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Summary:

The bioanalytical studies pursued in this research take advantage of the electron transfer
reactivity of cytochrome ¢ oxidase (CCO) when immobilized in a bilayer attached to an electrode
surface. This enzyme immobilization method enables CCO to exhibit reaction chemistry that
mimics its in vivo behavior because the bilayer structure is thought to reproduce its in vivo
environment in the inner mitochondrial membrane.'™® In addition this experimental platform for
CCO enables an innovative and direct screening assay for toxic substances and potential
antidotes for inhibition of this enzyme by these substances.

The goals of this research are to:
1) Continue to examine the viability of the modified CCO electrode as a unique biosensor.
2) Compare the toxicity of cyanide and cyanide metabolites towards CCO and to kinetically
compare the function of antidotes.
a. Supplement electrochemical results obtained by developing or establishing
additional analytical methods for the detection of free cyanide and cyanide that is
bound to CCO.

The preliminary results obtained thus far describe the following:
1) An alternate programmable reference oscillator that is compatible with the electronic
circuitry in the quartz crystal microbalance obtained from CH Instruments.
2) Octadecyl mercaptan deposition control.
3) Possibility for chloride interference in the potential window of the experiment.
4) Additional analytical methods to supplement electrochemical results obtained.
a. Spectroelectrochemistry experimental design.
b. New bioanalytical method for detecting cyanide using metmyoglobin.
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I. Introduction:

a. Cyanide history

Historically, cyanide has been used by military and terror groups as a weapon, and it has also
been responsible for injuries and deaths in civilian experiences such as fires, poisonings and
industrial accidents.” From as early as the Roman Empire to present day cyanide has killed
millions of people. Cyanide compounds are easily accessible commercially due to the many
industrial processes that use it or dispose of it as a byproduct. Even though there are less volatile
or more persistent chemical agents on the large scale battlefield, there are many situations in
which soldiers are in closed spaces, such as combat support hospitals, dining halls, gyms, etc.,
where cyanide compounds, used by rogue terror groups, could quickly deliver lethal effects.
While some terror groups may consider cyanide less useful due to its volatility, others may find
it more attractive since troops may enter the area without protective gear soon after an attack and
the detection of cyanide is often more difficult, especially in hot climates.

b. CCO description

Cytochrome c oxidase is the terminal enzyme in the mitochondrial oxidative phosphorylation
chain and a crucial enzyme for aerobic respiration.'® The catalytic core of bovine CCO is
composed of subunits I, II and III, and they are mitochondrially encoded."’ Bovine CCO redox
activity stems from four redox centers that reside in subunits I and II: two iron centers, heme a
and heme a3, and two copper centers, Cus and Cug. Subunit I contains three of these redox
centers: the low spin heme a and the high spin heme a; - Cug (the dioxygen binding site). Subunit
IT of CCO, located on the cytosolic side, contains the binuclear Cuy center, receives its electrons
from solution resident cytochrome ¢ via binding to the subunit II and transfers the electrons to
heme a and finally to the dioxygen binding site.'* '

Cytochrome ¢**— Cu, — /heme a — /heme a3/Cug site — O,

Cytochrome ¢ oxidase catalyzes the reduction of dioxygen to two waters via the following
overall reaction:’ 4 Cytochrome 4 H + 0O, — 4 Cytochrome 2 H,O0.

This exergonic reaction liberates free energy that is used to pump protons across energy-
transducing membranes, creating an electrochemical gradient that is used in the production of
ATP." The exact mechanism by which dioxygen is reduced to water and whether the mechanism
is sequential or branched are not known.'”'®

¢. CCO and cyanide toxicity

It is believed that the primary reason for the toxicity of cyanide is the inhibition of CCO activity.
Cyanide blocks CCQO’s ability to reduce oxygen to water, which terminates the production of
adenosine triphosphate (ATP) at that step.” '”**° The high spin heme a3/Cug in CCO is the redox
center that is thought to be responsible for cyanide binding as well as for binding to a variety of
other inhibitor ligands such as nitric oxide and carbon monoxide.® ' ' '*#1¥ Many publications
have addressed the inhibition of CCO by cyanide; however, there are still inconsistencies in the
literature as to the exact mechanism. For example, whether there is proton dissociation upon



binding to the heme iron, leaving cyanide axially coordinated to the heme a; or bridged to Cug”",
is problematic.?'’

