra, favor coordination by a
deprotonated peptide nitrogen. Consideration of the bean plasto-
cyanin sequence places the helix, and therefore the backbone peptide
nitrogen, a few residues above His-38. 14

A model for the blue copper site in bean plastocyanin based
on the available spectroscopic evidence is shown in Figure 4.10

The other blue proteins are expected to have similar (although not

necessarily identical) coordination environments. The observed
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Figure 4. Proposed model of the blue copper site in bean

plastocyanin (see ref. 10 for structural details).
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variation in spectroscopic parameters and reduction potentials could

pe accounted for by minor variations in ligand composition or
coordination geometry of the blue copper center. T If the flattened
tetrahedral geometry is correct for blue copper proteins, then once
again we have a situation in which inner-sphere reorganization
associated with electron transfer (between Cu(Il) and Cu(l) states) is
minimized, and facile outer-sphere electron transfer is to be expected.
| Furthermore, there is reason to believe that certain blue copper sites
(especially that of aZur'm15'17) are substantially buried in hydro-
phobic protein interiors, and dre therefore relatively inaccessible to
solvent and other small molecules.

Before discussing the davailable kinetic data on these proteins,
certain problems need to be considered. One problem that arises
when comparing the reactions of a single protein with different
reagents is associated with variations in the thermodynamic driving
force. As free energy/reactivity relationships are expected to exist,
the question of the type of correlation between rate constants and
driving force must be considered. This correlation may be expected
to be quite different for coupled systems (e.g., cytochrome oxidase),
which are designed to use the excess free energy available from an
oxidation-reduction cycle, than for the simple electron carriers.

The enthalpy and entropy components of the free energy difference
should also be considered. The nature of the interaction between the
oxidant and reductant must be appraised, and evidence for binding
sought ; whether or not the interaction is such as to lead to

measurable binding, electrostatic and non-electrostaticinteractions
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petween the reactants are expected to lead to differences in rates,
and these differences might be correlated with trends in the enthalpy
and entropy of activation as well as with the overall rate constant.
Further variables include steric constraints, affecting the distance
over which the electron may be transferred, which for a protein may
pe dynamic and part of the reaction path (and therefore reflected in
the rate law and activation parameters), or static but still variable
with changes in pH of the medium or salt content. Other effects

of changing the medium may also be important; the coulombic inter-
action between the reactants is expected to vary with the salt content
of the solvent, specific activators or inhibitors for the proteins may
exist, the pH and the buffer type may be influential, and the
availability of bridging anions, even in outer sphere cases, is
expected to have an influence on the rate which may be interpreted.
The symmetry of the redox orbitals of the electron donor and
acceptor and the match b etween them should be considered, and may
be varied. The inherent protein reactivity is also a variable, and
with the help of the above considerations this variable (for the same
protein with different reagent as well as for different proteins)

~ should also be considered and might be isolated.

The above problems are greatly compounded when both the
oxidant and reductant are proteins; therefore, several wo rkers have
~used small molecule oxidants and reductants to probe the reactivity
of redox proteins. The small molecule reagents are generally

more readily available in quantity than the proteins, and many
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changes can be made in their structures with predictable effects.

By a careful selection of reagents, inner or outer sphere reactivity
may be selected or at least favored, the redox potential of the reagent
and thus the free energy change of the reaction may be controlled,
the size and hydrophobic or hydrophilic nature of the reagent may be
varied by introducing changes in the structure, the charge of the
réagent, and the reactivity of the reagent (as measured by its
electron self-exchange rate) may be varied. Although both inorganic
and organic reagents are available, inorganic complexes are some-
what more convenient, as they have characteristic spectral changes
and usually are one electron donors or acceptors (many commonly-
used organic systems are two electron reagents and produce
reactive free radicals on one electron transfers). After separating
protein from reagent effects by judicious choices of reagents and
conditions, the results of protein-protein reactions may be more

critically examined.

I. Theory
A. Inner and Quter Sphere Mechanisms

The distinction between inner sphere (including remote
attack) and outer sphere mechanisms is a classical one in inorganic

chemistry and there are several monographs and review articles

18,19

available, including one by Bennett which discusses bio-

inorganic examples up to 1973, .

A requirement for a strictly inner
Sphere reaction is that one of the reactants must possess an open
coordination position and the other center must have a first

coordination sphere ligand atom accessible for bridging. The
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requirements for remote attack are not so stringent in that all must
be available on the second reactant is a coordination position some-
where on a ligand. Outer sphere reactions are those that involve an
electron transfer in which no ligands are shared between the two
redox centers. An outer sphere reaction is virtually assured if the
protein metal center is buried and does not include a ligand which
reaches to the protein surface. Even if there is such a ligand (like
a heme) there still must be an available coordination site on it and
an available position on the attacking reagent.

B. Marcus Theory

Outer sphere electron transfer reactions are among the
simplest to consider theoretically because no bonds are made or
broken; accordingly, several theories for treating such reactions
from first principles are available. The most useful thedry is due
to Marcus. 4 The result from this treatment that will be used here
is not the one for an a priori calculation of rate constants but rather
a correlation equation for relating the cross reaction rate constant
between two species to the equilibrium constant, the self-exchange
rate constants for the two reactants, and a term which evaluates to

about one for reactions with small driving force. This equation is

Kia = VK, kyKf 1)

where K is the equilibrium constant, k,; and k,, the two self-

exchange rate constants, k,, the cross reaction rate constant, and

Imf = (InK)/4 (In (k, k/Z)) 2)
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The value of Z, the collision frequency of neutral molecules in
solution may be estimated from the simple kinetic theory of gases,
if diffusion is truly random, 21 2nd is found to be roughly constant
for the reactions of interest. The theory can include corrections

for adiabaticity by substituting k,,/p,2, k,,/Py1, and Ksy/pss for ks,
k;;, and kg, respectively, where p is 1 for an adiabatic reaction and
less than 1 for nonadiabatic reactions. Equation 1 is valid if all
reactions are adiabatic (p,, = p,; = pse) Or if all are uniformly non-
adiabatic (plzz/pup22 =1). The Marcus relationship has been
extensively applied in the inorganic literature, especially by Sutin
and coworkers, 2 and found to be generally valid except in some
cases involving cobalt amine dnd aquo complexes. As it will be used
here, the Marcus relationship will allow compensation for differences
in driving force and differences in the inherent reactivity of the
reagents being used. For this purpose, the equation may be

rearranged to give (for 25°)

2 2
ki, =Ky /kzzK = Ko /kzz exp (38.94 (AE)) (3)

where AE is the potential difference in volts

As used here and from this point on, the subscript 2 will refer to the
small molecule reagent or the protein for which a self-exchange rate
constant is assumed, and the subscript 1 will be for the protein for
which a self-exchange rate constant is calculated. As presented
above, the correlation is essentially one of free energies of activa-

tion, but with enough information the individual enthalpy and entropy
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components of the activation and equilibrium components may be

treated separately.

As k,, values calculated using the Marcus theory equations
will be used extensively in the data treatment, some more discussion
of what this parameter meahs is warranted. First, assuming to
| begin with that the equation is valid, the result is only as good as the
parameters which go into calculating it. The precision of the
parameters will be discussed later, but it should be reiterated here
that each small molecule reagent is assumed to have only one
mechanism of electron transfer available, the one that is characterized
by its self-exchange rate constant and activation parameters. The
k,; calculated, then, is a quantity that characterizes the activation
process (including inherent activation of the protein metal center and
certain contributions from the interaction of the protein and the reagent)
the protein must undergo to transfer an electron, assuming no other
limiting process is involved. Thus if the redox reaction of two
different reagents with the same protein leads to the same predicted
k,; (and its activation parameters), it follows that the electron
transfer mechanism is the same for the two reactions, barring
fortuitous compensation. If k,, values vary significantly, the
electron transfer mechanisms are expected to differ correspondingly.

Predicted protein self-exchange rate constants above the
diffusion controlled limit may (and do) occur; diffusion control would
of course set in and prevent such high rates from being attained;
however, if two predicted exchange rate constants are significantly

- different and both above the diffusion limit, the conclusion is still
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that the two mechanisms are different. The actual protein exchange
rate, in those few cases where it has been measured does not
"prove'' or "disprove' the predictions made from other reactions,
it merely represents a mechanism that may or may not be the same
as the others that have been studied.

C. Electrostatic Interactions

The electrostatic interaction between the two reacting species
has been ignored in the above presentation of the Marcus equations,
as is the custom for simple inorganic reactions. The justification
for this in the simpler systems is that reactions between reagents
of similar charge type require little if any correction and most
simple inorganic reactions are between ions of similar radius and
charge (often +2/+3). For the protein reactions, however, the
protein often is not of the same charge type as the reagent, and the
electrostatic interactions can ho longer be ignored. In the
discussion below, several alternative analyses of the problem of
electrostatic interaction will be presented. These theories will in
general be quite simplified, and it should be possible, given the
large amount of structural and ion binding information available for
several of the proteins under consideration (especially horse heart
cytochrome c) and using more precise equations than tose of
simple Debye-Hiickel theory, to make a much more detailed analysis;
however, the primary goal at this point is the development of an
approximate calculational method for charge effects, using

experimentally available data, which may be applied to proteins for

which little structural data are available.
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The most often discussed manifestation of electrostatic
interactions is the ionic strength dependence of reactions between
jons. In the most common theoretical treatment, the transition
state formalism is used and the ionic strength dependence is treated
as the result of the changing activity coefficients of the reactants
and the transition state with ionic strength. 28 Assuming the

Debye-Hiickel treatment for these activity coefficients, the resulting

equation is
2 2
leol‘/’lI Z, avp (Z,+Z,) avp
Ink = Ink, - - +
1+BRVE 1+ BRI 1+BRT\/E

where k is the rate constant at ionic strength p, the Z's are the
charges on the reactants, the R's are the radii of the reactants

(1 and 2) and the transition state (%) , and o and p are constants with
values 1.17 (water,25°) and 0.329 A™', respectively. If it is
assumed that the radii of the protein and the activated complex are

the same, (R, =R +) the equation reduces to

2 2
(2Z,Z; + Zy ) ap Zy au

Ink = Ink, + (5)
1+ BR,VE 1+ BRI
This reduces to the oft-quoted equation
Ink = Ink, + 2Z,Z,aVit (6)

only if all radii are assumed to be the same and the ionic strength is

such that 1 > gRyx .
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Another approach to treating the ionic strength dependence of
electron transfer reactions is to use the equations of Marcus theory
and an appropriate function for the coulombic interaction. 24 First,
the free energy change for the cross reaction, AGlZG, can be
separated into an electrostatic contribution, wo , and a term

0

independent of electrostatic interactions, AG, , and thus

0 0 0
AG,, = AGr + W (7
The Wo term in turn may be expressed as the difference between the

electrostatic work to bring the reactants together, w,,, and that to

bring the products together, w,,,

0 0
/n\.\Glz = AGI‘ + W;p - Wy (8)
Similarly, the three activation free energies, AG,,* for the cross
reaction, and AG,,* and AG,,* for the two electron exchange rate
constants may be expressed as the sum of work and electrostatics-

independent terms

AG Y = AG** + wy, (9)
AGg* = AGyp*™ + Wy (10)
AG]_Z* = AGIZ** + le (11)

For the cross reaction, the part of the activation energy that is

independent of electrostatic effects is expressed
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AGy™ = (MG, + AGg** + AG.")/2 (12)

0

- Wy - Wag)/2
The predicted cross reaction activation free energy is then

AG* = AG** + Wy

0
= (AG;* + AGe* + AG, + Wyp + Wy - Wy, - sz)/z (13)

Solving for the predicted protein self-exchange activation energy

results in the equation
0
AGll* = ZAGlz* - Ang* = AGIZ =, WZI = le + Wll + sz (14)

This formalism can also include the correction term f, which in this

treatment is expressed through a term 1 + o **
AG** = L(AG ** + AG,** + AGS' (1 + a**)) (15)
where o** is defined by Eq. 16:

AG, T
at* = (16)
4(AG11** + AGy**)

Solving for AG, ** gives an equation of the form

A(AG,*) &+ BAG,*) + C = O (17
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where
_ 4 (18)
= 8AG,** + 4AG," - BAG,** (19)
= 4AGy** + AG,T - 2AG,*%) + (AG,) (20)

which can be solved for AG,,**, using the substitutions from above
for AG,**, AGy**, and AGOr, thus k,;. In order to calculate free
energies from rate constants and potential differences (and vice

versa), the following equations are useful

AG* = RT[23.76 - In(R/T)] (21)
_ 592.1 (29.45 - Ink) (T = 298 K)
AG,, = -23.06 (AF) keal/mole (AE in volts) (22)
k= 6.21 (10 ) exp (-AG*/0.5921) (T = 298 K)

The terms that must be calculated in order to evaluate the
above equations represent the work required to bring the two
reactants from infinite separation to the separation in the activated
complex. As this probiem will prove difficult enough to handle,
further refinements, such as protein conformation and charge
distribution changes on forming the activated complex, will not be
considered. The possible importance of changes in charge
distribution and dipole interactions is documented25 and should be

considered in more detailed calculations.
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The simplest model for making this calculation considers the
protein to be a sphere with a totally symmetric charge distribution.
The dielectric within the sphere is lower than that of the medium, but
its value is not required, nor is the actual detailed charge distribution
required as long as it is totally symmetric, concentric with, and
located within the region of low dielectric. ~b The equation for the
potential 1527

2
KR KR Z.,Z.e -Kr
v -4 E e (23)
14 KRl + KR € r

i,
where k = o p2A at 25° in water.

1]

R, radius of the protein at the distance of closest approach
by the average simall ion in solution
R, = radius of reagent, defined as is R,
Z, = charge on the protein
Z, = charge on the reagent
€ = dielectric constant of the medium (78.3 for water at 25°)
r = distance between the centers of the reagent and protein
in the activated complex

e = charge on an electron

This equation reduces to

KR KR 7,7
v -2 |2, & 172 KRt R (o
1+ kR, 1+«kR,| Ry + Ry

when the values of the constants are substituted. For the calculations

to be done in subsequent sections, r is approximated as the sum of
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the radii of the protein and reagent. Figure 5 illustrates the free
energy terms according to this model.

