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ABSTRACT

Thermodynamic parameters of metalloprotein electron transfer reac-
tions, namely reduction potentials, enthalpies and entropies, are deter-
mined by means of spectroelectrochemical techniques. The studies

concentrate on blue copper protein (Rhus vernicifera stellacyanin,

Phaseolus vulgaris plastocyanin and Pseudomonas aeruginosa azurin), and

c-type cytochromes (horse heart cytochrome c, Pseudomonas aeruginosa

cytochrome c-551 and cytochrome oxidase). The results show that within

the same class of metalloprotein studied, i.e., blue copper protein and
cytochrome c, the observed enthalpy and entropy changes can be used as
criteria for determining solvent access of the metal centers. The more
access the metal center has to the solvent, the less negative enthalpy

and entropy changes are associated with its reduction process. The

increase in solvent access of the metal center is in the order

cytochrome c¢d < cytochrome c-551 ~ cytochrome c and azurin < plastocyanin
< stellacyanin. Theconclusions agree well with those from kinetic

studies.

The reduction potentials of heme b5 of 1iver sulfite oxidase have
been determined. The potentials of the intact enzyme and those in which
the molybdenum moeity has been removed are very similar, indicating that
there is no interaction such as to alter the reduction potential of heme
b5 between the heme and molybdenum prosthetic groups. The reduction of
the heme b5 of chicken Tliver sulfite oxidase by Fe(EDTA)Z' has also been

investigated. The rate of electron transfer has been analyzed within

the framework of the relative Marcus theory of outer sphere electron
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transfer. The electrostatic corrected self-exchange rate constant is
two orders of magnitude greater than the corresponding value of cyto-
chrome ¢, indicafing mere accessibility of the heme of sulfite oxidase
than in those of cytochrome c. The activation parameters have also
been determined. .It is proposed that electron transfer mechanism em-
ployed by heme b5 of sulfite oxidase is very similar to that employed
by cytochrome c, i.e., via exposed heme edge.

Spectroelectrochemical studies of the polymer-coated graphite
transparent electrodes have been performed. The amount of polymer
adsorbed on electrode surface was determined spectrally. The rates of
attachment and detachment of Ru(III)(EDTA) to and from the pyridine
group on the polymer backbone were studied. It was found that reactiv-
ity of the formation and detachment of Ru(EDTA) complex was less than
the corresponding homogeneous reactions. The electrochemical properties

of such electrodes were also reported.
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CHAPTER 1

THERMODYNAMIC STUDIES OF ELECTRON TRANSFER REACTIONS
OF METALLOENZYMES AND SOME INORGANIC COMPLEXES



INTRODUCTION

Electron transfer properties of metalloenzymes have been subjected
to current investigation [1,2]. Most of the investigations involved
kinetics of electron transfer reactions in order to determine the mechan-
isms employed by metalloenzymes as well as small molecule reagents. The
redox reaction mechanisms of inorganic complexes have been classified as
outer and inner sphere electron transfers [3]. Each mechanism is charac-
terized by the geometry of the nuclei in the transition state. Outer
sphere reactions are those in which the complementary oxidation state
change occurs via a path which does not involve the mutual sharing of a
bridging Tigand in the coordination spheres of both metals, while oxida-
tion state change for inner sphere reactions involves the mutual sharing
of a bridging ligand. The redox reaction mechanisms of metalloenzymes
are expected to span a wider range due to their complexity. Marcus theory
for outer sphere electron transfer reactions [4] has been used to inter-
pret kinetics of electron transfer reactions of inorganic complexes with
success [5-7].

In recent years the Marcus theory has been used by bio-inorganic
chemists; application of the theory to the metalloenzymes kinetics re-
sulted in a model for interpreted metalloenzyme electron transfer reac-
tions [2,8]. In this model the electrostatic-corrected self-exchange
rate constant (k%?rr) for each metalloenzyme redox reaction based on
cross reaction with inorganic reagent was calculated. Comparison of the

$$rr resulted in relative activity among metalloenzymes. The

calculated k
treatment has been applied successfully to blue copper proteins and cyto-

chromes [8].



However, upon consideration of redox reactions of metalloenzyme-
metalloenzyme and multi-site metalloenzymes (e.g., cytochrome oxidase),
the measured rate constants are larger than would be expected based on
Marcus theory [8]. It is conceivable that these protein-protein reac-
tions might benefit from numerous interactions apart from those described
in Marcus' treatment. Moreover, as free energy reactivity relationships
are expected to exist, questions arise for the redox reactions of
proteins with coupled redox sites, since they are designed to use the
excess free energy available from an oxidation-reduction cycle.

Another method of arriving at the electron transfer mechanisms
of metalloenzymes is the thermodynamic study of their electron transfer
reactions. Thermodynamics, in a classical sense, deals with states of
systems in energetic terms, and processes are involved only insofar as
they let a system go from one state to another, i.e., it is independent
of the path employed upon going from initial to final states. The state
of a system is thermodynamically characterized by a fundamental equation
which relates the internal energy of the system to its entropy, its
volume, and its composition in terms of mole numbers [9]. This fundamen-
tal system can be transformed into quantities known as Gibbs free energy
(G), enthalpy (H), and entropy (S). Gibbs free energy change (AG) of a
system is directly proportional to oxidation-reduction potential E© of
the system. The knowledge of E of the system, especially those of
metalloenzymes, will aid the understanding of mechanisms of electron
transport in the physiological processes, e.g., oxidative phosphorylation

and photosynthesis [10]. Accurate EC values are useful in determining



the sequence of electron transfers among enzymes in a particular chain
since electrons are transferred successively to enzymes with increasingly
positive redox potentials. Furthermore, it is also important in
evaluating intermolecular interactions between enzymes, intramolecular
interactions in enzymes with multiple redox centers, and effects of
structural modifications [11].

As for enthalpy and entropy changes, the latter is known, for
transition metal complexes, to be strongly dependent upon the charge and
the nature of coordinated 1igands [12]. It has been considered as the
effect of structure-making and structure-breaking, due to surrounding
solvent molecules [13]. Therefore, combination of free energy change
and entropy change should allow the achievement of a better understand-
ing of the structural factors affecting the reaction mechanisms.

This chapter will discuss the thermodynamic studies of metallo-
enzymes, namely stellacyanin, plastocyanin, azurin, and c-type cyto-
chromes, i.e., horse heart cytochrome c, bacterial cytochrome c-551, and
cytochrome cd. The special apparatus designed to be used in determining
the temperature dependence of reduction potentials will be reported.

The results will be compared, if possible, with those of inorganic com-
plexes in order to understand processes involving the reduction. The at-
tempt to use the Marcus and Sutin approach [14] to analyze activation
parameters obtained kinetically by taking into consideration the observed
thermodynamic parameters (Appendix I) will be reported.

A brief summary of metalloenzymes to be studied in this chapter

is presented. Blue copper proteins to be studied function as electron



mediators between membrane bound proteins. French bean (Phaseolus
vulgaris) plastocyanin oxidizes cytochrome f in the photosynthetic elec-
tron transport system between plastoquinone and P700, the primary donor

of Photosystem I [15]. Pseudomonas aeruginosa azurin mediates electron

transport between cytochrome c-551 and cytochrome oxidase (Figure 1)

[16]. The physiological partner of Rhus vernicifera stellacyanin is

yet to be identified [17].

The X-ray crystal structure analysis of poplar plastocyanin has
been reported at 2.7 i resolution [18]. The copper atom in plastocy-
anin has a highly distorted tetrahedral coordination geometry. It is
coordinated by the sulfur atoms of cysteine 84 and methionine 92, and

by the é-nitrogen atoms of the imidazole groups of histidine 87 (Figure

2). It is also reported that in one direction access to the copper atom
from the solvent is blocked only by the imidazole group of histidine 87

and the approach of solvent molecules to the copper center is Timited to

about 63. The coordination environment of the copper atom in azurin has not

yet been identified due to poor resolution of electron density map {19].
It is proposed that the copper atom is probably bound to a cysteine, a
methionine, and two histidine residues. A rough estimate of the
shortest distance from the surface of the molecule to the copper atom
is approximately 7.5 R [19]. Recently, X-ray absorption spectroscopic
studies reported the presence of a thiolate sulfur in the first coor-
dination sphere of the copper in azurin [20]. The presence of nitrogen
ligands and probably another sulfur ligand has also been established.
Unfortunately, there is no X-ray crystal structure analysis for stel-
lacyanin reported at this time. However, electron nuclear double

resonance (ENDOR) studies suggest a presence of nitrogen ligand [21].
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Figure 1. The position of cytochrome c-551, azurin, and cytochrome

oxidase in the respiratory redox chain of Pseudominas

aeruginosa.



Figure 2. The copper coordination of plastocyanin (taken from

reference [18].)
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Resonance Raman spectral data indicate a four [22] or five [23] coor-
dinate model for the blue copper site composed of one sulfur and three
or four nitrogen ligands. The copper site (type 1) in these proteins ex-
hibits a characteristic intense electronic absorption band system, which
peaks at about 600 nm (e > 2 x103) and an extremely small A’l EPR spec-
tral parameter [24]. Spectroscopic studies of cobalt(II) derivatives
of these blue proteins have established that the 600 nm band is the
Jigand to metal charge transfer from cysteine [25,26].

The second type of electron transfer proteins to be studied is
c-type cytochromes. Horse heart cytochrome ¢ functions as an electron
carrier between the membrane bound cytochrome < and cytochrome oxidase
[27]. Cytochrome c-551 is the physiological partner of azurin in the

Pseudomonas aeruginosa respiratory chain in which cytochrome cd is the

terminal protein [11]. Cytochromes of c-type are protein containing
c-heme (Figure 3) covalently attached to the polypeptide chain by at
Teast one thio-ether bond to a cysteine residue [27]. The heme c ex-
hibits acharacteristic visible absorption spectrum, an intense Soret band
at about 400 nm (e ~v 105), and bands at about 550 and 510 nm in the re-
duced form (Figure 4). Bacterial cytochrome cd is a dimer of two iden-
tical polypeptide chains, each containing a covalently bound heme c and
a noncovalently bound heme d [28-30]. It has been established [30,31]
that the enzyme functioned as a dimer, i.e., a four-electron system.
The X-ray crystal structure analysis of horse heart cytochrome c

and cytochrome c-551 has been completed by Dickerson and coworkers [32,

33]. Their analysis revealed that they have the same basic folding
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Figure 3. The structure of heme c
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Figure 4. The reduced and oxidized cytochrome c spectra
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pattern and hydrophobic heme environment except for a large deletion at
the bottom of cytochrome c-551 heme crevice owing to the twenty fewer
amino acid residues than horse heart cytochrome c [33]. Preliminary X-ray
examination of the crystallized cytochrome cd confirmed that the enzyme

is a dimer with two identical subunits [34].

SPECTROELECTROCHEMICAL TECHNIQUE

Spectroelectrochemical technique is a technique suitable for the
study of the kinetics and mechanism of homogeneous chemical reactions
associated with heterogeneous charge transition [35]. The technique in-
volves electrochemical oxidation state change of the chemical species by
addition or removal of an electron at an electrode. Spectral measurement
on the solution adjacent to the electrode is made simultaneously with the
electrogeneration process. There are several optical methods that have
been coupled with electrochemistry [35,36] and the most common technique
used is absorption spectroscopy. This technique has proven to be an ef-
fective method for studying the redox chemistry of inorganic, organic,
and biological molecules. To be discussed in this section is the appli-
cation to biological molecules. Review articles on spectroelectrochem-
istry are available elsewhere [35,36].

Application of spectroelectrochemical technique to biological
molecules was first demonstrated by Heineman [37]. The technique combines
the advantage of rapid equilibrium between electrode and redox species within

thin layer cell with visible absorption spectroscopy, in order to
determine the precise redox potential of metalloproteins. Metalloproteins

often exchange electrons poorly with an electrode, presumably due to
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insulation of the redox center from the electrode by the surrounding
amino acid residues [37]. However, spectroelectrochemical measurement
can be made by adding to the solution a small amount of another redox
species, mediators. Mediators indirectly couple metalloprotein redox

species with the electrode as illustrated by the scheme below:

Electrode < ) ; <

red

Prote1n

Prote1n

In a typical spectroelectrochemical experiment using an optically

transparent thin layer cell (OTTLG)a series of potential, E is se-

app’
quentially potentiostated across the thin Tayer cell containing metallo-
protein-mediator solution mixture. The mediator is first adjusted to

its equilibrium (0)/(R) value by direct electrolysis at the electrode.

It then, in turn, homogeneously oxidizes or reduces the protein in the
solution until equilibrium between Eapp at the electrode and all solution
species is achieved. The equilibrium position is determined by means of
cessation of the current flow and the stability of the absorption spectra

of the product. The E® and n values for the MnJ'/M(nH)+ couple of the

metalloprotein can then be calculated from the Nernst equation:

_ 0, RT 0X
Eapp = B+ o log 5RED5

Since selection of mediators used in the spectroelectrochemical experi-

ments is very important in the precise determination of the reduction



16

potentials of metalloproteins, consideration of mediators is appropriate.
The required properties of the mediators used and the criteria for the
establishment of equilibrium as applied in spectroelectrochemical tech-
nique are summarized below:

1. The mediators must be able to readily oxidize and reduce the
components to be determined and be able to interact readily with the
electrode in order to establish their redox stages according to the ap-
plied potentials.

2. The mediators must have reduction potentials which allow them
to span the required potential range (to a first approximation an active
mediator is effective from 90% oxidation to 90% reduction, equivalent
to 260 mV (n=1) on either side of the reduction potential.)

3. The mediators should not interact with the redox components so
as to modify them chemically.

4. The mediators should not interfere with the measurements of the
component of interest.

5. The measured values must be independent of the time allowed for
measurement.

6. The same results must be attained by either oxidation or reduc-
tion processes.

7. The same results must be obtained using different mediators.

Lists of useful mediators are given in Table 1.
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Table 1. Redox potentials and absorption maxima of organic and inor-
ganic compounds useful as mediator-titrants for metallo-
enzyme electron transfer reactions

‘an

11
Compound A (nm),e(em 'M™") Reference
mV (NHE) HiAx

Fe(phen)3 + 1107 507(RED) (11,000) b
Fe(CN)g' + 420 420(0X)  (1,100) c
Co(phen)3" + 360 330(0X) 4,680 d
Ru(NH3)5py3+ + 260 407(RED) (7,780) e
2,6 dichlorophenol-

Indoshency + 227 600(0X)  (2,060) £
Bindschedler's

o + 216 700(0X) g
Fe(EDTA)%" + 120 258(0X ) h
Ru(NH3)g’+ + 51 320 ( 100) i
methyl viologen - 358 595(0X)  (10,100) k

555(0X)  (11,250)

benzyl viologen - 4499 605(0X)  (12,400) K

LE given at pH 7 (phosphate)

J P. George, G.I.H. Hanania, and D. H. Irvine, J. Chem. Soc., 3548

(1959).

€ J. J. Alexander and H. B. Gray, J. Am. Chem. Soc. 90, 4260 (1968).

4 F. Farina and R. G. Wilkins, Inorg. Chem. 7, 514 (1968), and this work.

€ R. G. Gaunder and H. Taube, Inorg Chem. 9, 2627 (1970), and this work.

J W. R. Heineman, B. J. Norris, and J. F. Goelz, Anal. Chem. 47, 79

(1975).
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9 This work.

h H. J. Schugar, A. T. Hubbard, F. C. Anson, and H. B. Gray, J. Am.
Chem. Soc. 91, 71 (1969).

i 0.1 M NaBF4, H. S. Lim, D. J. Barclay, and F. C. Anson, Inorg. Chem.
11, 1460 (1972). P. Ford, F. P. Rudd, R. Gaunder, and H. Taube, J.
Am. Chem. Soc. 90, 1187 (1968).

24 e = my.t

2+ | -

J E© corresponds to my*

+

or BV = BV.

k E. Steckhan and T. Kuwana, Ber. Bunsenges. Phys. Chem. 78, 253 (1974).

Optically Transparent Thin Layer Cells (QTTLCS)

1. Aerobic Optically Transparent Thin Layer Cell. The transpar-

ent electrode was constructed as shown in Figure 5. A 500-Tine per

inch gold minigrid (Buckbee Mears, St. Paul, Minn., 60% transmittarce) cut
into a 1x3 cm piece was placed between two microscope slides; each pre-
viously had two or three Tayers of 2 mil pressure sensitive Fluorofilm
DF-1200 Teflon tape (Dilectrix Corp., Farmingdale, N.Y.) spacers piaced
around its periphery. The microscope slides were previously subjected

to plasma cleaning (Harrick Scientific Corp., N.Y.) for 30 min. Gecld
wire of 0.1 mm diameter was placed on top of the gold minigrid at :he
side of the slide in order to bring the electrical contact to the upper
part of the slide where it was held by a small socket sTip. The mini-
grid was located within 4-5 mm of the cell bottom to minimize ohmic drop.
The electrode was held together by epoxy along the vertical edges and

part of the top. It was allowed to cure at 80°C for 24 hours.



19

Figure 5. The aerobic optically transparent thin Tayer cell
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In a typical experiment the transparent electrode was immersed
to a depth of 1-2 mm in a 1.5x3.5x 0.5 cm cup containing protein-
mediator solution together with minisaturated calomel reference elec-
trode and counter electrode as shown in Figure 5. The solution mixture
was drawn into the thin Tayer cavity by small suction at the top open-
ing and maintained by capillary action.

