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Abstract

This work explored the possibility of using the soluble methane monooxygenase (MMO)
enzyme, a three-component enzyme which catalyzes the oxygenation of methane and other
substrates, to design a methane sensor for use in natural waters. Such a sensor would be
useful for monitoring lake biogeochemistry, including the potential for lakes to be a source
of methane into the atmosphere.

An op amp-based potentiostat was constructed, and a LabVIEW program was written
to control the instrument and acquire data digitally. Cyclic voltammetry experiments were
conducted with both acetonitrile, a liquid substrate, and the natural substrate methane.
With the hydroxylase component of the enzyme (MMOH) adsorbed onto a peptide-modified
gold electrode, the amount of charge transferred during a scan depended on both substrate
and oxygen concentrations. This concentration dependence did not occur when MMOH
was not present. In the case of methane, the kinetic limitations of partitioning between
gas and liquid phases may have contributed to experimental scatter. These results raise
the possibility that MMOH may be used without the other two components to generate a
reproducible, concentration-dependent signal.

Signal strength was also dependent on the order in which high- and low-concentration
trials were conducted. The hydroxylase may be able to store methane and oxygen in a
hydrophobic cavity for later use, an observation that has both ecological and sensor-design
implications.

Thesis Supervisor: Harold F. Hemond
Title: Professor of Civil and Environmental Engineering
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Chapter 1

Introduction

The initial idea for this project was to develop a chemical sensor for methane, which would be part
of a network of sensors used in conjunction with an underwater mass spectrometer. As it turns
out, this project is a proof-of-concept one, illustrating that our particular approach towards sensor

design is scientifically sound, if not yet practically useful.

Methane is an interesting chemical to monitor for several reasons. It is a useful indicator of
redox reactions in a body of water; the presence of methane indicates that more favorable oxidants
have already been used up. If methane is present in the deeper waters of a lake, for instance, then
this water is not only anoxic, but also depleted of nitrate and sulfate, which play important roles
in their respective element cycles. Methane is also a powerful greenhouse gas; while it is present
in the atmosphere at far lower concentrations than carbon dioxide, it absorbs infrared radiation
about 20 times more strongly, so that relatively small amounts can still have a significant impact

on climate [25].

There are commercially available methane sensors that are designed for different uses than what
we have in mind. We are looking for small, inexpensive sensors that can be mass-produced and
networked; the sensor also needs to have a long lifetime, without requiring constant maintenance.
The current in situ sensors are based on doped semiconductor surfaces, where the resistance changes
upon adsorption of methane. These sensors are bulky and expensive, and have slow response times.
Biological methane microelectrodes have also been developed; these are most useful for identifying
concentration gradients over a short distance, such as the first few centimeters of a sediment bed.
These are based on keeping a population of methanotrophs alive within the electrode; as the

bacteria consume methane, they also consume oxygen, and it is actually the change in oxygen that
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is measured [14]. However, the lifetime of these biosensors ranges from days to months, and the
sensors must be exposed to methane once a week to maintain functionality, making them impractical
for long-term undisturbed sampling.

Our approach is significantly different from either of these strategies. We explore the possibility
of using a chemical sensing approach, which combines a molecular recognition event — a reaction
that is specific to a certain molecule, for instance — with the production of some signal that can be
measured, such as light intensity or electrical current. In this case, the methane monooxygenase
(MMO) enzyme converts methane to methanol through a reaction that also consumes two electrons.
By immobilizing the enzyme on an electrode surface, these electrons can come from the electrode,
rather than from the cofactor that the enzyme uses in nature. The more methane is in solution, the
more the MMO enzyme turns over; if two electrons are required every time the enzyme goes through
its catalytic cycle, then ideally, the current measured at the electrode would be proportional to the
concentration of methane in solution.

This thesis focuses on the questions of whether a MMO-modified electrode produces an elec-
trical signal that is dependent on methane concentration in a reproducible way, and if so, over
what concentration range. Chapter 2 presents background information about the MMO enzyme
and immobilization techniques, while Chapter 3 introduces the technique of cyclic voltammetry.
Experimental methods are described in Chapter 4. In Chapter 5, results from three categories of
experiments are presented. The adsorption of the enzyme onto the electrode was examined first,
followed by how signal changes with concentration for acetonitrile, an alternative substrate which is
easier to work with; finally, the relationship between signal and methane concentration was inves-
tigated. Experiment-specific discussion accompanies the results, while more general observations
are left to Chapter 6. The homemade instrumentation used to carry out the work is described in

some detail in the Appendix.
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Chapter 2

Background

2.1 Methane monooxygenase

The methane monooxygenase (MMO) enzyme is found in methanotrophs, a group of bacteria that
are able to use methane as their sole source of carbon and energy [23]. It occurs in two forms,
depending on the bioavailability of copper. In the presence of copper, particulate MMO (pMMO)
is produced; this form is membrane-bound and difficult to study outside of the cell. Recently,
progress has been made in isolating and characterizing the pMMO from Methylococcus capsulatus
(Bath), but at present, not enough is known about its structure and function to make a pMMO-
based sensor a practical goal [33].

Under low copper conditions, soluble MMO (sMMO) is produced instead; this form is easier
to work with, and has been extensively studied in both Methylosinus trichosporium OB3b and
M. capsulatus (Bath). The structure of sMMO is known, and the details of how its components
interact and how its catalytic cycle proceeds are active areas of research; this information has been

essential to our efforts at sensor design.

2.1.1 Structure

The soluble MMO from M. capsulatus, which was used in this project, consists of three components,
as shown in Figure 2-1. The hydroxylase, MMOH, is a dimer — a compound with two identical
units — each of which, in turn, is made up of «, 3, and « subunits. Each a subunit contains an
active site with two iron atoms, where reaction with methane takes place. The reductase, MMOR,

participates in electron transfer. It receives electrons from NADH (the reduced form of nicotinamide
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Figure 2-1: The hydroxylase, reductase, and coupling protein of soluble methane monooxygenase.
Adapted from [40].

adenine dinucleotide, which participates in many cellular redox reactions), which are transferred
stepwise to FAD (flavin adenine dinucleotide) and [2Fe-2S] cofactors, and finally to the active site
in the hydroxylase. The third component, MMOB, is often described as a coupling protein; it
appears to induce conformational changes that affect electron transfer and reactivity [40]. The
MMOH component is by far the largest, with a molecular weight of 251 kDa; MMOR and MMOB
are 39 and 16 kDa respectively. In the cell, the hydroxylase and coupling protein are present in
approximately equal concentrations, while the concentration of the reductase is about one-tenth
that of the other components. It is thought that MMOR can move easily from one enzyme molecule
to another, so that one molecule of reductase can provide electrons to several hydroxylase active

sites.

The crystal structure of MMOH provides insight about how oxygen and methane might access
the active site. There is no direct access between the surface of the enzyme and the active site,
which is buried below two long a-helices [46]. However, the iron atoms are located on one wall
of a large hydrophobic cavity, and other hydrophobic pockets in MMOH could provide one access
route; conformational changes could lead to the direct linkage of the hydrophobic areas. Also,
conformational changes could separate the two a-helices, providing a shorter tunnel between the

surface and active site.
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The MMOH structure also reveals a long canyon between the o and @ subunits, which could
be a docking site for MMOB and MMOR. The component interactions will be discussed in more

detail below.

2.1.2 Catalytic Cycle

The reaction catalyzed by MMO is the first step in the oxidation of methane, a sequence that
produces formaldehyde, which can be incorporated into biomass, and finally carbon dioxide. The

step catalyzed by MMO is the conversion of methane into methanol:

CH,; + NADH + H* + Oy — CH30H + NAD* + H,0O

Several key features of the catalytic cycle, shown in Figure 2-2, are relevant to sensor work. From
the resting state of the enzyme, in which both iron atoms are in the +IIT (ferric) oxidation state,
a two-electron reduction proceeds which reduces each iron atom to the +II (ferrous) oxidation
state. In nature, these electrons come from NADH; experiments have also been carried out in
which the iron centers are chemically reduced. The next step is the incorporation of O,, which
proceeds quickly. The resulting complex then undergoes several internal transformations which
do not involve additional reagents, leading to the formation of the Q intermediate. This unusual
structure consists of iron atoms with a +IV oxidation state, arranged in a diamond core structure
with two atoms of oxygen [35].

If no methane or alternative substrate is present, the step leading to Q is the rate-limiting step.
It is not clear what happens next — whether the oxygen is released, and if the iron atoms return
to the +III state — but in any case, the full catalytic cycle cannot proceed. If methane is present,
however, it is incorporated into the active site once Q is generated. One of the oxygen atoms is
inserted into a C-H bond, and then the oxidized product is released, returning the active site to its

original +III state.

2.1.3 Component Interactions

One active area of MMO research focuses on how the three components of the enzyme work together
to catalyze the reaction most efficiently. The component interactions are slightly different in protein
from M. capsulatus and from M. trichosporium, but both will be discussed here to provide a general

sense of what is known in this area.

17



NADH -+ H* _ MMOR + MMORB o, NAD"

F‘-“ et Lhemlca! Fc‘( F"“

R
Fe@iﬁﬁ)\ Fa Felv ol [E
ou \ Ao
c“ Fel™

H,®

Figure 2-2: Catalytic cycle of soluble methane monooxygenase, from [35]. The darkened circles
show the fate of oxygen atoms from dioxygen and hydrogen peroxide.

For maximum catalytic activity, all three components must be present. In the natural system,
with NADH serving as the electron source, protein B must be present for turnover to occur in MMO
from M. capsulatus. In MMO from M. trichosporium, protein B is not required, but it accelerates
the rates of intermediate formation, and thus of the overall reaction [54, 36]. In both versions of
the enzyme, MMOR and MMOB shift the redox potentials of the iron center, indicating that both

components play a role in regulation of electron transfer.

Single turnover experiments, in which the hydroxylase is directly reduced by another chemical
species instead of through the MMOB electron transfer chain, may be more relevant to this work.
Work with M. trichosporium enzyme has shown that with hydroxylase alone, the yield of oxygenated
product from a single-turnover reaction is about 40%. When MMOB is present, the yield increases
to 80%, and when both MMOB and MMOR are present, the yield is close to unity [563]. For M.
capsulatus, the presence of protein B at a molar ratio of 1.5 or greater (compared to MMOH) leads
to increased yield, and also increases the overall rate of reaction [36]. The reductase does not have
a significant effect on product yield or rate constant, suggesting that protein B might play a key

role in facilitating turnover of MMOH on an electrode surface.

The interaction between hydroxylase and protein B has been probed in more detail in both M.

trichosporium and M. capsulatus. Work on the M. trichosporium protein suggests that a key role of
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MMOB is to allow the selective access of Og and CHy into the active site of MMOH by opening up a
channel of the correct size, with the interaction stabilized by electrostatic forces between positively
and negatively charged amino acids [11]. This hypothesis was tested by replacing the polar amino
acids on MMOB with smaller, nonpolar ones to remove the electrostatic interaction that leads to
size control; when this happened, reaction with methane was unaffected but reaction with larger
substrates could proceed more easily [53].

Related work on the M. capsulatus protein focused on conformational changes over the entire
hydroxylase molecule, rather than on the active site in particular. X-ray scattering data showed
that the hydroxylase became longer and narrower upon complex formation; a model was proposed
in which the binding of protein B leads to the conformational change, while the reductase plays a
role in locking this position in place. The model further suggests that in the new conformation, the
reductase is better able to interact with the active site, so that protein B plays a role in regulating
electron transfer. A 1:2:2 (H:B:R) complex is formed, which is consistent with the dimeric nature
of the hydroxylase [18]. It was also found that the presence of positively charged amino acids on

the hydroxylase was essential to these interactions [5].

2.2 Immobilized Enzymes

It is often advantageous to immobilize enzymes on a solid support of some kind. For example,
enzymes are very efficient catalysts for chemical synthesis, but if the enzyme is used in solution,
the synthetic step must be followed by a difficult process of recovery. On the other hand, if the
enzyme can be attached to glass or polymer beads which are used to pack a column, the same
reaction can proceed, and removal of the enzyme for further use is much easier. This example
illustrates a key concept in enzyme immobilization — the attachment must be strong enough to
keep the enzyme on its solid support, yet not so strong that it disrupts the enzyme so that it is no
longer functional.