There are other biochemical processes affected by cyanide,” '**° and there is recent evidence
that the cyanide metabolite 2-aminothiazoline-4-carboxylic acid (ATCA) is also toxic. ATCA is
a minor cyanide metabolite that is formed by combination with free cystine during cyanide
intoxification, and its metabolism increases as cyanide concentrations increase.” Production of
ATCA is found predominately in organs of the body where rhodanese levels are low, such as the
brain and heart, and has been found to be a neurotoxicant, forming hippocampal CA1 lesions in
rodents.”® Large amounts of CCO are also found in the heart; however, no published literature to
date has thoroughly examined the effects, if any, of ATCA on CCO.

d. Cyanide antidotes

The cyanide antidotes used clinically in the treatment of CN intoxication can be divided into two
groups. Group 1 antidotes increase the rhodanese sulfurtransferase reactions, and group 2
antidotes bind to cyanide to form a less toxic product.”’ The group 1 antidotes are sulfur donors
that increase the activity of the sulfurtransferases, rhodanese and 3-mercaptopyruvate. The
sulfurtransferases catalyze the transfer of a sulfane sulfur atom from a donor to the suitable
sulfur acceptor, cyanide, to form the less toxic thiocyanate.>' ™

Donor-S-S + CN"— Donor-S + SCN”

Rhodanese, a mitochondrial sulfurtransferase, is thought to be the more important
sulfurtransferase in cyanide intoxication as compared to 3-mercaptopyruvate sulfurtransferase
due to its large concentrations, high turnover number and closer proximity to CCO in the
mitochondria. There are various sources of donors, such as thiosulfate, thiosulfonates, serum
albumin-sulfane complex, etc., but it is the sulfur donor thiosulfate that is in clinical use’** for
treating cyanide poisoning. Several studies have also suggested that rhodanese can reactivate
CCO inhibited by cyanide.*>”” It should be mentioned that since thiosulfate does not quickly
penetrate the mitochondrial membrane, thiosulfate is taken with other antidotes, and research
groups continue to search for a more suitable sulfur donor.”

The group 2 antidotes (methemoglobin formers, hydroxycobolamin, cobalt EDTA) are
scavengers for free cyanide, forming less toxic cyanide complexes; however, it has been
suggested in the literature that some of them may also reactivate cyanide-inhibited CCO.***
Methemoglobin formers are used to produce a condition called methemoglobinaemia, a
condition in which there is a large concentration of oxidized hemoglobin (methemoglobin) in
blood. Methemoglobin has a higher affinity for cyanide than hemoglobin and binds with cyanide
to form cyanomethemoglobin. Amyl nitrite, sodium nitrite and 4-dimethylaminophenol (4-
DMAP) are the most common clinically used methemoglobin formers in the treatment of
cyanide poisoning. The cobalt compounds hydroxycobolamin and cobalt EDTA form a stable
metal complex with cyanide and are also clinically used in the treatment of cyanide poisoning."****

Whether the antidote is a sulfur donor for rhodanese or binds directly to cyanide, both cyanide
antidote groups act to function as cyanide scavengers, and some have also been suggested to



reactivate cyanide-inhibited CCO.>> % ¥4# It i5 the antidotes’ scavenging ability (protecting
CCO from inhibition) and their ability to directly reactivate inhibited CCO that is to be
investigated and compared. Even though there may be other chemical mechanisms that antidotes
may experience after injection and before reaching their destination (cyanide contaminated
mitochondria), this innovative assay can be used as a model for interactions with CCO and will
help provide insight to animal work.

e. CCO modified electrodes

The experimental platform to be used is based on earlier work in which beef heart CCO was
immobilized into an electrode supported lipid bilayer membrane (LBM).'® Based on Hawkridge
and coworkers’ experimental results'™ this modified CCO electrode closely mimics the in vivo
behavior of CCO and its in vivo environment in the inner mitochondrial membrane. It provides a
structure of uniform distribution of enzyme orientations such that the oxygen reduction site faces
the electrode surface and the oxidation site for cytochrome c protrudes into solution. The thin
immobilization matrix has a membrane thickness of about 5 nm or 50 A. This matrix maintains
the enzyme in active form, protecting against thermal and chemical degradation and preventing
enzyme leaching, and helps to eliminate problems caused by substrate/analyte diffusion through
common immobilization matrices, usually about 1 p or 10,000 A thick. No other enzyme-
modified electrode reported thus far in the literature has this structure.