The remaining problem that must be solved before the
equations may be evaluated is the selection of the R and Z parameters;

for the small molecule reagents, these values are easily determined

from the molecular formula and X-ray structural data or model

building. For proteins, the rddius may be estimated from Eq. 25ZSf
R3 = 3 M - 0
I N (Vo + 0,0, ) (25)
where
R = radius v, = partial specific volume
M = molecular weight (recriprocal of the density)
N = Avogadro's number Vlo = partial specific volume of
& = effective solvation water

The protein partial specific volume is taken as 0.73 cm3/g unless a
measured value is available, the solvent partial specific volume is
1.0 cm3/g, and the effective solvation is 0.2, With these

substitutions, the radius in angstroms is

1
R = 0.717 M3 (26)

The charge on the protein may be crudely estimated from
the amino acid composition. The maximum number of charged
groups (at pH 7) is estimated assuming all of the glutamates and
aspartates are ionized, that all the lysines are protonated, and that

arginine is in its monopositive form. It is further assumed that
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Figure 5. The free energy terms in the Marcus calculation. The
circles represent the hard sphere, smeared-out
charge models used in the electrostatic calculation.
The M terms represent the different in free energy
between the actual species and those assumed in the
electrostatic calculation. These terms have been

assumed to be zero in the calculation.
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half of the histidines are protonated; this last assumption may be
somewhat of an overestimate but will be retained for simplicity in
the light of the approximate nature of the whole approach. Further
charged groups could include amino sugars (if they are not acetylated),
the propionate side chains and deprotonated nitrogens on the heme
group, the sulfides in the iron-sulfur proteins, any residues that
have their pK's shifted by coordination to the metal or as a result

of being located in a hydrophobic region (for the polar residues),

and the metal itself. The contribution to the total charge from the
metal and its ligands can be expected to be small, as is the case for
well known examples. Such sites are constituted with low charges,
as they are usually buried in the low dielectric of the protein interior.
For example, the iron center in a heme protein is effectively
neutralized by the two deprotdnated nitrogens of the heme; in HiPIP
with four thiolates and four sulfides, the oxidized cluster (assuming
a charge of +11 from the four irons) has a charge of -1 on the
oxidized and -2 on the reduced form. The copper proteins are less
well characterized, but assuming a cysteine sulfur, the charge is

at most +1 on the oxidized form and may be zero if a deprotonated
amide is one of the ligands. The principle that the coordination site
is formed so as to neutralize the charge on the metal ion may well be
of general validity, at least for sites which prove to be buried,
because of the high thermodynamic cost of having charged sites in a

low dielectric medium.
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An expression for the ionic strength dependence of the rate
constant will now be derived. The free energy of actiw tion for the

cross reaction is

AGp* = 2(AG** + AGu** + AGro) + w (27

where the only ionic strength dependent term is w,,. Substituting from

Eq. 24 for the work terms and converting to rate form this becomes

-KRy -KR Z, 72
Ink = Ink, - 3.576| & F &) 2TF 0 (28)

1+ kR, 1+ «kRy| R+ R,

(where the radii of both the reagent and the protein ar e assumed
invariant and k, is the rate constant at infinite ionic strength). This
equation can be compared with Egs. 5 and 6. The expression for the
ionic strength dependence that originates from the Marcus theory
treatment is preferable in terms of internal consistency when the
value of the charge on the protein is sought (from ionic strength
dependence data) in order to correct for the work terms in the
calculation of protein self-exchange rate constants (k,;,) from cross
reaction data.

In the discussions above, the protein has been considered as a
sphere of uniformly distributed charge; another model that could be
considered when adequate information exists to parametrize it
includes provision for an active site. In this model, the whole
protein charge is divided between the site, with a given charge and
radius, and the rest of the protein with the remaining charge and the

full radius. Each of these spheres is treated independently with the
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same functions presented above.

It should be mentioned here that the general approach of
treating the effects of ions using the ionic strength as the relevant
variable is inaccurate away from the low ionic strength regime where
the Debye-Hiickel expressions are rigorously valid. Data at higher
ionic strengths (above 0.1 M) have been successfully treated29 when
interaction parameters between all anion-cation pairs are included
in the expressions, and with the use of ion association constants.
These latter treatments involve many parameters and would be
studies unto themselves if they were to be extended to the protein
systems. They are only mentioned to emphasize the highly
approximate nature of the ionic strength treatment and indicate a
possible direction for future investigation.

In the discussion of electron transfer reactions, the overall
reaction is often broken into three steps: (1) the formation of the
precursor complex, (2) the electron transfer within this complex to
form the successor complex, and (3) the dissociation of the
successor complex to give the individual products. The formation
constants for the precursor complexes are often too small to appear
in the rate law (i.e., no saturation behavior is obser vable), but
under the assumption that the binding is purely electrostatic, these

constants may be estimated from the equationzz
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K = 47Nr°

= =poo— ¥ (-U(r)/RT) (29)
A

Ulr)= e (30)

where r is the distance between the centers of the reactants and the
rest of the symbols have already been defined. When the precursor
complex is formed quickly compared to the electron transfer rate,
so that the eaqu ilibrium between reactants and the precursor complex
is maintained throughout the reaction, the observed rate constant
may be written

k = Kk

obsd Y

et
where ket is the unimolecular electron transfer rate constant br the
conversion of the precursor to the successor complex. This method
of treating the electrostatic effects is required in the extreme case of
a long-lived precursor complex, whereas the previously-presented
work term description is proper when the precursor complex is
extremely short-lived. The dividing line between the two cases is
not a clear one, except in those cases where saturation is observed
in the kinetics. As with the work term formulation, if the precursor
and successor complex theory is used, it must be used consistently
for all rate constants being considered. When this is done the

. ; 20
Marcus cross reaction equation becomes
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[P oPy kKoK of | 2
k12 = (32)
P, Py,

2 2
Inf = (ln K12P21/P12) /4 h'l(kllkzz/PuPzzZ ) (33)

where P,;, P,,, and P,, are the stability constants for the three
precursor complexes and P,, is the stability constant for the cross
reaction successor complex (the precursor complex for the reaction
in the opposite direction). Equation 32 reduces to Eq. 1 when
PPy = PyPose

D. Hydrophobic Effects

Another category of possible interactions between the
reactants in an electron transfer reaction will be referred to as
hydrophobic effects. For the purposes of this discussion this
category will include most of the interactions that are not coulombic,
including the nonpolar interactions between hydrophilic groups as
well as the more iniportant solvent intei*actions of nonpolar groups
with water, the '"freezing out' phenomenon associated with water
molecules at the interface between the bulk solvent and nonpolar
solutes. Hydrogen bonding is another form of interaction that may
be of some importance and is also hard to analyze for or predict.
Any of these interactions would affect the rate through stabilization
or destabilization of the precursor and successor complexes, and
would thus enter into the calculations in the same manner as

discussed above. Because these interactions are less well understood
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than the simple coulombic ones, no attempt will be made to formulate
an analogue to the work term treatment.

E. Specific Ion Effects

There are other effects that may be caused by ions (and
sometimes uncharged solutes) other than the general ones discussed
above. The most dramatic of these are the specific ion effects,
especially specific inhibition. An example of this is the inhibition
of type 2 copper containing proteins by azide. In those cases, the
azide is thought to bind to the copper and thus block the binding of
a substrate or modify the reactivity of the copper. S0 A somewhat
different type of anion inhibition is shown by the interaction of azide
with cytochrome c; in this case the azide causes a major change in
the structure of the cytochrome by replacing an axial (Met-80) ligand
of the iron. & Both of these types of inhibition are the result of the
specific interaction of an inhibitor with the protein; a more subtle
effect, and one that is usually smaller in magnitude than the previous-
examples, is anion assistance of outer sphere reactions. This effect
has been studied by Sutin and coworkers in inorganic systems and
the conclusions that have been reached are that the added anion
catalyzes electron transfer by acting as a bridge. 22 The effective-
ness of the bridge is related to the symmetry of the available bridging
ligand and metal orbitals. The most effective bridges are of the
same symmetry as the acceptor and donor orbitals; for example,
azide is a good 7 bridging ligand and is especially effective between

ruthenium or iron centers and reagents with 7 orbitals, whereas
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chloride is a good o bridge and is more effective between chromium

and cobalt centers and between reagents with only o orbitals
available on the ligands. The effectiveness of the bridge is also
dependent on the ability of the potential bridging anion to associate
with one or the other of the reactants in order to be brought into the
transition state (discounting any significant number of effective
ternary collisions). Even less specific is the effect of a more
general binding of anions or cations to a protein surface or
association with the small molecule reagents. If there is a reason
to suspect such binding, a general electrostatic correction could be
attempted for it by correcting the total charge on the reagent or
protein for the suspected number of bound ions. Such interactions
are not just speculation, as binding constants for several anions with

cytochrome ¢ have been measured33’ =

and the electron exchange
rate for Fe(CN)63_/4_ is strongly affected by cations, g8 whereas
the Co(phen) 33+ o exchange is anion dependent. =B

Another topic that may be considered under the general title
of ion and medium effects is the effect of varying pH. Once the pH
dependence is available (it should be as wide a range as possible
within the capabilities of a single buffer, or separate, overlappmg
buffer systems may be used) attempts may be made to fit the data
_to one or more titration curves and pK values may be assigned. If
titration data are available for the protein and the reagent, this

information can first be consulted in interpreting the pH dependence

of an electron exchange rate and thus it can usually be decided if the
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reagent or protein is involved. Usually the reagent can be eliminated
as a source of a pH dependence, or at least a reagent may be found
that does not have a pK in the region being analyzed if the protein pH
behavior is especially important to isolate. The most probable origin
of a pH dependence that originates from a pK of the small molecule
reagent is electrostatic interaction, but protein proton equilibria
will often involve conformational changes as well as changes in
charge. Changes in conformation are especially well documented at
extremely low pH values, where proteins often assume much more
open structures (a good example here again is cytochrome c for

- which several forms have been characterizedl). Conformational
changes may strongly involve the metal center, for example, the
ligation of cytochrome c changes at high pH with a large decrease

in the potential, ) and blue proteins bleach at higher pH values, e
indicating structural modification of the copper site. The particular
residues responsible for a transition with a given pK are difficult to
assign because of the problems associated with multiple equilibria
and because the pK's of the individual side chains are often shifted
by their environments. A further warning that should be made is
that although a large pH dependence may be confidently interpreted,
small changes of rate with pH (less than a factor of two overall) are
hazardous to analyze, as there ocould be many reasons for such a
dependence, including changes in the medium because of the changing

ionic forms of the buffer and the concentration of added salt.
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F. Steric Effects

Another variable that must be considered and may be controlled
in the selection of small molecule reactants is molecular size and
steric constraint. The steric constraints and predicted effects from
changes in the size of the reagent will vary for different proteins and
different proposed mechanisms. Common examples would include a
metal site that is buried at the bottom of a pit or groove of the protein;
in this case, reagents much larger than the sizerf the opening should
react more slowly, and there should be a discontinuity in the rate
above a certain size reagent. If the metal site of the protein is on
the surface, then there should be no such discontinuity but other
factors might be expected to change the rate with increasing size of
the reagent. Electrostatic effects would be small, but such inter-
actions would decrease with increasing size, thereby leading to an
increase in the rate if the reagents are like-charged, or toa
decrease if the two reagents have opposite charges. If tunnelling is
suspected, the rate is expected to be approximately proportional to

e_r, where r is the distance between the donor and acceptor (which

may be the metal ions or the edges of 7 systems, for example). 37
Strong dependences on distance are also to be expected if changing
the size of the reagent strongly affects the orbital overlap in the
transition state, thus possibly changing a case of good overlap

(adiabatic) to a case of poor overlap (possibly nonadiabatic).
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G. Symmetry Aspects

As was hinted at before in the discussion of bridging ligand
effects, the match of symmetry between the donor and acceptor
orbitals has been found to correlate with electron transfer reactivity;
when the donor and acceptor orbitals are both of the same symmetry
type, the rate constant is higher than when one is o and the other 7,
all else being equal. This generalization can be used and tested by
varying the reagent as was considered when bridging anions were
discussed. Some of the variation that arises from the symmetry
properties will be compensated for in the Marcus calculation through
the self-exchange rate constant. Thus, the generally higher rate
constants found for reagents with 7 symmetry redox orbitals will be
compensated for by .the k,, parameter. If the extent of orbital over-
lap (and thus the adiabaticity that is assumed to parallel this overlap)
between the protein and reagent redox orbitals varies so as to
invalidate the assumption of an adiabatic or uniformly nonadiabatic
reaction (see Section II-B), then symmetry effects will directly
affect the calculated k,, val ue. As there is no way to measure the
adiabaticity, variations in k,,/p,, are all that can really be compar ed;
p,: could always be artificially chosen such that plz2 = P,;1P22, and
thus all of the variation placed on changes in k,, (as is implicitly done
when the calculations are done without the adiabaticity factors); but
from a conceptual viewpoint the two terms, k and p, should be kept
distinct and variations in the adiabaticity of the cross reaction

(relative to the adiabaticity of the reagent self-e xchange reaction)

should be considered in terms of p factors.
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H. Activation Parameters

Activation parameters are available for many of the electron
transfer reactions to be considered. As large differences in
activation parameters are sometimes found when there is little
difference in rate constants, it may be expected that analysis of
these parameters will show differences in reaction pathways and that
these differences may be interpreted mechanistically. The Marcus
theory of electron transfer reactions provides a prediction for
activation parameters as well as just free energies of activation
(rate constants), so this treatment will now be given. 20 The
temperature dependence for ah outer sphere reaction used in the

Marcus presentation is given by

-AG*/RT
k. = pZ (34)
where p is the probability of electron transfer in the activated
complex (transmission coefficient) and Z is the temperature dependent
collision frequency between two uncharged particles in solution.