2. Anaerobic Optically Transparent Thin Layer Cells. Basically,

the solution cup was eliminated and the auxiliary and reference elec-
trodes were moved into the thin layer cavity. The reference electrode
was located between the gold minigrid and auxiliary electrodes so thLat
the potential control of the gold minigrid was best achieved. The cell
is shown in Figure 6. The front face of the cell consisted of clear
lTucite, 4.5x2.5x0.4 cm. Two holes were drilled throuah the block onto
which a two-holed block of 1x1x1 cm was attached. The holes were large
enough to accommodate two Hamilton valves (No. 1MM2, Hamilton Co., Reno,
Nevada). The back of the cell was a quartz slide of the same size as
the front. Two or three layers of 2-mil Teflon tape were used as
spacers. The working and auxiliary electrodes were 1x2.5 cm gold mini-
grids. They were placed 5 mm apart and sandwiched between lucite and
quartz plates. Gold wires were used for electrical contacts similar to
that of aerobic OTTLC. The cell was sealed around the edges with epoxy
and was allowed to cure at 80°C for 24 hours.

In a typical experiment, the following procedure was used for
oxygen removal from the solution and for filling the cell (Fiqure 6).

With valve V2 closed and valve V] opened to the vacuum degassing bulb A,
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Figure 6. The anaerobic optically transparent thin layer cell
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the cell was connected to the nitrogen vacuum train by means of stopcock
B. Thfee cycles of vacuum-nitrogen were applied to bulb A and thin layer
cavity. Leaving the cell under nitrogen, the cell was disconnected from
the train with valves and stopcock closed. Extreme care was taken to
prevent the gold minigrids from tearing while vacuum was applied. A solu-
tion of previously degassed saturated KC1 was added by means of Hamilton
syringe to the reference tube and the calomel reference electrode was
inserted (see figure). The cell was reattached to the train and vacuum-
nitrogen-vacuum was applied to the cell and the bulb. Valve V] was closed
and the cell left under vacuum. The bulb was filled with nitrogen and
disconnected from the train. The mixture of protein-mediator so]utibn
was then added by Hamilton syringe to the bulb. The volume of protein
solution necessary to fill the cell was approximately 0.75 ml. The cell
was again connected to the train and four cycles of vacuum-nitroaen were
applied to deoxygenate the protein solution. The Stopcock was closed and
the cell was disconnected from the train, leaving the bulb under nitrogen
pressure. Valve V1 was then carefully opened so that the protein solution
filled in the thin layer cavity. While valve V] was still open, valve V2
to the reference electrode was opened so that the protein solution filled
in the Hamilton valve cavity and connected to the saturated KC1 solution.
To aid the flow of the protein solution into the Hamilton valve cavity,
the cap of the reference electrode was barely opened.

This anaerobic transparent thin layer cell has proven to be very
effective for anaerobic reduction of oxygen sensitive compounds, e.q.,

reduced methyl viologen. The dye showed no sign of reoxidation for a
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period of two hours after being electrochemically reduced. It was found
that the deoxygenation procedure was rather time consuming. Very often
the minigrids were destroyed as a result of vacuuming. Therefore, the
second type of anaerobic transparent thin layer cell was designed and
constructed as shown in Figure 7. The cell was made from a clear lucite
block of 7x2.5x2 cm. Two tapered holes were drilled from the top of
the block into the opening of the cavity for reference and auxiliary
ports. A thin layer cavity cell was formed in the lTower half of the
block (see figure) from which 4 and 1 cm2 areas were cut out from the
front and back, respectively. A 4 cm2 quartz plate was glued in with
epoxy to form the back of the thin layer cell onto which the Teflon
spacers, gold minigrid, and gold wire were placed. The second 4 cm2
quartz plate was placed on top and epoxied around the edges with pres-
sure on the cell. A precalibrated thermocouple was glued into the thin
layer cavity (care must be exercised to prevent the contact between
thermocouple and gold minigrid) from the side of the block cell. The
solution needed to fill the cell was approximately 0.5 ml.

It was found that filling the cell with previously degassed solu-
tion in a nitrogen alove bag and greasing the connections between
reference, counter, electrodes, and the block cell with Apison grease
was sufficient for electrochemically reduced methyl viologen to stay
reduced for a period of two hours.

The exact thickness of the cells was calibrated spectrophoto-
metrically at 530 (e=1.1x 104M—]cm_]) and 600 nm (e=2.06x 104M"]rm_])

with standard oxidized cytochrome c and 2,6-dichlorophenolindophenol

solutions, respectively.
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Figure 7. The anaerobic optically transparent thin Tayer cell
(block cell).
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3. Mini-Saturated Calomel Reference Electrode. The mini-electrode

was composed of three parts: A) Hg/H92C12 (calomel), B) saturated KC1,
and C) a salt bridge. These are shown in Figure 8. The Hg/H92C12 por-
tion was made from a hair-thin tip of disposable pipette (approximately

2 cm long), large enough for 1 cm of the Pt-wire (3 cm total length) to
be epoxied into it. A few drops of mercury were inserted from the bottom
to cover the Pt-wire. A few drops of H92C12 suspended in saturated KCI
were placed over the mercury. After the suspension settled, the surplus
1iquid was removed with a fine capillary. A fine needle was used to
plug the capillary with asbestos in order to prevent the Hg and H92C12
from creeping out when turned upside down. The second part, B, was made
of a 3 mm inside diameter pyrex tube (3.5 cm long) with a sealed cracked
bottom. The cracked bottom was prepared from fusion of a soft glass
bead onto the pyrex tube. The cracked glass bottom permits ionic con-
tact between the electrolyte inside and outside the tubing, but prevents
mixing. This part was filled with saturated KCT, and part A, which was
held in the middle of a serum cap by a Pt wire, was placed into it. This
assembly was placed inside the salt bridge C, which was previously
filled with agar or saturated KC1. It was found that either agar or

KC1 worked equally well, except when the electrode was used with in-
tensely colored solutions (e.qg., dye) in which case saturated KC1 was
preferred because of the ease of the replacement with fresh solution.
The salt bridge is necessary for the cell arrangement used throughcut
this report in order to keep the temperature of the calomel electrode
constant while that of the thin layer cell is varied. The electrode was

kept in saturated KC1 solution when not in use, and the potential was
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Figure 8. The mini-saturated calomel reference electrode.
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found to stay constant within +5 mV versus several commercial calomel

reference electrodes.

EDGE EFFECT

It is important to discuss here the edge effect which is intrin-
sic to the thin layer cell design employed in this study. A kinetic
situation exists at the upper and lower edges of the transparent elec-
trode (of the type shown in Figure 5 and only the upper edge for cells
shown in Figures 6,7) due to diffusion of the redox components into the
thin layer cell from the solution above and below. This diffusion is a
result of concentration gradients which exist at the edges. The edages
of the minigrid serve to maintain the equilibrium ratio of redox compon-
ents in the bulk of the thin layer cell by electrolysis of incoming
species. This edge effect is avoided by masking the 1ight beam so that
the observation window is at the center region of the transparent elec-
trode where electrolysis has ceased. In this way, the thin layer region
above and below the observation area (in the light path) serves as a
buffer zone between the equilibrium condition in the thin layer portion
and the kinetic phenomena at the edges.‘

A small residual current flows after equilibrium is reached in
the bulk of the thin layer as a result of the continuing electrolysis
at the edges. This current is sufficiently small that the true potential
of the transparent electrode does not deviate from the applied potential.
It has been shown that the difference between the applied potential and

the true minigrid potential is only a few tenths of a millivolt [38].
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METHODS

1. Spectroelectrochemical Experiments. Apparatus: The optically

transparent thin layer cells used have been described in the previous
section. For all protein experiments anaerobic OTTLC of the block type
was used. Special care was exercised when oxygen-sensitive reduced pro-
teins (stellacyanin and cytochrome oxidase) were used as described pre-
viously. In all experiments residual dissolved oxygen was removed from
the thin layer cavity by maintaining electrode potential at -600 mV
versus SCE for at Teast 15 min.

A Wenking model 6357 TR potentiostat was used to control the poten-
tial of the minigrid electrode. The precise values were measured with a
Tektronix model DM 501 digital voltmeter.

The electrochemical cell was placed in a thermostated cell holder
which fit in the cell compartment of Cary 17 or 15 spectrophotometer,

where the optical measurements were performed.

Proteins and Mediators: Proteins studied and their criteria for
purity are given in Table 2. 2,6-dichlorophenolindophenol (DCIP) of
99% purity was obtained from Fluka (Columbia Organic Chemical, Columbia,
S.C.) and was used as received. [4-[[p-(dimethylamino)phenyl]-imino]-
2,5-cyclohexadien-1-ylidene-]dimethyl-chloride],(Bindschedler's Green)(BG) was
prepared according to a literature procedure [39] and was purified as suggested
by Shine et al. [40]. Pentaaminepyridineruthenium(III), Ru(NH3)5py3+
was prepared according to the method of Ford, et al. [41] as modified by
Dr. Diane Cummins [42]. The Ru(NH3)5py(PF6)2 was a generous gift from

Dr. Cummins. Tris cobalt complex of 1,10-phenanthroline was prepared by

a method analogous to that of Pfeiffer and Werdelman [43].
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Table 2. Sources and criteria of purity of proteins studied

Criteria of

Protein Source Purity Reference
Cytochrome c horse heart Accn/Bonn=1.2 Sigma Chem-
(type VI) sk aat ical Co.
Cytochrome c551 Pseudomonas Acci/Boan=1.2 6
aeruginosa 55177280

Cytochrome cd Pseudomonas® A411/A280= 1,18 d
aeruginosa

Stellaycanin Rhus A.../A =0.18 7
vernicifera® bud" "2sd

Plastocyanin french bean leaves, A597/A280= 0.90 8

Phaseolus vulgaris

Azurin Pseudomonos A.,./A =(0.58 6
aeruginosa 62577280

@ American type culture collection #10145

b Gel electrophoresis in the presence of sodium dodicylsulfate revealed
a very small amount of high molecular weight impurity.
€ Japanese lacquer tree (from Saito and Co., Ltd., Tokyo).

d T. Horio, T. Higashi, T. Yamanaka, H. Matsubara, and K. Okunuki, J.

Biol. Chem. 236, 944 (1961).

Co(phen)3(C104)3 was a generous gift from Dr. J. McArdle.

A11 solutions were prepared immediately before use by dissolving
an appropriate amount of mediator into the protein solutions. The con-
centration ratio of protein to mediator is 1:1 except for cytochrome c:
DCIP as the ratio of 1:0.1 was used. Table 3 gives mediators used for

each protein, together with wavelength monitored.
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Igglg_g. Mediators used with each protein, and the wavelengths at which
their protein concentrations were monitored

Protein Mediator E® of Mediator Species Monitored
(mV vs. NHE) (A
nm
Cytochrome c BG 220 3+/2+
DCIP 217 Fe (650)
Cytochrome c551 BG 220 e T LT (551)
Cytochrome cd Ru(NH3)5py3+ 253 Fedt/2t (553)
(c heme)
Cytochrome cd Fe(EDTA)Z' 120 Fa=that (6£2)
(d heme)
Stellacyanin Ru(NH3)5py3+ 253 Cu2+/]+ (604)
Plastocyanin Co(phen)§+ 360 Cu2+/1+ (597)
Azurin Co(phen)§+ 360 Cu2+/]+ (625)

Spectral measurement: In a typical protein experiment, concentra-
tions of reduced and oxidized protein corresponding to each applied
potential to the transparent electrode were determined spectrophotometri-
cally. The spectra were recorded after equilibrium among the electrode,
mediator, and protein had been obtained as indicated by the cessation of
current flow and the stability of the spectrum. Typical absorbance 4if-
ferences between solutions of fully oxidized and reduced protein was
ca. 0.1 absorbance unit. For temperature dependence studies, thermal

equilibrium was established by allowing the cell to equilibrate in the

thermostated cell holder for approximately 45 min.
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Data Analysis: The reduction potential of each protein was ob-
tained from a plot of the applied potential (Eapp) vs. the logarithm of

the ratio of oxidized and reduced form of the protein:

. 0, RT (0)
Eapp = F T 109 (RY

The E° values reported are averages of at least three independent meas-

urements. The error in E° was estimated as given in Appendix 2.

The ionic entropy changes (§$ed - §gx) (Appendix 3) were obtained
from the temperature dependence of the reduction potentials, §$ed"§gx =

AS° = F/4.18[AE/AT]. The enthalpy changes were calculated from the re-
lation AGY = AHC - TASO, where AS® = AS%-20 e.u. Standard deviations

of 4S° and AH® were obtained from linear least squares analysis.

2. Cyclic Voltammetry Experiments. A conventional two-compart-

ment electrochemical cell was employed which isolated the saturated
potassium chloride calomel reference electrode (Sargent Welch) from the
gold wire working electrode. Cyclic voltammograms were obtained using

a PAR model 173 Potentiostat/Galvanostat and were recorded on a Hewlett-
Packard XY recorder. The E° values were taken as half-way between

cathodic and anodic waves.

RESULTS AND DISCUSSION

1. Inorganic Complexes. Reduction potentials of 2,6-dichloro-

2
phenolindophenol, Bindschedler's Green, Co(phen)§+, and Ru(NH3)5py°+ at

25°C were determined from both cyclic voltammograms (Figure 9) and thin
layer spectra (Figure 10). The values obtained from both methods are

in good agreement and are given in Table 4. The temperature dependence
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Figure 9. Thin layer cyclic voltammograms of mediators, initial

i)

ii)

1i1)

iv)

scans are cathodic.
2 ,6-dichlorophenolindophenol 1.0 x 10'3M in phosphate buffer,

pH 7, ionic strength 0.1 M, scan rate 1 mV sec'1.

(a) 0, present

(b) 0, removed by reduction to water

Bindschedler's Green 1.0 x10_3M in phosphate buffer, pH 7,
ionic strength 0.1 M, scan rate 1 mV sec'].

5(€10,), 2.3 x107°M, phosphate buffer, pH 7, fonic
strength 0.05 M, scan rate 20 mV sec™!.

Co(phen),(C10

3

Ru(NH3)5py(C104)3 2.3x10 °M, phosphate 0.05 M, sulfate

0.05 M, pH 6.5, total ionic strength 0.1 M, scan rate 20 mV sec .

1
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Figure 10. Thin layer spectra of mediators for different values of
4 ; SCE
applied potential, Eapp mV vs. ¢

3

i) 2,6-dichlorophenolindophenol 1.0 x 10 °M, cell thick-

ness 0.048 cm.

a) -100 b) -14.8 c) -4.7

d) +4.7 e) +15.3 f) +25.5

g) +200

ii) Bindschedler's Green 1.0 x10'3M, cell thickness 0.048 cm

a) -150 b) -32 c) -24.6

d) -20.3 e) -15.2 f) -4.7

g) +1.5 h) +10.2 i) +24.8

j) +150

111) Co(phen),(C10,), 1.84 x1073M, cell thickness 0.051 cm.

a) +250 b) +200 c) +180
d) +160 e) +140 £)  +120
g) +100 h) +80 i) +60
j) o0

iv)  Ru(NHy)py(C10,), 1.80 x1073M. Cell thickness 0.051 cm
a) -150 b) -50 ¢} =25
d) -15 e) O f) +20
g) +40 h) +150
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of the reduction potentials of Co(phen)§+ and Ru(NH3)5py3+ were also
determined and the calculated standard enthalpy and entropy changes

are given, together with some other complexes, in Table 4.

Table 4. Reduction potentials and standard enthalpy and entropy changes
of some organic and inorganic compounds obtained from this
work and literature values

E® my MO As°
Reagent (NHE) kcal mole e.u. Reference
Fe(Otg) o /4" 770 410 27 a
Fe(phe n)3+/2+ 1072 _32 -26 b
Fe(CN)3 /4‘ 355 27 _62 3
Co(OH2)2+/2+ 1810 16 " .
Co(phen)§+/2+ 360 -9 -4 this workd
Ru () 5py™ 7 2* 253 -10 -15 this work®
Ru(NH, )3t/ 2 51 -7 17 £
36
2,6-dichlorophenol . a
indopheno] 220 - - this work
Bindschedler's : a
=S 217 - - this work

% 5.1.4, Hanania, D. H. Irvine, W. A. Eaton, and P. George, J. Phys. Chem.
71, 2022 (1967).

b V. T. Taniguchi, unpublished result, and E. L. Yee, R. J. Cave, K. L.

Guyer, P. D. Tyma, and M. J. Weaver, J. Am. Chem. Soc. 101, 1130 (1979)

s Encyclopedia of Electrochemistry, A. J. Bard, ed., vol. 3 (1976), p. 46.
d

pH 7, phosphate buffer, ionic strength 0.05 M.
- pH 6.5, phosphate 0.05 M, sulfate 0.05 M, total ionic strength 0.1 M.
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fp. K. Lavallee, C. Lavallee, J. C. Sullivan, and E. Deutsch, Inorg.
Chem. 12, 570 (1968).

9 pH 7, phosphate buffer, ionic strength 0.1 M.