One simple approach to enzyme immobilization is that of physical entrapment. This technique
can be used in sensors; for example, a urea electrode can be constructed by immobilizing the enzyme
urease, which converts urea to ammonia and carbon dioxide, over an ammonia electrode. In this
case, the enzyme is sandwiched between a gas-permeable membrane, which allows ammonia to pass
through to the electrode, and a dialysis membrane which selects for urea; neither membrane allows

the enzyme to pass through [44]. A similar sensor can be made for glucose, in which the glucose
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oxidase enzyme is entrapped between two membranes over an amperometric probe. The reaction
of glucose with oxygen produces HoOq, which is measured directly by the probe. The proximity
of glucose oxidase to the probe allows signal to be measured without requiring catalytic cycling of
the enzyme to amplify the signal [49].

A variation on physical immobilization between membranes is to trap the enzyme within a
cross-linked polymer such as polyacrylamide. The resulting structure is sufficient to keep the large
enzyme molecule in place, but allows for the passage of small substrate molecules. Enzymes can
also be immobilized through covalent bonding to a solid support, which has the advantage of being
a more permanent means of attachment. However, it can be difficult to preserve the activity of
the enzyme in this case, since unlike with entrapment within a polymer, the enzyme itself is being
modified {38, 31].

As a 1983 review article pointed out,

In principle, virtually any compound can be assayed by an enzyme electrode composed
of a suitable electrochemical probe and an immobilized enzyme or a combination of

enzymes acting in sequence [31].

However, the development of the glucose electrode marked the first time this principle became
a commercial reality. One reason for its success has to do simply with characteristics of the glucose
oxidase enzyme. The enzyme is stable, able to withstand more variation in pH, ionic strength, and
temperature than most enzymes. Glucose oxidase is also easy to obtain, and while it is produced
by fungi, the concentrations found in human blood fall within the range in which the enzyme is
most effective [52]. Also, the need for home test kits for diabetic patients provided an economic
driving force for development of a glucose-sensing device.

The use of glucose oxidase to detect blood glucose levels was already routine in clinical settings,

with protocols which generally measured the hydrogen peroxide produced by the enzyme:

glucose + Oz — gluconolactone + HaOs

In the natural reaction, glucose is oxidized to gluconolactone, while the FAD cofactor of the
enzyme is reduced to FADHs. These electrons were then transferred to oxygen, leading to the
production of H2O3 and the return of FAD to its resting, oxidized state. This situation is shown

in the left-hand side of Figure 2-3.
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Figure 2-3: Schematic representation of glucose sensor. Electrons produced by the oxidation of
glucose are transferred to an electrode {dashed arrow), rather than to oxygen (solid arrow).

For sensor work, it was desirable to have an alternative detection scheme not based on oxygen,
since changes in oxygen level, as well as glucose concentration, could affect the signal. An initial
strategy was to introduce a ferrocene derivative as a mediator. Ferrocenes - “sandwich” com-
pounds with an iron atom between two parallel CsHs rings, which can be modified by introducing
substituents onto the rings - are electrochemically well-behaved, with Felll /FeII redox potentials
that can be shifted by ring substitution. 1,1’-dimethylferrocene was found to be an effective me-
diator, and was immobilized along with glucose oxidase onto a graphite electrode. The oxidized
form (ferricinium ion) accepts electrons from FADH, in place of oxygen, and then transfers these
electrons to the electrode, so that it acts as a shuttle for electrons [12].

This initial work has been followed by the development of various strategies for immobilizing

the glucose oxidase enzyme:

¢ Ferrocene-modified pyrrole units were codeposited onto the electrode surface along with the
enzyme. Polypyrrole is a conducting polymer, and ferrocene units were attached to pyrrole
before polymerization to aid in electron transfer. The enzyme and ferrocene are immobilized
more strongly, leading to slower reaction rates and lower catalytic efficiency; this system is

otherwise similar to that described above [16].

¢ An interesting extension of this idea involved the polymerization of silicon-based units, some
of which are modified with ferrocene. The resulting chains are relatively free to rotate, leading

to more effective contact between ferrocene and the FAD cofactor [22].

e The FAD cofactor was removed from the enzyme and modified with ferrocene, and the enzyme
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was then reconstituted. The modified enzyme was then adsorbed onto a gold foil electrode that
had been coated with a cystamine monolayer. The Michaelis-Menten constants were similar
to those for a system with unmodified enzyme and a ferrocene-based mediator, suggesting

that effective electrical contact was achieved [45].

o This concept was taken one step further by coating a gold electrode with a monolayer of chain
molecules; these contain a quinoline derivative, which is effective in electron transfer, and end
with a FAD unit. The FAD-stripped enzyme was then reconstituted onto this modified
electrical surface, resulting in an electron transfer rate close to that found in nature. In this
system, electrons are transferred sequentially from the FAD cofactor to the quinoline, and

finally to the electrode [29].

While some of these later approaches are more sophisticated and probably more efficient, the
original strategy, of immobilizing glucose oxidase and ferrocene mediator onto a carbon electrode,
has successfully been developed into a commercial product. In the Exactech glucose sensor, single-
use glucose electrodes consist of a mixture of enzyme and mediator in a carbon paste; these are
used with a meter containing the electronics and display [52]. This sensor represents a significant
advance from the older generation of home-use glucose sensors, in which the color change produced
by H203 is compared by eye to a reference chart. The glucose electrode story might also be taken as
an argument for simplicity; while the strategy used in the commercial sensor may not be as elegant
as some of the approaches developed more recently, it is nonetheless one that gives reproducible
results, and does so relatively inexpensively. Since these are the characteristics we are looking for
in an in situ methane sensor, the development of glucose-sensing devices provides a valuable set of

guiding principles in the effort to develop a similar product for methane.

2.3 Adsorption of MMO

In this project, immobilization of the MMO hydroxylase was achieved by adsorbing it onto a gold
electrode that had been modified with a coating of peptide. This strategy was a natural extension
of a series of studies which investigated the electrochemistry of small electron transfer proteins at
similarly modified electrodes.

The goal of this area of research is to imitate, at an electrode surface, the interaction a protein

would have with its natural redox partner. However, electron-transfer reactions often involve a
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temporary rearrangement of the bonds closest to the metal center, in what is termed an inner-
sphere reaction. If this rearrangement happened at an electrode surface, it might not be reversible,
leading to loss of protein activity [3]. As is the case for all enzyme immobilization techniques,
adsorption must hold the enzyme strongly enough to attach it to the surface, while not be so
strong that denaturation occurs. In general, the protein also needs to be bound to the electrode
surface in a particular orientation to make electron transfer possible, since the active site is usually

buried in the protein [17].

Initial work in this area showed that for horse-heart cytochrome c¢, electron transfer was facili-
tated by surface modifiers that could interact effectively with both the protein and electrode. The
amino acid cysteine fulfills both criteria; the thiol group forms a S-Au bond to the electrode, while
the amine and carboxylate groups interact with charged amino acids around the binding site of

cytochrome ¢ [15].

Next, the effects of coating the gold electrode with cysteine-containing peptides was investigated.
This work focused on four small redox proteins, including cytochrome ¢, and showed how the surface
modifier could be “tuned” for the particular protein by varying the peptide chosen. For for a given
peptide, changing the pH or ionic strength of the solution had an effect as well [7]. The role of the
peptide layer is twofold: to provide a set of electrostatic interactions similar to that of the protein’s
natural redox partner, and to prevent degradation of the protein at the electrode surface. The use
of short peptides, rather than lone cysteine amino acids, helps to achieve both goals; more specific
electrostatic interactions can be tailored, and the peptides are flexible enough to accomodate a
range of protein conformations. In essence, the peptide layer “cushions” the protein as the protein

approaches the electrode surface.

The strategy of using a peptide to modify a gold electrode surface was first used for MMO in a
study that determined the redox potentials of the iron centers, work that had been previously done
using mediators in redox titrations. This work was the first to carry out direct electrochemistry of
the iron centers of MMOH. A hexapeptide, Lys-Cys-Thr-Cys-Cys-Ala, was used as the modifier.
The cysteine residues bind to the gold surface, while the lysine provides the positive charge that
appears to be necessary for electron transfer between the hydroxylase and electrode surface. This
observation may be in conflict with component interaction studies of M. capsulatus, which suggest
that positively charged amino acids on MMOH are necessary for the interactions with MMOB and
MMOR that lead to conformational change and effective electron transfer [5]. (If both the peptide

and MMOH are positively charged, then it seems that a small negatively charged species would
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also be necessary for effective electrostatic interaction.)

In any case, the fact that the hydroxylase could undergo redox reactions at an electrode surface
without being denatured marked a significant advance. However, it was not possible to elucidate
the nature of the peptide-protein interaction in any further detail; the authors simply stated that
“an electrode modified with peptides provides a more congenial surface to attract an enzyme” [30].
Recent work on other proteins has clarified the role of the peptide layer. In addition to preventing
denaturation of the enzyme at the bare gold surface, it also serves to keep the enzyme in a particular
orientation for which electron transfer is most effective [9, 41]. For example, if the gold surface is
covered by a layer of peptide, the enzyme cannot form S-Au bonds via its own cysteine residues
which might hold the enzyme in an unfavorable orientation.

After the direct electrochemistry of MMOH was observed, continued work led to a key follow-up
result: not only could the hydroxylase accept electrons from the electrode, as had been seen previ-
ously, but production of methanol was seen as well [4]. When acetonitrile was used as a substrate in
place of methane, the oxygenation reaction was also observed. However, the formation of product
from either substrate only proceeded when MMOB, optimally in a 2:1 ratio to MMOH, and catalase
were both present. The requirement for catalase is a somewhat surprising one, indicating that the
electrochemical system is producing hydrogen peroxide which deactivates the enzyme or otherwise
prevents the oxygenation of methane. In the natural system, with all three components present and
with NADH serving as the electron source, HyO9 does not appear to be produced. There is some
mention in the literature of a “peroxide shunt” in which HoO5 catalyzes the oxygenation reaction
by serving as a source of both electrons and oxygen, a different role altogether [2, 28].

The general idea for this project, then, was to combine the techniques developed in these works
with our unique motivation. The work that focused on the direct electrochemistry of MMO provided
a particularly useful springboard, since the techniques used to probe the iron center and component

behavior could also be used to investigate whether MMO could be the basis of a methane sensor.
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Chapter 3
Cyclic Voltammetry

3.1 General Case

Cyclic voltammetry is a versatile, widely used technique in many areas of chemistry, including that
of catalytic reactions carried out by adsorbed species. It is most useful as a qualitative probe which
quickly provides a wealth of information about redox reactions, such as the number of electrons
transferred, the redox potential(s), and whether the reaction is reversible. For precise, quantitative
results, other electrochemical methods are preferred {32], but cyclic voltammetry can still provide
a useful first estimate.

The technique consists of applying a varying voltage to a system, and measuring the current
response. More specifically, the applied voltage begins at a potential at which current is expected
to be negligible, called the starting potential. The voltage decreases at a constant rate until the
switching potential is reached, and then returns to the starting potential at the same rate; this is
shown in Figure 3-1. These two segments make up one complete scan, returning the system to its
original state.

The ferricyanide ion, [Fe(CN)g]3~, is well-behaved electrochemically and provides a simple ex-
ample; its cyclic voltammogram is shown in Figure 3-2. At the starting potential, the iron is in the
+1III oxidation state. When the potential is sufficiently low, electron transfer from the electrode
to the iron atom will be thermodynamically favorable, and the iron will be reduced to the +II
state. At the end of the forward scan, as the first segment is called, [Fe(CN)g]*~ is present near
the electrode surface. Finally, as the voltage is increased during the reverse scan, this species is
oxidized back to Fe(III).