Using the equations previously given for the cross reaction rate

k12 = Vk11k22K12f (1)
Inf = (InK) M4 In (K, ky/Z") (2)

and the following expression for the free energy can then be derived

AG* + AGy,T 0
AG* = 5 + AG,, (1 + a) (15)
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AGyp*
o = (16)
4(AG;* + AGx*)

By using the expressions

IAG A
AT 31/T
Egs. 36 and 37 may be derived:
0
AS, . * AS, X AS
At = o b e (L = Ap) 3 (] & De) (36)
2 2
0
AH, * AH,.* AH
At = — =y 222 (1-40)+— (1 +20 (37)

These activation parameters are not the same as those calculated
normally from temperature dependence data, because the Eyring
expression from transition state theory

KT -AG*/RT

kr =p —h— e (38)

is different from Eq. 36, which was assumed in the Marcus
derivations. Therefore the following conversions are necessary to
relate the two types of activation parameters (in deriving these
relationships it is assumed that Z, the collision frequency, is

. 1..21
proportional to T?2);

AG* = AG* - RT In(hZ/kT) (39)
AS+ = AS* + R In(hZ/KkT) - 3R (40)
AH+ = AH* - 3RT (41)
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The terms with hZ/kT are dependent on the value selected for Z;
when 10 M ' sec” is used, hZ/kT is about 62 and RTIn(hZ/KT) is
2.56 kcal/mole at 298 K. As there is not an entirely satisfactory
method for estimating Z, the correction will be left indeterminate.
The dependence of electron transfer rate on temperature in
systems where a tunnelling mechanism is operating is characterized
by a curved Arrhenius plot (or Eyring plot) which levels off at low
temperature. i
Considering the possible importance of electrostatic (i.e.,
coulombic) interactions, some consideration must be given to the
enthalpy and entropy components of the work term contributions.

The temperature dependence of the work terms (see Eq. 25) is the

result of the temperature dependence of «

K = 50.31&(?,#—)

=

(42)

The dielectric constant of water is somewhat temperature dependent,
varying from 87.9 at 0° to 69.9 at 100°; thus, 1/€T varies only
from 4.17(10°) at 0° to 4.82(10°) at 100°, and is 4.37(10°) at 20°.

Assuming, then, that € = ¢, + €,/T, the expression for a work term

2 [T -kR, - KR, 7.Z,
V = 8-7 + (23)
1+ kR, 1+ kR, | €R, + Ry)

may be solved for the entropy component using the relationship

AV _ _
T = AS (43)
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Carrying out the partial differentiation and substituting back for ¢

1 -3/2 1+ kR,)R, + R

1 1/4%2 1
-AS = V{25.15 p2 ¢y (o) [po+ - (44)

(1 + kR,)
(1 + kRy)R, + R, €,
. 4 B e ]
(1 + kRy) rT €
“and AH = AG + TAS (45)
=V + TAS

can be used to solve for the enthalpy component.

If the overall electron transfer rate constant is best
represented as the product of an equilibrium constant for formation
of a precursor complex and an intracomplex electron transfer rate
constant (k = Kket), then the enthalpy and entropy contributions to
K and k ; may be extracted from the kinetics. If Eq. 29 is used to
estimate a precursor or successor complex formation constant,

then under the same assumption that € = ¢, + €¢,/T

7.7
K = 2.52(107r" exp (- ————— ) (46)
€(1 + kr)(RT)
AG = -RTInK (47)
| 7.7
- -RTIn 2.52(107%¢° + — 22
el + kr)r
. AS = 22G (35)

.

1 1

7.2, €, 25.15%¢, T2
-AS = -Rln 2.52(107%r’ - —— [ — +—p—— ] (48)
Tre(l + «) €' " (1+xk

and AH = AG + TAS.
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One hazard in the interpretation of activation parame ters is
the possibility that in solution one of the reagents is an equilibrium
mixture of several forms. This should not be a problem for the
small molecule reagents but is a significant consideration for
proteins. The origin of this problem may be illustrated for the case
of two forms of a protein which differ by a proton and react at
different rafes, with the assumption that the proton transfer is fast
enough with respect to the electron transfer that the two forms of
the protein A and B are always in equilibrium, that there is a first
order excess of the other reagent, and that the two forms of the

protein are indistinguishable at the wavelength being followed.

A+H =B k= B+ (49)
(A)HT)
kl
AP (50)
ky
B - Q (51)
) k, + k,KH") -
obsd 14 K(H+) )

As k,, ky, and K each have their own thermodynamic parameters,
it is clear that the standard plot of In(k/T) vs. 1/T will constitute
a complex, nonlinear combination of the various contributions (this
is most easily séen in the numerator where the added terms are
seen to mingle under the operation of taking the logarithm). Such a
plot cannot be separated into its components, except by working at

pH's wh ere only one path contributes, and by finding the temperature
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dependence of the equilibrium constant by doing the temperature
dependence of the pH dependence. The problem of obtaining the
individual enthalpies and entropies is clearly a difficult one, even in
the simple case described above, and then it requires that the
protein be stable at the extreme pH values where only one form (A
or B) exists. The whole situation is compounded if there are over-
lapping proton equilibria, ion binding, and more general ionic
strength dependent conformational changes. Another problem of
heterogeneity involves different structural forms of the protein,
resulting from partial denaturation, or from such common differences
as slight variations in the sugars of glycoproteins. In general,
however, these latter examples should not give clean kinetics (the
different forms are not in rapid equilibrium and thus will exhibit
parallel first order behavior under pseudo-first order conditions).
The problem of heterogeneity of forms when they are in equilibr ium
must be assumed at this time to be one which cannot be solved
exhaustively by studying each species independently; and it must be
hoped that the different redox forms follow similar enough mechanisms
so that the average activation parameters actually obtained are
representative. If some case of an especially clean pH dependence as
described in the example is available, it would be interesting to
perform the full analysis, but this would be a time -consuming task.
Once the activation parameters for a given reaction are
obtained, they can be compared with others available. Within the
Marcus theory formalism, the contribution to the activation

parameters owing to the protein may be isolated. One of the most
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important questions to consider is whether the mechanisms of
various reagents (small molecule or protein) reacting with a given
protein are the same or different. Previously this question was
considered in terms of free energies in the comparison of the
calculated k,, values for the protein. With the additional information
available in activation parameters, it may be found that rates that
are similar are actually the result of coincidence (or compensation)
in that the enthalpies and entropies changed drastically but the free
energy remained constant.

The phenomenon of compensation (the observation of a linear
relationship between the enthalpy and entropy of activation across a
series of reactions) is well documented, especially for organic
reactions. Under certain assumptions, =8 compensation is predicted
when there is only one interaction bet ween the reactants which varies
within the series of reactions being considered, the remainder of the
mechanism being invariant. Although the microscopic basis for
compensation is not well understood, s it can be rationalized in a
simple case where the difference in a given series of reactions has
its origin in the binding of the two reactants. If this binding becomes
stronger, the activation enthalpy will decrease, but at the same
time the entropy is expected to decrease because of the more
restricted orientation produced by the tighter binding. The whole
situation is further complicated if the solvent is considered, as the
stronger binding of the two reactants will release bound solvent
(an increase in enthalpy attributable to breakage of solvent-reagent

hydrogen bonds; a decrease in enthalpy for the new solvent-solvent
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hydrogen bonds; and an increase in entropy for the freed solvent). &

Under the assumption that the observation of a linear compensation
plot indicates that only one interaction varies within the series of
reactions being considered, a range of activation parameters which
might otherwise be considered to indicate rather complex differences
in mechanism may be more confidently considered in terms of one
type of interaction. The lack of compensation similarly reinforces
the conclusion that there is more than one difference among the
mechanisms of the reactions being compared. In considering just
the contribution from the protein activation (the calculated enthalpies
and entropies derived for the protein self-exchange reaction),
compensation might also be considered.

In concluding the discussion of activation parameters, it
should be emphasized that comparing cross reaction activation
parameters is quite hazardous without some concept of the extent
to which these activation parameters are the result of the free
energy change for the reaction or contributions from the different
reagent self-exchange mechanisms. The best comparison, within
the Marcus theory formalism, is between the activation parameters
for the calculated protein self-exchange. Other comparisons should
be made only with extreme caution.

I. Protein-Protein Reactions

Most of the above discussion has been directed at the
interpretation of reactions between a protein and a small molecule
reagent because these are easier to treat and there are more data

available; this last part of the Theory section will discuss some of
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the problems in analyzing data on the reactions between two proteins.
The main problem in analyzing protein-protein reactions is that,
with present knowledge, both reactants must be considered as
unknowns. The great advantage of using a small molecule reagent

is that its kinetic properties can be considered to be fixed and known,
and, through the Marcus theory analysis, these can be factored out
to yield a quantitative description of the reactivity of the protein.

It must be kept in mind that protein-protein interactions may well be
of a character significantly different from those protein-small
molecule interactions that are used as models. Good examples of
interactions that should exist between proteins (especially specific
physiological partners), and that are predicted from certain
calculations to be influential in reactions, are those of the ion-ion
and dipole-dipole types. = The model for these interactions, besides
including a "'good fit'" between the two proteins that would line up
opposite charges and opposite dipoles in the sense of static configura-
tions, is involved with the induced changes in charge distribution and
dipoles that can occur when two protein surfaces interact. In this
model ion-ion (or dipole-dipole) binding may be induced between
sites that were not necessarily charged (or dipolar) in the two
proteins taken individually. Single interactions of this type might
not be large enough to give a significant rate constant differential
and thus may be missed even if a small reagent that interacts in such
a way is found, but a large reagent that can induce many such inter-

actions is likely to reap enormous benefits and react at a significantly
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different rate. For such reasons as these, the proteins, no matter
how well understood with small molecules, must not be taken for

granted in their interactions with other proteins.

II. Data Reliability

The most basic parameter under consideration is the electron
transfer rate constant. In the best of cases (clean pseudo-first
order kinetics giving a linear plot with a zero intercept for the
concentration dependence on the reagent in excess), the second
order rate constants under a given set of experimental conditions
should be known to be better than + 10%. The further uncertainty
involved because of possible medium dependences should always be
considered. Ionic strength and pH dependences should be deter-
mined; if they are small, it may be assumed safely that small
differences in pH or p in, say, the various solutions used for
concentration dependence, do not introduce significant error. The
other possible small effects (changes in buffer, changes in salt,
rigorous elimination of trace ions and product inhibition) are usually
ignored because of the time required to check for them and the
difficulty in analyzing the small differences (if any) usually found on
varying them when there is not a reason to specifically suspect a
problem (sometimes an ion, such as perchlorate, may be suspected
of denaturing the protein, or a pH dependence that fits the pK of the
buffer may raise suspicions). A large dependence on any parameter

(pH or a specific ion concentration) should lead to the consideration
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of the protein under the different conditions as separate species to

be treated independently. This is easier if the relationship between
the species is clearly defined by an equilibrium constant of some
kind, but it is not so easy if the variation does not fit such a simple
analysis, as discussed in Section II-H. Some dependences are
usually ignored in preference to taking a standard state for
comparison (e.g., pH 7,.0.1 M) and the variability is relegated to
increased error limits. For the purposes of the analyses to be
performed in the rest of this paper, error limits of + 10% will be
used when there is no evidence that they should be larger.

A second category of problems that may be encountered when
trying to assign error limits may be associated with rate laws that
are more complicated than the simple second order one considered
in the previous paragraph. The first problem is to accurately
define the rate law and all of the parameters involved. If saturation
is indicated or if the data may be fit by a parallel first order scheme,
this is not difficult. However, much more data must be collected
than in the simple case of a second order process. In more
complicated situations, the data may be quite difficult to analyze
and the various equilibrium and kinetic parameters may not be
easily separable. For the later use of these parameters in a
Marcus theory analysis, saturation may be handled by considering
precursor complex formation and parallel paths may indicate some
sort of heterogeneity of protein forms in solution, but anything more

complicated may make the application of the Marcus equations
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inappropriate. For problems involving protein-protein reactions,
it is often difficult to obtain the range of concentrations of the species
required to test for binding.

Next to be considered are the reduction potentials for the
proteins and reagents. For the Marcus theory calculations, the
potentials are used as an indirect way of measuring the equilibrium
constant between the oxidant and reductant. If this value has been
measured directly for any given reaction, it is always more accurate
to use the direct determination, but as such measurements are
seldom performed the measured potential values must be relied on.

For the small molecule reagents of interest, the potentials
have often been measured by dirept means because the reagents
react directly with electrodes at acceptable rates, but more often
than not the determination has been done under conditions significantly
different from the conditions of the kinetic experiments. For
example, many values are available for reagents that have been used
in standard inorganic electron transfer studies but these are usually
measured at ionic strengths from 1 to 4 M and at 0.1 M or higher
acid concentration to match the conditions of the experiments then
under consideration. For some classic cases, careful medium
dependences have been performed (the best example here is the
Fe(CN)Gs_ B couple); these studies show strong dependences on the
identity and concentration of ions. Although the lower charged ions
are not expected to be so medium dependent in their electro chemistry,

the possibility in general remains unexplored. For these reasons,
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error limits for most reagent potentials are set at + 20 mV, or
+ 10 mV in the best of cases.

The situation for the protein potentials is even less
encouraging. The potentials cannot be measured directly because
the proteins do not react quickly at electrodes, and therefore either
titrations must be done or electrode techniques using mediators
must be used. Most of the data in the literature have been obtained
by titration with Fe(CN)63_ /4-, because this is a simple technique.
There are problems with this technique, however; these include
the need to know the Fe(CN)SS—/4— potential under the experimental
conditions, and the problem of the interaction between the reagent
and the protein, which is especially severe with such a highly
charged reagent. Besides the problem of the method used, many
available potentials for metalloproteins are determined in only one
medium, and thus the same problem of an unknown medium dependence
is involved here as was involved with the reagent potentials; one
advantage here is that the differences between the medium of interest
and the medium for which the measurement was done is less in the
case of the protein data, as the proteins often are not stable under a
wide range of conditions. The best data available have been
obtained with a mediator technique (the mediator being kept at a low
enough concentration that binding problems are minimized). With
this technique data can be taken with an optically transparent
electrode, thereby allowing direct monitoring of the concentrations of

the oxidized and reduced protein species. Because of the problem of
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the poor techniques used, most of the protein potentials will be
given error limits of + 20mV.