To integrate CCO into a lipid bilayer onto an electrode surface one must also consider the type of
electrode and any initial steps that might be necessary to prepare a favorable electrode surface. A
procedure was developed by Hawkridge and coworkers that allowed electrode communication
with the enzyme after several years of unsuccessful attempts to integrate CCO into lipid bilayers
on electrodes using Langmuir-Blodgett techniques." > Initially this new procedure (led by
Cullison) involved submonolayer coverages of octadecyl mercaptan (OM) on gold electrodes.’
The octadecyl mercaptan (OM) molecule provides hydrophobic interactions with the
hydrophobic regions of the lipids and CCO, resulting in a more stable bilayer membrane. In
addition the submonolayer coverage will still allow access to the electrode for CCO during the
dialysis step. Burgess later electrochemically deposited enough silver for monolayer coverage on
the gold electrode before the OM self-assembly.' The silver deposit step led to an increase in
reproducibility of the OM deposition and the lipid bilayer formation."* This is attributed to the
stronger silver-sulfur bond and to the OM orientation being normal to 15° relative to the silver
electrode surface, whereas at gold, the orientation has a tilt angle of approximately 30° relative to
the surface.” !

Bovine CCO is isolated according to the Soulimane and Buse Triton X-100 preparation.™
Cytochrome c oxidase is then incorporated into a lipid bilayer membrane on a quartz crystal gold
electrode using a procedure developed for reconstituting CCO into vesicles in solution involving
cholate dialysis.” The Soulimane and Buse isolation procedure for CCO was selected because
this preparation produces maximal turnover numbers, K., > 600 s which is similar to the
maximum activity of CCO in the mitochondrial membrane.>

The phospholipids/isolated dimer contents in the Triton X-100 preparation are similar to the in
vivo contents and contained phosphatidylethanolamine, phosphatidylcholine and cardiolipin as



the major constituents. This lipid content is relevant since it has been suggested by other research
groups that CCO activity depends on the hydrocarbon environment of the membrane (usually
favored by C18:1 unsaturated hydrocarbon tails) and that cardiolipin is essential for maximal
CCO activity.”*® Tsukihara et al. found that the crystal structure of bovine heart CCO revealed
13 different polypeptide subunits with a calculated monomer molecular mass of 204,005 kD.* %
Located within the subunits were two hemes, three coppers, one magnesium, and one zinc atom,
and located at the surface were eight lipids (five phosphatidyl ethanolamines, three phosphatidyl
glycerols) and two cholates. Cardiolipin was not detected in their x-ray crystallography method,
but the intermonomer space was not examined and may contain room for several cardiolipins.”
Using SDS/page, Soulimane and Buse demonstrated that their isolation technique revealed CCO
to have 13 polypeptide subunits in agreement with the known literature.’*> Bovine CCO
normally exists as a dimer, and microscopy techniques have suggested an asymmetrical
distribution in the inner mitochondrial membrane. Depending on the microscopy technique used
CCO protrudes as much as 60 — 80 A on the cytosolic side and very little on the matrix surface
side, about 10 — 20 A.*%" Taniguchi determined that the gold crystal surface was not atomically
smooth and had valleys 50 A deep and peak to peak distances of 300 A (results not published but
acknowledged in reference 1). This gives enough room for the matrix side of immobilized CCO
and provides room for a thin layer of trapped water molecules between the bilayer and the metal
surface. Tapping mode scanning force microscopy (TM-SFM) images of the CCO modified
electrodes are shown in PICTURE 1 below.”
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PICTURE 1: TM-SFM Images of modified electrodes were taken in air using a Digital
Instrument Nanoscope I11a, and were acquired at Towa State University in Marc Porter’s Group.”
Left: Phase contrast image of LBM without CCO. Middle: Phase contrast image of LBM with CCO.
Right: Topographical image of LBM with CCO. The measurement scale is 500 nm by 500 nm.