It is evident that the reduction potentials of metal complexes
vary considerably with the kind of 1igand. Rock [44] has attempted to
account for the observed shift in potentials with ligand by using ligand
field theory. It is pointed out that the two effects of entropy and
lTigand field must be taken into account in order to understand the
variations of reduction potentials with Tigands. George and McClure
[45] and Buckingham and Sargeson [46] treated the problem by setting up
a thermodynamic cycle involving the ionization of the gaseous M(II) ions,
the gaseous complexation reactions of M(II) and M(III), the dissolution
of the gaseous complex ions, and the oxidation of the M(III) complex in
solution. Both approaches, although complicated by the fact that terms
necessary for the evaluation of E° are frequently not available experi-
mentally, have proven to give good agreement between the observed and
calculated E° of some inorganic complexes [44-46]. The O of Fe(phen)§+
and Co(phen)§+ is shifted in the opposite direction relative to the aquo
couples. Buckingham [46] treated this difference as a result of ligand
field effect, that is, the m-bonding ligand such as 1,10-phenanthroline,
is a strongly stabilized metal ion which has a configuration tgq. For
cobalt this configuration occurs in the Tow spin Co(III) state, whereas
for iron it occurs in the low spin Fe(II) state. This makes the Co(III)

more stable than Co(II), and Fe(II) more stable than Fe(III), thus
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shifting the E° of Co(phen)g+ to a more negative value while that of
Fe(phen)g+ shifts to a more positive value relative to their aquo
couples. Moreover, the AS© of the 1,10-phenanthroline complexes of
cobalt and iron shift negatively when compared to their aquo complexes.
The major contribution to the change in entropy upon reduction of the
aquo complex is generally viewed as a decrease in the solvent ordering
around the ion, due to partial charge neutralization. Specifically,
reduction of Fe(OHZ)g+ and Co(OHz)g+ decreases the charges within the
inner spheres and expands their radii, thereby releasing a few water
molecules from the outer sphere to the bulk water. The entropy change
associated with this process is positive. In contrast to the aquo com-
plexes, the AS® values for the reductions of Fe(phen)§+ and Co(phen)§+,
which possess hydrophobic ligands, are negative. In this case, the
propellerlike configuration of the planar phenanthroline ligands pro-
vides open channels for water molecules to come into relatively clcse
contact with the oxidized metal ions. The partial charge neutralization
(+3 to +2) upon reduction causes a net rearrangement of these water mole-
cules, resulting in the formation of cages of structure water of
abnormally low entropy [47,48] in the hydrophobic phenanthroline chan-
nels. However, for Fe(CN)g", the reduction potential 1ies above that
for the aquo couple even though cyanide ion is a strong m-bonding iigand.
The AS° is far more negative than the Fe(phen)§+ couple. Rock [44] has
treated the observed negative AS® as a special effect due to a nega-

tively charged cyanide ligand. The negative charge on the complex

causes water molecules to rearrange themselves into a more ordered con-

3+

3+
6 and Ru(NH3)5py couples, the

figuration. In the case of Ru(NH3)
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reduction potentials shift positively as the sixth ammine 1igand of

Ru(NH3)g+ is replaced by pyridine to form Ru(NH3)5py3+.

As one would
expect, the m-bonding capability of pyridine is much greater than that
of ammine, causing the lower oxidation state, Ru(II), to be more stable
than Ru(III).

It is important to point out here that the reduction potentials
and the standard enthalpy and entropy changes of metal complexes are
also controlled partly by solvent media. Gutman et al. [49] have
studied the solvent effects on the E° of Fe(CN)g' and proposed a model
of acceptor-donor interactions between the ionic species and the sol-
vent molecules in order to explain the shift of the E® in various sol-
vents. They concluded that the m-electron pair donor of the divaient
iron complex is more stabilized by interaction with the solvent which

has more acceptor property, which in turn will shift the E° to a more

positive value as the acceptor property of the solvents. increases.

2. Blue Copper Proteins. Thin layer spectra of proteins with

appropriate mediators are shown in Figure 11. Figure 12 shows Nernst
plots at various temperatures. Their E® and corresponding standard
enthalpy and entropy changes (Appendix 3) are given in Table 5.

The reduction potentials of stellacyanin, plastocyanin and azu-
rin obtained in this work are +184, +347, and +330 mV versus NHE,
respectively. The value for bean plastocyanin is slightly Tower than
the value reported for spinach plastocyanin [50]. The potentials for
stellacyanin and azurin are in good agreement with the values fre-

quently cited [51].



44

Figure 11. Thin Tayer spectra of the proteins with mediators for dif-

ferent values of applied potential, Eapp’ mV vs. SCE.

4

i) Cytochrome ¢ 2 x 107 'M with 2,6-dichlorophenolindophenol

1.0x10"%M. Cell thickness 0.047 cm.
a) -200 b) +10.9 ) +20.4
d) +35.9 e) +50.3 f) +75.5

4

ii) Cytochrome c 2 x 10" 'M with Bindschedler's Green

1.0x10™°M. Cell thickness 0.018 cm.

a) -150 b) -1.5 c) +15.6
d) +28.3 e) +40.2 f) 60.4
g) +150

4

iii) Cytochrome c-551 2 x 107 'M with Bindschedler's Green

2x107°M. Cell thickness 0.014 cm.

a) -600 b) -29.4 c) -6.1
d) +6.3 e) +24.6 f) +45.6
g) +67.3 h) +150

4 3+

iv) Cytochrome cd (c heme) 2.5x10°'M with Ru(NH3)5py

2 x10"°M. Cell thickness 0.045 cm.
a) -400 b) 0 c) +30.0
d) +50.0 e) +65.0 £) +75.0

g) +150.0
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3

Figure 11 v) Cytochrome cd (d-heme) 0.55x107°M with Fe(edta)z'
(contd.) 6.6x107°M. Cell thickness 0.046 cm.
a) +100 b) +10 c) O
d) -10 e) -20 £) 40
g) -60 h) -100
vi) Stellacyanin 2.7x107%M with Ru(NHy)py®" 2.8x107m,
cell thickness 0.021 cm.
a) 0 b) -10 c) -20
d) -30 e) -50 f) -65
g) -80 h) -95 i) -150
vii) Plastocyanin 1.8x107M with Co(phen)§+ 2.OXI0'3M,
cell thickness 0.051 cm.
a) +300 b) +190 c) +150
d) +120 e) +100 f) 0

viii) Azurin 1.0x1073

M with Co(phen)3' 1.0x107%M,
cell thickness 0.051 cm.

a) +300 b) +145 c) +120
d) +110 e) +100 f) +85

g) +65 h) ©
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0
Figure 12. Nernst plots (Eapp VS, 109%§%) for the proteins at differ-
ent temperatures (°C). Experimental conditions are the

same as those given in Figure 11.

i) Cytochrome c
a) 8.8 b) 12.5 c) 16.4
d) 26.0

ii) Cytochrome c¢-551
a) 8.0 b) 11.5 c) 15.5
d) 20.5 e) 25.0

iii) Cytochrome cd (c-heme)
a) 4.0 b) 8.0 c) 16.0

d) 21.0 e) 24.0

iv) Stellacyanin
a) 6.5 b) 11.2 c) 16.2
d) 21.7 e) 25.0

v) Plastocyanin

a) 6.5 b) 15.0 c) 18.0
d) 23.0 e) 25.0

vi) Azurin
a) l2.2 b) 15.0 c) 19.0

d) 21.0 e) 24.2
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Table 5. Ionic entropies, standard entropies, and standard enthalpies
of the proteins studied

Y a 0 _ <0 ob 0cC

EY mv SRed SOx AS AH P
Protein vs. NHE e.u. e.u. kcal mole
Cytochrome c +270 =17 -37 17
Cytochrome c-551 +276 -12 -32 -16
Cytochrome cd (c heme) +269 -57 ~77 -29

(d heme) +235 - = =

Stellacyanin +184 -24 -44 =17
Plastocyanin +347 -32 -52 -23
Azurin , +330 &% -53 -26

@ Standard deviation +3 mV

b Standard deviation #3 e.u.

© Standard deviation 0.5 kcal mo]e-]

The fact that plastocyanin and azurin have similar E° values
most 1ikely reflects close structural similarities. Indeed, prelimin-
ary crystallographic results [52,53] in combination with spectroscopic
data [54] indicate that the copper binding site in azurin is very much
like that of plastocyanin. The crystal structure of oxidized poplar
plastocyanin at 2.7 R resolution shows that the copper(II) atom has a
highly distorted tetrahedral coordination geometry [53]. The four cop-
per coordination positions are occupied by the sulfur atoms of cysteine
84 and methionine 92, and the &-nitrogen atoms of the imidazole groups
of histidines 37 and 87. Furthermore, the copper site, which carries
unit positive charge in the oxidized form, is located beneath a hydio-

phobic patch formed by a number of residues. Unfortunately, there is
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no structural information concerning stellacyanin at this time.

The above suggestion that there may be some relationship be-
tween copper binding structure and the redox potential is all the more
intriguing in view of the fact that stellacyanin, with a potential
much less positive than any other blue protein, is known not to possess
any methionine [55]. Thus ligand environment of the copper in stella-
cyanin must be at Teast slightly different from that of the plastocyanin
structure. It is 1ikely that one contributing factor to the unusually
low potential of stellacyanin is in fact its different copper coordina-
tion environment.

The values of AS® for the electron transfer reactions of the
three blue proteins are large and negative. Interpretation of these
results is facilitated if we first consider the corresponding thermo-

)
[56]. The major contribution to the change in the entropy upon reduction

dynamic parameter for the reduction of Fe(H20 +, which is aS® = 27 e.u.

of Fe(HZO)g+ is generally viewed as a decrease in the solvent ordering

around the ion owing to partial charge neutralization. Specifically,

reduction of Fe(HZO)g+ decreases the charge within the inner sphere and

expands its radius, thereby releasing a few water molecules from the

outer sphere to the bulk water. The entropy change associated with this

3+
)2,

reduction of Fe(phen)§+ which possesses hydrophobic Tigands, is approxi-

process is positive. In contrast to Fe(HZO the value of AS° for
mately -20 e.u. [57]. In the latter case, the propeller-like configura-
tion of the planar phenanthroline ligands provides open channels that
allow water molecules to come into relatively close contact with the

Fe(III) in the oxidized complex. The partial charge neutralization
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(+3 to +2) upon reduction causes a net rearrangement of these water
molecules, resulting in formation of cages of structured water of ab-
normally Tow entropy [58,59] in the hydrophobic phenanthroline channels.
We believe that the latter effect is important in the blue proteins, as
the copper environment is hydrophobic and full charge neutralization of
the redox center (+1 to 0) occurs upon reduction. Thus; any partially
disordered water molecules near the +1 site will be converted to a highly
ordered state (an internally hydrogen-bonded network of very low entropy)
“in the reduced protein.

We attribute the differences in AS°® among the three blue proteins
to variations in the hydrophobic character of the copper redox centars.
The results suggest, therefore, that the hydrophobicity of the meta! site
environment increases in the order stellacyanin < p1§stocyanin < azurin
[60]. It should be noted that the proposed order is inversely relaied
to the accessibility of the redox sites to hydrophilic inorganic agents
thathave been derived [61] from kinetic experiments, as is reasonable.
Further evidence that the blue copper center in stellacyanin is the least
hydrophobic, and thus most kinetically accessible, is the fact that we
were able to measure the reduction potential of this protein in the ab-

sence of a mediator and the resulting value was the same as that obtained
in the presence of a mediator. The only difference was that the tir2
required to reach equilibrium after each new potential applied was a few
minutes longer. The other two blue proteins required a mediator in order
to obtain stable potential readings.

It has been shown recently that self-exchange electron transfer

rate constants calculated on the basis of relative Marcus theory provide
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a useful framework for comparisons of the reactivity of metalloproteins

with a variety of redox reagents [61-63]. The k??rr values calculated

from the protein-Fe(EDTA)Z' cross reactions have been used to define a
2.
)

"kinetic accessibility" scale due to the fact that Fe(EDTA reagent

is hydrophilic and there is a lack of extended m orbitals (in fact, the
Fe(EDTA)Z_ complex is hydrophobic on one side, being mostly methelene

hydrogen, and thus not likely to transfer electron effectively via this
side). This makes effective orbital overlap sensitive to small changes
in protein-reagent interaction and metal site accessibility. Therefore

corr

protein with high k]] is thought to associate with a more accessible

metal site. The kinetic accessibility order of the three blue proteins
is: stellacyanin > plastocyanin > azurin [61]. Similar treatment is

considered based on Marcus and Sutin framework [64]. The contribution

corr

of protein self-exchange AH]] corr

11
*
parameters, AH:2 and AS]2 was calculated as given in Tables 6-8, and

and AS to the cross-reaction activa-

corr corr

plots of log k1] versus AHn ol

and AS]1 are shown in Figure 13. The
justification of the plots is as follows: The abscissa is the kinetic

accessibility scale for the reason previously described. The ordinate,
corr

1
with Frank-Condon barriers, while AS%?rr

A , represents enthalpic energy for protein rearrangement, together

represents the conformation

change of the protein necessary to facilitate an electron transfer.

Inspection of Figure 13 gives immediate evidence that the AH%?FP

corr 3+

11
cross reactions are close together, indicating the independence of the

and AS calculated based on Fe(EDTA)Z' and Co(phen)§+ and Ru(NH3)5py

redox reagents in the case of stellacyanin, but they span a wider range
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i) Plot of log kf?”"

Figure 13. (Fe(EDTA))?" vs. aHSO"™ of

stellacyanin, plastocyanin, and azurin.
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Fe(EDTA)Z' . o = Co(phen)g+ ,
0 = Ru(NH3)5py3+
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for plastocyanin and azurin indicating a strong dependence on the redox
reagents. The former observation is consistent with the hypothesis
that the copper site in stellacyanin is highly kinetically accessible,

that is, the copper atom must be near the surface of the protein within

easy reach of the redox reagents [61]. The wide variation of AH%?rr and
AS??rr values for plastocyanin and azurin based on the three reagents

is consistent with the idea that the copper center in each of these
proteins is buried. It is apparent that the mechanistic pathways em-
ployed by plastocyanin and azurin depend strongly on the redox reagents.

Consider the calculated AH??rr

based on Fe(EDTA)Z' cross reactions
for the three blue proteins; the value is slightly increased as the
copper site in the protein becomes more buried. This suggests that the
major contribution to the AH??rr is due to Frank-Condon activation of
the oxidized and reduced copper centers and little enthalpic energy for
protein rearrangement. The latter is supported by the evidence that

corr

there is very little change in AS]] among the three blue proteins.

Comparison of the AH??rr

Ru(NH3)5py3+ reveals a decrease in the
enthalpic energy as the copper site becomes more buried. This agrees
with the original treatise [65] that the protruded hydrophobic edge of
the pyridine in Ru(NH3)5py3+ penetrated the hydrophobic pocket of the
copper site sufficiently to effect optimal py-m copper-mwoverlap. There-
fore, there is 1ittle, if any, enthalpic barrier for these proteins to
overcome in order to transfer an electron. Furthermore, penetration

of the pyridine ring into the protein hydrophobic pocket would gener-

ally be accompanied by conformation change, as evidenced from the
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corr

decrease in AS]1 from -42 e.u. of stellacyanin to -78 e.u. of plasto-

cyanin. The similarity of AS%?rr for plastocyanin and azurin suggested
that the hydrophobicity of copper sites in both proteins were similar,
such that they undergo similar conformation changes prior to electron
transfer.

However, comparison of the AH%?rr Co(phen)§+ reveals completely
opposite results from those of Ru(NH3)5py3+. The AH??rr increases as
the accessibility of the copper site decreases. As has been pointed
out earlier [66], although Co(phen)§+ is hydrophobic in nature, the
planar propellerlike configuration of phenanthroline Tigand restricts
the correct orientation between the phen-m copper-m overlap. The
steric effect is much too great, such that the enthalpic energy in-
creases as the distance of protein penetration increases.

3. Cytochromes. The reduction potentials of the three c-type

cytochromes are approximately the same. The measured value of horse
heart cytochrome c is in good agreement with thosé reported earlier
employing different methods [67-70]. The E® value for bacterial cyto-
chrome c-551 was reported to be the same as that of horse heart cyto-
chrome ¢ [71]. The reduction potential of the d-heme of cytochrome cd
was found to be 34 mV less positive than that of c-heme (+269 mV versus

NHE). This difference is in agreement with those reported earlier [50].
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The similarity of the reduction potentials of the three c-heme
cytochromes suggests that they possess the same type of heme coordina-
tion environment. In fact, the crystal structures of horse heart cyto-
chrome ¢ and bacterial cytochrome c-551 show that the heme coordination
environments are similar [32,33]. The heme c is held in a hydrophobic
pocket and is exposed to the external solvent only along one of its
edges.

Recently, Kassner [73] has proposed a theoretical model for the
effects of local nonpolar heme environments on the redox potentials of
cytochromes. The model suggested that the nonpolarity of the local heme
environment is directly proportional to the redox potential. Furthermore,Stellwagen
and Shulman[76] has tested the above model by comparing the kinds of
atoms contacting the heme in various heme-containing proteins. The re-
sults demonstrated that apolarity of the local heme environment of the
proteins is virtually identical but that the reduction potential is in-
versely dependent on the exposure of the heme to an aqueous solvent.
That is, the lower the reduction potential the more exposed the heme is
to the aqueous solvent. It was concluded that the heme accessibility
is increased in the order cytochrome C, < cytochrome ¢ < cytochrome c-550
< hemoglobin < myoglobin. .Therefore, application of the model to the
cytochromes considered in this thesis would imply that the accessibility
of the heme c to aqueous solvent is similar, that is, cytochrome ¢ ~
cytochrome c-551 ~ cytochrome cd. However, this implication does not
agree with the kinetic studies of these cytochromes with inorganic re-

agents [2]. Furthermore, the analysis of the kinetics of electron
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transfer reactions of hemoglobin and myoglobin with inorganic complexes
also revealed that the heme of myoglobin is more exposed to aqueous
solvent than that of hemoglobin [74]. It is important to point out that
there are two different types of heme-containing proteins considered by
Stellwagen; fhey are, high spin (hemoglobin and myoglobin) and low spin
(cytochromes c, Cys and c-550) hemes. As has been pointed out earlier,
they are different types of cytochromes and their reduction potentials
are partly controlled by the spin states of the two oxidation states.
Moreover, there are contributions to the reduction potentials of these
cytochromes other than the local heme environment [75], namely, the axial
ligands of the iron center. Therefore, it is felt that the reduc-
tion potentials cannot be directly related to the accessibility of the
heme.

Among the thermodynamic parameters reported in this chapter, only
those for horse heart cytochrome c have been previously reported. The
value of the enthalpy change calculated for the redox reaction of horse
heart cytochrome c (-17#1 kcal mo1']) is in agreement with those based
on calorimetric data (-14.5+ 1.5 kcal mo]‘]) [67]. The difference is
probably due to the fact that ferricyanide, which is known to bind to
both oxidized and reduced forms of cytochrome c [76], was used as titrant
in the determination of the previously published thermodynamic parameters.