The shape of cyclic voltammetry curves is dependent on many factors, and analytical solutions
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Figure 3-2: Cyclic voltammogram of ferricyanide, [Fe(CN)g]*>~, showing current (I) as a function
of applied potential (E).
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are quite complicated [42]. An excellent, detailed introduction can be found in sources such as
[6] and [47]. However, a general understanding can be developed by considering the physical and

chemical processes in a conceptual, less quantitative manner.

The current response of a redox-active system depends on (1) the thermodynamics of the redox
couple, (2) electron-transfer kinetics, and (3) mass transfer processes. Other complications, related
to chemical reactions following the electrochemical step, will not be considered here. For the
simplest case, we will assume that electron transfer is fast enough that the current is not kinetically

limited; in this case, the reaction is said to be reversible.

The Nernst equation describes how the relative concentrations of oxidized and reduced species

depend on the potential:

e, 0.059 [Ox]
E=F+ - log[Red]

(3.1)

In this equation, [Ox] and [Red] are the concentrations of the oxidized and reduced species, and
n is the number of electrons transferred in the reaction. The constant E° is the reduction potential,
the potential at which concentrations of the oxidized and reduced species are equal, and E is the
actual potential. Since n = 1 for ferricyanide, rearrangement leads to

[Ox] _ 10258
Red] ~ 10 (3.2)

As the potential is increased past E°, the [Ox]/[Red] ratio increases sharply. This increase is
reflected in the cyclic voltammogram up to a point, and then the current falls off as voltage continues
to increase. To explain this effect, transport effects must be considered as well. A simpler case,
in which the potential is held at a constant level instead of changing with time, can be considered
first. In the ferricyanide example, we consider an applied voltage low enough to essentially reduce
all Fe(III) to Fe(Il) at the electrode surface. In terms of Equation 3.2, when E is low enough
compared to E°, the ratio of [Ox]/[Red] is close to zero, and [Ox] is negligible.

Mathematically, this can be treated as a boundary condition of C = 0 at x = 0, where z is
the distance from the electrode surface and C refers to concentration of the oxidized species. This
condition is imposed beginning at t = 0. For ¢t > 0, the concentration profile is given by the
complementary error function:

C(z) = (3.3)

Cr1 - erfc(;fﬁ)]

where C* is the concentration in bulk solution and D is the molecular diffusion coefficient; Figure
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Figure 3-3: Concentration profile as a function of time, for conditions described in the text. Values
of C are relative to C™, while values of x are arbitrary.

3-3 shows how the profile evolves with time. The width of the concentration boundary layer, defined
as the region in which C is less than 0.995C*, is given by J, = 4v/Dt.

We are interested in how current evolves with time in this situation. Since current is a flux of
charge, and since each molecule of Fe(III) that contacts the electrode surface is reduced to Fe(II)
under the given boundary condition, this is the same as considering how the concentration gradient,
evaluated at x = 0, evolves with time. The relationship between current and concentration gradient

is an expression of Fick’s first law:

i=nFAD(2) = KO )ms (3.4)
where 7 is current, I is Faraday’s constant, and A is the electrode surface area (which is different
from the geometric area, due to surface roughness, but may be difficult to estimate).

To understand how 9C/0z changes with time, an intuitive approach is sufficient. The erfc
function is self-similar; if the concentration profile at any time ¢ is normalized by 4, at that time,
the result is the same for all values of t. As a result, since 6, ~ vV Dt, 8C/dx ~ 1/y/Dt. This is in

agreement with the solution obtained analytically:

(%) e = =
83: r=0,t = \/;T—m
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When the potential is varied linearly, the t~1/2 dependence of current still holds. In fact,
once the peak current has been reached, the current is solely controlled by transport rather than
by thermodynamics, and is independent of potential. From this point, the decay with time will
actually be the same if the scan is stopped and no voltage is applied [32]. A more descriptive
explanation of the decay may also be useful: as the thickness of the depleted layer increases, the
time needed for a reactant molecule to diffuse across this layer also increases. As a result, the rate

at which reactant molecules reach the surface decreases, causing the current to decrease as well

[37].

3.2 Variations

The cyclic voltammetry of ferricyanide, described above, provides a useful starting point for the
development of basic theory (and, as we found, for the development of homemade instrumentation).
It involves a reversible one-electron transfer, with a species that is freely diffusing in solution, and
the redox reaction is not followed by subsequent irreversible chemical reactions. However, cyclic
voltammetry is most widely used to investigate systems that do not fit this description in some

way.

3.2.1 Reversibility

A quasi-reversible or irreversible reaction is one that is limited by electron-transfer (ET) kinetics,
so that the Nernst equation does not adequately explain the relative concentrations of oxidized and
reduced species. In the trivial limiting case, when the rate constant for electron transfer is zero, the
ratio of [Ox]/[Red] will not change at all with potential, and the Nernst equation has no predictive

power.

The reversibility of a given reaction depends on the rate of electron transfer relative to the scan
rate, which is the rate at which the voltage is changed. For a series of scans at the same scan
rate, as the ET rate constant is decreased, the peak current is observed to shift in the direction of
the scan. This is because as the reaction kinetics slow down, it takes the system a longer time to

respond to a given applied voltage [43].

For a reversible reaction, the ratio of the forward and reverse peak currents is unity, and the
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peaks are spaced by (0.059/n) V. The peak current is given by the Randles-Sevcik equation:
ip = (2.69 x 10%)n3/2ADY2Cy!/? (3.6)

Most notably, the peak current increases linearly with concentration and with the square root of
the scan rate v [32]. For irreversible reactions, however, these equations are not applicable.

The rate of an electron-transfer reaction at an electrode is, to some extent, predictable for a
given molecule. If a certain molecule has slow ET rate constants in nature, it is likely to undergo
slow electron transfer at an electrode surface as well. ET rate constants can be estimated using a
model known as Marcus Theory:

4r?
bt = (S)TBA(FC) (37)

where h is Planck’s constant.
In this expression, T3 , is a measure of how well the wavefunctions of the donor and acceptor
overlap, and thus how likely an electron is to tunnel between the two. It depends on the distance

between donor and acceptor, as well as the medium between the two:

Tha = (Tha)° exp(—B(R — Ro)) (3.8)

R is the distance between donor and acceptor, while R, is the Van der Waals contact distance,
the smallest possible distance between the two. The overlap is optimal at this distance, and this
maximum value is expressed by (T3,)°. As the distance increases, the rate constant decreases
exponentially. The constant § adjusts for the medium, accounting for how tunneling is least likely
through a vacuum, and most likely through a network of covalent bonds.

The FC part of the expression is used to relate both the thermodynamic driving force (AG,,
how energetically favorable is it to transfer the electron) and the reorganization energy (A, how

much the donor or acceptor has to change its physical arrangement) to the overall ET constant:

1 —(=AG, — \)?

FC =
Tt P e

(3.9)

where kp is the Boltzmann constant and T is absolute temperature. The effects of AG, and A
are at the heart of Marcus Theory. Specifically, this predicts that as the driving force is increased,
the ET rate also increases to a maximum; past this point, rate actually decreases with increased

driving force [34].
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This model was developed to explain electron transfer rates between two molecules, but the
concepts are relatively applicable to ET at an electrode surface as well. In this case, the electron is
tunneling between states on the electrode and the reactant molecule; the effects of distance and the
intervening medium are clearly still important. The effects of A are the same; the ET rate constant
decreases as greater reorganization of the reactant molecule is required. In the electrode case,
though, instead of having a fixed AG,, the driving force changes over the course of a scan. (The
change in applied voltage shifts the energy states of the metal, making ET more or less favorable
from an energetic standpoint.) There is also a theoretical difference: the inverted region, in which
—AG, > A and the reaction actually slows down, does not occur with electron transfer at a metal

electrode [6].

3.2.2 Surface Adsorption

Instead of a reactant molecule that is in solution, diffusing to and from the electrode, the redox-
active molecules might be adsorbed onto the surface of the electrode. An interesting undergraduate
experiment, presented in the Journal of Chemical Education [39], will be described here in some
detail because it is conceptually similar to much of the MMO /methane work.

In this experiment, a graphite pencil is used as the working electrode; when it is scanned from
+0.6 to +0.1 V versus the Ag/AgCl reference electrode, very little current flow is observed (< 1pA
at a scan rate of v = 100 mV/s).

The electrode was then dipped in a 5 mM solution of phosphomolybdic acid, H3PMo1204g, for
10 s. A scan was recorded from +0.6 to —0.1 V at 100 mV/s. This signal, shown in Figure 3-4,
is dramatically different from that taken before adsorption; three large (close to 10 pA) peaks are
seen, corresponding to successive two-electron transfer steps.

The total charge transferred, found by integrating the current with respect to time, can be used

to estimate how densely the surface is covered with adsorbed molecules:
Q =nFAT (3.10)

where @ is the charge and I is the surface coverage, expressed in moles/area.

The surface coverage can also be estimated by measuring the peak current at various scan rates:

. n?F2p AT

i = ART (3.11)
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Figure 3-4: Scans of a graphite pencil electrode at 100 mV/s. The strong, distinct peaks seen after
adsorption of phosphomolybdic acid (thick lines) are a marked contrast from the essentially flat
signal seen before adsorption (thin lines). From [39].

where R is the ideal gas constant. In this experiment, the I' values found by these two methods
agreed to within 10%. By approximating the polyoxometalate molecule as a square of a known size,
a theoretical surface coverage was also calculated. This value was also close to the experimental
ones, indicating that the electrode was covered with a monolayer of PMoj2Q3; .

Finally, the modified electrode was used to catalyze the reduction of hydrogen peroxide, which
does not proceed readily on bare graphite. When HyO» was added to solution, the signal around
0.1-0.2 V shifted towards more negative currents, as shown in Figure 3-5. The reduction current
increased significantly, while the oxidation current decreased. This is a result of catalytic behavior;
the reduced species, PMoleza , cannot be oxidized electrochemically if it reacts with HoO» first.

Meanwhile, this produces more PMolzozg , which can be electrochemically reduced again.
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Figure 3-5: Catalysis carried out by a surface-adsorbed species. The two more positive peaks from
Figure 3-4 are shown here, before the addition of hydrogen peroxide (thick lines) and after the
addition of 150 and 300 mM H5O5 (thin lines); scans were taken at 10 mV/s. From [39].
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Chapter 4

Methods

Materials

Biomaterials Solutions of MMOH and MMOB (70 pM MMOH and 1.6 mM MMOB, in 5%
glycerol) from M. capsulatus (Bath) were obtained from the laboratory of Stephen Lippard in the
MIT Chemistry Department, and were stored at -80°C. The MMOH had been frozen into beads,
while the MMOB was present as a small aliquot. The Lys-Cys-Thr-Cys-Cys-Ala hexapeptide was
synthesized and purified by reverse phase HPLC by the MIT Biopolymers Laboratory; the purified
solid was stored at 4°C. MOPS buffer (25 mM, pH 7.0) was made in milli-Q ultrapure water (18.2
MQ - cm resistivity) and adjusted to neutral pH with NaOH. 1 mM peptide solutions were made in
this buffer, divided into 0.2 mL aliquots, and stored at -20°C.

Electrochemical Setup The electrochemical cell and electrodes were obtained from Bioanalyti-
cal. The basic cell consists of a small, cylindrical glass container and a Teflon lid that accomodates
the electrodes; the working, reference, and counter electrodes are placed in the holes of the lid. For
peptide and protein work, a small-volume cell is necessary. This cell has a conical bottom and is
sealed with a Vycor frit; the working and counter electrodes are placed inside, and then the small-
volume cell is placed in the larger cell. The reference electrode remains outside the small-volume
cell. The solution of interest is contained in the small-volume cell, while the outer cell contains
background electrolyte at the same concentration, but no redox-active species.

The working electrode contains a plug of gold 3mm in diameter, encased in a plastic electrode
body. A platinum wire electrode was used as the counter electrode, and an Ag/AgCl electrode was

used as the reference; all potentials reported are relative to Ag/AgCl.
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The potentiostat system includes the actual circuit, which was built on a breadboard and driven
by a power supply, and the LabVIEW-equipped computer used to control the instrument and record
data. The potentiostat circuit and LabVIEW code are described in detail in the Appendix.