f. Additional analytical methods

To supplement the electrochemical data obtained from the CCO modified electrode two other
confirmation methods were pursued. First was a new analytical method for the detection of free
cyanide in water or phosphate buffer samples using metmyoglobin. A simple and quick method
was desired for confirmation of cyanide concentrations before and after exposure to CCO.
Myoglobin is a small heme protein (MW 17,800) found primarily in cardiac and skeletal muscle
that is used to store dioxygen and to assist in the delivery of dioxygen to the mitochondria.®*"
Myoglobin with its heme iron in the +3 state is known as metmyoglobin (Mb(III)H,O) or



aquomyoglobin (since water is bound as the sixth ligand). Cyanide will displace the bound water
molecule and bind to the heme iron forming cyanometmyoglobin (Mb(III)CN):”!

Mb(II)H,0 + CN™ <> Mb(II)CN™ + H,0

When dissolved in water or phosphate buffer myoglobin exists primarily as Mb(III)H,O without
further preparation. If a sample blank can be obtained without cyanide, the solution should
provide a baseline for matrix effects.

The second method pursued was the use of the fiber optic probe to measure UV or visible
absorption changes in the oxidation of reduced cytochrome c, the natural redox partner for CCO.
The current response from CCO is suppressed when bound to cyanide.® It will be exciting to
monitor and to compare UV/visible absorption changes of the oxidation of reduced cytochrome ¢
with the current response simultaneously when interacting with CCO and CCO bound with
cyanide.

g. Henry’s gas law constant for cyanide

Since cyanide has a pKa of 9.2, samples with a pH of lower than 9.2 will tend to lose cyanide as
hydrogen cyanide to the atmosphere. Henry’s Law describes the solubility of a gas in water
under dilute conditions and low pressure, and the general form of Henry’s Law is written as:
_%a

ki =g
where c, is the concentration of a species in the aqueous phase and p, is the partial pressure of
that species in the gas phase. Henry’s law shows that the concentration of a solute gas in a
solution is directly proportional to the partial pressure of that gas above the solution at equilibrium.
Henry’s law may also be expressed as a function of temperature and is described as:”*

R T 16
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where, AsolnH is the enthalpy of solution, T’ eis standard condition temperature (298.15 K)

—dInk A | H

and the temperature dependence is given by y [ l]H = soén
T




Cyanide Species 0 L —dInk
y p k H [units: M/atm] H [units: K]
a})
T
CN 8.0x 107 1400
HCN 9.3
1.2x 10 5000
7.5

The values listed are from different references cited in Dr. Sanders compilation of Henry’s gas
law constants.””

II. Materials and Methods:
a. Equipment

Spectrophotometric measurements were obtained using a Varian Cary 50 (Palo Alto, CA). An
electrochemical quartz crystal microbalance (QCM), model CHI430A — (CH Instruments,
Austin, TX), was used to measure quartz frequency changes and electrochemical measurements.
Solution flow rates were controlled using a Harvard Apparatus (Holliston, MA) Model 11
syringe pumps, and solutions were prepared using ultra pure water that was purified using a
Direct-Q3 system (Millipore Corporation, Billerica, MA) to exhibit a resistivity of 18.2 MQ cm.
The pH of the solutions was measured using a Corning model 440 pH meter (Woburn, MA). The
Ag/AgCl, 1 M KCl reference electrodes were made in house and calibrated using a platinum
wire immersed in a saturated solution of quinhydrone (Sigma-Aldrich, St. Louis, MO) of known
pH.” Additional equipment obtained, which will be used in future work, is also listed in
Appendix A.

b. Quartz Crystal Electrodes

Gold QCM electrodes (made to oscillate at 10 MHz) were purchased from International Crystal
Manufactures Co. (Oklahoma City, OK) and consist of 1000 A of vapor-deposited gold on
polished quartz with a 50 A chromium adhesion layer between the gold and quartz. The QCM
electrodes geometric area is 0.2 cm®. Prior to use, the gold QCM electrodes were first rinsed
with absolute ethanol and then DI water, blown dry with research grade nitrogen and then placed
in an ultraviolet light surface cleaner purchased from Novascan (Ames, [A). Ozone was
generated for 5 minutes and then removed 55 minutes later by applying a vacuum through an
ozone neutralizer attached to the ultraviolet light surface cleaner.