Comparison of the thermodynamic parameters of the reduction of
cytochrome c, cytochrome c-551, and cytochrome cd revealed that the
reduction mechanisms for these proteins are similar, that is, they are

all characterized by negatively large enthalpy and entropy changes. The



64

AHO and AS°® changes are increasingly positive in the order cytochrome cd
< cytochrome c < cytochrome ¢-551, The reduction of cytochrome cd is
characterized by abnormally large enthalpy and entropy changes.

On the basis of the observed thermodynamic parameters, it is pro-
posed that the difference in these values among the three cytochromes
is attributable to the effect of solvent molecules surrounding the pro-
teins and that they can be used as a criterion for the solvent accessi-
bility of the heme sites. A plot of AHO versus AS° (Figure 14) reveals
that a good extrathermodynamic relationship exists among these cyto-
chromes. Thus AH® varies linearly with AS®, yielding value (slope) of
286 K (correlation coefficient 0.989) which lies in the range expected
for the processes involving enzymic rate, equilibrium, and thermal
denaturation [77,78]. The extrathermodynamic behavior has been attri-
buted generally to the aqueous solvent surrounding the proteins [78].
The mechanism which each of the oxidized cytochromes undergoes to
form the reduced proteins is similar. Also, it seems more likely that
in each case variation in the thermodynamic parameters may be accounted
for in terms of perturbation of water molecules surrounding the herne
site on a common reduction mechanism. The fact that the AS° value for
the reduction of cytochrome cd is much more unfavorable than those of
cytochrome ¢ and cytochrome c-551 suggests that water molecules around
the heme c site of cytochrome cd are much more perturbed than those
around cytochrome c and cytochrome c-551. The perturbation of water
molecules can be considered as a result of their hydrophobic environment.

In fact, from the studies of inorganic complexes the reduction entropies
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Figure 14. Compensation plot of cytochromes
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of complexes with hydrophobic 1igands are usually associated with large
and negative enthalpy and entropy changes. Furthermore, the transfer
of hydrocarbon from aqueous solvent into nonaqueous solvent is associ-
ated with losses of entropic driving force of 20 e.u. [29,30]. There-
fore, it is concluded that the extrathermodynamic behavior is directly
proportional to the degree of hydrophobicity of the heme sites for these
cytochromes and is increased in the order cytochrome c ~ cytochrome c-551
< cytochrome cd. It is interesting to note that the degree of hydro-
phobicity proposed is proportional to the kinetic accessibility scale,
that is, based on the electrostatic corrected protein self-exchange rate
constant calculated from cross-reaction with Fe(EDTA)z', the values for
cytochrome ¢ and cytochrome c-551 are not different by an order of mag-
nitude (Tables 6-8), hence the kinetic accessibility of these two cyto-
chromes do not differ much from each other. Unfortunately, there is no
such treatment for cytochrome cd; however, it can be predicted that the
kinetic access of cytochrome cd will be very small compared to cyto-
chromes ¢ and c-551.

It is interesting to consider the physical nature of oxido-reduction.
Generally, it can be viewed as follows: The highly charged surface
area of the enzyme (due to amino acid side chain) in aqueous so]utioh
will attract water molecules and counter ions. Upon reduction, the
surface amino acid side chains rotate and translate with respect to the
main polypeptide chain (breathing motion and rotation) resulting in the -
release of the bound water molecules around the surface to the bulk

water. Whether the reduction process is accompanied by conformational
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change is worth discussing. There exists an extensive body of physical

and chemical data including studies on heme-1igand substituents [81),

deuterium exchange [82,83], ion binding [84], and various denaturing con-
ditions [85,86], which all indicate that the reduced form of cytochrome c
possesses a more compact and structurally stable configuration than the
oxidized form. The conformation change observed from the above mentioned
solution studies has been suggested as being a dynamic type [88]. That is,
it results from a change in either the frequency or the amplitude of the
vibrational modes of the structure. This was justified as a result of
lTack of evidence from crystallographic data [87]. Recently, high resolu-
tion EXAFS results [89] supported this suggestion.
CONCLUSION

This chapter has been concerned with the standard enthalpy and en-
tropy changes accompanying the reductions of the metal centers in metallo-
proteins. The metalloproteins studied include blue copper proteins and
heme proteins. The standard enthalpy and entropy changes observed are
large and negative. It has been proposed that they reflect the accessi-
bilities of the redox sites to the solvent. Comparison of the distances
of the edges of metal sites to the surface of the proteins obtained f.om
available crystallographic data with the standard entropy changes shows
a remarkable consistency among them as given in Table 9 . As the metal
site becomes less accessible to the solvent, the entropy becomes more
negative.

In the attempt to further characterize the activation parameters
observed kinetically by means of the Marcus theory, only those for stel-

lacyanin obey the theory. This is not surprising, since it is possikle
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that the electron transfer mechanism employed by metalloproteins are
nonadiabatic as has been observed in inorganic complex electron trans-
fer reactions [90,91]. Furthermore, the Marcus treatment does not take
into consideration the precursor complex formations prior to the elec-
tron transfer step as it has been observed recently for electron transfer

reactions involving metalloproteins [90-94].

Table 9. Distance of the edges of metal sites to the surface of the
proteins and the corresponding standard entropy changes

Protein Distance, R AS°, e.u.
Cytochrome c-551 - -32
Cytochrome c 2-3 -37
Stellacyanin - -44
Plastocyanin 3 -52
Azurin 5 -63

Cytochrome cd - -77
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AEEEﬂQif—lf Marcus Theory for Outer-Sphere Electron Transfer Reactions

Marcus theory predicts a relationship between the rate constant,

k12’ for an electron transfer reaction, and K12’ the equilibrium constant

for the reaction, and kH and k22, the self-exchange rate constants for

the reductant and oxidant coup]es:]

172

STRASTLPSPLIPY (1)

2
(Tog K]Z)
2
4 109(k]]k22/z )

where log f]2 =

(Z is a collision frequency, generally taken as 10]]M_]sec']), and
MY, aex,  acd
11 22
AG?Z = g & gk élZ (1+a) (2)
Ag0
A = 12 n
4(AG]] + AGZZ)

There are many assumptions2 made in deriving equations (1) and (2)

and the more important ones are: 1) the stabilities of the precursor

and successor complexes (including work terms for bringing the reactants
together and separating the products) of various reactions has been
neglected; 2) it has been assumed that the reactions involved in the
rate comparisons are adiabatic, that is, (log K12)2 and/or k”k22 is
sufficiently small; 3) no very rapid pre-equilibrium changes (e.g., spin
changes) take place prior to the electron transfer step; and 4) nuciear

1
2

R. A. Marcus, Disc. Faraday Soc. 29, 21 (1960).
R. A. Marcus and N. Sutin, Inorg. Chem. 14, 213 (1975).
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tunneling contributions have been neglected.
The theory has proven successful in predicting rate constants of
inorganic complex electron transfer reactions when compared to those ob-

served expem’menta11y.3'4

In general, the observed and calculated k]2
agree within a factor of ten.5 Recently, it has been reported,2’6 that

a better agreement between the observed and calculated rate constants

can be achieved when corrections for electrostatic interactions are in-
cluded. The work term correction for the observed rate constant is

expressed according to equation (3)
A T

b re e
2. 1178 == e B B ] (3)
Ra+Rb 1+}<Rd T+:<Rb

=
1}

_]'
T ¢ = 0.329,172 %

N
Qo
N
1]

charges of reactants

radii of reactants

5
P
il

A detailed consideration of these corrections is avai]ab]e.6 The ac-

tivation parameters can be estimated using the equations derived by Mevcus

and Sutin:2

M. H. Ford-Smith and N. Sutin, J. Am. Chem. Soc. 83, 1830 (1961).
G. Dulz and N. Sutin, Inorg. Chem. 2, 917 (1963).

M. Chan, C. Creutz, and N. Sutin, J. Am. Chem. Soc.99, 5615 (1977).
5

D

. Wherland and H. B. Gray, "Biological Aspects of Inorganic Chemistiy,
. Dolphin, ed. (John Wiley, New York, 1976). ‘
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[ AHY, + AHS AHO
11 22
AH?I‘Z = _____._2_*] ('I - 4(12) + __;_2_ (-] - 201)

e

CASY, + ASK 8s°
L——ll—z;——igﬁ} (1 - 40?) + —2 (1 - 2a) (4)

*
AS12‘—

These activation parameters are not the same as those calculated
normally from temperature dependence data which was assumed in the Marcus
treatment.1 Therefore the following corrections are necessary (assuming

11M-1sec-]

that Z = 10 , T = 298°K):
AG" = AG* - RT an(hZ/kT)
= AG* - 2.44 kcal mole”!
A = aH* - 5 RT
= AH* +'0.3 kcal mole™!
AST = AS* + R an(hZ/KT) - R
= AS* - 9.19 e.u.

The corrections for electrostatic interactions to entropy of acti-
vation can be obtained by differentiating the free energy with respect

to temperature:

_ _ a(aW)
AS = = 7
assuming K = 50.3(U/ET)]/2
and eT=a + a,;T + a T2
0 1 2
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where £ = dielectric constant of water. Hence,

2
a b

-KRa -KRb -KRb -KRa
AR Tt |t Ry (et 5
b (1+kR)) “a (1R

and the expression Ah = AW + TAS can be used for correction of enthalpy

component.
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Appendix 2. Estimation in the Propagation of Error in the Nernst Plot

Eapp]ied = £+ 0.259 lag Eg%

‘ A. - A
where [0/[R] = ﬁ

Ai = absorbance

AR = absorbance of the totally reduced enzyme

AO = absorbance of the totally oxidized‘enzyme
efine X = gy n 21 :2’?

(] i
Y1 = Ej
op = standard deviation in measuring absorbance and

assumed constant for all absorbances

1

=
|

I

Define B " :
Then Oé = (o, ) + (OA.)Z :
0 i
o = V2 op
Define L 2 Ai - AR
gy = Puy

*P. R. Bevington, "Data Reduction and Error Analysis of the Physical
Sciences," (McGraw-Hi11, New York, 1969), Ch. 4.
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Define D = ¢/B
9p,2 °c,2 . 932
(D = (PP
2 _ p2ey? 5208y
°D T 5
. 62 . 2%
= () + D0 (g)

o A. - A 1/2
_ A i R\2
op = 2 g——a; [1 t (g -T.)]
0 i 0 i
So
X = ] on D
2.303
1 %
%% 2.303 D
oy = O
Let there be error in the Y axis so
=2 2 2
[oy] = oy t o,
2 L 2 T “p.s
So [oy)” = o+ lz553 1)

i

02+ ] ) \/Z—OA * & (Ai 'AR)2 1/2
E 2303 AO-A‘i AO - A,

AO - A;l?
e
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BEEEﬂgif—gf Theoretical Consideration of Reduction Potential and Its
Temperature Dependence

(n+1)+

Consider two complex ions ML';+ and MLX

of the same chemical
composition, which differ only in their charges. The potential E for

the reversible cell

+

n+1)+ Ha(H+)= ]IH2(1 atm) (Pt)

15 S |
PL MLx ,MLX

at constant temperature, pressure, and without any liquid junctions, is

related to standard thermodynamic potential, EO, by the expression

1/2
- (aML(n+1)+)(aH2)
E = E - op fn — (1)
(o ) (@)

where R is the gas constant, T the absolute temperature, n the number of ele-
trons, F the Faraday, a; the activity of the ion i, and 9 the potential

of the system when all constituents involved in the cell reaction are

unity activity.

It is convenient to regard E as resulting from two separate redox

half cells
VARV Gl DL Y
X X . 1
+, - 1 0
H +te — §-H2 s E2
Equation (1) may be rewritten as
b a
_ [0 RT X [0 RT H+
E = EI ———F—SLn 5 ) (EZ = Qn———T-/—Z— (2)
m.n* (aHZ)
X
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At unit activity of H and one atmospheric pressure of hydrogen, the
potential of the reversible hydrogen electrode is defined as zero at all

temperatures. Equation (2) becomes

a . (n+1)+
ML

=6 -STgn X s
L (3)
MLx

For convenience it is assumed that concentrations and activities are

equal; equation (3) can be rewritten as (Nernst equation)

G
o RT ML£n+1)+
E=E1-—F—2,n (4)
MLx

The temperature coefficient of electrode potentials can be defined
experimentally in two ways, either as an "isothermal" or as "non-
isotherma]."] The isothermal temperature coefficient (%%)150
derivative of the electrode potential E of the isothermal cell

is the

SHE ||Electrolyte{Electrode (5)

where SHE is a standard hydrogen electrode and the temperature of both

electrodes is varied in the same way. The nonisothermal temperature

coefficient (%%J

the nonisothermal cell

. . . e
B is the derivative of the electrode potential E of

M(T])[E]ectrode(T])lE]ectro1yte(T])|E]ectro]yte(T2)|

]E]ectrode(Tz)[E]ectrode(T1)| M(T,) (5)

]J. N. Agar, Rev. Pure and Appl. Chem. 8, 1 (1958).
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In this arrangement, the temperature (T]) of the half-cell containing

the redox couple of interest is varied, while the temperature (T2) of

the other half-cell containing reference electrode is held constant.
The standard entropy and enthalpy of the isothermal cell reaction

can be calculated from equations (7)2 and (8):

0o _ F_ /oE
857 = 718 GT) (7)
AG° = aHO - Tas® (8)

The overall entropy change for the cell reaction is

0 =0 <0 1 c0 <0
AS™ = § - S + 55 -5
LT+ Ty 0t 2 TH(9) THY (aq)
X X
At unit activity §O+ =5 e.u.,3 and at one atmospheric pressure,
H (aq)
0 ) 4
SHZ(g) 31.2 e.u. Then
ns® = 3° -5° +20.6 e.u.
R AL
X X
The (%%Jnoniso of a nonisothermal cell can be separated into three

components:5 (btc’ a metallic thermocouple potential difference between

the hot and cold region of the working electrode; ¢? , the corresponding

2G. M. Barrow, "Physical Chemistry," (McGraw-Hill, New York, 1961).

3R. W. Gurney, "Ionic Processes in Solution" (McGraw-Hi1l, New York,

1953).

4G.I.H. Hanania, D. H. Irvine, W. A. Eaton, and P. George, J. Phys. Chem.

71, 2022 (1967).
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Galvani metal-solution potential difference at the working electrode;

deg . Galvani potential difference across the thermal Tiquid junction
i

within the KC1 salt bridge, then

ni dom  ddyq
el o, dof

- g —_—
i el Y A (9)

o, 6 ey 5
since dTC and —HT—l are known to be negligibly small compared to

1

most experiments where a precision of only #50 uV deg” ' could be reii-

ably achieved.5 Therefore, equation (9) can be rewritten as

deY! do'y
O ST , (10)
dT dT
gt
The temperature dependence of the potential, —aT—-cou1d be identified
m
d¢

with the coefficient _H$’ which gives AS® from equation (11) similar to

those of equation (7).

do™
=0 _ F s i
AST = 778 3 | ()
where 0 _ O _ <0
AST = Spep - Sox

A5° has been referred to as the absolute ionic entropy5 or partial molar

entropy.4

5E. L. Yee, R. J. Cave, K. L. Guyer, P. D. Tyma, and M. J. Weaver, J. Am.

Chem. Soc. 101, 1131 (1979).

%3. N. Agar, Adv. Electrochem. Eng. 3, 31 (1963).
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CHAPTER 2

STUDIES OF REDUCTION POTENTIALS AND
ELECTRON TRANSFER KINETICS OF SULFITE OXIDASE
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INTRODUCTION

Sulfite oxidase is an enzyme catalyzing the oxidation of inorganic
sulfite to sulfate, the terminal step in sulfur catabolism in higher or-
ganisms [1]. The enzyme has been observed in bacteria [2,3], plants
[4,5], and in mammalian tissues [6,7], especially in Tiver [1]. Sulfite
oxidase exists as a dimer of 55,000 dalton polypeptide subunits and con-
tains two b5-11ke hemes and two molybdenums as prosthetic groups. The
enzyme is present in the intermembrane space of mitochondria and is capable
of reducing cytochrome c present in the inner mitochondrial membrane. The
enzyme thereby couples the two-electron oxidation of sulfite with two one-
electron reductions of cytochrome c, and the following catalytic cycie of
the enzyme is shown in Figure 1. Sulfite oxidase from rat and beef
livers can be proteolytically cleaved to give molybdenum and heme domains,
each of which preserves the essential features of the particular metal
site [8,9]. The chicken liver enzyme can also be cleaved, but only the
heme domain remains intact [10]. Apart from being readily available and
cleavable into functional domains, sulfite oxidase is also the smallest
and simplest known molybdenum enzyme.

Structural information of both prosthetic groups in sulfite oxi-
dase is available. The characteristic absorption spectra of the enzyme
is similar to that of cytochrome b5 [11]. The oxidized enzyme exhibits
a broad Tow intensity band at 530 nm, a shoulder at 560 nm, and a Soret
band at 413 nm. Upon reduction by sulfite or dithionite, the spectrum
features peaks at 555, 526, 423, and 325 nm (Figure 2). The coordination

environment of the iron is thus similar to that of cytochrome b., that is,

5’
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Figure 1. Catalytic cycle of sulfite oxidase.
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both the iron (III) and iron (II) centers are low-spin at neutral pH,
being coordinated to protoporphyrin IX and two axial histidines [12,13].
Recently, structural information of the molybdenum coordination environ-
ment has become available through X-ray absorption spectroscopic studies
[14]. They have established that the molybdenum is bound to a mixture

of oxo and sulfur-donor Tigands. Upon combination of EXAFS data and
crystallographic results of model compounds, it has been established that
the Mo(IV) of sulfite oxidase is coordinated to two cis oxo groups, two
sulfurs with relatively short bond lengths trans to each other, one Tong
distance sulfur trans to Mo = 0, and a final intermediate distance sulfur,
also trans to Mo = 0.