Procedure

Electrode Cleaning The working electrode was cleaned before each day’s experiments, using
an electrode cleaning kit (Bioanalytical). The electrode was rinsed briefly with distilled water and
methanol. A few drops of a 1 um diamond slurry were applied to a wetted nylon cleaning disk, and
a figure-eight pattern was traced out with the electrode for about a minute. After rinsing to remove
residual particles, the cleaning process was repeated using an alumina suspension on a microcloth
disk. The electrode was then sonicated for 5 minutes in a small amount of distilled water.

The Ag/AgCl electrode was stored in 3 M NaCl to prevent the frit from drying out; it required
no other maintenance. The Pt electrode was occasionally wiped with a methanol-soaked Kimwipe,

but in general, rinsing with milli-Q water was sufficient.

Preliminary Steps An 0.2 mL aliquot of peptide solution was thawed and then transferred to
the small-volume cell. The newly cleaned working electrode was placed in the solution, along with
the counter electrode. The electrode was cycled 10 times from +0.7 to —0.7 V at a scan rate of 100
mV/s. After peptide loading was complete, the electrode was rinsed with milli-Q water, but not
wiped dry.

Meanwhile, a small amount of MMOH was thawed (two medium-sized beads provide an ade-
quate amount of protein). The beads were removed from the storage container with forceps, and
care was taken to return the rest of the beads to the -80°C freezer as quickly as possible. From
the thawed solution, 120 pL. was removed and diluted 1:1 with MOPS buffer, and 0.2 mL of the
resulting 35 uM solution was transferred to the small-volume cell. The electrode was then cycled
10 times from 0 to —0.6 V at 5 mV/s in order to adsorb the protein onto the peptide-modified

electrode.

Acetonitrile Experiments Acetonitrile (Mallinckrodt, HPLC grade) was diluted by a factor
of 10* using milli-Q water. 0.2 mL of MOPS buffer was added to the small-volume cell, and the
solution was degassed (except where noted) by bubbling a slow stream of argon through the solution

for 3 minutes. The diluted CH3CN solution was added in 3 or 5 pLL aliquots using a microsyringe,
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and briefly stirred by replacing the working electrode in the solution several times. After each
addition of acetonitrile, the electrode was cycled once from 0 to -0.6 V at 50 mV/s. The solution

was not further degassed after each addition.

Methane Experiments Gas mixtures were made in 30-mL wetted glass syringes fitted with
3-way stopcocks. Gas cylinders were fitted with regulators and septa, and gas lines were flushed by
inserting the syringe needle into the septum and allowing gas to flow briefly. Syringes were filled by
inserting the needle into the septum and allowing the pressurized gas to push back the barrel of the
syringe. Oxygen was obtained from a small cylinder within a welding apparatus; in this case, the
needle was inserted directly into the nozzle. The syringe was filled with 0-2 mL of oxygen and 0-8
mL of methane, and then the total volume was brought to 20 mL using helium. Except for oxygen,
which was from Wesco and of unknown purity, all gases were laboratory-grade and obtained from
BOC or Airgas.

For each scan, a fresh 0.2 mL of MOPS buffer was transferred to the small-volume cell. The
appropriate gas mixture was bubbled slowly through the solution; in general, 15 mL of gas was
bubbled into the solution over about a minute, and the remaining 5 mL was used to blanket the
solution. The working and counter electrode were then placed in the solution, and scans were

recorded from 0 to —-0.6 V at various scan rates.
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Chapter 5

Results

5.1 Peptide and Protein Loading

5.1.1 Peptide Signals

When the electrode was placed in a solution of peptide and cycled at reducing potentials, following
the procedure described in [30], the signal decreased with each subsequent scan (Figure 5-1). The
reason for this is not entirely clear. One possibility is that the peptide is not the electroactive
species. There could be some other species in solution that is redox-active, and as the peptide
covers more of the electrode surface, there is effectively less surface area for the redox reaction
to occur. The only other species present in solution is 3-(N-morpholino)propanesulfonic acid, or
MOPS, which acts as a buffer. It has a SO3zH group, which is weakly acidic and dissociates to form
the conjugate base; it is possible, but unlikely, that the sulfur could also undergo redox transitions.

For comparison, the clean electrode was cycled under the same conditions in a solution that
contained MOPS only. The results are shown in Figure 5-2. There is a reduction peak around -0.3
V and an oxidation peak around +0.5 V applied voltage. Both the reduction and oxidation signals
shift to more positive values as the scans continue, unlike with the peptide, where signal strength
decreases with successive scans. The peaks could be due to oxygen in solution. In an unbuffered
solution at pH 7, oxygen reduction occurs around —0.1 V {26]; this solution is at pH 7 but buffered,
so assigning the peaks to oxygen seems reasonable.

These figures also suggest that cyclic voltammetry signals are not necessarily additive. The
peptide scans do not appear to be a superposition of some other signal on top of the MOPS-only

one. In this case, the attachment of peptide molecules to the electrode may be preventing oxygen
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Figure 5-1: Adsorption scans of 1 mM peptide in solution, showing current (/) as a function of
applied potential (F). Ten scans from +0.7 to -0.7 V were performed successively, at a scan rate
of 100 mV/s. The strongest signal corresponds to the first scan.
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Figure 5-2: Cyclic voltammetry of 25 mM MOPS buffer. Ten scans were performed from +0.7 V
to —0.7 V at 100 mV /s. For clarity, only scans 1 (dashed/dotted), 4 (dotted), 7 (dashed), and 10
(solid) are shown.
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from reaching the surface.

The signals in Figure 5-1 may reflect only the peptide being adsorbed onto the surface during
that particular scan, rather than all the peptide accumulated on the surface. In other words, while
the total amount of peptide on the electrode surface is expected to increase with each scan, it
increases by a smaller amount each time. (Mathematically, this can be described by a Langmuir
adsorption model, which is based on the idea that there are a fixed number of surface sites available
for adsorption [48].) In this case, the current would not be due to reversible oxidation and reduction,
as seen for ferricyanide (Chapter 3), because then the peptide already adsorbed onto the surface
should also contribute, and the signal should increase with successive scans. Also, as with MOPS,
there are no obvious redox-active centers in the peptide.

However, it is possible that some sort of charge transfer accompanies the adsorption. When
the peptide is adsorbed, a bond is formed between the gold of the electrode and the sulfur in the
cysteine residue. The oxidation states of the sulfur and gold atoms might change with the formation
of this bond; sulfur can occupy a range of oxidation states, and the electrode can easily give up
or gain electrons as well. If the actual adsorption event involves the transfer of charge between
the peptide and electrode, then the decreasing signal is reasonable. In this case, Figure 5-1 also
indicates that as the applied potential is made more reducing, the rate of adsorption increases.

The total charge transferred over the 10 scans was calculated to check whether it corresponded
to a monolayer of peptide. For each scan, the net charge (forward scan — reverse scan) was found
by integrating the current numerically with respect to time. A background current was assumed
to account for how the charge transferred approaches a non-zero value, and the signal from the
final scan was defined as the background. Once this adjustment has been made, the total charge
transferred during the peptide scans is 31 uC (Table 5.1).

Using equation 3.10, this corresponds to a surface coverage I' of 4.6 x 107° mol/cm?. To check
if this is a reasonable result, the volume of the peptide was estimated [1]. For simplicity, the peptide
was assumed to be a cube, and packed closely on the electrode surface. Furthermore, we assumed
that n = 1 and that A equaled the geometric area. With these conditions, the theoretical surface
coverage was calculated to be 2.0 x 10719 mol/cm?2.

The experimental value of T is about 20 times greater than the theoretical value. Some of this
discrepancy is due to roughness on the electrode surface, which makes the surface area larger than
the geometric area. Also, the area occupied by a molecule of peptide is difficult to estimate, since

the peptide only attaches through the cysteine S atoms. Thus, given the simplifying assumptions,
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| Scan | Charge (uC) | Charge — Background

1 35.5 17.6
2 22.7 48
3 20.9 3.0
4 20.0 2.1
5 19.4 1.5
6 18.9 1.0
7 18.7 0.8
8 18.4 0.4
9 18.0 0.1
10 17.9 0
| Total [ 2106 | 314 |

Table 5.1: Charge transferred during peptide loading scans, based on Figure 5-1. The final column
was obtained by defining charge transferred during the last scan as background.

this may be a satisfactory result; it at least suggests that charge transfer due to adsorption is not

a completely unreasonable model for the peptide signals.

5.1.2 Protein Signals

The protein signals were qualitatively similar to the peptide ones; the signal was strongest during
the first scan, and decreased during subsequent scans (Figure 5-3, top). However, while the peptide
signal was very consistent between experiments, the protein signal sometimes varied. Occasionally,
the current during the first scan would be noticeably smaller, and in these cases, the decrease during
subsequent scans was also less apparent (Figure 5-3, bottom).

When the total charge transferred over 10 scans was calculated, the result after correcting
for background current was remarkably similar to total charge transferred during peptide loading
(Table 5.2), especially considering that the scans were done over different applied potential ranges
and at different scan rates. (For protein adsorption, the current is about an order of magnitude
smaller than for peptide adsorption, but this effect is balanced by the slower scan rate, which causes
each scan to take a longer time.) This may be simply a matter of coincidence, or it may support the
idea of charge transfer associated with adsorption. The interaction between peptide and protein
is most likely due to electrostatic forces [7], so it is not clear that any electron transfer would be
associated with the adsorption of protein onto the peptide-modified surface.

The protein signals during adsorption are similar to those presented in [4], but there are some

noticeable differences. The peak currents are smaller in this work, which is partly due to the fact
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Figure 5-3: Adsorption scans of 35 uM MMOH in solution. Ten scans were performed from 0 to
-0.6 V at 5 mV/s. Occasionally, the first signal was weaker and the subsequent decay was less
obvious (bottom); the top figure is more representative.
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| Scan | Charge (uC) | Charge — Background

1 29.6 18.0
2 15.3 3.6
3 14.8 3.2
4 13.7 2.1
5 13.8 2.2
6 13.0 1.3
7 12.6 1.0
8 12.1 0.5
9 11.8 0.2
10 11.6 0

| Total | 1471 | 30.9 |

Table 5.2: Charge transferred during protein loading scans, based on Figure 5-3 (top). As with
peptide, charge transferred during the final scan was defined as background.

that a smaller gold electrode was used. However, the shape of the signal is also slightly different.
In [4], the current remains close to zero during the first part of the forward scan, and then increases
quickly once the applied potential is sufficiently negative. For later scans, not only is the peak
current reduced, but the signal also becomes nonzero at less negative potentials. In this work, the
protein signals are nonzero at the beginning of the scan, and the increase in current is more gradual
and does not shift with successive scans.

These differences are difficult to interpret. They may be caused partly by differences in back-
ground current caused by the physical configurations of the two systems, but other reasons for the
discrepancies are not known. In any case, it was assumed that adsorption of MMOH had occurred,

and further experiments were carried out.

5.1.3 Scan Rate Dependence

For diffusion-controlled species such as ferricyanide, the peak current is proportional to the square
root of the scan rate, as seen in Equation 3.6. For adsorbed species, however, the peak current is
directly proportional to the scan rate [4]; these relationships provide a useful diagnostic of whether
a particular species is surface-attached or freely diffusing in solution.

Cyclic voltammetry of MMOH was done at scan rates between 5 and 50 mV /s, before and after
adsorption of protein. In both cases, the electrode surface had already been modified with peptide.
Some adsorption most likely occurs during the “before” set of scans, but this is assumed to be

minimal.
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Figure 5-4: Cyclic voltammetry of 35 uM MMOH in solution, before adsorption. Scans were
recorded at 50 (solid line, stronger signal), 20 (dashed/dotted line), 10 (dotted line), 5 (dashed
line) and 2 (solid line) mV/s.

The scans taken before adsorption show that i, ~ v1/2, as expected (Figure 5-4). Again, there
are qualitative differences between this work and [4]; most notably, here the current continues to
increase in magnitude until the switching potential is reached, rather than reaching a maximum
and then leveling off or decreasing slightly.