c. Silver Deposition

In earlier work approximately 1.6 monolayers of silver (ImM AgNO3 99.999%, Sigma-Aldrich,
St. Louis, MO) was electrochemically deposited onto the electrode surface using an asymmetric
double potential step method.' The Ag/AgCl, 1 M KCl reference electrode is isolated in a 1 mM
AgNOs; chamber to prevent AgCl deposits on the working electrode surface. An initial potential
of +500 mV is applied to obtain a stable baseline and then stepped to +300 mV to initiate silver
deposition. Both the current and frequency shift are monitored during deposition. The potential is



stepped to approximately +400 mV to stop silver deposition. The in-house built potentiostat used
in the earlier work allowed potential control during the experiment. However, with CH
Instrument’s potentiostat, the user cannot control the potential during the experiment and one is
limited to initial parameter settings. Therefore several experiments would have to be performed
to duplicate the asymmetric double potential step. Due to an error in the initial parameter
settings, which were copied from experiment to experiment, the results described within refer to
several monolayers of silver deposited on the gold surface instead of 1.6 monolayers. After
depositing silver the electrode is first tripled rinsed with Direct-Q purified water, then rinsed
with ethanol and then dried with research grade nitrogen in preparation for the octadecyl
mercaptan deposition. Cyclic voltammograms from -100 mV to +300 mV may be obtained in
phosphate buffer (0.1 M, pH 7.4) to characterize the deposited silver layer and to compare the
double layer capacitance.

d. Octadecyl Mercaptan Deposition

Absolute ethanol (4 ml) is added to the cell, and research grade nitrogen is allowed to gently
bubble in the ethanol through a stainless steel needle (22 gauge, blunt tip) placed about 2 mm
below the surface. The electrodes are then allowed to equilibrate with the ethanol until a stable
baseline frequency is observed. Once a stable baseline is achieved 50 pl of 500 uM OM will be
added to the ethanol (giving an OM concentration of 6.25 uM) just below the nitrogen agitation.
Approximately 24 ng of OM will be deposited onto the electrode surface with the aid of the
QCM to monitor frequency changes of approximately 21 Hz giving approximately 0.5
monolayer coverage. This QCM frequency shift is used to know when to remove the QCM
electrodes from the reacting solution to control the OM coverage. The reaction is quenched by
rinsing the cell with absolute ethanol and Direct-Q purified water. The average reaction time of
21 experiments, for a 0.5 monolayer of OM, was determined to be 10.64 & 4.42 minutes by
Burgess with the variations attributed to the gentle nitrogen bubbling.'

e. Sauerbrey Equation

The correlation of frequency change and mass change as described by the Sauerbrey equation
was investigated by Burgess et al.'

Sauerbrey Equation AF = commmmeeee

where 2f,2/ A(vgpq) 12 corresponds to the QCM sensitivity constant. Burgess et al. determined
that the QCM sensitivity constant calculated from silver deposition charge/frequency shift data
(1.11 Hz/ng) is in good agreement with that predicted by the Sauerbrey equation’* " (1.13
Hz/ng) and that the sensitivity constant was also independent of the silver deposition potential.
Based on the QCM sensitivity constant calculated from the silver deposition experiments, a 21
Hz shift in QCM frequency corresponds to formation of half of a monolayer of OM.