The activation parameters determined from Eyring plots are
seldom quoted with error limits; these limits are obtained from least
squares fits only if the data are carefully weighted and the propagation
of error is properly accounted for in the weighting; less care than
might be proper is sometimes given to considering whether the plots
are linear, and the range of tempe ratures that can be covered is
usually so small (0 to 30°) that only extreme curvature would be
apparent anyway. For these reasons, interpretations of activation
enthalpy differences of less than two kcal/mol and entropy differences
of less than five cal/mol-deg will not be attempted.

The individual components of the free energy changes for a
reaction, AH0 and ASO , are evaluated most conveniently by the
same method as is the equilibrium constant, i.e., by taking the sum
of the thermodynamic changes for the oxidation and reduction of the
reductant and oxidant, respectively. These data are especially
scanty; as they are usually obtained by determining the temperatur e
dependence of the reduction potential, all of the problems associated
with determining potentials apply here also. When the data have
been determined for the small molecules reagents, they are usually
for the state of infinite dilution and medium dependences of
enthalpy and entropy changes are even rarer than medium dependences
of potentials. For the determination of potential parameters, the

ferricyanide titration technique requires a knowledge of the enthalpy
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and entropy changes for the Fe(CN):_ * couple instead of just its
potential, and the influence of solvation on these highly charged ions
is likely to result in compensation behavior. Thus the knowledge that
the potential of the couple is insensitive to a certain medium change
does not insure that the entropy and enthalpy components are
similarly invariant. The conclusion here, as for the determination
of the potentials, is that a great deal of careful work is necessary
with techniques such as the optically transparent electrode approach
described previously. No attempt will be made to give general
error limits here as the few examples available will be treated
individually as needed.

The next parameter to be discussed, which is of interest in
some of the calculations that follow is the measured electron
exchange rate between the two oxidation states of small molecule
reagent or a protein. One of the first problems in measuring the
rate of such a reaction is finding a property to monitor, because the
reactants and products are chemically identical. The most common
approach used for the slower reactions of certain metal ion
complexes is isotopic labelling, where one oxidation state of one
reactant is originally a radioactive isotope; aliquots of the reaction
mixture are taken periodically and the two oxidation states
separated, and counted for label in each. This method is clearly
limited to rather slow reactions, but great ingenuity has been used
in fast separation techniques that allow rates as fast as that of the

Fe(CN)Gs- exchange to be measured by this method. For faster
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reactions NMR and EPR line broadening measurements may be used
if there is some magnetic resonance signal that is shifted by the
change in oxidation state. There is a gulf between these two methods
where reactions are too fast to be measured by labelling (given the
separation methods that must be used) and too slow to be measured
by magnetic resonance; some of the attempts to measure exchange
rates have failed for this reason, whereas the difficulty of the
isotopic labelling method has inhibited the collection of data by that
method. Other methods for obtaining estimates of the true exchange
rate involve making some sort of small change in one of the
reactants that makes the reaction easier to follow, but presumably
does not change the activation requirements and thus the rate
appreciably. Such changes include making one of the reactants
optically active (e.g., a substitution inert metal ion complex), or
changing the ligand just enough to perturb the ultraviolet spectrum
slightly. Such approaches as these are only as good as the
assumption that the kinetics have not been changed by the modifica-
tion, as the data usually become relatively easy to acquire With good
accuracy. Even for those systems that have been studied, the now
familiar problem of medium effects is again involved. Especially
for the highly charged complexes, strong dependences on cations
and anions have been observed. In general, when the available data
are suspect because of the approach that had to be used (e.g.,
changing the ligand slightly) or if medium dependences are expected

but not studied, a range of a factor of two to three is not an
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unwarranted estimate of the possible error of the self-exchange

rate constant.

The radii used for the reagents are evaluated from crystal
structure data when possible, by taking the distance from the metal
ion in the complex to a counter ion in the crystal, and subtracting
the ionic radius of the counter ion. For Fe (EDTA)Z—/— a larger
value is required, as the complex is not actually spherical and the
counter ion is especially close. As the radii of the protein and
reagent are not accurately known (about + 0.5 A for the metal ion
complexes), and as it is difficult to determine the average sizes of
the other ions in solution, the small reagents have been given radii
0.20r 0.3 A larger than actually calculated and no correction has
been made for the loss of solvating ions in going to the transition
state. This procedure simplifies the calculations and does not
decrease their accuracy, as the parameters are poorly defined in
the first place.

Given the estimates of the reliability of the parameter values

for the Marcus calculation, an overestimate of the error in k,, is

1.1k (0.9 k)
ky = 35 9gaE - 0,037 © ;3% 94AE 7 0.09) (53)
_'ik22 3 k22
2
k12
= 12t0 0.08

. 38,94(AE)
22

thus the k,, values are determined to at least an order of magnitude.

IV. Properties of the Reactants
A. Small Molecule Reagents

This section presents a catalogue of the properties of the
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reagents and the proteins of interest. For the small molecules,
properties such as reduction potential, electron self-exchange rate,
size, stability, and some discussion of reactivity characteristics
(such as inner or outer sphere predilections) are given. For the
proteins, the properties presented are molecular weight, size,
isoelectric point, amino acid sequence, function, and the self-
exchange rate, if it has been measured. Some indication of the
reliability of the various parameters will be given.

Table 1 gives the available data?%®8 on the small
molecule reagents of interest and some other information will be
presented briefly now.

The three reagents chromium(II), dithionite, and hydro-
quinone are generally considetred to use inner sphere mechanisms.
Chromium(II) has been used for much of the inorganic electron
transfer research available, especially the extensive work with
various cobalt(Ill)pentammine derivatives that has defined bridging

ligand effects. 14,18

One problem in the use of Cr(II) for studying
metalloprotein electron transfer rates is the instability of the ion
above about pH 4; as a result, this reagent has had only limited use.
Both hydroquinone and dithionite can transfer one or two electrons.
Dithionite can be a one eiectron reagent by producing a sulfur(IV)

species and SO, , the latter of which is in equilibrium with

dithionite itse1f59:

5,07 = S@V) + SO, (54)
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Table 1 Footnotes

2 pH 4-6, 20°
P For the cross reaction with Fe(CyDTA)".

€ The buffers are A(acetate), T(tris), P(phosphate), G(glycine), C(cacodylate)
and L(lutidine).

d By optical rotation; 25° value from activation parameters.

+/ 2+
€ Calculated from the cross reaction with Co(terpy): / , corrected from

0.5 to 0,1 M NaCl,
f Radii calculated from covalent radii dnd standard bond lengths.
€ See footnote 48 for a description of the three models.
h Calculated from the cross reaction with Co(phen);hL at 4 =0.05M (ref. 49).

; Calculated by extrapolation of the equation of ref. 35 and assuming

Kys = 4(k,,,), approximately pH independent,
j Where X is any anion.

k Extrapolated to zero ionic strength. AH® =-26.7 + 0.3 kcal/mole,
AS° =-62 % 1 eu (ref. 57).

1 0H 5.5 to 7. 0.

Kk Recalculated, including electrostatic corrections, from the data of

ref. 58 for the cross reaction with Fe(CN)GS-/q-

, assuming a potential

= = 3 -
of 409 mV and an exchange rate of 7. 3(103) M 1s ' for Fe(CN), e .

I Assumed equal to Fe(CN)Sa—/q—.

5 3+
Assumed equal to Co(phen), .
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250,” = §,0, (55)

Hydroquinone goes to the semiquinone after a one electron transfer
and two moles of semiquinone disproportionate to give benzoquinone
and hydroquinone. A further important property of hydroquinone is
that it has a pK of 9.85 (0.65 M, 25°).50 A value of 102t 0.04 M
has also been given. 5

The properties of those reagents that are required to be
outer sphere, or at least usually observed to be so, are treated
next. A water molecule is probably coordinated to Fe(EDTA)  in
aqueous solution; the pK of this coordinated water is 7.58. G It is
‘possible that the pK of 9.1 found63 for Fe(EDTA)z_ also refers to a
coordinated water. The Fe(EDTA) complex forms an oxobridged

dimer; a value of 340 M~ (26°, 1.0 M NaClO,, 0.05 M EDTA

buffer, pH 9) has been reported64 for the equilibrium

[ Fe(EDTA),O ]
K = T=_2 (59)
[ Fe(EDTA)OH | .

The estimates available for the electron exchange rate are from
cross reactions of the iron complexes of EDTA and CyDTA. As well
as water or hydroxide, Fe(EDTA) can bind anions in the seventh
coordination position; however, this binding is expected to be
considerably weaker for the Fe(II) complex than for Fe(III).

Because of this labile position, inner sphere pathways must be
considered a possibility. If inner sphere mechanisms seem likely,

it may be preferable to use Fe(HEDTA) as a test, as there are two
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open coordination sites (the seventh and the one left when one
acetate of EDTA is replaced by the alcohol of HEDTA) and binding
constants for exogenous ligands are somewhat higher.

The tris complexes of cobalt(Ill) with phenanthroline and its
derivatives are an informative series of reagents. The original
study of the Co(phen) 33+/ * exchange was rather imprecise but did
highlight the problem of anion catalysis. of Later studies with an
optically active Co(III) complex45 have provided more precise rate
constants and good activation parameters. The potentials of the
derivatives are given in Table 1. Their self-exchange rate
constants have been calculated from cross reaction data with
Co(terpy)23+, and these values are also set out in Table 1.

One of the most common reagents used in electron transfer
studies of metalloproteins is Fe (CN)GS—/4_. This is the result of
the commercial availability of the reagent, its stability, convenient
potential, and large extinction change on changing oxidation state.
The properties of the reagent itself have also been studied
extensively, probably for the same reasons that biochemists have
used it; this is fortunate because this system appears to have more
significant complications from medium dependences than any
other reagent under consideration. The highest pK of Fe(CN)GS— e
is about 4. 58 As shown in Table 1, the potential is quite dependent
on ionic strength and the type of ion, as is the self-exchange rate;

these and other problems of binding of the reagent to proteins

probably originate in the solvation properties of such a small,
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negative ion. Some care is given in the Marcus calculations to
choosing the proper potential and exchange rate for a given
medium, but because the media of interest are seldom exactly like
those used in the physical measurements, some extrapolation is
usually necessary and thus the errors in the parameters chosen,
especially the self-exchange rate, are larger than might be
preferred. Derivatives of the iron hexacyanides where one cyanide
is replaced by another ligand have also been studied and some
exchange rates are available. e

The last outer sphere reagent to be discussed in Ru(NH3)62+.
This reagent is less stable than any of the others discussed except
chromous; it is light sensitive and is not stable at neutral pH;
furthermore, there are often dcid dependences of the rates of
ruthenium complexes.

B. Proteins

The various propertiesl’ Gk

of the proteins are collected
in Table 2. The errors given in the table are those claimed by the
authors and are smaller than those settled on in an earlier section.
The radii were calculated from Eq. 26, the charges were calculated
from the amino acid sequences as described in Section II-C, the
isoe lectric points are experimental except in those cases where only
an upper limit is given; in those cases the behavior of the protein on
ion exchange resins is used. Some comments are in order for the

charge calculation; the metal site charge calculation has already

been discussed, and the assumption that both propionates of the heme
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Table 2 Footnotes

@ The buffers are as given in Table 1,
P Calculated from Eq. 28.

€ The total is in parentheses, the actual number used (outside parentheses)

differs if same pK's are known to be shifted.

d If the number is in parentheses, only the total of glutamines and

glutamates or asparagines and aspartates is known,
€ Oxidized/reduced.
f Caleulated as described in the text; oxidized/reduced.
& AH®° = -16.8 + 0.5 kcal/mole, AS° =-36 + 1.5 eu.
h Deprotonated heme nitrogens contribute -2,

1 The two propicnate side chains of the heme contribute -2, and for
horse heart cytochrome c the N terminus is acetylated; thus there
is an additional -1 contribution from the C terminal carboxylate for

this protein.
J From K =1 with horse heart cytochrome ¢ (vef. 67),
K AH® = -17. 8 keal/mole, AS°® = -39 eu.

1 Includes a contribution of -4 from thiolates, -8 for four sulfides and

+11 for the four irons in the oxidized form.
Mpour thiolates are coordinated to the single iron.
n Assuming two histidines are coordinated.

2 Assuming a deprotonated amide and a thiolate as ligands.
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Table 2 Footnotes (cont'd)

p Parsley plastocyanin.
9 Spinach plastocyanin,
T Less than 4. 2 of the spinach protein (ref. 78).

S See text.
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of a cytochrome are charged is from the result for cytochrome c
(horse heart). There are not adequate data to make a safe estimate
of the charge of stellacyanin, but as there are a great many data
available on this protein, an effort was made to make an educated
guess in this case, and the assumptions made deserve some
comment. The main problem involves the fact that stellacyanin is
20% carbohydrate by weight and the number and type of sugar
residues, the number of sugar chains, and the linkage of the sugars
to the peptide are unknowns. The problem is further aggravated
because the amino acid data available do not distinguish between
glutamine and glutamate, or between asparagine and aspartate,
and there is the added complication that sugars could be bound to
these residues. In charge counting, the linkage of sugars to
hydroxyl moieties has no effect, but the more typical asparagine
linkages need to be considered. An important distinction that
must be made for the amino sugars is whether they have free
amines and are charged at neutral pH or are acetylat ed and thus
neutral. The following guesses are made:

(1) Ten of the asparagine/aspartates are covalently linked
to sugars (this makes the average chain about four sugar residues
long, assuming 40 sugar residues of molecular weight 200 make up
the 8,000 dalton sugar contribution); (2) of the remaining 15
aspartate, asparagine, glutamate, and glutamine residues, about
half, or 7, or in the acid form; (3) assuming that all but one of the

amino sugars are acetylated, and that they compose a total of
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4,000 daltons (half of the sugar contribution has been determined
to be hexoseamine), there are 17 acetylated positions. This still
leaves a charge of 11 on the oxidized protem and clearly more
information would be helpful.