When the scans are repeated after adsorption, the results are very similar to those obtained
beforehand (Figure 5-5). The peak current still appears to be proportional to vY/2. As confirmation,
(In 4p) can be plotted against (In v); the slope gives the value of k, where i, ~ v*. In this case,
the plot yielded a slope of 0.50, with a correlation coefficient of unity. This strongly suggests that
either the protein did not get adsorbed, or the signal is due to another species. In the latter case,
the current might be expected to be lower after adsorption, since the presence of large enzyme
molecules would block access to the electrode surface, but this effect is not seen.

It is possible that the effectiveness of protein adsorption varied from one experiment to the next,
and perhaps this set of data corresponds to a particularly ineffective adsorption. For comparison,
when a different set of peak currents after adsorption was plotted against v1/2, the result was clearly
non-linear, while a plot of ¢, versus v appears to fit a straight line relatively well (R? = 0.98). These
results are shown in Figure 5-6. However, a In-In plot yielded a slope of 0.58, still much closer to
the diffusion-controlled limit than the adsorption one.

Another possibility is that the theoretical limit of £ = 1 does not apply in this situation. This
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Figure 5-5: Cyclic voltammetry of 35 uM MMOH in solution, after adsorption. Scans were recorded
at 50 (solid, stronger signal), 20 (dashed/dotted), 10 (dotted), 5 (dashed), and 2 (solid) mV/s.

limit describes the case of a redox-active species adsorbed directly to the electrode surface; in this
case, mass transport is not limiting, since the molecules do not need to diffuse to the surface. Some
methods of enzyme immobilization do appear to require transport to the surface; for example, when
myoglobin (Mb) is contained within a thin film of surfactant, the signal is much stronger than that
of Mb in solution, but still diffusion-controlled [8]. It is possible, though perhaps unlikely, that
a similar effect could be seen for MMOH and the peptide layer. The role of the peptide appears
to be partly to “cushion” MMOH so it does not denature at the electrode surface, implying that
the peptide forms a impenetrable layer between enzyme and electrode. On the other hand, if this
conceptual picture is correct, the distance between the electrode and the active site of the enzyme
may be too large for effective electron transfer. Since the peptide bonds are free to rotate and
the interaction between peptide and enzyme is electrostatic in nature, the peptide layer is flexible,
and movement of the MMOH molecules relative to the electrode is also possible. This may explain
why the post-adsorption data still appears diffusion-controlled, while the protein-modified electrode

does respond to the concentration of substrate, as seen below.

5.2 Acetonitrile Experiments

Initial concentration studies were carried out using acetonitrile as the substrate, rather than

methane. This was done for practical reasons; making solutions of a known concentration of
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Figure 5-6: MMOH peak currents as a function of scan rate, after adsorption. These results were
obtained on the analog system used in the early stages of this work (see Appendix).
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dissolved gas is more difficult, and we wanted a simple check of whether increasing substrate con-

centration led to any sort of increased signal.

Acetonitrile is oxygenated by MMO in a reaction analagous to that of methane, producing

glycolonitrile [51]:

CH;CN + NADH + H* + 0y — HOCH,CN + NAD' + HyO (5.1)

In the first experiment, four 5 pLi aliquots of dilute acetonitrile solution were added successively
to the MOPS buffer, giving CH3CN concentrations up to about 175 pM. At this stage, the poten-
tiostat was not yet computer-driven (see Appendix), and data was collected on a chart recorder; the
results are shown in Figure 5-7. A plot of peak current against concentration shows a clear increase
in signal with increased [CH3CN] (Figure 5-8). Between 5 to 15 pL of added acetonitrile solution,
the signal increases linearly (R > 0.999). When the final aliquot was added, the signal remained
the same; this could be due to experimental error, such as poor microsyringe technique, but it is
more likely that the signal reaches a maximum at some concentration and then cannot increase
further. This is qualitatively consistent with the Michaelis-Menten model of enzyme kinetics, in
which there is a maximum rate of enzyme turnover, and increasing the substrate concentration
past the saturation value has no further effect on reaction rate [27]. However, the signal at zero
concentration is lower than what would be expected from extrapolating the results from 45-130

M.

In this experiment, the MOPS solution had been degassed with a slow stream of argon for 3
minutes before the first addition of acetonitrile. After the final aliquot was added, the solution
was degassed for an additional minute, and then a scan was recorded; this process was done twice.
As shown in Figure 5-7, the signal clearly decreases as argon displaces the dissolved oxygen in
solution. This suggests that the signal most likely does come from MMOH adsorbed onto the

electrode surface, since the response depends on both substrate and oxygen (Equation 5.1).

After the computer-driven system had been set up, this experiment was carried out once more.
The MOPS buffer was degassed with argon as before, and this time, five 3 uL aliquots of diluted
acetonitrile were added, giving a final concentration of about 130 M. The results are shown in
Figure 5-9; the peak currents increase with concentration, but in a nonlinear manner. However,
one result of digital data acquisition is that the total charge transferred can be found as well (see

Appendix). Both the amount of charge transferred on the forward scan and the net charge trans-
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Figure 5-7: Chart recorder results showing current at various acetonitrile and oxygen concentrations
(see text). Scans were performed from 0 to -0.6 V at 50 mV/s. Each small marking in the horizontal
direction represents 5 mV voltage, which corresponds to 0.05 ;A current (see circuit diagram, Figure
A-1). Instead of the typical cyclic voltammogram, which shows current as a function of applied
potential, here current is displayed as a function of time, which increases in the vertical direction.
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Figure 5-8: Peak current as a function of acetonitrile concentration

ferred (forward — reverse) are concentration-dependent, and for [CH3CN] < 80 pM, the relationship
is linear (R > 0.99). Unlike in the previous experiment, this time the data point corresponding to
zero concentration falls on the line.

Again, these results are qualitatively consistent with a Michaelis-Menten kinetics model, where
there is a limiting rate of enzyme turnover. In the model, however, reaction rate is directly propor-
tional to concentration at low values of C and constant at high values, with a transitional region in
between. Here, the electrical signal is directly proportional up to a certain concentration, and then
there is actually a slight decline. However, the decreased signal may not be statistically significant
— the acetonitrile experiments were not repeated, so this is only a guess — or it may reflect a slight
decrease in oxygen level. In any case, this set of results strongly supports our original hypothesis
of an analytical relationship between signal and substrate concentration. If the concentration of
acetonitrile increases, we expect MMOH to turn over faster (assuming the concentration is in the
v ~ C region of the Michaelis-Menten model). From Equation 5.1, we see that this corresponds
to more electrons being passed to MMOH in the same amount of time, and thus to an increase in
charge transferred.

The acetonitrile experiment was then repeated without the initial three-minute degassing, to
see what the effect of increased oxygen concentrations would be. The results showed two different
types of signal shapes (Figure 5-10). At low concentrations, the current during the forward scan

increased steadily over the entire scan. At higher concentrations, the current increased sharply
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around 0.2-0.3 V, and then remained at this level for the rest of the scan, without responding to
further changes in applied potential. For comparison, when the solution had been degassed, the
signal was similar to the high-concentration case; at low concentrations, the increase in current was

more gradual, but still generally reached a plateau.

When the solution is not degassed, it can be assumed that oxygen is close to saturation, that
is, around 9 mg/L or 300 uM. When [CH3CN] > 80 uM, the signal changes as described above,
and the total charge transferred is much greater. We suggest that this type of signal indicates that
catalytic turnover is happening; at a certain applied potential, electron transfer to MMOH becomes
favorable, and the enzyme begins to convert acetonitrile to glycolonitrile. Since the reaction with
substrate is catalytic, the flow of current becomes much greater. Also, once the applied potential
is sufficiently negative to allow electron transfer to MMOH, a further reduction in potential will

not have an additional effect.

The question remains of why this does not happen at low substrate concentrations when oxygen
level is high. The catalytic cycle of MMO (Figure 2-2) shows that the active site binds oxygen
first, and goes through several intermediates before binding and reacting with methane. One
possibility is that the negative applied potential and presence of oxygen allows the formation of the
Q intermediate, and then there is not enough substrate to react with all of the enzyme molecules.
Then, only a fraction of enzyme molecules would return to the Hyx state and be ready to react with
another molecule of substrate; the others might effectively be stuck partway through the cycle.
On the other hand, if oxygen and substrate levels are both low, then only some of the enzyme
molecules are able to catalyze the reaction. But in this case, the other molecules of MMOH are still
in the Hoq state (after the applied potential is negative enough to reduce Hoyx), and so substrate
molecules approaching the surface experience a larger effective amount of enzyme.

Finally, to check whether the concentration-dependent signal was in fact due to catalytic MMOH
activity, a control experiment was performed in which no protein was adsorbed onto the electrode
surface. The clean electrode was coated with peptide, as before, and then scans were taken at the
various acetonitrile concentrations. As expected, there was no concentration dependence (Figure
5-11). However, the signal seen in the no-protein case is similar to the signal that the protein-
containing system approaches at high concentration, regardless of oxygen level. In fact, when the
130 M scans are compared, all three voltammograms are virtually identical.

To provide a comparison, the control experiment (electrode modified with peptide only) was

repeated with a solution of MOPS only, without acetonitrile. Scans were taken at scan rates between
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Figure 5-11: Acetonitrile control experiment without adsorbed MMOH. Scans were taken at the
same concentrations as in Figures 5-9 and 5-10, at 50 mV/s.

5-50 mV/s, and with the exception of the 50 mV /s case, the signals are qualitatively similar those
in the acetonitrile control experiment (Figure 5-12). The signals exhibit what was described earlier
as a “catalytic” shape, so an alternative explanation for the acetonitrile results may be necessary.

Conceptually, a picture involving resistances of the peptide and protein layers may be useful.
A similar model applies to mass transfer across an air-water interface; under certain conditions,
diffusion across either air or water may be neglected because the other is clearly limiting, but at
other times, both layers contribute to the mass transfer rate (in other words, the “resistance” of
both the air and water layer must be considered). In this case, it appears that at high acetonitrile
concentration, the resistance of the MMOH layer approaches zero, so that electron transfer is only
limited by the peptide layer. However, a molecular-level explanation of the signal shape is not clear

at this time.

5.3 Methane Experiments

Since the acetonitrile results were promising, similar experiments were then carried out using
methane as the substrate. Because methane is a gas, preparing solutions of known concentra-
tion was more difficult than in the case of acetonitrile. To prepare these solutions, two approaches

were considered.
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Figure 5-12: Cyclic voltammetry of 25 mM MOPS solution at peptide-modified electrode. Scans
were taken at 5 (solid), 10 (dashed), 20 (dotted), and 50 (dashed/dotted) mV/s.

[ mL CHy [ mL Oy [ [CHy), uM [ [O4], mg/L |

1 2 75 5.0
2 0 150 0
3 2 225 5.0

Table 5.3: Concentrations of methane and oxygen, using the headspace equilibration method and
assuming T = 298K. In all cases, the total volume of gas was made up to 20 mL using helium; 5
mL of MOPS solution was used.

One approach is that of headspace equilibration, in which known amounts of gas and liquid are
contained in a closed system. In this case, 30-mL wetted glass syringes were filled with 20 mL of
a gas mixture made up of methane, oxygen and helium. 5 mL of MOPS buffer was added to each
syringe, and equilibration was achieved by placing the syringes on a motorized shaking apparatus
for 30 minutes. The final concentration of methane in solution depends on the partial pressure of

methane in the original gas mixture, the volumes of gas and water, and the dimensional Henry’s

constant:

PoVy

Co= T RT+V,H

(5.2)
Examples of suitable mixtures are given in Table 5.3.
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| mL CHy [ [CHy], uM |

2 150
4 300
6 450
8 600

Table 5.4: Methane concentrations for bubbling experiments. As in Table 5.3, 0 or 2 mL of O,
was used for oxygen concentrations of 0 or 5 mg/L; volume of gas totaled 20 mL. [CHy] values are
rounded slightly.