f. Preparing Lipid Solution

The lipids DOPE (1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine - MW 744.04 (500 mg)
18:1PE) and DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine - MW 786.15 (500 mg) 18:1PC)
are obtained from Avanti Polar Lipids, (Alabaster, AL) in chloroform storage solvent. The lipid
solution is prepared using 2.5 ml DOPE and 0.3 ml DOPC in a round bottom flask wrapped in
aluminum foil to avoid photodegradation. The chloroform is removed from the DOPE and
DOPC mixture using a stream of filtered research grade nitrogen. Then 50 mg of sodium
deoxycholate (Sigma-Aldrich, St. Louis, MO) is added to the round-bottom flask with 3 ml of
0.1 M phosphate buffer, pH 7.4 and allowed to stir at 4 °C with agitation until the lipids are
solubilized. The lipids are then treated with Chelex-100 (ion-exchange resin, BioRad, Hercules,
CA) for ca. 12 hours at 4 °C with agitation to remove metal cation contaminants. The Chelex-
100 is then removed by filtration (UNIFLO plus 0.2 imCA and glass fiber) from the
deoxycholate-lipid solution. The final stock lipid solution is composed of 11 mM DOPE, 2 mM
DOPC and 40 mM sodium deoxycholate and stored at -80 °C.

g. Preparing the CCO Modified QCM electrodes

Bovine CCO that was isolated using the Soulimane and Buse procedure®® by Dr. Bertha C. King,
Dr. Zoia Nikolaeva, and Professor Mikhail Smirnov was obtained from Dr. Fred Hawkridge’s
group at Virginia Commonwealth University.

Bovine CCO is incorporated into a lipid bilayer membrane on the electrode surface by mixing
equal volumes of a 2 mg/ml solution of CCO (solubilized in 1 mM Tris/HCI, pH 7.6, 0.1%
Triton X-100) and a lipid solution composed of 11 mM DOPE, 2 mM DOPC and 40 mM sodium
deoxycholate. The anionic detergent sodium deoxycholate is used in the dialysis procedure to
solubilize the protein lipid mixture. The mixture is then injected into the sample chamber of a
dual-chambered electrochemical dialysis cell to prepare the CCO lipid bilayer membrane on the
electrode surface. The molecular porous membrane tubing with molecular weight cut off
(MWCO) 3500 (Spectrum Laboratories, Rancho Dominguez, CA) was used as a dialysis
membrane and is soaked in water to remove glycerin and sulfides from the membrane prior to
use. Phosphate buffer (0.1 M, pH 7.4, ACS reagent grade) is then allowed to flow through the
dialysis chamber of the cell for 18 hours at a flow rate of 25 pl/min. Then phosphate buffer (0.1
M, pH 7.4) is introduced to the sample chamber for approximately 20 hours at a flow rate of 5
ul/min to remove any excess sodium deoxycholate. Observation of a typical immobilized CCO
voltammogram (i.e., large oxidative current as compared with lipid bilayer only electrode)
indicates CCO activity and the endpoint of CCO and bilayer formation.'™®

Cytochrome ¢ (Sigma-Aldrich, St. Louis, MO) is reduced with sodium dithionite and desalted
using a 5 ml high-trap size exclusion column (Amersham, Piscataway, NJ). The concentration of
reduced horse heart cytochrome c can be determined spectrophotometrically using a molar
absorptivity (Amax = 550 nm) of 29,500 Mlem!.767



h. Preparing stock metmyoglobin solutions

Horse heart myoglobin (Sigma-Aldrich, St. Louis, MO) was prepared by dissolving
approximately 0.05 grams of myoglobin in 10 ml of 0.1 M phosphate buffer, pH 7.4 at room
temperature. The sample was then filtered using Whatman No. 41 filter paper and stored at 4 °C
when not in use. Further preparation of myoglobin was not necessary since all of the dissolved
myoglobin is metmyoglobin. All dilutions from the stock Mb(III)H,O were performed using 0.1
M phosphate buffer, pH 7.4. The Mb(III)H,O concentration was determined using Beer’s Law,
A = gbc, where ¢ is the molar absorptivity (M'cm™), b is the pathlength (cm) and ¢ is the molar
concentration (M). The molar absorptivity for Mb(III)H,O is 188,000 M cm™ at 409 nm.”® The
cyanide solutions were prepared from sodium cyanide (Sigma-Aldrich, St. Louis, MO) in a basic
solution of sodium hydroxide (Sigma-Aldrich, St. Louis, MO) to minimize loss of cyanide. See
Results and Discussion for sodium hydroxide concentrations used. Difference spectroscopy was
applied since the absorbance spectrum for Mb(III)H,O and Mb(IIT)CN" ove