Protein electron self-exchange rat e constants have been left
out of Table 2 because so few are known. The only measured
numbers a2re for cytochrome c (both horse heart and Cand ida
krusei), done by NMR line broadening. % The measur ed rate
constants for the horse heart protein are 1(103) M 's™' (pH 7, tris,
0.1 M, 40°), with an Arrhenius activation energy of 13 + 1 kcal/
mole, and 1(104) M’l s'l, with an activation energy of 7 + 1 kcal/

mole under the same conditions except at 1.0 M ionic strength.

For the Candida krusei proteih under the same pair of conditions

the rate constants are 1(102) and 1(103) M” s™'. The rate has also
been measured at pH 10 for horse heart cytochrome ¢ and the rate
constant is 2(104) M~ ' s”', independent of ionic strength. Similar
measurements have been attempted for bean plastocyanin, but the
only ¢onclusion that could be reached was that the rate constant was

much less than 2(104) M’l s’ (pH 7, phosphate, 0.1 M, 50 °).85

V. Inner Sphere Protein-Small Molecule Reactions

There are few well supported examples of inner sphere
mechanisms, but those that are available are deserving of comment
because of the information they give concerning the protein activation

required to take advantage of such a pathway. For the case of the
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Cr(II) reduction of cytochrome e, - the data have been interpreted
as involving crevice opening and adjacent attack at the iron at low
pH in the presence of a high concentration of chloride (1 M). The
saturation rate at high Cr(Il) concentrations is about 60 s™*.

Even in this system, however, at high pH or in the presence of
good 7 bridging ions (such as azide or thiocyanate), another
mechanism is favored that most likely involves remote attack at
the heme edge. The data for the reduction of cytochrome c

by dithionite (pH 6.5, 1.0 M) have also been interpreted as
involving remote and adjacent pathways, o8 with the latter path-
way again being indicated by saturation of the rate constant to a
value (30 s'l) near that for the crevice opening process. This
issue is not entirely settled, however, as another possible
interpretation involves reduction by dithionite and the free radical

817,88

SO, by parallel paths, Inner sphere penetration of a metal

center in a protein by a reductant has also been proposed as a
pathway in the hydroquinone reduction of tree laccase. i In

this case the type 2 copper was suggested as the site of attack by
the hydroquinone monoanion. Unfortunately, the oxidation state
of the type 2 copper cannot be monitored by optical absorption
methods, and the reduction of the separate type 3 and type 1
sites must be followed. The results show that these two sites
are not reduced at quite the same rate or with quite the same

activation parameters. Possible mechanisms include prior

reduction of the type 2 center followed by electron transfer from
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a coordinated hydroquinone directly to one of the sites. For the
fungal form of the enzyme, fast quench EPR analysis has shown
that the type 2 copper is transiently reduced and reoxidized

90

during the reduction of the other two sites, °~ but caution must

be exercised in comparing the two systems, as their redox

mechanisms may well be different. “

VL. Quter Sphere Protein-Small Molecule Reactions

The cross reaction equations of Marcus theory will be employed
‘in many of the calculations to be discussed in this section. Some general
justification for the us e of these equations, besides the argument that
the reactions must be outer sphere, can be given. The prediction of
a uniform k;, value, from given k,,, k,,, and K values, is not expected
because of the presumed mechanistic options for each protein. However, the
general pattern of large differences in driving force being paralleled
by a difference in rate in the same direction, and large differences in
k,, leading to a faster cross reaction rate constant corresponding to
the reagent with the much larger k,,, may be expected. A dramatic
difference between the Co(phen)33+ and the analogous Co(EDTA)"
oxidations of ferrocytochrome ¢ may be cited, where the latter reagent
has a self-exchange rate about 10° 1ower 91 than that?9 of the former.
The k,, for the Co(EDTA)  oxidation of ferrocytochrome c is at least

+
106 smaller than that for the corresponding Co(phen)33 reaction.92
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The available data for electron transfer reactions between

metalloproteins and inorganic complexes are collected in Table 3,93'110
and the calculated self-exchange rate constants using the parameters

from Tables 1, 2, and 3 are given in the k;;, columns of Table 4.

Flectrostatic effects are reflected in the ionic strength
dependences of the cross reaction rate constants. As there are several
ionic strength dependence studies available, it is of interest to fit the
available data to the three equations (Eqs. 5, 6, 28) given in the Theory
section. The results of the fits are set out in Table 5,111 along with the
isoelectric points, and the charges taken from the sequences (Table 2).
Eq. 6, which predicts a linear dependence of log(k) on u%, is included
because of its common use, but it should not be considered as an
alternative, as Eq. 5 gives the ionic strength dependence predicted
from the standard activity coefficient theory. Inthese calculations,
only the protein charge has been considered as a variable, and the rest
of the parameters have been assumed to have the values given in Tables
1 and 2. This is justified as the charge and radius of each of the reagents
are well known, and the radius of the protein may reasonably be
estimated from Eq. 26, as shown by the comparison to the dimensions
of cytochrome ¢ (25 x 30 X 35 A ,1 compared to a predicted diameter
for the equivalent sphere of 33.2 A). Another approach that has been
considered involves the "active site' concept. Inthis model, there
is a small region of the protein that is assumed to have a certain charge
and radius and to contribute to the electrostatic interactions in an

independent way. If the rest of the protein is considered also, the
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Table 3 Footnotes

4 Buffer abbreviations are as given in Table 1.
b Other media have also been studied.

€ An acid dependent path has also been observed, but these values are

acid independent.

d Binding of ferricyanide and ferrocyanide to cytochrome c is now well
established (see refs. 34 and 87); the rate constants here are the

limiting second order rate constants at low reagent concentrations,
% pH dependence determined,
£ Tonic strength dependence determined and found to be large.

€ Jonic strength and pH dependences have also been performed, and the

pH dependence of the potential is available.

B Ionic strength and pH dependences and anion inhibition (except by

cacodylate) have been determined.



mo:og Ly 6 mocm.m 14°8 8280 6L0°0 SOT0- mmm.o-xm?wﬁ;u-mvou

77

(0081 62,01 (0D)L'6 82 '6 L0S"0 6L0°0 8g1°0- .8z~ | ‘(uweud)od %wm%%v
0°g £0°LT 0°¢ 08°9T  €6¥°0  6L0°0 9¥I°0  ¥6I'0 _ (VIQEPL D awoIyo0isd
010 L 0531 (Lone's L9°0T  T0¥°D  90%'0 82¢°0-  6%¢’0- _AdIq'(NDO)ad
(omL'y 80°TT (,0m9°s ¥8'8  ¥0Z'T 9090 @6L°0- 8SH°0- _ ‘PdiND)ed
(,0m0 "2 8511 (0D¥ 2 VL8 v02'1 90%°0  26L°0- 8S°0- HN'(ND)d
(09’1 ve01 (0D9°€ 84S  80F'Z  90¥°0 9S0°I-  989°0- INf(ND)ed
(omet 8811 (,01)6 % ¥£9°8 LT 900 L9970 £877°0- g INO)OL
(0162 1L°21 (02 9 818 80P'Z 900 9S0'T- 98970~ ;¢ °(NOJOI
(,omo9’1 LTI (,onee 61°L 8072  90¥°0 989°0- 950°I- . °(ND)°d
(0¥ 8 % el (0D9 I p€’0T  996°0  90%¥°0 TE0'T-  TIEL70-
(0191 vy vl (ony'r 8L°tL  PIO'T  90¥°0 ¥SLTO-  06%°0-
(onyL £ el (ont-e 11°gl  P0€°0  90¥°0  ¥EPTO- 88370 f(ueudi(*0s-¢)-L‘%)0D
(o1)E"% 4! (0D9 'y LTI°6T  LOS'0  90%°0 LLE'O  06% .OMMEEQ-:BG; ‘£)0D
(01)e e 92l (onv'e £9°2L  LLETO  90%°0 TIEET0 1€% ‘0 “(uoud-*(e11)-9 ‘¢)0d
(01)0 "2 621 (0102 ¥6 31 82870 90%°0  TIE°0 bo¥ ‘0 F(uedd-10-5)00
(ot L g ey (o019 L IG'6l  L0S'0 900 LLETO  06vT0  F(uoud)od
(on9’1 g8°S1 - (019°L 1S°6T 10P°¢ 90%°0 1870 ge9T0 | CCHN)nY ,
(3aeaYy esaoy)
9 9¢°91 (one’t €951 €670  90%¥°0 9¥Z0- L9¢'0- _(VIQF)ed 5 9WOIY20IA)
(8, W) 1 500% unmu.uoomo.,u ol S, ™ STV U“NNNB 5t IR g S 4 i jueSeay T woernig
]

SUOTJ09II0)) O13E)S0IJ09[d JUIpNjou] 'SIUBISUO)) 918y obUBUoxXH-}[0S UI910Id pPeIe[nolBy '§ 2198l



(wasoura
WNjeWoIY))
did

(Twoagos
WrLIdsopomT)
€3 810aY0034)

(S111otJs BUBINE
“*53 9W0JIUD0LATD

(ToSTIY 2DIPLE)
D WOJIYI0;AD

193 awoIY2018s

(0T)9°S oLsl (0102 $6°21  L0S°0  120°0. OLI'0- 9%0°C- _ F(Adig)od
€% 9691 (,0D6°2 gL'gl  I0¥'e 61070 6IST0-  Lg'o-  CCHN)MN
€1 0841 (one'e 29°ST  80¥'z 16070 L§8°0  L1p0 ,_°(ND)ea
$'g 16°91 (0D)3'% ge'SL 80% g 16070 LIF70 86870 (NO)es
(onp't 6L T1 (,on1°8 ¢L°01  L0§°C 16070 IFI'0- 8270~ _ (uaud)ed
(,one’r 20 0% (,.0D6°1 1861  £6%°0 160°0 6¥I°0 €180 _(ViIaZ)ed
(,onv'8 gL 0t (01389 61°8 80¥ ¢ 0 I¥1°0- 0 1. (ND)o
(onL'e €0°01 (,0m0°g 6% L 80V "¢ 0 0 wio- o (NDjed
(0118 1621 (,01)6°8 90°21 80T  S0L°0 O0EZ°T  8E0T ros NO)O2
(one-r S8 '11 (LoD¥’s 00°IT  80%¥°%  S0L°0 880°L  082°1  °(ND)oZ
(0nz"2 L1701 (,0DL9 8L"9 S0%°'z  ¥01°0 9L6T0-  FEET0- . f(ND)ou
= (o1)e 'z 06 ‘21 (01)6 "2 EL°Z1  L0S°0  FOI'0 €030 1gg’c S(weud)od
(CU6 7 vrocr (0168 gh’el 80T 600 Ie€T0  90F0 . f(NDJRS
(o1L"8 ¥9 01 (ons-t 0% 01 986 'C 6L0°0 €2€°0 v€% "0
(oS L 9L T1 (onL-e I2°1i ¥I0°T  8L0°0  S58°0 180
(0199 ¥e ‘el (0D L OT°21  F0S0  60°0 9¥i'0  9L°0_*(ueud-*(f0s9)-L )00
(ont't 9601 (011 "9 56 L0S°0 . 6L0°0 8gL70-  L8g 0~ F(weud-f(am)-1%)0D
(oT)L"8 IL°01 . (oT)e "z 88°6 LLE'0  BL0T0  2IT'0-  g8g 0~ F(ueud-*(al)-0'jod
Tmﬂ-wéu.uomx .«*mﬁooﬂde wATmrEv:x m.mqu vﬂmuma orn.:.s n?msa. n.mﬁa peeel
]

SUOI31081J0)) O1JEISOI300[ 4 LUIDI;OU] ' SJUEISUOL 018y esULOXI-]19S Ule 0L BCIT(NO(e)



(EISTTOTUISA ST0Y)
uruz 432811215

(Aotsaeq)
uIuBA203SEId

(uoBUIGG )
upec0)seldg

_J(ueud-(f0s-9)-1‘%)0D

(ueeg)
uiueAd018e(d

(esouiSniae
SBUOWOPNIZF)

(o1)E "2 g170I1 (0¥ g £9°6 €670 0 0 0 L(via®?ad
(om)9°L A (01L 'z 0v'IT  80%°C 288°0  ¥38°L £ST°T _S(NO)eg
(0m9°e 2y 11 (o6 "1 $¢°01  gSL'T ze8 0 04970 %08 0 " (NojRed
(one’s 0011 (omne-ec €8 °6 25L°1 288°0  0L9°0 508°0 gy _(ND)Od
(0TS "1 #8 °GI 8 6S 0L 966 °C 288°0 gSE'I 622 1
(,om)T"6 06°LI I°1 S AUA $10°1 288°0  ¥E5°0 028 °0
(019 i 16781 ((om1°e 9€'8L  F0€'0  2eE'0  G9G°0 1Ly 0
(oms-i 9L'TL (018 e °6 LLE'O 2880 2€¥°C-  TgL'0-  F(weud-*(31)-9°¢)0D
(om)9 ‘e €211 (om)L s £€5°8 $26°0  288°0  90v°0-  LL9°O- L(ueud=10-¢)0D
(019 e 6L°21 (01)572 6001 L0G "0 282°0 g8%¥°0- 022 °0- +M?Eeou
(0n)% "¢ ge eI (019’7 81°¢I £6%°0 2e8°0 €IF°0 £9L°0 _(viamed
£ (oDLe 0€°¢1 (018 g 1L°¢1 2eL’1 ¢I0°0  ¥0O1°0 0L0°0 ., D)ol
(01)0 "2 99°S1 (,ono-e LO%T  2SL'T ST0°0  0L0°0 P10 o . Wo)eg
9°L p2°ol (01)9°3 ST'PI 80% '3 ¢10°0  BEL'0 86170 JSN0)es
(01)0°2 £6°¢1 (L01)8 °S 18721 L0S 0 S10°0  S20°0-  ¥L0°0-  F(woud-*(e]-L%)00
(oT)"9 €56 (LODP 1 90 °'6 LLE0 G10°0  J20°0- 22070 -+m§@i-ﬁm_<aY@@ou
(onw"1 by 01 (o018 ¢ g0'0r  8gE'C  SIO'O  6I0°0- 8500~ F(uewd-15-¢)od
Focw.ﬁ IL°T1 ) (01)s "% 60711 L0S 0 S10°0 ©20°0- PLOO- +mm\,cmc.&oo
(,0D6"1 60 02 -, _00)% e 9961 €6% 0 S10°0  I¥0°0 70°0 _ (ViaZoes
TmTEV.:omx .«.mupoUMOd oATmTEv_.,x " .mmmd vhmﬁ? o?m:B Qﬁm%\» n:«ﬂ& kusy
]




80

(,one’t vLoL foco ‘9 8L"9 696 '0 0 0 0

(,0mo e 29°8 (,om9"t 19°L PIOT 0 0 0 _ (ueud-*(f0s-@-145)00

(,0T)0 '3 98 '8 (one’s 96 '@ ¥0€ 0 0 0 0

(o1)8°¢ 656 (ot 12 °6 LLE"O 0 0 0 S(uayd-*(sN)-9‘6)0D

€ 2 8] (ETo7T0TaI5A S0UY)

(om)o°e L6 6 (ODTL 9% 6 4080 0 0 0 Lwaud)jod oUTUBADRIISIS
(s Wyr051 w.mauoow:uq mf-m Tzv:x N “mﬁwd D o o Q..maa Qnmﬁa JueSeey ure1sag
] SUOTI}09II0D) O1JB3SOIOS]H SuUIpPN[IU] ‘SJUBISUO)) 23y e8UBYIXF-J[9S UISj0Id PeITInNo(P) ‘¥ 9142l



81

Table 4 Footnotes

2 All energies are in kcal/mole.

b Work terms are calculated using the conditions given in Table 3 and

c

d

e

f

assuming protein charges calculated from the sequences (Table 2),

Work term calculated for 0.1 M ionic strength, pH 7, and assuming

protein charges calculated from the sequences (Table 2).