An alternative method involves making up the same gas mixtures inside the syringe, and then
bubbling them directly through 0.2 mL of MOPS solution in the small-volume cell. If equilibration
between the gas phase and liquid phase is assumed to be fast relative to the total amount of time

over which bubbling occurs, then the concentration in solution approaches the saturation value:

(Csat - Cw) = Csate_H(Vg/Vw) (5.3)

where C';, is the concentration in solution, Cy, is the saturation value (for gas mixtures, the con-
centration of solution in equilibrium with an infinite volume of gas phase), H is the dimensionless
Henry’s constant, and V,; and V,, are the volumes of gas and water. This approach seemed prefer-
able, since the need for a 30-minute shaking period was eliminated, excess MOPS solution was not
used, and it was easier to blanket the solution with a small volume of gas mixture. As it turns out,
the assumption of fast equilibration is a significant one, and the bubbling approach may not have
been the best choice.

The methane concentrations in Table 5.4 were used in most experiments.

5.3.1 Preliminary Experiments

The acetonitrile results showed that electrical signal, specifically total charge transferred, was de-
pendent on both substrate and oxygen concentration. As a first step, we investigated whether this
was also the case when methane was used as the substrate.

The results are shown in Figure 5-13. The signal strength increased with methane concentration,
and the presence of oxygen at 5 mg/L caused both signals to be significantly enhanced. Again,
this strongly suggests that the signal is due to MMOH on the electrode surface. Since both oxygen
and methane are needed for the catalytic cycle to proceed, the dramatic effect upon increasing

[O2] is not surprising. Also, when oxygen was present, increasing methane concentration resulted
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Figure 5-13: Effects of methane and oxygen concentrations, scans taken at 50 mV/s. Concentra-
tions: 150 uM [CHy], no oxygen, dashed/dotted line; 300 uM [CHy), no oxygen, dashed line; 150
pM [CHy), 5 mg/L [O2], dotted line; 300 M [CHy], 5 mg/L [Oq], solid line. For clarity, the Matlab
smooth function was applied an additional time to all methane data sets.

in a change in signal shape. As discussed previously, this may correspond to catalytic turnover of
MMOH occuring when both oxygen and substrate concentrations are reasonably high.

Next, the effect of oxygen concentration was investigated separately. Figure 5-14 shows a clear
and consistent dependence on [O3]; the signal increased with dissolved oxygen concentration, and
the 20% oxygen case (which corresponds to 10 mg/L) was very similar to the air-saturated case.
This could mean that oxygen is being directly reduced at the electrode surface. An experiment in
which the electrode was modified with peptide only, and then [O2] was varied, may be useful to
eliminate or confirm this possibility. Another possibility is that the presence of oxygen is causing
MMOH turnover to increase, which seems less likely, since no methane is present.

A control experiment was again performed, with peptide but no protein adsorbed onto the
electrode. In this case, as with acetonitrile, the signal did not change as substrate concentration

increased (Figure 5-15).

5.3.2 Scan Rate Effects

We also wished to explore the effect of changing the scan rate. A slower scan rate means that a

voltammogram over a given potential range takes a longer time, so that the diffusion layer over
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Figure 5-14: Effect of oxygen on MMOH electrochemistry; scans taken at 50 mV/s. Conditions:
no bubbling (saturated), dashed/dotted; helium only, dotted; 5 mg/L [O2], dashed; 10 mg/L [O2],
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Figure 5-15: Methane control experiment without adsorbed MMOH. Scans were taken at 0, 150,
300, 450, and 600 uM [CHy4). Signals are stronger than those in Figures 5-13 and 5-14, but similar
to others reported later in this section.
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which concentration is depleted (4. in Figure 3-3) extends farther from the electrode surface. As
a result, flux to the electrode surface is reduced, and peak currents are smaller [43]. In this case,
we were interested in whether the plateau region of the catalytic signal might be due to transport
effects or to the intrinsic turnover rate of the enzyme. If the plateau level of current does not
depend on scan rate, for a given concentration of oxygen and methane, that might indicate that
the maximum turnover rate of MMOH is the limiting factor. If, on the other hand, the current

decreases with scan rate, then the signal would be at least partially diffusion-limited.

In the first experiment, the effects of increasing [CHy] were studied at scan rates of 50 and 20
mV/s. The 50 mV/s scans were conducted first, and concentration was increased to 900 M before
the broader, possibly catalytic signal shape was seen (Figure 5-16). From this data, it appears
that signals exhibiting a more concave shape can also show a linear relationship between signal
strength and concentration (R = 0.98 for the forward scan); the low-concentration scans in Figure
5-10 illustrate this point as well. The charge transferred during the forward scan often appears to
show a more consistent relationship, so further discussion will focus on this value, rather than the
net charge transferred.

The concentration series was then repeated at a scan rate of 20 mV /s, starting with low methane
concentration. Surprisingly, the results showed essentially no concentration dependence; in fact,
even the blank exhibited a pronounced, broad signal. There appears to be some sort of hysteresis
effect, where the order in which scans are taken affects the results. These results (Figure 5-17)
suggest that the enzyme might have retained some of the previously available methane, especially
considering the high concentrations reached in the 50 mV/s scans.

In terms of microbiology, this makes some sense; methanotrophs use methane as their source
of both carbon and energy, and it would be advantageous if methane available at one time could
be stored for later use once oxygen was available. On a molecular level, this would mean that the
enzyme can bind methane away from the active site, and then transfer it to the active site once a
suitable intermediate has been formed. Since there are significant hydrophobic sections of MMOH
that play a role in binding methane and allowing access to the active site [46], it is at least possible
that these two steps could happen at different times. This possibility is also supported by the
kinetic studies done in [21], which are consistent with a mechanism in which an enzyme-substrate
complex is formed first with methane, and then with oxygen.

To test whether hysteresis was occurring, the scan rate experiment was then repeated with a

modified procedure. Instead of recording all the 50 mV /s scans first, followed by all the 20 mV/s
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Figure 5-16: Methane concentration series, v = 50 mV/s, 5 mg/L [O3]. Top: Scans were recorded
at 0 (dotted), 150 (dashed), 300 (solid), 450 (dashed/dotted), 600 (dotted), 750 (dashed), and 900
(solid) uM [CHy4}. Bottom: Charge transferred as a function of methane concentration.
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Figure 5-17: Methane concentration series, v = 20 mV/s, 5 mg/L [O3]. Scans were recorded at 0
(solid, weaker signal), 150 (dashed/dotted), 300 (dotted), 450 (dashed), and 600 (solid) pM [CHy].

scans, both scans were taken at each methane concentration, starting with the blank. This time,
the results at each scan rate were qualitatively similar (Figure 5-18). (The syringe used for the
450 uM trial was later found to be leaky, probably allowing air to enter, so those results should be
neglected.) The peak (platean) current is larger in the 50 mV/s scans, consistent with a diffusion-
limited situation. However, this does not imply that catalytic turnover is not happening at all;
rather, the rate at which new molecules of methane are supplied to MMOH is lower for the 20
mV /s scans, and so the rate of reaction is limited by transport.

Finally, this set of data shows that results are not necessarily consistent from one experiment
to the next; in this case, increasing the methane concentration beyond 300 uM does not lead to
further increases in signal strength. This may be due to the fact that a new layer of peptide and
protein is adsorbed onto the electrode surface with each experiment, and will be discussed further

in Chapter 6.

5.3.3 Effects of Oxygen

While the preliminary experiments showed a clear dependence on oxygen concentration, further
investigation was desired. First, scans were taken over the usual concentration range (0-600 M)
with no oxygen present. With the exception of the 150 uM data point, the relationship between

charge and concentration was quite linear (Figure 5-19); the signals were also much smaller than

61



-2}

<
2 -af
-6k
8h
-10 L ' _ : 4 L
-0.7 -08 -05 -04 -0.3 -0.2 -0.1 Q
(Evs Ag/AQCI} / V
2 - T —
0 -
-2+
14
_s t
-8k .
-10 i L L s 5 .
-0.6 -05 -0.4 -0.3 -0.2 -0.1 [
(Evs Ag/AgCH} /1 V

Figure 5-18: Scan rate and methane concentration dependence, 5 mg/L [Oz]. Scans were recorded
at 0 (solid, weaker signal), 150 (dashed/dotted), 300 (dotted), 450 (dashed), and 600 (solid) uM
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when oxygen was present.

Next, the concentration series was repeated with 5 mg/L of oxygen. Again, as in the scan rate
experiment, the methane blank exhibited a strong, catalytic-type signal. It was suspected that
a similar hysteresis effect was occurring due to storage of methane, so several consecutive scans
were taken using the same solution. These results support the idea that excess methane has been
stored by the enzyme, as the signal decreases before approaching a constant level (Figure 5-20).
Presumably, the stored methane was consumed during the first two cycles, and the signal shown

for scans 3-5 actually reflects the externally imposed oxygen and methane concentrations.

However, when the first 150 uM [CH,4] scan was then taken, the signal was again strongly
catalytic, which was inconsistent with previous results of scans at this concentration. In fact,
regardless of which scan number is considered for each methane concentration, the signals show no
obvious methane dependence (Figure 5-21). The reasons for this are not clear, and it was simplest
to assume that some storage effect, more complicated than what is described here, was affecting
the results.

The experiment was then repeated; as with scan rate, methane was increased from lowest to
highest concentration, and both oxygen concentrations were tested consecutively (Figure 5-22).
This time, the signals for the oxygen-depleted cases were much stronger than in the previous
experiment; it is difficult to tell if there is a significant inconsistency, or if the stronger signals are
a result of alternating the 0 and 5 mg/L [Og] trials. In this experiment, the signals are about twice
as strong when oxygen is present, as seen in Figure 5-23. Both series exhibit a clear, monotonic
concentration dependence for the forward scan data, though neither is quite linear. In the 5 mg/L
[O4] series, there appears to be random scatter, which may be due to the slow kinetics of methane
equilibration between gas and liquid phase (discussed further in Chapter 6). In the oxygen-depleted
series, the signal increases more than a linear relationship would indicate; the relationship actually
appears to be more exponential. This result suggests that oxygen may be stored by MMOH as
well, perhaps in the same hydrophobic regions that are capable of storing methane.

The methane experiments are summarized in Table 5.5. In Table 5.6, the best-fit lines relating
charge transferred during the forward scan to concentration are compared for each of the 5 mg/L
[O2], v = 50 mV /s series. These show that while the signal clearly depends on [CH4] within each
experiment (except experiment 5, in which little dependence was seen as described previously), the
results are not necessarily consistent between experiments. The intercept should be close to zero,

and this is the case for two of the three best-fit lines. Even between those two lines, there is a
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Figure 5-19: Methane concentration series, v = 50 mV/s, no oxygen. Top: Scans were recorded
at O (solid, weaker signal), 150 (dashed/dotted), 300 (dotted), 450 (dashed), and 600 (solid) uM
[CH4]. Note scale of y-axis; noise is visible because signals are relatively weak. Bottom: Charge
transferred during forward scan as a function of methane concentration.
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Figure 5-20: Effect of previously applied methane. Scans were done with 5 mg/L [O3] and no
methane after previous scans had been taken with up to 600 M [CHy]. Key: scan 1, solid (stronger
signal); scan 2, dashed/dotted; scan 3, dotted; scan 4, dashed; scan 5, solid.
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Figure 5-21: Lack of concentration dependence after previous exposure to methane. 50 mV/s scans
were performed at 0 (solid, stronger signal), 150 (dashed/dotted), 300 (dotted), 450 (dashed), and
600 (solid) uM [CHy4]. The first scan at each concentration is shown here; qualitatively similar
results were seen in subsequent scans.
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Figure 5-22: Oxygen and methane concentration dependence, v = 50 mV/s. Scans were recorded
at 0 (solid, weaker signal), 150 (dashed/dotted), 300 (dotted), 450 (dashed), and 600 (solid) uM
[CHy), in the order described in the text. Top, 5 mg/L [O3]; bottom, no oxygen.
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| Experiment | Description [ Result
1 Preliminary Oxygen and methane both affect signal
strength; signals are relatively weak
2 Control (no MMOH) Signal does not depend on [CHy]j
3 Scan rate, 50 mV/s and 20 | 50 mV/s series is close to linear through
mV /s done separately 900 puM; 20 mV/s series does not depend on
[CHy], suggesting methane storage
4 Scan rate, alternating Series have similar results, with stronger peak
currents for 50 mV/s
5 Oxygen, 0 and 5 mg/L done | Oxygen-depleted signals are very small; 5
separately mg/L signals do not depend on [CHy)
6 Oxygen, alternating 5 mg/L signals are twice as strong; oxygen-
depleted series suggests possible Oy storage
Table 5.5: Summary of experimental results for methane
[ Experiment |  Best-Fit Line | R? | Concentration Range (uM) ]
3 y = —0.030x — 1.42 | 0.976 0 — 900
4 y = —0.062x — 17.3 | 0.867 0 — 300
6 y = —0.076z — 0.56 | 0.961 0 — 600

Table 5.6: Best-fit lines for methane experiments in which [O2] = 5 mg/L and v = 50 mV/s,
relating charge transferred during forward scan to methane concentration. The relevant results

from experiment 5 were omitted because essentially no [CHy] dependence was seen.

more than twofold difference in the slope. Judging from these results alone, the use of a MMOH-
modified electrode for analytical measurements does not currently seem promising. However, we

believe that a significant amount of the inconsistency may be due to experimental conditions that

can be corrected; this topic will be further discussed in the following chapter.
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Chapter 6

Discussion

6.1 Experimental Considerations

In terms of whether a MMOH-modified electrode can be used as an analytical sensor for methane,
the results in Chapter 5 are somewhat unclear. At times, as with the degassed acetonitrile ex-
periment, charge transferred was clearly dependent on substrate concentration. In the methane
experiments, though, there was some experimental scatter and inconsistency, both within a partic-
ular experiment and between one experiment and the next.