Kinetics of the electron transfer reactions of sulfite oxidase have
not been well studied except those in which both electron donors and elec-
tron acceptors are present [10,11]. It has been proposed that the enzyme
employs a ping-pong mechanism in these reactions [15].

This chapter concerns the kinetic studies of the reduction of heme
moiety in sulfite oxidase by Fe(EDTA)Z' and in separate experiments the
reduction potentials of the heme moiety have also been determined under a
variety of conditions. Furthermore, in order to observe interaction, if
any, between the two prosthetic groups, the reduction potentials of the
heme moieties were determined in both native enzyme and those from which
the molybdenum fragment has been removed. The results reported in this

chapter were performed in collaboration with Dr. S. Cramer.
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EXPERIMENTAL SECTION

Enzyme Preparation

Sulfite oxidase was prepared from fresh beef and chicken Tivers by
a modification of the methods of Cohen and Fridovich [1] and of Kessler

013 Pogo °F

0.5-0.7 for beef enzyme and 0.98 for chicken enzyme. The specific ac-

and Rajagopalan [13]. Typical samples used had a ratio A

tivity of the sulfite-cytochrome assay [1], assuming 2 hemes per molecu-

Tar weight of 110,000 dalton and €413 of 100 mM']cm'] per oxidized heme,

was typically about 1200 and 1600 units per milligram of beef and cnicken
enzyme, respectively. Sulfite oxidase concentrations were determined by

measuring the 555 nm absorbance change accompanying full reduction with

]cm_]).

dithionite (A5555 = 19.8 mM”
The cleavage of beef liver sulfite oxidase into molybdenum and

heme domains was done by a method similar to Johnson and Rajagopalan [8]

using either trypsin or papain as cleaving agents. Proteolysis was con-

ducted until the enzyme had less than 2% of its original cytochrome c

reductase activity, at which point the reactions were quenched with tryp-

sin inhibitor or iodoacetamide. Separation of the domains was then

accomplished by gel chromatography using Sephacryl S-200.

Reduction Potential Studies

Spectroelectrochemical technique using optically transparent thin
layer electrode was employed in the measurements of the reduction poten-

tials as described in Chapter 1. Ru(NH,).C1, or 2,6-dichlorophenolindo-

3)6 3
phenol was used as a mediator. The experiments were performed using a
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cary 15 spectrophotometer.

The reduction potentials were calculated from the linear Teast
squares fitting of the applied potential to the Togarithm of the ratio
of concentrations of oxidized and reduced heme, according to the Nemst

equation.

Kinetic Studies

For kinetic measurements, reagent grade chemicals were used
throughout, and deionized distilled water was used in the preparation
of solutions. Ferrous EDTA solutions were prepared according to the
literature procedure [16].

The measurements were performed using a modified Durrum D-110
stopped-flow spectrophotometer. Removal of oxygen from enzyme solution
was done by using vacuum-nitrogen cycles where no denaturation process
was observed. A special anaerobic set-up for kinetic measurements was
employed in the studies and nitrogen was carefully bubbled through all
reagent solutions. Solutions were allowed at Teast 45 minutes to come
to temperature equilibrium prior to mixing. Temperature was controlled
to +0.1°C by a Forma scientific temperature bath.

Data were sent to a Tektronix 564B storage oscilloscope and to an
A/D converter in conjunction with a PDP-10 computer. Data from the
reduction with Fe(EDTA)Z- (followed at 423 nm) were analyzed as pseudo
)e"

first order in enzyme with the Fe(EDTA in 100-fold excess.
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RESULTS

Spectroelectrochemical Experiments

A typical spectroelectrochemical redox titration of the heme of
sulfite oxidase is shown in Figure 3a, while Figure 3b illustrates the
Nernst plot obtained from the data. The reduction potentials for the
heme of sulfite oxidase under a variety of conditions are given in
Table 1. The heme potentials of the beef liver enzyme were relatively
insensitive to pH or the presence of the molybdenum domain. At pH 7.0
the intact chicken enzyme had a significantly higher potential (+84 mV)

than the beef enzyme (+61 mV) under the same conditions.

Table 1. Reduction potentials of the heme of sulfite oxidase at dif-
ferent experimental conditions

Protein System Conditions E® mV vs. NHE
beef, intact 0.1 M Tris pH 9 +55(+3)
beef, cleaved 0.1 M Tris pH 9 +66 (+3)
beef, intact 0.1 M Pi pH 7 +61(£3)
beef, cleaved 0.1 M P; pH 7 +57(%3)
chicken, intact 0.1 M P. pH 7 +84(+3)
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Figure 3. a) Thin layer spectra of beef liver sulfite oxidase 5.6%10°°M

with 1x107M Ru(NH3)g+ as mediator for different valuss of

applied potentials, Eapp (mV vs. NHE), (a) -350, (b) 21.5,
(c) 35.7, (d) 52.2, (e) 64.4, (f) 77.4, (g) 92.3,

(h) 194.4

b) Nernst plot of the above data at 23°C.
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Kinetic Experiments

Fe(EDTA)Z' reduction of chicken 1iver sulfite oxidase.
First order plots of absorbance changes with time were linear for
greater than 90% of the reduction of sulfite oxidase. The concentration
dependence of the observed rate constants is shown in Figure 4. Rate

saturation was not observed over the concentration range of reductants

employed. The weight least square fit of the data yields k = 1.4x 103M'1S—1

(25°C, u = 0.2 M, pH = 7 (phosphate)). The Eyring plot (Figure 5) gives

1 and 87 = -38 e.q.

M = 5 keal mole”
The reduction rate of sulfite oxidase by Fe(EDTA)Z' increases with
increasing ionic strength at pH 7 (Figure 6). The data were fitted to

an equation derived from Marcus theory [17,18]:

-kR - 7.7
on k = 2n k- 3.576 l?Xp( ¢ 1)]+{5Xp( ¢ 2)] [ 12 ]
2

1+|<R2J 1+»<R] R1+R

The best fit to data is obtained by assuming a charge on the enzyme of -20.

DISCUSSION

Reduction Potentials of Sulfite Oxidase Heme

The formal reduction potentials, E© of b_-Tike heme in both intact

5
and heme fragment of sulfite oxidase from beef liver were determined at
two different experimental conditions: a condition where the enzyme has
maximum activity (tris buffer, pH 9, jonic strength 0.1 M) and at its
physiological condition (phosphate buffer, pH 7, ionic strength 0.1 M).

The E° values for the former condition increase as the molybdenum fragment

is removed, while for the latter condition the values remained approxi-
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Figure 4. Plot of kobsd S [Fe(EDTA)Z'] for the reduction of sulfite
oxidase (observed at 423 nm)(25°, pH 7 (phosphate),
uw = 0.2.
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Figure 5. Eyring plot of rate data for the reduction of sulfite
oxidase by Fe(EDTA)" (pH 7 (phosphate), u = 0.2).
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Figure 6. Plot of k versus 1y for the reduction of sulfite

oxidase by Fe(EDTA)Z'

at pH 7 (phosphate, u'= 0.2 M.
@ ¢ Experimental data

(—) Marcus fit
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mately the same within experimental error. The potential of the chicken
enzyme is more positive than that of the beef enzyme. Several

factors contributed to such a variation of the observed E°
values, one of which is the effect of anions present in the solution.
It is possible that anions bind to various parts of the enzyme, thus
causing a conformational change such that the E9 of the protein in-
creases. This effect was also observed in the case of xanthine oxidase
[19]. Furthermore, there is the possibility that the cleavage of the
heme fragment caused a major conformational change such that the con-
formation of the heme fragment is greatly different from that of the
intact enzyme.

However, it is interesting to compare these E° values with those
of cytochrome b5 from various sources as the UV-visible absorption
spectrum of sulfite oxidase is very similar to that of microsomal b5,
and there is also a strong similarity in amino acid sequence [10].
Inspection of the E° values of cytochrome b5 given in Table 2, shows
that sulfite ox{dase heme potentials are roughly 40-60 mV higher than
fhose of microsomal b5. Another similar protein, lactate dehydrogenase
(flavocytochrome bz), has a heme redox potential roughly 50-30 mV lower
than microsomal b5. It therefore appears that E© values of these b5-
like hemes, i.e., heme containing bis-histidine iron protoporphyrin IX
as prothetic group span over a range of more than 100 mV (from -28 to
+84 mV). A wider range has been observed for cytochrome c system which
ranges from +380 to -500 mV [20]. Such a wide variation of E° values in

cytochrome c has been accounted for in terms of a local heme environment

of low dielectric constant [21]. The lower E° value associates with
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less hydrophobic environment of the heme center. Therefore, it is
reasonable to propose that the heme environment in the sulfite oxidase
is more hydrophobic than that of the microsomal b5, as is evidenced
from the kinetic studies of sulfite oxidase with inorganic reagent

(see next section).

Table 2. Reduction potentials of enzymes containing b5-1ike heme
Protein E® mV vs. NHE References
cytochrome b5 + 20 a
m}g;gzg$§1 cytochrome b, 212 to -14 b
cytochrome bT -30 B

(mitochondrial)

25, F. Velick and P. Strittmatter, J. Biol. Chem. 221, 265 (1956).

b Y. Kawai, Y. Yoniyama, and H. Yoshikawa, Biochim. Biophys. Acta 67,

522 (1963).

¢ B. Hagihara, N. Sato, and T. Yamanaka, "The Enzymes," vol. XI, P. D.
Boyer, ed. (1975), Ch. 8.

Fe(EDTA)z' Reduction Kinetics

The rate constant and the activation parameters for the Fe(EDTA)Z'

reduction of the heme of sulfite oxidase are very similar to those ob-

served for electron transfer from Fe(EDTA)Z' to ferricytochrome c

4,-1_-1 1

(k = 2.57x 10" Vs 1, a = 6 kcal mo1™!, as” = -18 e.u. [22]. It has

been proposed [23] that electron transfer to ferricytochrome takes
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place at the partially exposed heme edge. Apparently, a similar type

of electron transfer pathway is employed by the heme of sulfite oxidase.
Furthermore, the calculated activation parameters are comparable to those
for simple inorganic outer-sphere reactions. Electron transfer reactions
of Fe(EDTA)Z'/Fe(CDTA)" and Fe(CN)g'/Fe(CN)g- couples are associated

1

with AT values of 4 and 3.6 kcal mol~', with AST values of -25 and -24

e.u., respectively [23,24]. Similarly, the AH# and AS# parameters ob-

3 1

served for the reduction of Ru(NH3)5py * by Co(terpy)§+ are 6.2 kcal mol~
and -23 e.u., respectively [17]. From these comparisons, it is clear
that electron transfer mechanisms employed by sulfite oxidase do not
involve any special enzyme effects. The AH# value is consistent with an
activation process requiring only minor nuclear positional rearrangements
in the iron atom environment both in the oxidized and reduced enzymes.
The electron transfer reactivity of sulfite oxidase can be inves-
tigated further by applying the Marcus theory analysis to the data. As
it has been established [18], the kg?rr value calculated from the
protein-[Fe(EDTA)]Z' reactions can be used to compare electron transfer
reactivities among proteins. Such treatment has been proven successful
for a variety of proteins [18,19,25]. It is therefore interesting %o

cory

compare the calculated kH value from the protein—[Fe(EDTA)]z' reac-

tion with those of other low-spin heme containing proteins. The calcu-

2yl 9 15-1

lated k%?rr is 2.73 x10° M° s_], as compared to 2, 6, and 107 M

for the corresponding k$$rr

for bacterial cytochrome c-551, horse heart
cytochrome c, and a water-soluble Tow-spin iron porphyrin complex, re-
spectively [26,27]. The parameters and work terms as defined in refer-

ence [19] that were used in the calculation are as follows:
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Fe(EDTA)Z™, E® = 120 mV, ky, = 3x10% w171, R = 4 R; sulfite oxidase

0 T
E0 = 84 mv, R=27.3 A [28], Z = -20/-21, k,, = 1.4x10° M 's71;

12

_ _ B B -1
Wip = 0.330, w,, = 0.173, Wip = 0.495, w,, = 0.493 kcal mole .

22
It is impressive that the k$?rr of these low spin hemes range
over 9 orders of magnitude, with heme >> sulfite oxidase > cytochrome c
= cytochrome c-551. It is proposed that incorporation of a Tow-spin
heme into either apo-sulfite oxidase or apo-cytochrome c vastly de-
creases the accessibility of the redox center to an external reagent
in solution, thereby explaining the decrease in the rate electron

transfer to the iron. The evidence suggests that the heme in sulfite

oxidase is somewhat more accessible than the heme in cytochrome c.
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Appendix 1.  Supplementary data for the reduction of chicken Tiver
sulfite oxidase by Fe(EDTA)Z'.

Concentration dependence (u=0.2M)

Fe(EDTA)Z"

T
0.5 0.474
1.0 1.22
1.5 1.82
2.27 2.46
2.5 3.01
3.0 3.53

Ionic strength dependence

W K1z
(M) M lsec™!
0.05 930
0.1 _ 1362
0.2 | 1870
0.3 2222

0.4 2382
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Temperature dependence

In k/T 17, x103(K)
1.44 3.26
1.38 3.29
1.26 3.32
1.21 3.35
1.11 3.40
0.99 3.44
0.85 3.49
0.84 3.50
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Chapter 3

Spectroelectrochemical Studies of Polymer-Coated Graphite

Transparent Electrodes
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Introduction

Chemically transparent electrodes have been a subject of intense
investigation since 1973 [1-73]. Such investigations are of interest
for a variety of reasons; among them are the utilization of such elec-
trodes in the electrocatalysis [26,28,43,49,75], the fabrication of
electrodes for electroanalysis [16,28,31,36], the provision of a chiral
electrode environment [2,5,6], and the development of catalytic elec-
trodes for the study of photoelectrochemical processes [17,42,48, 50,56,
57,60,65,68]. Several approaches for attachment of electroactive species
to the surface of various electrode materials have been studied. These
approaches have included covalent bond formation [1-10, 12-15, 17-24, 26,
29-36, 38-44, 45,46, 48-50, 53-71), irreversible adsorption [11,16,25,
27,28] and polymeric coatings [37,44,47,49,51,52,72,73].

The coating of polymeric molecules on electrode surfaces is
readily achieved by simply dipping the electrode material into a soiu-
tion of the polymer [37,44,49,51,52,72,73]. This simple adsorption
procedure allows modification of virtually any electrode surface and
permits controllable amounts of polymer to be adsorbed. Miller et al.
[44,52] have studied the adsorption of an electroinactive polyester
onto platinum electrodes and found that such electrodes inhibited the
electrochemical response of some electroactive couples. Bard et al.
[37,51] reported the adsorption of electroactive poly(vinylferrocene)
to platinum electrodes and covalently bound poly(methacryl chloride)
to SnO2 electrodes. Recently, Oyama and Anson[73,74,82]have reported the

attachment of electroactive reagents Ru(edta)-, Ru(NH3)5—, and Cu(IIl)
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to graphite electrodes coated with polymer containing sites for metal
coordination. Such electrodes present opportunities for fundamentally
new approaches to the study of electrochemical reactions including the
possibility that such electrodes may have specific electrocatalytic
properties. In their report, it was established that the polymer-
coated electrodes were very durable and able to extract metal complexes
from very dilute metal complex solutions. They also reported several
electrochemical behaviors of the attached metal complexes.

In this chapter spectroelectrochemical studies of graphite optic-
ally transparent electrodes (GOTEs) coated with poly( 4-vinylpyridine)(PVP)
are presented. The studies allow one to quantitate the amount of poly-
mer adsorbed on the electrodes. Furthermore, due to the difference in
the characteristic spectra of Ru(edta) and Ru(edta)py, we have been
able to observe the substitution reaction of the water molecules,
occupied in the sixth position of the ruthenium in Ru(edta) complex by
the pyridine group on the polymer backbone which was previously adsorbed
onto the GOTE. The rates of substitution will be studied as a function
of electrode potential and, where possible, will be compared with the
corresponding homogeneous rate constants. Some experiments reported in

this chapter were a result of collaborative work with Dr. N. Oyama.

Experimental

Apparatus. The one-inch square GOTEs were obtained from Lebow
Company (Goleta, California). These electrodes were prepared by evap-
orating carbon with an electron beam technique onto ultraclean quartz

surfaces. Electrodes with graphite film thickness ranging from 100 to
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500 angstroms were used.

The design and assembly of a GOTE cell is shown in Figure 1. The
cell was made from 7x4x1.2 cm clear Tucite. Two tapered holes were
drilled from the top of the block into the opening of the cell cavity
to accommodate the reference electrode and for injecting solution into
the cell. The cell cavity was formed in the lower half of the block
cell in which a circular hole 1.5 cm in diameter was cut out. A quartz
plate was glued in with epoxy to form the back of the cell. The GOTE
was placed in front of the cell on a rubber o-ring and was held securely
with another lucite plate and screws (see Figure 1). A small hole was
drilled in from the side of the cell into the cell cavity to accommodate
the platinum counter electrode. On one edge of GOTE, a piece of
platinum wire was glued on with conducting epoxy (Tra-Con Inc., Medford,
Massachusetts) for electrical contact. The exposed area of the OTE to
the solution in the cell cavity was 2.54 cmz. The optical pathlength of
the cell is 1.3 cm. The reference electrode was a mini saturated calomel
electrode (see Chapter 1). Its potential was 7 mV more positive than
several commercial SCEs.

The spectroelectrochemical studies were performed using a Cary 219
spectrophotometer. Cyclic voltammograms and controlled potential
coulograms were obtained with PAR (Princeton Applied Research) Model 174
and 173 instruments and an XYY recorder (Hewlett-Packard). Experiments
were performed at room temperature, 22+ 2°C.

Materials. Poly(4-vinylpyridine)(Borden Inc., Philadelphia, Penn-
sylvania) was recrystallized twice from methanol-diethylether. The

average molecular weight (estimated viscometrically) of the sample was
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Figure 1. Views of front, side and assembly of the optically

transparent cell. Dimensions are in cm.