Work term calculated for the condition of the measured self-exchange

rate constant given in Table 1,
Calculated without consideration of electrostatic interaction,

Calculated for 0.1 M ionic strength, pH 7, including compensation
for electrostatic interactions assuming protein charges calculated

from the sequences (Table 2).

The three different values are for three models for the electrostatic

interaction; see footnote 48.
From the data of ref. 96.

Using k,, (Fe(CN),"/*") of 1.5(10") M™'s™* and a potential of 425 mV
from the 0.1 M ionic strength (KC1) data,

From the data of ref. 67.

fe

Using k,(Fe(CN), /") of 2.6(10") M_'s " and a potential of 433 mV

from the 0.2 M ionic strength data,

A potential of 330 mV is used for azurin, as given in ref. 75,
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Table 4 Footnotes (cont'd)

My potential difference of 120 mV is used (ref. 106)and a Fe(CN),"/*
P
exchange rate of 2, 6(104) M s " for 0.2 M ionic strength.
3=/
6

- ~1 =1
" Using k,, (Fe(CN) ' ) of 2. 6(104) M s and a potential of 435 mV,

+
O Assuming Z = 0 from the ionic strength dependence with Co(phen)33 ;

see Table 5.
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Table 5 Footnotes

4 Least squares procedure,
b .
The standard error, defined as (2 (kobs-kﬁt)z)/N.

€ These numbers are the charges calculated from the sequence (oxidized/

reduced) and the isoelectric point.

d Solving for the charge assuming both oxidation states have the same

charge.
€ This is k,, of ref. 104.
T This is kyq of ref. 104.

€ This is ky of ref. 104.
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problem becomes one of considering two spheres, one within the
other, which are tangential at the point of attack by the reagent. The
charge and radius of the small "'site' are set and the radius of the
protein is used for the larger sphere. The charge on the larger sphere
is the difference between the total charge (as determined from the
sequence) and that assigned to the site. Reasonable guesses for the
site can only be made for proteins for which X-ray data are available;
therefore, the example calculation given in Table 6 is for cytochrome
c. In principle, this approach could also be used for fitting the ionic
strength data, but the number of parameters is larger and the results
would be difficult to interpret; therefore, the site model will only be
used in some example calculations of work terms (vide infra).

Using the work term theory presented in Section II-C, the
calculated protein self-exchange rate constants may be corrected for
electrostatic (coulombic) effects. In order to make these corrections,
a charge and radius are needed for the protein; for this purpose the
charges calculated from the sequences and the radii given in Table 2
will be used. The resulting kllcorr values are presented in Table 4.
The Marcus theory fit to the ionic strength dependences could be used
for estimating the charge in order to maintain internal consistency.
As the charges calculated in this way (except for Fe(CN)63-/4-) are
close to the sequence charges, and, as ionic strength dependence data

are not available for many reactions, these calculations are not presented.
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Table 6 Footnotes

4 All energies in kcal/mole; see footnotes b,c,d, and f of Table 4
for a description of the conditions for which the calculations are made.

b The same as Table 4 (a radius of 16.6 A and charges of 7.5 and 6. 5).

€ The site parameters are derived from measurement of a model of
oxidized tuna cytochrome c¢ and the assumption that the attack site
is near the point the heme edge comes nearest the surface of the
protein; model 3 is considered as a single lysine; model 2 is a larger

site including several charged groups.
d A radius of 84 and a charge of 2.
€ A radius of 2A and a charge of 1,

f' Ret. 67.



89

Another approach to treating the problem of electrostatic inter-
action is to do the calculations with the formula that includes the

equilibrium constants for the formation of the precursor and successor

complexes (Eq. 29). This is the preferred method when pre-equilibrium
binding is shown by saturation behavior in the plot of kobsd VS.

reagent concentration. There is, however, a problem. Although some
of the binding constants may be estimated from the kinetics, others

are not so available (this is generally true for the exchange reactions,
where both oxidation states are usually positive or negative, and
therefore not expected to show discernible binding based on electro-
statics), and must be estimated using Eq. 3. An important pair of
protein cross reactions which may be treated in this manner involve

the iron hexacyanides with horse heart cytochrome ¢, where saturation
behavior is observed (as are exceptionally high rates). The cytochrome
¢ self-exchange has been calculated using the equilibrium constant

approach (Table 7). The result may be compared to predictions based

on treatment of the same data with work terms (Table 4).

Shown in Figure 6 is a plot of the log of the ratio between the
calculated protein self-exchange rate constant with a variety of reagents
; 2= corr 2=
and with Fe(EDTA) vs. log ki, based on Fe(EDTA) alone. The

exchange rate constants used in making up the figure are the best
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Table 7. Cytochrome ¢ Self Exchange Rate Constant Calculation with Complex

3-/4-
Formation (Fe(CN),
-
P, Fe(CN); - cytochrome c(II)
-1
Experimental 400 M
Caleulated ® 370 M~
P,, FC(CN)Z— - cytochrome c(II)

Experimental 400 M-l
Calculated ® 260 M

Piy cytochrome c(II) - cytochrome c(III)
Calculated® 8.7TM
4= 3~
Py, Fe(CN)g - Fe(CN)g

Calculated?® 0,013 M~

b
K = 618 (oxidation)
C - =
k., (M s 1) 6.5(105) (oxidation), 2.5 (104) (reduction)
d 4, -1 "1
Ky 1.5(10Y M s
e

' (Mnls_l) 3. 2 (oxidation) 6.5 (reduction) (1.7 times higher if calculated

values arc used for Py, and Py)
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Table 7 Footnotes

2 Using Eqs. 31 and 32, and teking the radius of Fe(CN):-/4- as 4.5 A, the
radius of cytochrome c (6.5/7.5) as 16.6 A, and 0.1 M ionic strength.

b Using potentials of 425 mV (Fe(CN)SS-/“) and 260 mV (cytochrome c).
€ Ref. 96.
d Table 1.

@ Eq. 34.
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Figure 6. Accessibility of protein redox centers to small molecule

corr[

reagents based on a plot of log k,, reagent]| /

corr
[

22— =
k, ,COTT[ Fe(EDTA) ] vs. log k,,“°*"[ Fe(EDTA) ].
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calculated values, using the work and f terms. Ignoring, for now,
the abscissa, the range of ordinate values can be considered. If a
protein acts like a simple inorganic reagent, then the self-exchange
rate constant should be independent of the cross reaction it is calculated
from, and the calculated kucorr values should cluster about a single
point for each protein. If, on the other hand, the kucorr values
calculated from the different reagents do not agree, as is usually the
case, there can be several reasons. The contributions to AG,,**
include: (1) the inherent activation of the protein metal center, which
should to a good approximation be invariant, (2) the nonelectrostatic
(i.e., noncoulombic) interactions between the protein and reagent
involved in attaining the activated complex configuration, (3) break-
down of the assumption that the adiabaticity factors may be ignored,
and (4) deviations from the model used for making the electrostatic
calculations (these include contributions to the M terms in Figure 5:
non-uniform charge distribution, induced changes in charge distribution,
deviations from Debye- Hiickel behavior, and any specific medium effects).
Several of these factors are related; for example, contributions (2) and
(3) are linked because orbital overlap will usually be improved if the
reagent can more closely approach the protein metal center; but, as
the metal center is at least to some extent protected by the peptide chain,

approach by the reagent will involve interactions that are likely to include
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noncoulombic ones. Whatever the precise origin of the variation,

the wider the range of calculated kucorr

values for a single protein from
a given set of reagents, the greater is the variety of mechanistic
pathways employed by it. These are lowest free energy

routes adopted in response to the varying demands (steric,

charge, hydrophobicity, and orbital overlap) of the reagent (Figure 7).
The calculated kncor T values clearly show that some proteins

exhibit a greater reactivity spread than others, ranging from more

than six orders of magnitude for azurin to much less than one for
stellacyanin. The proteins on the left side of Figure 6 are interpreted
as having more available mechanisms (a greater sensitivity to the
differences between the reagents), whereas stellacyanin, at the extreme
right, apparently employs a single mechanism in its electron transfer
reactions. It is of interest to consider what protein properties might

parallel the variation in the k,,"°"~

spread observed; the most obvious
seneral property is the degree to which the metal site (or the periphery
of its conjugated ligand systems) is buried within the peptide. HiPIP

is the best available example of a buried site, with the distance of
zlosest approach of the iron-sulfur cluster to the surface estimated6

1s at least 3.5 A; azurin is another example, as its copper center

nas been estimated from solution studies to be similarly isolated from
‘he solvent.]‘r)_lr7 One heme edge of cytochrome ¢ is known from
crystal structure studies1 to be positioned near (2 A or less) the surface

of the protein at one point, and thus is more available for electron

:ransfer than the azurin and HiPIP centers. Less solution data are
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Figure 7. Free energy profiles. Three illustrations of the

compromise between oribtal overlap (shown as log p,
the adiabaticity term) and the interaction energy between
the protein and reagent (AGint**) to give the rate
constant (energy surface), all as a function of the

' disbwmes betwesn the peaatants, Cass | ghows &
situation where good overlap is attained at a modest
price in interaction energy, thereby leading to a high
rate constant. Case 2 illustrates a similar interaction
energy as in Case 1, but favorable overlap is only
attained at an extremely small r; thus the rate constant is
much lower and there is not a single major peak in the log
k plot (equivalent to a deep valley in the energy surface).
For Case 2 there is a range of protein-reagent distances
over which electron transfer could occur with about equal

probability. Case 3 illustrates preferential binding of the

protein and reagent at a specific radius, thereby leading

to a strongly preferred pathway (prominent peak in log k).
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available for plastocyanin and stellacyanin, but based on the afore-
mentioned reactivity correlations, their copper sites, which are assumed
similar in coordination environment to that of azurin, must be more
available to reagents in solution than any of the other proteins considered.

corr
values can be

The property that leads to the range of calculated k,,
called the kinetic availability or accessibility of the metal center. This
property is not expected to correlate precisely with X-ray structural
evidence, as the availability of a site to external reagents intimately
involves protein-reagent interactions as well as the dynamics of
conformational changes of the protein molecule in solution, It is
comforting, however, that in most cases the static physical picture
of bufied vs. exposed sites does relate to the kinetic patterns observed.
We shall now consider why Fe(EDTA)z- cross reactions give
such a large range of calculated kucorr values, why this range seems to
parallel the kinetic availability of the protein metal center, and why
the other reagents cause the protein to react so differently from the
mechanism with Fe(EDTA)  in most cases. First, Fe(EDTA) is
far from spherically symmetrical, with one face that is hydrophobic,
being mostly methylene hydrogens, and the opposite face being hydro-
philic, owing to the carbonyl oxygens and a coordinated water. Only
the hydrophilic side has any # symmetry ligand orbitals, but only the
other side is likely to be able to penetrate the hydrophobic residues
protecting the metal centers of most proteins. Thus, Fe(EDTA)z-
would have to pay a high enthalpic cost to force its # orbitals in close

enough to overlap significantly with the orbitals at the redox

center of the protein. The alternative of penetration with the
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hydrophobic side leading is not attractive, as this side is insulating
with respect to 7 electron transfer. Thus, Fe(EDTA)z_ is expected

to be quite sensifive to the kinetic accessibility of the protein metal
site, as seems to be borne out by the data. For this reason the k;,°°™*
values based on Fe(EDTA)z- were selected for the abscissa of

Figure 6.

The reagent that usually predicts the highest k,,®°T is
Co(phen)33+. In this case binding due to electrostatic interactions
should not be significant and the work term calculations should make
up for the general coulombic interactions; however, the hydrophobic
nature of the phenanthroline ligands may be expected to encourage
penetration of the protein surface. The blade-like nature of the
phenanthroline rings should also encourage penetration as compared to
a complex that is more nearly spherical and has the same radius as
Co(phen)33+ (about 7 A). The matching of the 7 symmetry of the
phenanthroline oribtals with the 7 symmetry of conjugated ligand systems
and the redox orbital of the protein metal center should make the cobalt
system more reactive than Fe(EDTA)z-. One problem that remains
in the Co(phen)33+ system is that the planar, bidentate phen groups
are held in rigid geometric position with respect to each other; thus
the two phenanthrolines not involved in the 7 overlap will still affect
the orientation of the pseudo-bridging ligand to the extent that they have
preferred interactions with the peptide.