There appear to be two main reasons for the scatter in the methane data. The first is related
to the kinetics of methane partitioning between gas and liquid phase. As described in Chapter
5, bubbling causes the solution concentration of methane to approach the saturation level for
a particular gas mixture, and is only dependent on the ratio of gas volume to solution volume
(Equation 5.3). However, this result depends on the assumption of fast equilibration between gas
and liquid. If this assumption does not hold, then the time over which gas is bubbled into solution
must also be considered.

After the methane experiments had been completed, a qualitative check of partitioning kinetics
was carried out. 5 mL of MOPS buffer was added to the electrochemical cell, and 50 mL of helium
was slowly bubbled through the solution. Since H > 1 for oxygen (and methane), and V;/V,, = 10,
Equation 5.3 predicts that the oxygen concentration after bubbling should be essentially zero.
However, when measured with an oxygen electrode, [O2] ~ 5 mg/L, indicating that the partitioning
is kinetically limited.

The small-volume cell could not be used directly for this experiment, since it would have required

an oxygen microelectrode. In the actual methane experiments, the bubbling time was about the
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same, while V,/V,, = 100. This test was designed to provide a general idea of whether kinetic
limitation might have to be considered, and indicates that the solutions in the small-volume cell
probably did not actually have the methane concentrations indicated in Table 5.4.

If this had been considered earlier, one possibility would be to still use the bubbling approach,
but ensure that the bubbling was over the same time interval for each trial. However, a better
approach is probably to use the method of headspace equilibration, described in Chapter 5. With
acetonitrile, where there is no difficulty in making solutions of correct concentration, one set of
results was almost perfectly linear (within concentration limits); we imagine that this result could
be duplicated with methane, if more care were taken to prepare the solutions.

Another cause of experimental scatter stems from the fact that a new layer of peptide and
protein was prepared for each experiment, and there is likely to be some difference in the adsorbed
layer from one day to the next. It is not clear how much of the variation in Table 5.6 should
be attributed to this effect. For example, one source of variation may be the number of enzyme
molecules adsorbed each time, and it is not clear how much this would be expected to change, since
the scans are done in MMOH solution of equal concentration each time and the scan conditions do
not change. It would be useful to obtain two separate calibration curves, under the same conditions,
with the same adsorbed layer of enzyme. This may run into the limitation of how long the adsorbed
layer remains active; for example, when the uteroferrin enzyme was contained within a thin film of

surfactant, the electrochemical response became unstable a period of a few hours [10].

6.2 Comparison with Previous Works

One striking aspect of these results is that a relatively linear response was obtained by immo-
bilizing MMOH alone. The work in [4] demonstrated that MMOR was not required, since the
electron-supplying role of the reductase could also be fulfilled by the electrode. However, it is well
documented that MMOB is necessary for the oxygenation reaction to occur, both in the natural
system and the electrochemical one.

In the natural system, the role of MMOB is multi-faceted and not yet fully understood. It
appears to regulate the oxygenation reaction by causing conformational changes in MMOH; earlier
works showed that it led to increased product yield and rate of reaction (see Section 2.1). More
recent work suggests that MMOB is necessary for the oxygenation reaction to occur at all; in the

absence of the regulatory protein, oxygen is bound and reduced to water, and the intermediate that
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reacts with methane does not form [19].

With this background in mind, the linear response to acetonitrile and methane can be inter-
preted in several ways. It is possible that electron transfer to the iron center is coupled with product
formation, but in a relatively inefficient way; in this scenario, addition of MMOB to the system
would allow more of the oxygenated product to form. An alternative situation, in which electron
transfer leads to the reduction of oxygen instead of the formation of oxygenated product, is also
possible. In other words, since MMOB is absent, product formation may not be occuring at all. If
this were the case, the relationship between signal strength and substrate concentration would still

have to be explained.

Kinetic studies have shown that substrate binding happens first, leading to the formation of
a MMOH:methane complex [21]. While the catalytic cycle of MMOH shows oxygen binding to
the active site before methane (Figurc 2-2), these two results do not contradict each other. In the
enzyme-substrate complex, methane is not bound at the active site, but rather in a hydrophobic

pocket; it is then passed to the active site after the appropriate intermediates have been formed.

In one possible scenario, electron transfer to the active site then proceeds, in which the amount
of electron transfer (and thus the intensity of current) depends on the amount of MMOH that
has formed an enzyme-substrate complex. However, since MMOB is not present, the oxygenation
reaction does not occur, and the reducing equivalents are used to reduce oxygen to water. If the
concentration of oxygen is low relative to the substrate concentration, as is most likely the case
in the degassed acetonitrile experiment, this may be a less plausible explanation. It is also not
clear how the hydroxylase might regulate electron transfer so that only MMOH molecules bound to
substrate receive electrons; this sort of regulation is quite likely, since it allows reducing equivalents
to be used most efficiently, but in the full enzyme this effect is due to MMOB. Still, this hypothesis
may provide a way to reconcile the experimental results obtained here with previous work which

suggests that product formation cannot occur without the presence of MMOB.

The work of [4] found a noteworthy difference between the electrochemical system and the
natural, NADH-driven one; in the electrochemical system, the presence of catalase was required for
product formation, suggesting that HoO, was being formed and then inactivating the enzyme. In
fact, both catalase and MMOB were required for product formation. Qur work shows that neither
appears necessary for an electrical signal, proportional to substrate concentration, to be generated.
This is not necessarily an inconsistency; as mentioned above, the presence of a substrate-dependent

signal does not necessarily mean that product is being generated.
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From the point of view of sensor development, the question of whether methanol is produced
at the electrode may not be one of key importance. As long as the signal is related to methane
concentration in a predictable, consistent way, the electrode can be used as a methane sensor, and
the molecular and enzyme-level details are of secondary importance. However, in the sense that
this work is a follow-up to 4], it would be desirable to confirm whether MMOB, catalase, or both
are required for product formation. In [4], an experiment was conducted in which the electrode
was held at reducing potentials for 30 minutes, and the oxygenated product was then detected by
gas chromatography. Such an experiment would be useful to further explore the possibility of a
MMOH-based methane sensor, as it would be very helpful to know why the substrate-dependent

signal was being generated.

For comparison purposes, another key work is the graphite-pencil electrode experiment de-
scribed in Chapter 3. That experiment is conceptually similar to ours; an electrode surface is
modified by adsorption of a redox-active species that also acts as a catalyst, and then when an
appropriate substrate is added to the system, a clear increase in current is observed. The results
are more clear and easily interpreted in that case, though. When phosphomolybdic acid is adsorbed
onto the pencil surface, the signal changes dramatically, with sharp peaks due to reversible multi-
electron transfer. This is an example of the ideal case, in which there is a non-catalytic signal that

can be used to calculate surface coverage.

With MMOH, though, the electron transfer may not be reversible; electrons can be transferred
from the electrode to the active site, reducing Fe!ll to Fell, but it is not clear if electron flow
can proceed in the opposite direction. This may explain why only a reduction signal is observed
for MMOH. Even on the reducing scan, though, an actual peak is not seen, since the current
generally continues to increase until the switching potential is reached. For redox-active species
in solution, peak formation is due to diffusion-limited mass transport (Chapter 3.1); for surface-
adsorbed species, a peak is still seen, due to the finite amount of chemical on the surface. It is not
clear why this sort of behavior is not observed for MMOH; however, a similar signal is also seen for

cytochrome c peroxidase in the presence of HoOq [24].

On the other hand, when the addition of H2O3 to the modified pencil electrode is compared
to the addition of acetonitrile or methane in our work, the effect is similar. The catalytic reaction
caused an increase in the reduction current; on the reverse scan, current was shifted towards more
negative values as well (compare Figures 3-5 and 5-9). The main difference is that the MMOH

signal became much broader as well; the difference in magnitude between reducing and oxidizing
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| Substrate | Data Points | R* | Km (M) | imax (1#4) |
CH;3;CN ) 0.96 44 11.6
CH4 6 0.96 252 5.9

Table 6.1: Michaelis-Menten constants for acetonitrile and methane

current increased with substrate concentration. It is not clear what causes this difference. As
mentioned in Chapter 5, when scans are taken with MOPS-only blanks, this broad shape is also

seen.

6.3 Theoretical Considerations

Cyclic voltammetry of an adsorbed enzyme is controlled by a three-step process involving transport
of substrate from the bulk solution to the enzyme layer, the kinetics of the enzyme itself, and electron
transfer from the electrode to the active site [24]. Substrate transport is controlled by diffusion,
as described in Chapter 3, and is not affected by the adsorbed enzyme layer. The enzyme kinetics
and electron transfer are specific to this type of system, though, and will be considered here.

In the Michaelis-Menten model of enzyme kinetics, the relationship between reaction rate and
substrate concentration is described by vmax, the maximum reaction rate, and K,;,, the substrate
concentration at which reaction rate is half of the maximum. The equation can be expressed in the
following form:

% =1y Em 1 (6.1)

Umax Vmax [S]

where v is the reaction rate and [S] is the substrate concentration.

A plot of 1/v versus 1/[S], called a Lineweaver-Burk plot, allows values of Ky, and imax to be
found from experimental data. Since the reaction rate v is proportional to current [6], Equation
6.1 is also valid for ¢ and imax. Michaelis-Menten constants were estimated for acetonitrile using
the data in Figure 5-9 and for methane using the data in Figure 5-16. The results are shown in
Figure 6-1 and summarized in Table 6.1.

According to the model, at substrate concentrations significantly lower than Ky, v is directly
proportional to [S]|; at concentrations significantly higher than Kn, v is independent of [S]. The
lower value for acetonitrile reflects how the current (and charge transferred) no longer increases
past about 80 uM, while for methane, no leveling-off was seen even around 900 M. However, in

other sets of methane data, the current stops increasing around 300 pM, so the K, in that case
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in the plateau region was used; for methane (bottom), where no plateau region was consistently
obvious, the peak current was used.
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would be lower as well.

For enzymes with multiple substrates, the K, for one substrate is dependent on concentrations
of the other substrates. (In the natural system, these are O and NADH.) Because the acetonitrile
and methane experiments were done at different oxygen concentrations, it may not be that useful
to compare the two values. Previous works estimated Ky, for methane at 160 uM and 3 pM [21];
the lower estimate is probably more accurate, since it is based on purified protein rather than
crude extract. A low K, means the enzyme would be working at maximum speed in the presence
of relatively low concentrations of substrate; from an ecological point of view, this would help
methanotrophs survive under low-methane conditions.