A:
B

lucite plate, B: graphite cell, C: o-ring,

solution inlet port, E: reference electrode,

: platinum counter electrode, G: screw,

: cell cavity.
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7.4x10°

corresponding to about 7000 pyridine units per molecule of polymer.
Aquoethylenediaminetetraacetatoruthenium(III) was prepared from RuC13
as described by Mukaida et al. [76]. The chloride-free ruthenium complex
was obtained according to a previously published technique [73].
The supporting electroylte for electrochemical measurements was

0.2M CF3COONaadjusted to pH 7.1 with NaOH.

Electrode coating procedures. Adherent coatings of poly(4-

vinylpyridine) were achieved by immersing the GOTE in either 0.2 or 0.5%
solutions of the polymer in methanol for 10 to 30 minutes. The OTEs were
then removed from the solutions, shaken to remove excess polymer soiution
and dried in air at room temperature for 15-20 minutes. After drying,
the electrodes were soaked in pure methanol for a few minutes and dried
in air. The electrode was then mounted in the electrochemical cell as
indicated in Figure 1.

I11
(

The formation of Ru edta)py on the electrode surface was

monitored spectroscopically at 290 nm in the cell containing RuIII(

edta)
solution and an OTE which had previously been coated with the desired

amount of polymer.

Results and Discussion

I. Spectrum characteristics of PVP and its adsorption onto GOTEs.
The absorption spectra of PVP in methanol areshown in Figure 2. There
is an intense absorption band at 257 nm with a molar extinction coefti-

cient of 4.33x107

and a shoulder at 262 nm. The spectrum of PVP at lower
pH where the pyridine nitrogen (pKa = 2.37) is protonated [77] was aiso

recorded. The 257 nm band of the deprotonated pyridine nitrogen shifted
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Figure 2. Absorption spectra of 1.8x10°8

M poly(4-vinylpyridine)
in methanol at pH 7.4(A) and 1.4(B) (adjusted to the
pH with 0.2M CF3C00H). pH of the solutions were estimated

- using pH meter.
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to 255 nm with a higher molar extinction coefficient of 7.50x107. The

positions of the band and the shoulder observed are similar tothose of
free pyridine in which the bands have been attributed to transitions

in the pyridine ring [78]. The increase in the band intensity as the

pH of the PVP solution decreases is also observed in the spectrum of
pyridine in acid solution [78,80]. (The observation has been attributed
to the increase in the dipole moment of the protonated pyridine nitrogen
which in turn increases the oscillator strength resulting in an increase
in the band intensity [79,80]).

The adhesive of GOTEs coated with PVP showed absorption spectra
in the presence of 0.2M CF3COONa pH 7.1 very similar to those of
homogeneous solutions of the polymer (Figure 3). By assuming that the
molar extinction coefficient at 257 nm was the same for attached and

10016 Ten? at pH 7.4, the quantity

unattached polymer, i.e., 4.33x10
of polymer adsorbed on the GOTE could be estimated. It is important

to note here that the uncoated GOTE exhibited no absorption band be-

tween 550 and 245 nm.

Cyclic voltammograms of the PVP-coated and uncoated electrodes
were indistinguishable (Figure 4) as similarly observed for pyrolytic
graphite electrodes [73]. The polymer film seemed to absorb strongiy
on the electrode surface; continuous cycling of a coated electrode
between +700 and -700 mV caused negligible changes in the absorption
intensity at 257 nm. Furthermore, in the coulometric experiment in
which the potentials of the coated electrode Weré maintained at +500

and -500 mV for at least 1.5 to 2 hours, the absorbance at 257 nm

showed at least 90% of the polymer remaining on the electrode surface.
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Figure 3. Absorption spectra of PVP coated on the graphite OTE.
Spectrum was recorded in the presence of supporting

electrolyte: 0.2M CF3COONa (pH 7.1).
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Figure 4. Cyclic voltammograms of GOTE prior(A) and after(B)

"

adsorption of 3.5x10 ' mole cm'2 PVP on the surface.

Voltammograms were recorded in the presence of 0.2M

CF,C00Na (pH 7.1), scan rate 200 mV sec™ .
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The adsorption and stability of PVP on the electrode surface was in-
censitive to the thickness of the graphite filmy e.g., it was found
that no difference in time was required to immerse the OTE in the
polymer solution to obtain approximately the same coverage. However,
they are sensitive to the pH of the polymer solution used to adsorb
PVP on the electrode surface. When the polymer solution of pH 4.2 was
used, approximately 50% of the adsorbed polymer came off in 5 minutes

as detected by absorbance at 257 nm in the presence of 0.2M CF,COONa

3
(pH 7.1). We found nonuniformity of the PVP film as evidenced from
the difference of the coverages calculated from the absorbances at
257 nm measured at different sections of the electrode surface. In
addition, we also observed a discrepancy in the surface coverage
calculated from the known amount of PVP dried on a fixed surface area
and those from absorption intensity of the same electrode.

II. Coordination of RuIII(
III(

edta) to PVP-coated GOTEs.
The facile attachment of Ru edta) to the pyridine group on the PVP
backbone which was previously adsorbed onto graphite electrodes has
already been documented [73]. We also observed similar rapid binding
process using GOTEs. Figure 5i shows steady-state cyclic voltammograms
at various scan rates for the electrode surface obtained by dip-coating
from a 0.5% of methanolic PVP solution, followed by excessive washing

With methanol and exposure to an aqueous solution of 0.5 mM RuIII(

edta)
for 15 minutes. The electrode was then washed with water and assémb]ed
to form an OTE cell where the voltammograms were recorded in the

Presence of 0.2M CF,COONa pH 7.1. The average of the anodic and
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cathodic peak potentials, -0.11V is virtually the same as the value
reported earlier [73] which corresponded to the Ru(edta)py complex.
The peak-to-peak potential separation (AEp) obtained was larger than
ordinary graphite electrodes owing to the greater resistance of GOTE,
e.g., a resistance of 3.5 KQ was measured for a 2003 thick GOTE. A
plot of square root of potential scan rates versus peak current for
the voltammograms in Figure 5i is shown in Figure 5ii. Normally, one
expects a linear dependence of peak current on the potential scan rate
for reactants attached to electrode surfaces [25]. However, a linear
plot similar to Figure 5ii was also obtained by electrodes coated with
10" mole en™? or greater quantities of PVP [82]. They have attributed
the effect of the thickness of polymer layer to limitations of the
movement of counter ions into the po1ymér film to balance the ionic
charge during the electroreduction of attached complexes.

111
(

IIT. Attachment kinetics of Ru edta) to PVP-coated GOTEs .

Employing the OTE, it is possible to monitor spectrally the substitution

III(

reaction of the water molecule coordinated to Ru edta) complex by

the pyridine group of the PVP polymer. Homogeneous absorption specira

I
III( II(

of Ru edta) and Ru edta)py measured in methanolic aqueous solu-

tions pH 7, 25°C are shown in Figure 6i. At wavelengths greater than

280 nm, RuIII(

edta)py exhibits similar absorption spectra to thoseof

RuIII(edta). However, the molar absorptivity of the former is signif-
icantly larger than that of the latter with the difference between the
molar absorption coefficients of 3.0x103 at 290 nm. By contrast, the

absorption spectra of RuII(edta)py (Figure 6ii) (prepared from reduction
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Figure 5. i: Steady-state cyclic voltammograms for Ru(edta)
attached to PVP-coated graphite OTE. Surface con-
centraion of pyridine = 2.75x1077 mole cm 2. Volt-
ammograms were recorded in the presence of 0.2M
CF,CO0Na (pH 7.1). Scan rate, mV sec”! are given in
each curve.

)1/2

ii: Peak currents vs. (scan rate for the curves in i.
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Figure 6.  Homogeneous absorption spectra of
i: A: 5.0x107°M Ryl (edta)py
B: 5.0x107°M Ru!!(edta)
C: 1.8x1078 pyp
5

ii: A: 5.0¢107°M Rul!(edta)py

B: 5.0x10™°M Rul!(edta)
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uIII(

of R edta)py by amalgamated zinc under argon atmosphere

for three hours) exhibits a broad absorption band at 390 nm
with the molar extinction coefficient of 8.4x103.

We have studied the substitution kinetics of Ru(edta)
with the pyridine group on PVP backbone which was previously
adsorbed on GOTE. The extent of the reaction was followed
spectrally at 290 nm in an OTE cell employing PVP-coated GOTE.
The cell contained 2x10™% 1 of Rulll(edta) solution in 0.2 M
CF3C00Na, pH 7.1. Absorbance increased as a result of the

III(

formation of Ru edta)py on the electrode surface. Figure

7 shows the amount of RuIII(

edta)py formed as calculated from
the increase in absorptivity at 290 nm as a function of time.
Initially, the quantity of RuIII(edta)py increased linearly
with time and then leveled off, presumably because equili-
brium was attained. Such behavior has also been observed
with pyrolytic graphite electrodes [73]. From the intial
linear portion of the plot in Figure 7, the rate of the sub-
stitution reaction was calculated. The rates obtained in-

creased as the concentrations of pyridine groups on the elec-

trode surfaces increased as given in Table 1.
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Figure 7. Time dependence of the attachment of RuIII(edta) to PVP-coated

electrode from 2x10™ M solution of RuIII(edta) in 0.2 M

CF,CO0Na (pH 7.7). Surface concentration of py = 5.98x10'8

-11

mo]e&cm'z. Initial rate calculated to be 7.50x10 mole-

2 1

cm “-sec” .
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Table 1. Initial rates of formation of RuIII(
Table 1

edta)py on
GOTE surfaces at different pyridine surface

concentrations.

Toy drp, /dt

mo]e/cm2 mo]e/cmz-sec
5.33x10°8 6.66x10" |
5.98x10°8 7.50x10" 1]
9.86x10°8 1.32x10°10

A plot of pyridine surface concentrations versus ini-

III(edta)py on graphite OTE

tial rates of formation of Ru
surfaces gives a linear relationship. The second order
rate constant for the substitution reaction on the elec-
trode surface was not calculated, due to the fact that it

III(edta) concentration

is difficult to estimate actual Ru
as "seen" by the electrode surface.

The initial rate constants were also studied as a
function of the electrode potential. The experiment was

performed in a manner similar to
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Figure 8. Plot of dPRu(edta)py / dT vs. [PVP]

surface °
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those for the studies of the attachment of RuIII

(edta) to PVP-coated OTE
except that the potential of the electrode was cycled from open circuit
to +700 and +500 mV and maintained at each potential for 3 minutes. The
plot of absorptivity versus time was linear for about 15 minutes befure
it then leveled off. This linearity implied that the rate of attachment
was independent of the electrode potential. The thickness of the PVP
layer employed in this study was in the order of 105 R, which was at
least three or four orders of magnitude thicker than the double layer
[83]. Therefore, any change in the charge density at the electrode sur-
face probably has negligible or no effect on complexes at a distance
outside the double layer, thus resulting in independence of the rate of
attachment with the electrode potential.

III(

It was noted earlier [73] that large quantities of Ru edta)

could be attached by employing more concentrated RuIII(edta) solutions
to bind ihe complex to PVP-coated electrodes. The attachment isotherm
of two different concentrations of pyridine on the electrode surfaces,

6 7 mole em™2 (Figure 9) were studied. The electrode

111
(

1.10x10™° and 3.30x10°

was initially exposed to a low concentration of Ru edta) solution and

the increase in 290 nm absorption was followed until no further increase
was observed, then a solution with higher concentration was used, and

vice versa. After the absorption using one concentration of Ru(edta)

ITI

reached saturation, the spectrumof the Ru™ "~ (edta)py attached on the

electrode was recorded in the presence of supporting electrolyte.

III(

Maximum amounts of Ru edta)py that can be formed employing a fixed

III(edta) to bind the complex to PVP-coated electrodes

III(

concentration of Ru

were plotted as a function of Ru edta) concentrations as shown in
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Figure 9. Attachment isotherm of the PVP-coated GOTEs.
A: Ppy 1.10x10°° mole cm_2
B: Ppy

3.30x10~/ mole cm'z.
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111
(

Figure 9. Note that the maximum amounts of Ru edta)py formed were

well below the amount of available pyridine 1igands. For the pyridine

. 7 mole cm'2 the maximum amounts of

8

concentration of 1.10x10" " and 3.30x10"

uIII(

R edta)py that can be formed were 8.50x108 and 5.00x10™° mole cm-2,

respectively. In both cases approximately 10% of the total pyridine con-

III(

centration on the surface was available for coordination with Ru edta)

complex.

IV. Detachment kinetics of Rulll(edta)py from PVP-coated GOTES

When the GOTE, to which RulT!(

edta) was bound by coordination to previously
attached PVP, was monitored spectrally in the presence of 0.2M CF3COONa
(pH 7.1), the intensity of 290 nm absorption band decreased slowly as the
pyridine-ruthenium bond was broken [73]. At the same time the band at

257 nm corresponding to the free pyridine groups on the surface increased
in intensity. Figure 10 shows a first order plot of typical spectral

data for the detachment process. The plot was linear for at least 80%

of the reaction. The rate constants obtained from the slopes of plots

II1
iy

similar to Figure 9 at two different values of initial Ru edta)py con-

centrations are given in Table 2.

Table 2. Rate of detachment of RuIII(

ferent initial amounts of Ru

edta) from PVP-coated GOTEs at dif-

III(edta)py on the electrode sur-

faces. Rates were measured in the presence of 0.2M CFBCOONa

(pH 7.1).
PRu on GOIE k-1
mole cm sec
4.82x1078 3.47x10"4
3.25x10"8 3.60x10™%




Figure 10.
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Time dependence of the detachment of RuIII(edta) from

the PVP-coated GOTE. Initial concentration of RuIII(edta)py
formed on the surface = 4.82x10°C mole cm™2. The

kinetics was followed spectroscopically at 290 nm in the

presence of 0.2M CF,COONa (pH 7.1).
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The rates were almost invariant to the initial RuIII(

edta)py concen-
trations. The results suggested that the breaking of ruthenium-nitrogen
bond was not influenced by the concentration of the cbmplex on the sur-
face. It is reasonable to visualize that even at the highest
RuIII(edta)py on the PVP backbone, they are well separated from each
other, such that sterically hindrance was not expected to occur on the
surface. The rates of detachment were also found to be independent of
the electrode potential in the range where ruthenium is in the oxidized
form (+500 and +700 mV). We attributed this observation to the effect
of the thick Tayer of polymer on the electrode, as previously discussed
for the attachment case.

Comparison of the detachment rate obtained with that of the cor-
responding homogeneous rate (k_] = 6.1x]0'23ec']) [81] shows that
breaking the ruthenium-nitrogen bond is easier when the complex can move
freely in the solution than when it is attached to the surface. By
attaching the complex to the electrode surface, a more stable ruthenium-
nitrogen bond was obtained.

In the attempt to determine the quantities of the ruthenium com-
plex formed on the surface, we found that the values calculated from
the triangular area under the cathodic peak [83] of a cyé1ic voltammo-
gram of the attached complex were less than those detected by absorption
intensity at 290 nm and coulometry. The last two gave approximately
the same values. The discrepancy between the coverages calculated from
cyclic voltammogram and coulometry was also observed for pyrolytic

graphite electrodes as well [73,82]. The cause of such behavior was not

the nature of the electrodes, but rather the thickness of the polymer
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coating on them. Note that in the experiments studied in this chapter
and those by Oyama and Anson[BZLthe surface pyridine concentrations

were in the order of 1077 mole cm2.

At this relatiwvely high coverage,
it is reasonable to expect that the complexes formed near the electrode
surface were relatively inaccessible from the solvent and supporting
electrolyte. Therefore, the slowest time scale of cyclic voltammetry
(10 mv sec']) employed seemed to be insufficient for counter ion to
diffuse into the inner part of the polymer layer necessary for the
charge neutralization upon reduction. Hence, the coverage calculated
from the current observed during cyclic voltammetry corresponded to

only a fraction of the complex on the surface. Furthermore, it was ob-
served that at faster cyclic voltammetry sweep rates, the amount of
ruthenium available for electroreduction as detected by the absorbance
at 290 nm reduced considerably; e.q., af 200 mV sec_] scan rate, only
20% of the ruthenium present was reduced. However, controlled potential
alectrolysis of the RuIII(edta)py showed approximately the same amount
of the complex as detected by absorption intensity at 290 nm, indicating
that all of the complex formed on the surface was available for electro-

reduction. We also observed that a longer time was required to reduced the attached

complex with a high pyridine concentration than for those with a Towar

one. The controlled potential reduction of RuIII(

edta)py was monitored
spectroscopically at 290 nm. Figure 11i shows the plot of such absorb-
ance and integrated charge passed through during the reduction process
as a function of time. The linear dependence of the charge and absorp-
tion intensity is shown in Fiqure 11ii. From the slope of the plot,

2

the effective electrode area of 4.36 cm “ was calculated (Q/A =



146

Figure 11. i: Plots of charge(Q) and absorbance(Azgo) at 290 nm

during controlled potential reduction (-500 mV)

II1
(

of Ru edta)py on the electrode surface.

ii: Linear relation between Q and A290‘
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5x107% coul = [Fxarea]/e = 8.41x10% mote cm'z). The calcu-

290° €290
lated area was about 1.8 times larger than the value measured for the
GOTE surface prior adsorption of the PVP (2.54 cm2), suggesting that

the PVP adsorbed on the electrode surface was non-uniform.

Conclusion

We have demonstrated in this study the usefulness of spectroelec-
trochemical technique as applied in order to allow one to quantitatively
determine the quantities of electro-inactive specie by means of absoip-
tion intensity. The study also presents some evidence suggesting the
significance of the charge transport in the polymer film, especially

at high surface coverage, in order to undergo electron transfer process.
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Abstracts of Propositions

Proposition 1. Kinetics of sulfite oxidase with its physiological

oxidant(cytochrome c), reductant(sulfite), and inorganic reagents
in order to elucidate electron transfer mechanism employed by the

enzyme is proposed.