-4
The reactions of Fe(CN)63 / are often quite fast, beating out

+
Co(phen)33 in predicted kncorr in several cases. The main problem
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in interpreting the cross reactions of the iron hexacyanides is the
possibility (and sometimes the observation) of binding. The work
term treatment used to obtain the kucorr values shown in Fig. 6 is
applicable in the extreme of no precursor complex formation. The
precursor complex formulas should be used when such complexation

is observed. One problem, as has been discussed before, is that

the estimation of precursor complex formation constants is difficult
and usually still necessary for the exchange reactions (and this method
apparently does not work well in the Fe(CN)GS-/4- case (see Table 7)
or at least predicts a rather small k;;). On symmetry grounds,

3-/4-
" should be quite reactive with proteins, because the electron

Fe(CN)
transfer path is through ligands that have a cylindrically symmetrical
m orbital set and that will not have such precise requirements for
orientation as does phenanthroline; however, the cyanide ligands do
not have as great an advantage in promoting hydrophobic interactions
as do the phen groups in the Co(phen)33+ reactions,

The two reactions given for Ru(NH3)62+ are insufficient information
for much discussion of this reagent, but in both cases the reactivity

3+
. As the ammine

shown is between that of Fe(EDTA)z- and Co(phen)
ligands are hydrophilic, the ruthenium complex is expected to behave
more like Fe(EDTA)z- in this regard, and the ligands do not have 7
orbitals to facilitate electron transfer into and out of the ruthenium
center. However, thet,, orbitals of the second row transition elements

extend much farther from the nucleus than those of the first transition

2+
series, and in this sense the overall small size of Ru(NH,); could be
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an advantage for effective m electron transfer.

The second large sét of related data involves the oxidation of
several of the proteins by tris complexes of various phenanthroline
derivatives with Co(III). These data are presented in Figure 8.

For convenience, the five derivatives will be given numbers, as
follows: l is the parent complex, Co(phen)33+; g is the complex with
5-Cl-phen; 3 is 5,6-Me, substituted; 4 is 4,7-Me, substituted; and

o has phenylsulfonates in the four and seven positions of the ring,
4,7-(¢S0,),~-phen. Complex 2 differs from the parent compound
primarily because of the inductive effect of the electron-withdrawing
chlorine; the perturbation such an effect might have on the potential

is compensated for in the Marcus calculation, but the result of different
binding capabilities of the Cl compared to an H will show up in the
k%" value. The chlorine substitutent also blocks the 5 position.

The self-exchange rate predicted for 2 from the cross reaction with
Co(terpy)22+ (see Table 1) is 1.3(10~)M™"'s™} or about 3,000-fold below
that for 1 and similar to that for 3, which is also blocked in the 5
position. The inductive effect and any interaction such as a hydrogen
bond to the Cl are not expected to be influential in the reaction with
Co(terpy)22 +, so this result is quite reasonable given the previous
discussion. Complex 3 has the distal edge of each of the phenanthroline
rings blocked, but the 4 and 7 positions are left unhindered; this last
point is best seen in space filling models of the complex. The methyl
substituents are electron donating with respect to hydrogen, and, as

with 2, the redox potential of i is higher than that of the parent ion.

Substitution at the 4 and 7 positions also produces electronic effects
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corr

Figure 8, Comparison of the k,, values based on reactions

3+
involving the ring-substituted Co(phen), reagents.
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on Co(IlI), as complexes 4 and 5 have potentials that are 30 and 40 mV,
respectively, below that of the parent complex (and roughly 90 mV
below 2 and §). Sterically, substitution in the 4 and 7 positions blocks
both approaches to the phenanthroline rings in the complex (again, this
is best seen by examining space filling models); thus, steric effects
are expected to be more pronounced in 4 than in 3. Little difference

is observed between the rate constants for the cross reactions of
Co(terpy)22+ with 3 and 4, but, because of the potential difference,

the calculated k,, value for 4 is 0.77 M~ s, or about 50-fold less

than 1. The fact that the calculated k;,“**"

for 4 is greater than that

for 3 or Z is puzzling, and could mean that hydrophobic interactions

are more important than steric hindrance in this case. Reagent 5

is the only negatively-charged member of the set and is also by far the
largest in size, if the radius ig taken to include the sulfonate group
(various estimates are given in Table 1). The phenyl group may or

may not extend the conjugation of the system out to the sulfonate,
depending on whether its ring can become coplanar (or approximately
coplanar) with the phenanthroline; examination of space filling models
makes it clear that the interaction between the phenyl hydrogens alpha

to the point of attachment to the phenanthroline and the 3, 5 or 4, 6
hydrogens should strongly encourage the phenyl rings to be well out of the
ligand plane. However, attaining approximate coplanarity in a transition state

cannot be ruled out, and it should be noted further that in 5 there are large

hydrophobic channels between the phenyls of each ligand that lead to a
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; . il » corr
phenanthroline edge. The cross reaction with Co(terpy), predicts a k,,

of 3. 5(102) to 7(103) M-ls—l, depending on the way the work terms are
calculated. Anywhere in this range the rate constant is much greater
than that for any of the other derivatives; although something special

about the interaction between 5 and Co(terpy)zzJr is a possibility, it

is not likely because the estimate of the k;,“°'"

for 5 from the cross
reaction with Ru(NH,),py ot is also relatively high. Despite the
general agreement between the ruthenium and cobalt reagent cross
reactions with 5, erratic or at least different behavior may be expected
for the proteins whose redox centers cannot penetrate to the phenanthroline
edge as easily as smaller reactants.

Based on the discussion of the previous paragraph and the model
of kinetic accessibility developed earlier, the results for the derivatives
of Co(phen)33+ shown in Figure 8 may now be considered. Complexes
1, 2, and 3 predict larger kucorr values than complex es 4 and 3,

corr
about an order of

except with stellacyanin, where 9 predicts a k,
magnitude larger than the value predicted from 1 and 3. The differences
among reagents 1, 2, and 3 are probably too small to interpret, but it

is interesting that 2 or 3 (or both) always does better than 1. Thus one
of these derivatives always leads to some advantage in protein-reagent
interaction.

The observation that stellacyanin is generally less sensitive than

the other proteins to the differences among the cobalt complexes is
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consistent with the previous conclusion that its copper site is kinetically
accessible and thus behaves more like a simple reagent. Considering

corr

the other four proteins, 4 or 5 always predicts a k,, at least an

order of magnitude smaller than the others. The result is consistent
with the general steric arguments given in the preceding section, as
substitution at the 4,7 positions gives more overall steric hindrance
than substitution at the 5,6 positions; thus the proteins (except
stellacyanin) are uniformly more sensitive to steric hindrance than

is Co(terpy) The most extreme difference in reactivity involves

2+
2
plastocyanin with 5 as compared with all of the other reagents. If

the plastocyanin result is accepted,1 1< then this response to the difference
between 5 and 1, 2, or 3 is totally out of character with the differences
seen with the other proteins (in no other case is the gap between the

corr
ku

from one to the next nearest reagent greater than an order of
magnitude). Apparently the redox centers in plastocyanin and 9

cannot easily come together, either because of unfavorable interactions
of the protein with the charged sulfonates or an inability to penetrate
the hydrophobic channels.

Cytochrome c is uniformly about 2 orders of magnitude less reactive

with the Co(IIl) reagents than is cytochrome c,;,. The results indicate

that the electron transfer mechanism of cytochrome ¢, involves
a site that can accept a hydrophobic reagent such as a phenanthroline
complex in such a way as to give it good kinetic accessibility to the

porphyrin (or the iron). Similarly, plastocyanin is about one order
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of magnitude less reactive than azurin. Overall, therefore, the

protein reactivity order that may be inferred from cobalt phenanthroline
derivatives is much different from that indicated by the cross reactions
with Fe(EDTA)Z_. Although azurin is quite inaccessible to solvent and
reagents such as Fe(EDTA)Z_, the hydrophobic cobalt phenanthroline
complexes have little difficulty in gaining access to its blue copper
center. The high reactivity of stellacyanin is still consistent, as

its site is exposed to all reagents.

Owing to their stability and commercial availability, the iron
hexacyanides are the reagents that have been used most widely to study
the electron transfer reactivity of metalloproteins. In retrospect,
the choice was a poor one, as these small, highly-charged ions often
show complicated kinetic behavior because of electrostatic binding,

3= /4=
6

and both the exchange rate and the redox potential of Fe(CN) are
strongly medium dependent. Some discussion of the available data

can reasonably be made, provided that we keep in mind the problems
associated with binding, even in those cases where it has not been

proven. Table 4 and Figure 9 present the available data for the

reactions of ferri- or ferrocyanide with ten proteins. Because correction
for driving force is made in the Marcus calculation, the calculated

value of the protein self-exchange rate should be independent of the

direction in which (reduction or oxidation of the protein) the reaction

is .run.
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Figure 9. Relative protein electron transfer reactivities with
various inorganic reagents. The cytochromes are

(1) horse heart, (2) Pseudomonas aeruginosa,

(3) Candida krusei, (4) Euglena gracilis, and

(5) Rhodospirillum rubrum. The plastocyanins

are (1) bean, (2) spinach, and (3) parsley.
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For those proteins for which data are available for both ferricyanide

corr ..
values are in sizable

oxidation and ferrocyanide reduction, the k;,
disagreement when the ionic strength dependence charges are used.
When the sequence charges are used, there is reasonable agreement
between the ferri- and ferrocyanide results (except for the Euglena
gracilis cytochrome ¢ data) and the proteins may be ranked according
to their kucorr values, as was previously done for Fe(EDTA)Z- as
reagent, The order with Fe(CN)BS— (Fe(CN):— gives a similar order)
is Candida cytochrome ¢ > R. rubrum cytochrome c, >
plastocyanin > horse heart cvtochrome ¢ = Euglena
cytochrome ¢ > cytochrome c,,, > azurin > HiPIP, This order is
similar to that based on Fe(EDTA)z_ except that azurin and HiPIP
have switched places. The ordering from Fe(EDTA)z_ is probably
more to be trusted because of the binding problem, but the Fe(CN)63/4-
results do place the first three cytochromes in the high reactivity
category, and suggest some interesting future experiments involving
the more trustworthy reagents.

The use of the Marcus theory equations including binding
constants might make more sense of the Fe(CN), 3—/4— data, but the
binding constants are not well enough defined and the one example

COTT that the

treated (see Table 7) gives such an unexpectedly low k,,
method must be considered suspect. This may well be the result of
the binding involved not conforming to the equation (Eq. 29) used for

estimating the unmeasured precursor and successor binding constants,
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because of the ionic strength used or because nonelectrostatic influences

are important.

Related to the analysis of the Fe(CN)Gs-/‘I- reactions is a study
of the oxidation of horse heart cytochrome ¢ with various derivatives

of ferricyanide as listed in Table 4. The comparison of the kncorr

values shows that cytochrome ¢ is most reactive with Fe(CN)5N33 3

followed by Fe(CN)Squ:-, then Fe(CN)sNH:— and Fe(CN)G3 itself,

with Fe(CN),bipy the poorest reagent. The ordering would indicate

that the azide must make a better bridge than cyanide. Triphenyl-
phosphine is second best at facilitating the reaction; it could act as

a bridge, or it could assist the reaction through favorable protein-

P¢, hydrophobic interactions, or both. The next two reagents do about
as well and are quite similar in shape and ligand composition; they differ
mainly in charge (which should have been compensated for anyway).
Thus the ammonia does not help the reaction, but the loss of one

cyanide does not hurt either. The fact that the bipyridine complex is
significantly less reactive is hard to understand and no explanation will
be offered. The range of kinetic effects is smaller than would be
preferred for solid conclusions, especially as there are large differences
in potentials and self-exchange rates for the various reagents. It does
seem clear, however, that small complexes containing linear ligands
possessing m systems are especially reactive, and hydrophobic

interactions are likely to be important.
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The analysis of ionic strength (general salt) dependences will
now be discussed. Table 5 gives the results of fitting the available
ionic strength dependence data to the three equations from Section II-C.
Equation 6 will be ignored for the reasons discussed before. First,
comparing the fits to the Marcus theory equation (Eq. 27) with the
charges derived from the sequence data, it can be seen that the values
of Z, are consistently similar to the calculated charge except in a few
cases. The most general exception to the success of the Marcus theory

3=/4=
5 / data, which give some large values of the

fits is from the Fe(CN)
protein charge (e.g., a value of 14,6 for the cross reaction between
Fe(CN):- and horse heart cytochrome ¢ and the charges derived from
the data for the cytochrome ¢, reactions). The other major inconsistency
is the zero charge calculated for stellacyanin from the cross reaction
with Co(phen)33+. The result that stellacyanin appears uncharged to

3+
3

Co(phen), is surprising based on the isoelectric point of the protein,
but, as the sequence data are so sketchy and the carbohydrate contributions
are not defined, it is not clear that there is a contradiction.