Proposition 2. Kinetics studies of modified cytochrome c with

sulfite oxidase is proposed. The studies should enable one to
understand the nature of the electron pathway in and out of
cytochrome c.

Proposition 3. Photoacoustic spectroscopic technique is proposed

to be applied to the elucidation of the photosynthetically active
units in vivo of green plants.

Proposition 4. The ]3C nuclear magnetic resonance studies of

m back-bonding of metalloporphyrins are proposed.

Proposition 5. Photochemical and photophysical studies of

some derivatives of polypyridine ruthenium are proposed.

Proposition 6. The determination of the origin of the cyanolysable

sulfur in molybdenum iron/sulfur flavin hydroxylases using the

Extended X-ray Absorption Fine Structure (EXAFS) technique is proposed.
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Proposition 1

Electron transfer mechanism employed by sulfite oxidase
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This proposition is concerned with the elucidation of electron
transfer mechanisms employed by sulfite oxidase in: 1) determination
of the reduction of sulfite oxidase by its physiological reductant,
sulfite; 2) determination of the oxidation of the enzyme by its physio-
logical oxidant, cytochrome c; and 3) determination of the electron
transfer mechanism of the enzyme with inorganic reagants. Sulfite oxi-
dase is a molybdenum and heme containing enzyme which catalyzes the
oxidation of sulfite to sulfate, with cytochrome c as the ultimate physio-
logical electron acceptor [1]. Sulfite is oxidized at the molybdenum
site, which is in turn reoxidized by the b5-1ike heme [2]. The enzyme
thereby couples the two-electron oxidation of sulfite with two one-
electron reductions of cytochrome c. The enzyme from beef [3], chicken
[4], or rat [5] Tiver has a molecular weight of about 110,000 and exists
as a dimer of 55,000 dalton units, each containing a molybdenum and heme
prosthetic group. Ever since the first successful purification of the
enzyme from beef Tiver eight years ago [3], several interesting studies
have emerged including the cleavage of the native enzyme into two func-
tional domains [6], metal substitution of demolybdoenzyme [7,8], electron
paramagnetic spectroscopic studies of the molybdenum site of the enzyme
[4,9], and X-ray absorption spectroscopic studies [10].

It has been established from EPR experiments that upon reduction

of the enzyme with sulfite, the Tow-spin ferric heme (Soret band at
413 nm) was reduced to low-spin ferrous heme with a Soret band at 423 nm
[3] and a Mo(V) EPR signal appears at g=1.97 [9] (Mo has an oxidation

state of +6 in the native form).
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Sulfite oxidase is an essential enzyme in sulfur metabolism.
Patients with sulfite oxidase deficiency are abnormal at birth and have
many neurologic abnormalities [11]. Biochemical investigation revealed
the presence of increased amounts of sulfite in the urine. Therefore,
it is important that the catalytic role of this enzyme be understood. As
a first step toward a long range goal, it is proposed that the electron
transfer mechanism employed by this enzyme be studied.

The electron transfer reactions of sulfite oxidase were studied
briefly by Fridovich [3] and Rajagopalan [4] in which the initial veloc-
ity studies were performed by determining the relative velocities using
varying concentrations of sulfite and fixed variable concentrations of
cytochrome c and vice versa. The electron transfer mechanism employed
by the enzyme was proposed to be of the ping-pong mechanism as given in

the scheme below:

o reduced o_ reduced
503 cyt ¢ cyt ¢ SO cyt ¢ eyt c
¥ ¥ i t ) 1
E_len _K3 mas_fs ro Kz F Ko rs KuLk
k 4 6 IE8 10 12

However such studies do not give a clear cut picture of the interaction
of the enzyme with substrates. Furthermore, the detailed electron trans-
fer pathway employed by the enzyme cannot be sought out. Therefore,
dividing the turn-over kinetics into two separate experiments should
enable the experimenter to obtain detailed electron transfer pathways

employed by the enzyme.
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The preliminary kinetic studies of reduction of sulfite oxidase
by sulfite (followed at 423 nm) have been performed. The absorbance
showed biphasic behavior for both chicken and beef enzymes. The ini-
tial fast phase is about 80% of the total absorbance change. Plots of
observed rate constants versus sulfite concentrations are shown in
Figures la and 1b for chicken and beef enzymes respectively. It is
seen that the fast phases approach saturation 1imit at high concentra-
tions of sulfite, while the slow phases appear to be independent of
sulfite concentrations. The plots of the fast phases were fitted with

the rate equation:

KK[S02™]
kobs - : 2- (1)
1+ K[SO3 ]

The first order rate constants for the fast phase were calculated to

3 4

be 200, 105 sec-] with equilibrium constants of 8.6x 107, 7.5x 10 1

mol

for chicken and beef enzymes, respectively. The slow phase of the

2 2

423 nm absorbance change were calculated to be 8.0x10 ~ and 3.5x 10"
sec_] for chicken and beef enzymes, respectively.

The fact that fast phase approach to saturation Timit with in-
creasing sulfite concentration is a common phenomenon in enzyme-substrate
kinetics [12] is consistent with a mechanism involving rapid pre-

equilibrium enzyme substrate complex formation. One possible mechanism

would be the following:
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where k is the rate-limiting step, and SO3'---Mo Fe represents the
enzyme-substrate procursor complex. However, it is possible that equa-
tion (5) would be the rate-1imiting step, i.e., the intramolecular elec-
tron transfer from molybdenum to iron. These mechanisms could be sought
out by performing exactly the same experiments as in these preliminary
studies, but monitoring the disappearance of sulfite which has a maximum
absorbance at 212.5 nm. If one observes the same behavior as when the
reaction is monitored at 425 nm, i.e., biphasic and first order rate
constant is the same, then it is possible that the first mechanism applies
(reaction (3) is the rate-1imiting step). Furthermore, the existence of
the slow phase has been attributed to the presence of non-active enzyme
in the purified sample [4]. The slow phase observed, therefore, corre-
sponds to the interconversion of the non-active enzyme into active form.
This proposal could be proved or disproved by performing the experiments
with different batches of enzyme preparations, since the ratio of active
to non-active enzyme should vary from one preparation to another, thus
reflecting in the ratio of absorbance change of fast and slow phases.
The next series of experiments is proposed to examine the oxida-

tion of sulfite-reduced enzyme with cytochrome c. These experiments will
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either disprove that the intramolecular electron transfer is non-
observable under the experimental conditions if the rate of electron
transfer is not very much different from the rate of reduction of

the enzyme, or will support it. Furthermore, the electron transfer
mechanism of this enzyme could be studied via the redox reactions

with inorganic redox agents, e.g., Co(phen)§+, Ru(NH3)5py3+, and
Ru(NH3)g+. These experiments should enable one to determine the mech-
anism of reduction and oxidation of the enzyme by inorganic reagents

in addition to providing information concerning the accessibility of

the redox center [13,14].
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Figure 1. Plots of observed rate constants versus sulfite concentra-
tions monitored at 423 nm at 250, pH 9 (Tris), ionic
strength = 0.05 M for:

a. Chicken liver enzyme

b. Beef liver enzyme
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Proposition 2

Kinetic studies of (modified cytochrome c) with sulfite oxidase
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Despite the fact that a wide variety of techniques have been
used to study the reduction of cytochrome c by cytochrome c reductase
and its oxidation by cytochrome oxidase, little is known about the mech-
anisms of these processes at the molecular level. The location of the
reaction sites on cytochrome c for cytochrome c¢ reductase and cyto-
chrome oxidase is the subject of some controversy, particularly as to
whether the sites are the same or different. A number of chemical modi-
fication and antibody binding studies indicate that the binding sites
may be different [1-4], while Salemme et al. [5] have suggested that
both the oxidase and the reductase bind at the same site on the front
of cytochrome c over the heme crevice.

Since the binding interaction of cytochrome c with its oxidase
and reductase is known to involve the positively charged lysines on
cytochrome c [6-8], one way to study the location of the binding sites
is to measure how modification of specific lysine groups affects the
reactivity of cytochrome ¢ with the reductase and oxidase. A Tlarge num-
ber and wide variety of reagents have been used to chemically modify
lysine residues of cytochrome c, e.g., acetic anhydride [9], ethylthio-
trifluoroacetate [10], gladiolic acid [11], trinitrobenzene sulfonate
[12], and fluorescein isothiocyanate [13]. Studies of these modified
cytochrome c's indicate that modification of only a small number of the
lysines result in Toss of most of the respiratory chain electron transfer
activities of the protein. However, these reagents do not provide good
yields of singly substituted products and make it very difficult to

separate them in a completely pure form. In fact, several of the studies
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result in modified cytochrome c with many residues substituted [8,4].
Therefore, from comparison of their activities, it is not possible to
identify unambiguously which area of the protein is involved in the
interaction with the oxidase and reductase.

Recently, selective chemical modification of single lysine resi-
dues on the cytochrome c molecule became possible. Staudenmayer et al.
[10,15] reported on the preparation of five derivatives with single
trifluoro acetylated lysine residues at positions 13, 22, 25, 55, and
99. In their preliminary report, Brautigan et al. [16] identified
three mono-4-carboxy-2,6-dinitrophenyllysine 13, 60, and 72 cytochrome
c. Smith et al. [17] reported the preparation of six trifluoromethyl-
phenylcarbamoyl (TFC) derivatives of cytochrome c at positions 8, 13,
27, 72, 79, and 100. Kinetic studies of these derivatives with cyto-
chrome oxidase [17], succinate cytochrome reductase [18] indicated that
the only modifications that decreased the reaction rate were those of
lysines immediately surrounding the heme crevice (lysines 8, 15, 25, 27,
72, and 79 for reactions with cytochrome oxidase, and lysines 8, 13, and
72 for reaction with succinate cytochrome reductase). These results
indicated that the binding site on cytochrome c for cytochrome ¢ (suc-
cinate cytochrome reductase) overlaps considerably with that for cyto-
chrome oxidase. It was suggested [18] that cytochrome ¢ might undergo
some type of rotational diffusion during the electron transport process.

Recently, it has been established that 1iver mitochondria sulfite
oxidase is a reductase for cytochrome ¢ [19]. The cytochrome c reduc-
tase activity of sulfite oxidase is a native property of the enzyme, and

becomes observable on release of the enzyme from mitochondria by gentle
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hypotonic treatment [20]. The location of sulfite oxidase in the inter-
membrane space of mitochondria provides ready access to cytochrome c
Tocated on the outer surface of the inner membrane [21]. Thus studies

of the interaction of cytochrome c and sulfite oxidase is of considerable
interest. Therefore, it is proposed that kinetic studies of sulfite
oxidase with modified cytochrome ¢ be studied. Since the binding site

of sulfite oxidase to cytochrome c is via the by-Tike heme of the

former, comparison of the results with those of cytochrome Cq in suc-
cinate cytochrome reductase should provide further insight into the mech-
anism of entry of electrons into cytochrome c.

The experiment to be proposed involves the preparation of speci-
fic trifluoroacetylated (TFA) and trifluoromethylphenylcarbamyl (TFC)
lysine derivatives of cytochrome ¢ [10,11,17]. Sulfite oxidase could
be purified from chicken liver according to the method of Kessler and
Rajagopalan [22]. Reduced sulfite oxidase could be obtained from the
reduction of the enzyme with excess dithionite. Excess reductants are
removed by dialyzing against buffers used in an anaerobic condition. Once
the modified cytochrome c has been prepared, reduction kinetics of each
modified cytochrome c by reduced sulfite oxidase can be studied. The
reactions would be studied in tris buffer, pH 9 and followed at 550 nm
(e = 28 mM cm'1). The rate of reduction of modified cytochrome c's with
sulfite oxidase would be compared on the basis of the position of the
substituted Tysyl residues and the domain of interaction with the enzyme
could be identified. The rate of the reactions with TFC and TFA modifi-
cation could be compared, since TFC is re1atjve1y bulky, to TFA. There-

fore, if there is a significant difference bétween the two rates, it
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would imply that there is a steric interference in the electron transfer
mechanism. If this is not the case, then the difference in the reaction
rate of sulfite oxidase with TFC (TFA) modified cytochrome c from those
with native cytochrome c would indicate the significance of that par-
ticular lysine residue upon binding with sulfite oxidase.

In summary, it is proposed that a series of reduction kinetics of
sulfite oxidase with modified cytochrome c be studied, careful examina-
tion and comparfson of reactivities of modified cytochrome c with cyto-
chrome oxidase [17] and succinate cytochrome reductase [18] would enable
us to understand the nature of the electron pathway in and out of cyto-

chrome c.
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Proposition 3

Elucidation of the photosynthetically active units in vivo

of green plants by photoacoustic spectroscopy
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Photoacoustic spectroscopy (PAS) is a spectroscopic technique
for the investigation of solids, semisolids, and Tiquids. It has proven
to be a valuable method for the optical investigation of samples that
cannot be studied by other conventional spectroscopic techniques due to
their physical properties, e.g., powder, amorphous, gel, etc. [1,2]. The
photoacoustic effect was first studied by Alexander Graham Bell in 188T.
The effect occurs when a gas in an enclosed cell is illuminated with
chopped or periodically interrupted light. Any energy absorbed by the
gas is converted entirely or partially into kinetic energy of the gas
molecules, thereby giving rise to pressure fluctuations within the cell.
In 1881 the pressure fluctuations were detected as audible sound through
a hearing tube.

The photoacoustic effect in gases has been used fairly exten-
sively since then, until recently when Kreuzer and Patel [3] demonstrated
that the use of a sensitive microphone and a tunable laser can impart to
the photoacoustic effect a very high sensitivity. In a modern typical
photoacoustic spectroscopic experiment, a sample is placed inside a closed
chamber filled with inert gas. The sample is then illuminated by 1light
modulated at an acoustic frequency. Any light absorbed by the sample is
converted in part or in whole into heat by nonradiative de-excitation
processes within the sample. The resultant periodic heat flows from the
sample absorber to the surrounding gas, creating pressure fluctuations in
the chamber which are detected by the microphone. Detailed review
articles of PAS are available [1,2].

The principal advantage of this technique is that it enables one

to obtain spectra similar to optical absorption spectra [1] on any type
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of sample. Furthermore, since only the absorbed Tight is converted to
sound, light scattering presents no difficulties in PAS. PAS has proven
to be a powerful technique to study the optical and thermal properties

of solids and solutions [1,4,5]. However, less attention has been given
to using the technique for the study of energy conversion processes for
which it is very well suited, as it measures directly the thermal energy
generated upon absorption of radiation by the sample [6]. The naturally
occurring energy conversion process is photosynthesis in which this ther-
mal energy is the wasted part (together with fluorescence) of the absorbed
radiation. Therefore, the photoacoustic and the optical absorption
spectra of photosynthetically active samples should differ by the amount
of absorbed energy that is converted into chemical energy. Also, inhibited
photosynthetic samples should give photoacoustic signals Targer than those
obtained with normal samples, because in the latter case there is no
photochemical Toss.

This proposition concerns the PAS studies of light-harvesting pig-
ments in photosynthetic membranes. The light-harvesting pigments are
thought to be organized in units of 300-400 pigment molecules [7,8]. Each
unit contains chlorophyll g in photosystem II units and chlorophyll ay in
photosystem I units) in association with a number of accessory pigments
(chlorophy1l b and carotenoids in green algae and higher plants) and a
specialized reaction center. Although chlorophyll appears to be the pri-
mary photosynthetic pigment in all plants, its organization in green plants
js Tless understood. Evidence accumulated strongly points to an organiza-
tion in which the chlorophyll molecules are specifically conjugated with a

relatively few but different polypeptide chains (the ratio of protein:
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pigment molecules = 1: <10) [9].

The mechanism by which these chlorophylls aggregate and bind to
the protein in vivo is much less understood, due to the unavailability
of techniques to study the membrane bound sample. Furthermore, the
attempt to study the system in vitro under conditions similar to those
in vivo is often unsuccessful, due to the fact that the composition of
the protein-chlorophyll complexes varies with the method of isolation and
purification [10]. Therefore, in a much simpler manner, the studies of
protein-chlorophyll complexes in vivo can be achieved by means of PAS.

Measurements of the photoacoustic spectra of membrane bound
protein-chlorophyll complexes are proposed. The visible and infrared
spectra of aggregated chlorophyll species, predicted to be present by
absorption spectra of purified sample, can be compared to the photo-
acoustic spectra measured for species identification. The preparation
of membrane-bound photosynthetic units from green plants has been de-
scribed [11-14]. The absorption spectral data of the proposed aggregated
chlorophyll species are given in Table I. The actual use of PAS with
membrane-bound samples, either in the form of suspension or dried, has
been described previously [15].

Therefore, the PAS studies should enable one to identify the
manner of association of the chlorophyll molecules with each other and
with other components of the photosynthetic unit in vivo. Furthermore,
upon comparison of the magnitude of the photoacoustic and optical absorp-
tion spectra of the purified aggregated chlorophyll species, one should
be able to identify the species which are responsible for the photochem-

ical reaction. Information gained through this study is a short step
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toward a long range goal, that is to say, it is better to understand
first how nature converts light into chemical energy, after which man-

made energy conversion devices should be within easy reach.
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Table 1. Spectral data for aggregated chlorophyll species]

Species Medium Spectral Band
peaks (nm)
(Ch1 a)2 CC]4 665, 682
benzene 667, 682
(Chl b)2 CC]4 647, 664
3-methy1
pentane 641, 659
(Ch]z-pyr‘)n dodecane 690
(Ch]:bipyr)n dedecane 715
(Ch]-HZO)n dedecane 743

]From G. R. Seely, in "Primary Processes of Photosynthesis,"

J. Barber, ed. (Elsevier, New York, 1977), Ch. 1.
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Proposition 4

]3C NMR studies of m back-bonding of metalloporphyrins
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Development of a means for obtaining quantitative information con-

19F

cerning the nature of metal-to-ligand m bonding is of wide interest.
NMR of some phosphene complexes of Ni(11), Pd(11), and Pt(11) have demon-
strated that the ]9F nucleus, especially when in the para position, is a

1H and 13

reasonable probe of electron density changes [1]. C NMR chemi-
cal shifts of pyridine and substituted pyridine complexes of Fe(11)
[2-5] have been studied. These studies demonstrate that chemical shift

]9F and 13C nuclei, are a promising means of

changes, especially for
directly observing m back-bonding effects which have been previously de-
duced by other means (e.g., infrared [6,7], electronic [7,8], Mossbauer

[8]). Figard et al. [5] and Lavallee et al. [4] studied 13

C NMR chemical
shifts of pentacyanoferrate(11) and cobaltate(111)complexes of unsatu-
rated nitrogen heterocyclic ligands, and they found 136 shift changes are
considerably larger than solvent effects, especially shifts at the y
position, which appear to correlate most strongly with chemical evidence

for m back-bonding. They have suggested that electron density changes

may be the most important parameter in determining shift changes at this
position, since effects of the anisotropy of the bound moiety and electric
field effects should be least. Furthermore, the symmetry about the y-carbon
atom should minimize anisotropy of binding electrons.

It is therefore proposed that 13

C NMR be applied to study m back-
bonding in metalloporphyrins. Several studies of the axial ligation
reactions of Fe(111) porphyrins have already been reported [9-13]. The
data available concerned studies of equilibrium constants for addition of

imidazoles, pyridines, and their derivatives to tetraphenylporphyrin
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complexes of chloroiron(111). Satterlee and LaMar [14] studied proton
nuclear magnetic resonance of imidazole-iron bonding in porphyrin com-
plexes and observed contact shifts in which they concluded that it

arises primarily from 1ron(dﬂ) -+ imidazole ©* charge transfer. Nor-
mally porphyrin 1igands will donate charge (probably mainly through
o-symmetry orbitals) to the metal ion [15], therefore electron donor
capabilities of the metal jon depend upon the kinds of porphyrins. 'If
would be very useful to be able to compare charge donating abilities
among various porphyrins. The porphyrins of interest are tetraphenyl-
porphyrin and its derivatives, octaethylporphyrin, mesoporphyrin,
deuteroporphyrin, hematoporphyrin, and protoporphyrin IX. The structures
of these porphyrins are given in Table 1. The deduction of a scale of
charge donating ability of the porphyrin complexes will be through the
]3C shifts, as previously described. It is proposed to study initially
the y-carbon shift of bis-pyridine Fe(11) and Co(111) complexes of the
previously mentioned porphyrin ligands. The complexes can be prepared
according to literature methods [12,16,17]. The ]3C NMR spectra will be
studied in a common solvent, e.g., CH3C1 or benzene. It may be useful
to use 13C-enm’ched pyridine to aid in the identification of the coor-
dinated pyridine resonances. It would also be helpful to study the
mixed-Tigand systems, e.g., one of the axial ligands can be CN™ or CO.
It may provide additional information concerning m back-bonding, especi-

13 13

ally if the "°CO or "CN™ resonances are also shifted as the electron

donating characteristics of the porphyrin 1igand are varied.
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Finally, if '3

C shifts of the y-carbon of pyridine proves suc-
cessful to evaluate the degree of d - m electron delocalization, then
it is proposed that the study be extended to the imidazole deriva-
tives. It would be interesting to see if a similar conclusion can

be deduced.
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Table 1. Various porphyrin 1igands

(CH,)
COOH COOH
= -CH = CH2 protonorphyrin IX
= -OCH3 hematoporphyrin
= 'CHZ—CH3 mesoporphyrin

= -H deuteroporphyrin
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R2 =

H,
COOCH

R2 =

185

C6H5

H tetraphenylporphyrin
R, = COOCH

2 3

R, = H

3° 2

COOCH3

octaethylporphyrin
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Proposition 5

Photochemical and photophysical studies of some derivatives

of polypyridine ruthenium
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Photoelectrochemical cells have been proposed for the direct
conversion of solar energy to electricity or chemical fuel [1]. These
cells can be classified as photovoltaic and photogalvanic. The opera-
tion of the photovoltaic cell depends upon the generation of an electro-
motive force as a result of the absorption of 1ight, whereas the photo-
galvanic depends on the excitation of photoactive species in solution
by electromagnetic radiation which induces a faradaic process at the
electrode. The best known example of photogalvanic cells is the iron-
thionine system [2-4], in which the. photoinduced reduction of thionine
by ferrous ions takes place in the bulk solution. Unfortunately,
because of their Tow efficiencies, they have not been considered seriously
as a practical means of converting light into electricity. However, due
to the recent development of semiconductor electrodes and thin layer
devices there is a possibility of increasing the efficiency of such
cells [5-7].

Recently, the quenching of tris(2,2'-bipyridine) ruthenium(II)

Tuminescence by various inorganic and organic substrates is a subject of

2
3

it absorbs 1light appreciably in the visible region, has a relatively long-

much interest [8,9]. The attractive properties of Ru(bipy) +, are that
lived charge transfer triplet state [10], and has large difference in
ground and excited state potentials [11] which makes it a promising complex
for the application to solar energy conversion and storage. Because most
of the studies have been concentrated on the application to solar energy
storage, Tittle progress has been made on the photogalvanic effect.

2

The potential of Ru(bipy)3+ for use in solar energy conversion was

first recognized by Lin and Sutin [12]. They observed the generation of
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photogalvanic potential on illumination of Ru(bipy)gf—Fe3+ system in

a cell consisting of two identical compartments separated by a sintered
glass disk. A schematic representation of the proposed mechanism for

such a system is shown below

1
RuBST + Fet 1
lhv ||:
“RuBS* + Fe¥* ll|
‘ ! l e-
I 1
RuBSE+ Fe’’ H Fedt + ru%
2+l S | 3’} 3+
RuB; " + Fe iR Fe™ + Ru
I
I diff$s1on I
5giffus1on _
ruZ* + Fe¥* ;'; Fe?* + ru%*
) |
ITTuminated side Dark side
Upon illumination of the left side, an excited state *Ru(bipy)§+
is generated which is capable of reducing Fe3+:
*Ru(bipy)%+ + Fe3+-—-—<——-;>- Ru(bipy)g+ + Fe2+ (1)

In the right half cell, the equilibrium of equation (1) lies far to the
left. Thz effect of radiation is thus to produce an endoenergetic state

in which the Fe2+ and Ru(bipy)§+ exceed their equilibrium values.
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Therefore, upon connecting the cell to an external high impedance
voltmeter, it is possible to utilize this free energy gain. The photo-
galvanic potentials from this type of cell can be estimated according

to Lin and Sytin [12] as

(R Tgapy _ qoq DU Dyigne
[Ru(111) T, ¢ [Ru(TIT) T4 gnt

(2)

AU = log

From this equation, the value of the first term depends on the reduction
potential of Ru(111) complex, while the second term depends on the 1ife-
time of the Ru(II) complex's excited state and the efficiency of elec-
tron transfer to the quencher. Thus the efficiency of the photogalvanic
cell can be improved by means of changing the substituents on the poly-
pyridine rings of the ruthenium complexes, thereby affording the pos-
sibility of increasing the lifetime of the emitting state of Ru(II)
and/or lowering the reduction potential of the Ru(III).

While only the electron transfer process is desirable in photo-
galvanic cell, it is generally found that energy transfer processes
occur with equal efficiency. Energy transfer processes lead back to the
ground state of the starting Ru(II). One approach to reduce the energy
transfer process is to incorporate the system in a fawrable microen-
vironment which will increase the rate of photoinduced electron transfer
such that it is much more favorable than the energy transfer process. The
effect of micelles [13] and of polyelectrolyte [14] on the photo-initiated

2 2

electron transfer from Ru(bipy)3+ to Cu”™ 1ions has been reported. 'n both

cases, a strong enhancement of the quenching rate of the charge transfer
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2
3

et al. [15] reported enhancement of the rate of electron transfer from

*Ru(bipy)g o

effect of polyvinylsulfate on the rate was shown to be mainly a volume

2+

state of Ru(bipy) * by Cu™ ions has been observed. Recently, Matheson

* to Fe>" ions in the system containing polyvinylsulfate. The
effect, whereby the positively charged reactants were "condensed" in
the negative potential field of the microenvironment. Furthermore,
Whitten et al. [9] have synthesized a series of water-soluble complexes
in which the polar charged Ru(bipy)%+ core is surrounded by aliphatic
groups of varying size. They also reported the increase in photoinduced
electron transfer from these hydrophobic complexes to organic quenchers
such as paraquat and N,N-dimethylaniline.

This proposition concerns photochemical and photophysical studies
of the systems consisting of derivatives of Ru(bipy)§+ and Fe3+ jons.
The Ru complexes are given in Table 1. The experiments to be studied
include the following 1) Determination of emission lifetimes of Ru com-

plexes in Table 1 by laser flash spectroscopy [16]. The flash photoly-

2+
3

by Rabani et al. [17]. The absorbance versus time oscillograms will be

sis experiments will be done in a way similar to those for Ru(bipy)

collected immediately after the exciting flash at the wavelengths cor-
responding to emission wavelengths of each Ru complex. They are given
in Table 1. From these studies the lifetimes of the emission of Ru com-
plexes can be obtained. 2) Oxidative quenching of the Ru complexes with
Fe3+ jons. The emission intensity of the system Ru2+/Fe3+ will be meas-
3+ i

ured as a function of concentration of Fe

stants (KSV) can be calculated from the relation

on. The Stern-Volmer con-



192

(Io/I)cor B KSV[Q]
where (I,/1) opp = (Iref) (0]
‘ ' I-'Dr‘efj

Iref and I are the observed emission intensities without and with quen-
cher present, respectively, [Dref] and [D] are the donor concentrations
of an unquenched and quenched sample, respectively, and [Q] is the con-
centration of quencher. From KSV the rate constant of the quenching

SV
emission lifetime obtained from the flash experiments. Lastly, it is

reactions (kq) is deduced from K., = kgoo where Ty is the unquenched

proposed that the photogalvanic effects of the system Ru2+/Fe3+ be
studied. The experiments will be done in the presence of polyvinylsul-
fate for the reason previously described. The electrochemical cell to

be used will be of the type given below

Derw V2 cell Biumninated V2 cell

A photogalvanic cell comtsining
[Ru(bipy),}*+, Fe** and H,0* in which the
ruthenium complex functions as an electron
donor
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One compartment will be exposed to tungsten projection Tamp (range 400-
500 nm), while the other is kept in the dark. The potential will be
determined by means of a high impedance voltmeter. It would be
interesting to study the potential as a function of concentration of
Ru and Fe3+ complexes, and of acid.

It is hoped that information gained from this study will not
only increase the understanding of these newly synthesized Ru complexes,
but also aid in the design and optimization of a more practical photo-

galvanic cell.
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Table 1. Polypyridine complexes of ruthenium
Complexes 9 Kmax’ i Xmax’ Wil
(V vs. NHE) absorption emission
2+
[Ru(PTPI)] -1.17 552 345
496 400
[Ru(bpy), (bpyrm) 1< -1.29 420 600
[Ru(bpy), ( 4 4' ~Me,bpyrm) I** -1.25 442 598
[Ru(bpy)2(2,9-Me2phen)]2+ -1.18 452 588
378
[Ru(bpy), (biinH,) 1" -0.93 448 595
PTPI = 2-p-tolylpyridinecarboxaldimine,

bpyrm

11

2,2'-bipyrimidine,
biimHZE 2,2'-biimidazole,

Taken from E. V. Dose and L. J. Wilson, Inorg. Chem. 17, 2660 (1978).
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Proposition 6

The determination of the origin of the cyanolysable sulfur
in molybdenum iron/sulfur flavin hydroxylases by

xray absorption spectroscopy
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Xanthine oxidase, xanthine dehydrogenase, and aldehyde oxidase
contain similar prosthetic groups, namely molybdenum, iron-sulfur cen-
ters, and FAD in the same proportions [1-3]. They also have similar
molecular weights and absorption spectra in both their native and
deflavo forms [4]. The only difference among them is the substrate
specificity as their name indicate . Inactivation of these enzymes by
treatment with cyanide results in the extraction from these enzymes of
sulfur which is eliminated as thiocyanate. Treatment of desulfoenzyme
[5] with sulfide effects partial restoration of activity [1,2,6]. Under

£ 35.2-

the reactivation conditions, the incorporation o S™ has been demon-

35

strated, as has the release of “YSCN™ on subsequent treatment with cyanide

[1].

As for the origin of this cyanolysable sulfur in these enzymes,
there are three possibilities: iron-sulfur prosthetic groups, cysteine
residues, or persulfide groups present in these enzymes. The iron-
sulfur chromophores have been ruled out by the fact that little differ-
ence in spectral properties in the visible absorption spectra upon
cyanide inactivation is observed [1,2]. Furthermore, analysis of iron-
sulfur chromophores for sulfur in both native and cyanide-inactivated
enzymes shows identical amounts of sulfur present [1]. Massey and
Edmonson [1] studied inactivation of xanthine oxidase with cyanide and
arsenite in both aerobic and anaerobic experimental conditions, and
proposed that the sulfur atoms released following cyanide treatment
originated from a persulfide group that is present at the active centeis

of fully functional enzymes as shown below:
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(Fe/s) . (Fe/S)ox (Fe/S) oy (Fe/S) req
—F1 vt oensT | R __F1 LF1H-
MoV DA s Ly VD = LoV = L oV]
S-S =5~ S 3
=3 s ¢ S

0=As—OHNr ic i tivated enzyme
‘\r&mﬁ@tion | /TZOZ
(Fe/S) oy

(Fe/s),, )
L Fl _ L F1 202
._MoVI S ,MoVI
L S-S LS
| ]
S-As-0H .
arsenite-inhibited aerobic-inactivated
enzyme enzyme

The presence of a disulfide bridge in enzymes has been documented earlier
[7].
Recently, Caughlan [8] argued that an active center cysteine resi-

due could equally well be considered as the source of cyanolysable sulfur.

He proposed the following mechanism:
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HN —> H-N H > H-N
| H~ I 1 i H _

HC — C—S ——Mo HC — C—CN Mo HC—C—CN Mo + 5~ i
by H Yo o ‘ - by > SCN
co Y o H N co H OH
| CN™ l OH™ © ' CN

His mechanism is concentrated on the formation of cyanoalanine, that

14CN_ (assuming the cyanoalanine is stable), one should ob-

14

is, using

serve the fixation of 1 mol CN~ and release of 1 atom sulfur, as

]4CNS' per functional active site. This is indeed so in the cases of
xanthine oxidase [9] and xanthine dehydrogenase [10]. Moreover, they
also found that the presence of substrate or of competitive inhibitor

]4CN' bound, which is consistent with the bind-

reduced the amount of
ing of cyanide to the active site [9,10].

Therefore, it is proposed that the validity of these two mechan-
isms be tested by xray absorption spectroscopic studies (EXAFS) of

these three mciybdo-enzymes.

Extended xray absorption fine structure (EXAF" is a very attrac-

tive technique for studying the structure-function r lationship of
large metalloproteins [11]. It has an advantage over xray diffraction

studies due to the fact that it can be used equally well for systems

in solution and in crystalline form. Structural information for several

metalloproteins has appeared for the past three years, including
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rubredoxin [12], hemoglobin [13], cytochrome P450 [14], nitrogenase
[15], azurin [16], and sulfite oxidase [17]. The theory, instrumental
considerations, and data analysis of EXAFS have been reviewed previ-
ously [18,19].

Basically xrays are absorbed by matter according to the formula
I = IO e'ux, where u is the absorption coefficient, I0 and I are the
incident and transmitted xray intensities, respectively, and x is the
thickness of the absorber. The xray absorption spectrum of a substance
is characterized by several absorption edges which result from abrupt
increases in u at photon energies just sufficient to Tiberate an inner-
shell electron from an atom. Rather than a gradual monatomic fall-off
at photon energies above the value at the edge, the absorption spectrum

of most substances is characterized by the presence of fine structure

(see figure below).

\ J \ J \ J

PRE-EDGE EDGE EXAFS

Figure 1. Schematic representation of a typical x-ray absorption spectrum. The edge region extends
over 25-50 eV and the EXAFS is typically observable over several hundred to a thousand eV.

The transition region between the edge structure and the EXAFS region remains 111-defined
and poorly understood,
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This fine structure is generally understood as occurring from interfer-
ence of the low energy photoelectron scattering from neighbors surround-

ing the absorbing atom. Therefore, analysis of absorption edges and

EXAFS fine structure (oscillations) can provide information about the
metal site and its surrounding ligands.

The experiments which are proposed involve the collection of
Xray absorption spectra of both native and cyanide inactivated xanthine
oxidase [20], xanthine dehydrogenase, and aldehyde oxidase. Once the
spectra are obtained, treatment of the spectra including isolation of
EXAFS from the absorption spectra, Fourier transform analysis, and
curve fitting analysis could be done. The detailed considerations of
data analysis have been reviewed elsewhere [19]. By comparing the
results with those of model compounds [19], the validity of both
mechanisms can be concjuded. If the persulfide mechanism is valid,
then the effect of sulfur on the EXAFS data in native enzyme should
be expected to be different from that in the cyanide treated enzyme.
On the contrary, if the second mechanism is valid, there should be no

effect of sulfur observed in the cyanide treated enzyme.
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The EXAFS of xanthine oxidase has just been completed by K. 0.
Hodgson's group, and the results revealed that Mo is coordinated

by 2 oxo groups, 2 short Mo-S bonds and 1 medium Mo-S bond. There-
fore, only cyanide inactivated form is to be studied in this propo-
sition.