The inconsistencies based on the iron hexacyanide data probably
have their origin in the previously-mentioned problems of the medium
dependence of many of the properties of this reagent. Foremost among
these problems in the present case is the medium dependence of the
exchange rate and the ion pairing between ferri or ferrocyanide and
most cations. Because of ion association, the effective Fe(CN)GB-/q-

self-exchange rate varies with the concentration of potassium ion, for

example, and this dependence is quite large; at 0.1°, the self-exchange
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-1 =1 =1 =1

rate varies from 1.75 (102) M s " at 0.01 Mto 1.5(104) M s
at 0.1 M K+ (extrapolated value). As this variation is attributable to

a high degree of ion association, the ionic strength dependence equations
that are used are invalid and the actual reagents in solution in many
cases would be better considered as the K+—Fe(CN)63-/4- pairs. In

this regard, it should be emphasized that in the excellent experimental

3~/4~
& / exchange rate, electrostatic interaction theory

study of the Fe(CN)
was not used to predict the nature of the dependences on various cations;
instead, a rate law was presented that included reaction paths for

3=/4d=-
5 / with one or two cations, and different rate constants

Fe(CN)
and the binding constants (or functions thereof) were assigned for each
path. Inthe previous calculations with ferri- or ferrocyanide, the
reactants have been assumed to be the free ions (without bound cations),
and the work terms have been calculated for these species, but the
exchange rates have been chosen to reflect the presence of the cations
in the reaction medium. The result of this treatment is to

attribute to the medium some of the dependence that is actually
electrostatic and belongs in a work term. This trade-off is

not as much a problem for the terms that describe the

Fe(CN)GB-/4— exchange as it is for the work terms of the cross reaction.
Thus, a better approach would be to include all of the different paths
.that might be involved, but such an approach could quickly get out of
hand and would require a complete re-analysis of the Fe(CN)Gs—/4-
exchange rate data, as well as accurate ion pair binding constants

under all conditions of interest, which are not available. In some of

the cases, the ferricyanide data give quite a reasonable value for 7,,
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whereas ferrocyanide leads to a much different value; this difference
is probably attributable to the difference in ion association constants
between ferrocyanide (K+ binding constant about 31 M‘l at 0.1 M

113,114

ionic strength) and ferricyanide (K* binding constant 7 M~

under the same conditions).ll?” 114

The equation (Eq. 5) from transition state theory is somewhat
more erratic in its predictions of ionic strength dependences than is
the Marcus theory equation, as many of the fits produce a change of
sign of the slope in the k vs. p plot. Furthermore, in the case of
azurin, Eq. 5 leads to a protein charge that is opposite in sign to
that predicted from the Marcus theory equation and the sequence
calculation. One apparent improvement in the parameters from Eq. 5
is that the ferrocyanide data do not give the large values for Z, derived
from the Marcus treatment.

The fits from any of these equations are not so successful that
they should be considered really accurate models for the electrostatic
interactions between proteins and small molecules, as can be seen
from the plots of the theoretical curves and experimental points in
Figures 2 and 3 in Rosenberg et al, 111 A more dramatic example is the
difference observed in changing from acetate to phosphate buffer in the ionic
strength dependence of the reaction between cytochrome ¢ (horse heart)

3+ 44
and Ru(NH,)py ;

although only a slightly higher charge is expected
on cytochrome c at the lower pH, the plots show a much larger
effect than would be predicted from such a small change. Clearly,

_binding of the buffer ions to the protein is involved and only further
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careful study of these effects can unravel all of the contributions to
this compex problem.

The dependence on pH will next be discussed. Because of all
the possible ways that changing hydrogen ion concentration can lead
to variation in rate constants, the origin of pH dependences can be
quite difficult to establish. The approach to be taken in this analysis
is to try first to factor out all of the contributions that have previously
been considered, and see if a significant pH dependence is left. The
preferred method, then, is to do the full Marcus calculation with
potentials and work terms calculated for each pH, thereby accounting
for all proton binding to theeagent (Fe(CN):- with a pK of 3.17 at
0.1 Mor 3.85 at 0,01 M ionic strength is again the greatest problem)65
and the protein. Unfortunately, the information necessary for the full
calculation is not often available. The pH dependence of redox potentials
is seldom determined, and titration data for determining the charge
on the protein are also rare.

An example of a set of pH dependences that are considered too
small to warrant detailed analysis involves the reduction of several
blue proteins by Fe(EDTA)z_.111 The small differences observed in
this case could well involve such elusive factors as the influence of
changes in the form of the buffer or in ion association. Some of the
more complex and interesting pH dependences that have been measured
reactions with cytochrome ¢ fro’m Euglena

gracilis69 and HiPIP from Chromatium vinosum.102 In these two studies

are for the Fe(CN)

e
6

from Cusanovich's laboratory, the pH dependences both of the ferri-

cyanide and ferrocyanide reactions and of the potentials of the proteins



116

were determined. The two systems show an intriguingly similar
pattern in the pH dependences, and the HiPIP results will be discussed
in some detail. Figure 10 shows the measured pH dependences for
oxidation and reduction of HiPIP by iron hexacyanides. The filled-in
symbols represent the same data corrected for the change in driving
force, calculated from the pH dependence of the potential of HiPIP,
and assuming the ferri-ferrocyanide potential is 425 mV (there are

data®®

that support the contention that the potential should be constant
down to pH 6). The corrections are made, therefore, by dividing the
observed rate constant by the square root of the equilibrium constant
forthereaction in the direction measured. This correction accounts
for most of the difference between the ferricyanide and ferrocyanide
reactions, but there is still a variance below pH 6. Although the pH

3-/4- : - -
6 couple is not known in higher ionic

dependence of the Fe(CN)
strength media, if the potential increases with pH in the medium used
for this experiment, as it does in dilute solution, then ferrocyanide
and ferricyanide_km/K% values could be brought into agreement.

The general increase in km/K% below pH 7 must still be
explained (Figure 10). For a negative protein that becomes protonated
and thus less negative as the pH is taken below 7, the electrostatic
work terms w,, and w,, will become less positive (since the reagent
is negative), and the rate will increase. The same result may be

predicted from the protonation of Fe(CN):- The self-exchange work
terms, w,;, and w,,, will become less positive, and, as they are sub-

tracted, the rate will increase owing to this contribution. The w,, terms
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- 4_
Figure 10, H'1PIP—Fe(CN)63 / pH analyses (data taken from
ref. 102),
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are usually small because of the large radius of the protein, so they

are not very important, especially for a protein with as low a charge

as HiPIP. Although the w,, term could be rather large and would

change by 25% in the extreme case of complete protonation of Fe(CN)63-/4-,
not even half-protonation is expected at the pH values considered in the
HiPIP study. Thus the cross reaction work terms can be expected to
dominate. A similar general trend of increasing rate with decreasing

pH is to be expected if the protein ever becomes positive, as then the
magnitude of the work terms will increase with decreasing pH.

The pH dependences for the reactions of the iron hexacyanides

with cytochrome c,, from Euglena gracilis show similar patterns to

the one just discussed (Figure 11); when corrections are made for the
equilibrium constant, there is general agreement between data for

reduction and oxidation except below pH 6, where there is divergence
1

(the Fe(CN)¢*" results again predict a higher value of k,,/K ?).

Also, there is a general increase in rate for the whole pH range measured,
and the dependence becomes steeper in the lower pH region, where
protonation of the reagent is expected to contribute.

We shall now comment briefly on the interpretation of the
activation parameters for the reactions of small molecules with proteins.
The most informative interpretation of the measured activation parameters
requires their conversion to AHufF and ASlﬁ, as was discussed in
Section II-H. Unfortunately, the lack of free energy data for the equilibria
between the reagents and the proteins (or, the equivalent, the enthalpy

and entropy of reduction from the temperature dependence of the potentials)
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Figure 11, Cytochrome c (Euglena graCiliS)-Fe(CN)Gs—/4- .

analyses (data taken from ref. 69).
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makes these calculations impossible at this time. The existence of

some activation parameters that show near zero AHm# and very

negative ASm# (see especially the reactions of HiPIP) is intriguing,

and could mean that the involved reactions employ long-distance electron
transfer mechanisms that are highly "forbidden'. The clear involve-
ment of the standard free energy terms can be seen in the uniformly

high AHIZ# for Co(phen)33+ reactions, whereas the Fe(CN)GS- reactions
often show low AHlj and negative ASm42 values. This latter trend
correlates with the quite negative AH® and AS° for the Fe(CN)Gs—/4-
couple itself (see Table 1). Further analysis of the activation parameters
with the aid of the equilibrium thermodynamic parameters should prove

enlightening, but with the data presently available generalizations are

difficult to make and any interpretation is hazardous.

The available data on protein-protein electron transfer reactions
are set out in Table 8. In Table 9 calculated and abserved protein-protein
k,, values are compared; the calculated rate constants are based on the largest

predicted kucor T value for each protein. This approach has been taken as

any deviation from '"'predicted" behavior is as likely to be a function of
complementary interactions between the two proteins as it is to be a
difference in the activation process of only one of them. The first clear
observation is that most of the reactions (all except three with
cytochrome ¢ (horse heart)) are faster than predicted (even with the

bias that a large predicted k, COFT is used), and the ratio k,,°°5%/k, ,CO**
varies greatly. The former observation would seem to indicate that

most proteins share some properties that allow them to interact better
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Table 8 Footnotes

2 Buffer abbreviations are as given in Table 1,
b Plastocyanin is from parsley.
¢ Cytochrome ¢ from horse heart unless otherwise indicated.

d Azurin and cytochrome ¢, are from Pseudomonas (whether from

Pseudomonas aeruginosa or fluorescens is not clear).

€ Cytochrome f is from parsley.

f Two forms of azurin, one not kinetically active with cytochrome csg,,
are indicated.

€ Ionic strength dependence has been performed.

D Tonic strength independent 0.03 to 0.3 M; k =4(10) M™'s_ at 25° from
E, =12 kcal/mole.

i HiPIP is from Chromatium vinosuni,

] Temperature jump data indicate that this reaction is not simply

bimolecular.

k Ionic strength independent.
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Table 9 Footnotes

% e subscript 1 refers to the oxidant and 2 to the reductant.
b an energies in kcal/mole.

¢ Work terms are calculated using the conditions given in Table 4 and

assuming protein charges calculated from the sequences (Table 2),

@ Work terms are calculated for the conditions appropriate to the calculated

seli-exchange rate constant (1 0.1 M, pH 7).
€ Calculated for the cross reaction condition of Table 8.
f From Table 8.
€ Conventions for protein names are as given in footnotes b to e to Table 8,

h The self-exchange rate constant is calculated from the cross reaction

e
with Fe(CN), .

/ The self-exchange rate constant is calculated from the cross reaction

with Co(pllen)33+.
] From the cross reaction and potential (azurin = 304 mV) data of ref. 77.
K From the cross reaction data of ref., 101 and using E (azurin) of 330 mV.
1 From the cross reaction data of ref. 103,
MErom the cross reaction data of ref. 67

™ The self-exchange rate constant is calculated from the cross reactions

with Fe(cn),” /"
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with each other than with small molecules; such interactions may well
be hydrophobic in nature and on the average outweigh specific coulombic
contacts. Unfortunately, most of the reactions between physiological
partners cannot be compared to calculated values as the information

for making the calculation is not available. One possible exception is
the reaction between cytochrome ¢, and azurin. Taking the data of
Rosen and Pecht,'77 which is considered to be the most reliable, the
ratios are 210 for the oxidation of azurin and 68 for the reduction. A
similar pattern of disagreement between oxidation and reduction is found

I p——

in the results of another study,
The fact that the ratios do not agree tends to indicate that the potential
differences being used are improper (however, the potentials used in
the first case give the equilibrium constant as measured by Rosen and
Pecht). Although it is tempting to suggest that the large value of the
ratio indicates that specific interaction between physiological partners
is involved, such a conclusion is shaky at best. In this regard, it
should be noted that the ratio for cytochrome ¢, and HiPIP is similar

to that for azurin-cytochrome c,,,, and the former two proteins are

clearly not physiological partners.

VIII. Summarz and Conclusi/\ggfg\

In this chapter a method has been presented for sorting out several
of the contributions to the energetics of protein-small molecule electron
transfer reactions. This method involves the formalism of the Marcus
theory of outer sphere electron transfer, which allows isolation of the

following components of the activation energy: (1) the activation of the
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reagent metal center; (2) the contribution to the activation energy
from the free energy change for the reaction; and (3) the electrostatic
(coulombic) contributions to the reagent self-exchange, the protein
self-exchange, and the cross reaction, assuming a model of uniformly-
charged hard spheres. The calculated activation energy that results
from this treatment refers to the protein self-exchange reaction were
the protein to react with itself in the same manner it reacts with the
reagent. Important contributions to this activation energy are:
(1) the nonelectrostatic (i.e., noncoulombic) interaction between the
protein and reagent required to position the reagent for most favorable
electron transfer; (2) the contributions from the varying adiabaticity
(overlap between reagent and protein redox orbitals) of the reactions;
(3) the inherent activation of the metal center, resulting from the
need to attain, for example, bond lengths between the protein metal
center and its ligands that are intermediate between those of the
oxidized and reduced state; and (4) electrostatic interactions, both
those covered by the model used for making the work term calculations,
and those not considered, including induced changes in charge distribu-
tion and shape of the protein and reagent.

The result of treating protein-small molecule electron transfer
data in the manner outlined above is a collection of calculated protein

el values

self-exchange rate constants, Large variations in the k;,
are observed for most proteins considered. It is concluded that the two

most important contributions to this large variation are the extent of
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orbital overlap in the transition state and the nonelectrostatic inter-
action between the protein and reagent, and together these influences
define the kinetic accessibility of the protein redox center to a given
reagent. The contributions from orbital overlap and nonelectrostatic
interaction are closely related and coupled in their influence.
As most protein metal sites are, to some extent at least, protected
from reactants in the medium by the peptide, any near-approach to
the metal center will require interaction with the blocking residues;
as electron transfer will be much more efficient if there is good orbital
overlap between the redox orbitals of the protein and reagent, close
approach is expected to greatly increase the rate of electron transfer.
A compromise thus must be reached (see Figure 7) between the benefit
gained from the reagent penetrating close to the protein metal site, and
the thermodynamic cost of such penetration. Analysis of the data
indicates that hydrophobic reagents penetrate more easily and ligands
with m symmetry orbitals available facilitate overlap with the redox
centers of the proteins. The kinetic accessibility based on Fe(EDTA)z_
increases according to azurin =~ HiPIP < cytochrome ¢, < cytochrome ¢
(horse heart) < plastocyanin < stellacyanin (see Figure 6), which
parallels the extent to which the metal center is buried in the peptide
for those cases where structural data are available.

Protein-protein reactions are in general more difficult to treat.
However, most measured protein-protein rate constants are larger

corr

than would be expected based on even the largest k, values.

Interestingly, we have found no clear cut evidence for specificity between
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natural partners from the limited amount of evidence available. The
protein-protein reactions apparently benefit from numerous inter-
actions that are individually small but as a whole can be much more
significant than those between a small molecule and a protein. Clearly,

this area needs much more careful experimentation and analysis.
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