If the 3 pM value of Ky, is accurate for electrode-bound enzyme, it would also mean that
current should not depend on [CHy} at the concentration ranges studied in this work. However,
since only MMOH was immobilized, it is reasonable that the enzyme kinetics are different from
when all components are present. Also, the act of immobilization can have a significant effect on
the enzyme’s affinity for substrate [13], further altering the value of Ky, from that found in nature.

The electron-transfer model presented in Chapter 3 was also considered. In [4], the electron
transfer rate ke is found using the measured current, using the relationship ke, = ¢/nF AC,, where
n, F', and A are as defined in chapter 3 and C, is the enzyme concentration in mol/ cm®. However,
this relationship is not dimensionally correct; it leads to a ke; expressed in [L/T], rather than [T~!].
If C, is actually in mol/cm?, and is estimated using the size of a MMOH molecule (60 x 100 x 120 A,
[46]) and the assumption of a close-packed monolayer, the resulting ke; is about 50 s~1. However,
ket is reported in [4] as 3 x 107% s7L.

Since it was not clear how to use our experimental data to back out a reasonable electron
transfer rate, the one given in [4] was used to see if the electrochemistry data could be reconciled
with what Marcus Theory predicts. It has been proposed that electron transfer to the active site
occurs via the Tyr67 and Lys74 amino acids on the surface of the MMOH canyon, about 10 A from
the iron centers [46]. However, we assume that when MMOH is immobilized onto the electrode, the
electrons need to be transferred over longer distances. This is because MMOB, the natural source
of electrons (via NADH), can bind within the canyon; the flat electrode surface cannot come into

such close contact.

If the distance is taken to be 30 A instead, then Marcus Theory predicts an optimal electron

transfer rate of about 9 x 1074 s™!. (Details of the calculation are as follows: The maximum rate,

when the donor and acceptor molecules are in contact, is about 1013 s~!. This is then adjusted
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by the exp(—B(R — R,)) term in Equation 3.8, where R, = 3.6 A and 3 = 1.4 A~!; the value
of B is appropriate for electron transfer through a protein [34].) This is an optimal rate because
it does not consider the driving force or reorganizational energy (accounted for in Equation 3.9).
The experimentally determined rate from [4] is about an order of magnitude lower, which seems
reasonable; since the peak current values found in this work are similar to those in [4], we conclude

that our data is in relatively good agreement with theoretical predictions of electron transfer rate.

76



Chapter 7

Conclusion

The work described in this thesis was based on the idea that we could take a current area of chem-
istry research and build on it for environmental sensing purposes. In the process, we answered some
questions and raised many others. These current questions were mentioned throughout Chapter 5,

and will be summarized here:

e Are methane and oxygen being stored by MMOH? Both the scan rate and oxygen-varying
experiments showed clear differences in signal based on the order in which particular scans
were recorded, and the most logical explanation is that the enzyme is storing substrates for

later use.

o What is the effect of oxygen on the electrical response? For a given O, concentration, the
signal could be partly dependent on oxygen being involved in the MMOH catalytic cycle, and
also on oxygen being directly reduced (independently of MMOH) at the electrode surface.

e Can the signals produced during the control experiments be explained? In these experiments,
the signal is not dependent on substrate concentration, as expected. However, the signals are
nearly identical to those obtained when the MMOH-modified electrode is exposed to high

concentrations of substrate.

The first question may be particularly important, as it relates to both microbial ecology and
sensor design. Methanotrophs require both methane and oxygen, so they are abundant near the
interface between oxygen-containing regions of water or sediment and oxygen-depleted, potentially
methane-containing regions. Such an interface may shift with time, and if the methanotrophs can

store one substrate for use when it is not present, this confers an ecological benefit. However, this
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storage ability would also make it more difficult to design a methane sensor to reflect the current

concentration of methane, rather than some complicated function of previous concentrations.

Contributions

This work made several contributions that can provide a useful building block for further research
in the area of MMO-based methane sensors. For one thing, we found that a homemade instru-
mentation system can give useful results. This may sound trivial, but it allowed us to carry out
interesting research without the purchase of expensive instrumentation, and may help others to do
the same.

We have clearly shown that a MMOH-modified electrode responds to levels of substrate (ace-
tonitrile or methane) and oxygen, and that the changing response is due to the presence of the
enzyme. With acetonitrile, this response was linear within concentration limits, and we expect
that methane would behave in a similar manner if more care were taken to prepare solutions of
given concentration.

In typical cyclic voltammetry experiments, peak current is directly related to analyte concen-
tration. We show that the charge transferred over a scan may be a more useful signal for use in
sensors; throughout this work, the relationship between charge and concentration is closer to linear,
and it also has the advantage of being taken over a time period, rather than instantaneously.

This work also suggests that a methane-sensing system may be effective with the hydroxylase
(MMOH) component only, in contrast to previous works which concluded that at least the coupling
protein (MMOB) was also required for product formation. As discussed in Chapter 5, our observa-
tion might not contradict the previous works, so much as explore the possibility that a reproducible

electrical signal might be generated without formation of oxygenated product.

Limitations

As discussed throughout this thesis, several limitations have also become apparent over the course
of this work. As mentioned in Chapter 6, the kinetics of gas-liquid partitioning were not properly
accounted for in the methane experiments. It would be interesting to repeat some of the methane
work using the headspace equilibration method of preparing solutions.

We currently do not have a good understanding of other sources of current in this system. Often,
papers mention that background current has been subtracted, but it is not clear what causes the

background signal. Dissolved oxygen is a possible culprit. Electrochemistry experiments typically
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include a step of purging with inert gas to remove oxygen from the system as much as possible,
since the oxygen signal can overwhelm other signals that are present. That could not be done in
some of our trials, when we wanted O to be present to investigate its effects on MMOH.

Also, if time had permitted, it would have been desirable to carry out the gas chromatogra-
phy experiment described in Chapter 6, in which the electrode is held at negative potentials and
oxygenated product is detected using gas chromatography. The experiment may be slightly com-
plicated by the geometry of the gold electrode and small-volume cell, because the electrode must be
removed from the cell in order to sample the solution, and the act of removal will mix the solution.
It may be the case that enough product is formed that it can mix throughout the volume and still

be detectable by a flame ionization detector, though.

Additional Ideas for Future Work

This work showed that electrical signal for a given concentration of methane also depended on
the amount of oxygen present. As a result, for a MMO-based sensor to be eflective, it needs to
be demonstrated that there is a reproducible relationship between electrical signal and methane
concentration, not just at 5 mg/L [O2] or another arbitrary level, but for a variety of oxygen levels.

Also, the effect of temperature, pressure, and ionic strength could be investigated. Most enzymes
have a relatively narrow range of conditions that can be tolerated. The stability of MMOH, and
its response to substrates, could be tested at a variety of conditions representative of what is found
in natural waters.

In the end, while this work raises at least as many questions as it attempts to answer, hopefully

it provides the beginnings of a framework for those who tackle the questions next.
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Appendix A
Appendix

A.1 Potentiostat Circuit

The homebuilt potentiostat used in this project was developed by University of Wisconsin teaching
staff based on a basic op amp potentiostat circuit in [50]. The potentiostat is used to drive the
electrochemical system and measure its response; it maintains a certain voltage between the ref-
erence and working electrodes, and measures the resulting current that flows between the working
and counter electrodes.

The circuit shown in Figure A-1 was constructed on a general-purpose breadboard and connected
to a +15-V power supply. Connections to the electrodes were made using alligator clips; the use
of female pin connectors would also be appropriate. The electrode leads were twisted together and
shielded to reduce stray noise pickup. All wires and resistors were cut to lie flat on the board
surface, eliminating loops.

The original circuit produced an 0.7 V, 1 MHz oscillation when used for MOPS electrochemistry,
though scans of Fe(CN)g in KCI were clean. A 0.05 uF capacitor was then connected between pins
2 and 3 of the OP27 in the loop between C and R. A low-pass filter was placed at Voytput; instead
of measuring at pin 6 directly, a 100K resistor and 0.2 uF capacitor were placed in series to ground,
and the measurement was taken between the two. This resulted in a much cleaner signal, with
noise of 5-10 mV.

An unrelated oscillation appears to be due to the placement of electrodes within the small-
volume cell. This +15 V, 20 KHz oscillation is usually present when the working and counter
electrodes are placed in a given solution for the first time. An oscilloscope is used to monitor

the output at the lead to the counter electrode. The counter electrode is removed from solution
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V(output)
£

Figure A-1: Original potentiostat circuit diagram; see text for modifications.

and replaced until the oscilloscope trace is steady. When the starting or switching potentials are
changed, the first subsequent scan often results in this +15 V oscillation; in this case, the counter

electrode must be adjusted, and the resulting data must be collected again.

A.2 LabVIEW Code

In the preliminary stage of this project, the triangle wave at V,pplieq Was controlled manually, using
an analog circuit with an integrator and switch; Vouput was recorded on a Perkin-Elmer 56 chart
recorder. However, it soon became necessary to have both a more precisely controlled input and a
way to record data numerically.

National Instruments’ LabVIEW is a useful program for instrument control and data acquisition.
It was installed on a Pentium III computer running Windows 2000. A PCI-6221 digital acquisition
(DAQ) card was installed in the computer and connected to a SCB-68 shielded terminal block by
a noise-rejecting, shielded cable (all from NI). Input and output leads, along with their respective
ground lines, were connected to the terminal block.

The potentiostat program written to control Vappkeq and record Voutpyt is based in part on
[20}; its block diagram, the graphical representation of code used in LabVIEW, is shown in Figure
A-2. The program is referred to as a VI, or virtual instrument. On the front panel, which serves as
the user interface and can contain controls similar to those of physical instruments, the user inputs

the starting and switching potentials, the number of cycles, and the scan rate.
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The block diagram contains two user-coded subVlIs, or subprograms, labeled update and tri-
angle. The update subVI, shown in Figure A-3, takes as inputs the starting and switching po-
tentials and scan rate and calculates the total time of the ramp segment (one leg of the triangle
wave). This is then divided by the number of data points collected per ramp segment to give a
delay time, the time elapsed between data points. The triangle subVI, shown in Figure A-4, takes
the starting and switching potentials, as well as the number of points in each segment, and uses
predefined ramp functions to generate the applied voltage triangle wave (Figure 3-1). The code
is enclosed in a For loop which executes n times, where n is the number of cycles; each time, the
Build Array function appends the column to the previous result.

In the potentiostat program itself, most of the analog input/output code is enclosed in a For
loop, which is indexed to the number of points in the triangle-wave array. With each iteration of
the loop, the nth element in the array is extracted. The DAQ Assistant subVI, which is available
within LabVIEW and can be modified for a particular task, takes this value and generates the
required output voltage; this is Vapplieq on the circuit diagram. Another DAQ Assistant subVI is
set to record the input voltage from the -V converter (this is Voygpye on the circuit diagram, but
an input voltage to the data acquisition card). This value is also displayed on an indicator graph
on the front panel. The DAQ) Assistants generate or record one data point per iteration.

The delay time between iterations is set by the value computed by update. The DAQ Assistants

are set to stop when the last element of the triangle-wave array has been extracted. A Simple Error
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Figure A-4: Block diagram of triangle subVI

Handler is wired to each DAQ Assistant and placed outside the For loop.

Finally, the Build Array function is used to generate a matrix with columns corresponding to
the time elapsed, the triangle-wave voltage points, and the measured voltage points. The latter two
are passed out of the For loop using tunnels, which are set to append the value generated by the
current iteration to the column of those generated previously. The Write LabVIEW Measurement
File subVI, which like the DAQ Assistant is pre-defined and can be modified, writes the resulting
matrix to a ASCII file and gives it a .lvin extension.

As shown here, the program records the Vgyuput value. It would also be useful to divide by

100,000, the value of the resistor in the i-V converter, so that the current is recorded directly.

A.3 Matlab

The .Ilvmn files can be conveniently processed using Matlab. The header portion of the file is
deleted, leaving only the numerical values. The load function is used to store the matrix in the
current workspace. The x-y plots characteristic of cyclic voltammetry are generated using the plot
command:

> plot(filename(:,4),filename(:,6))

Columns 1, 3, and 5 of the .Ivm file simply count each iteration of the For loop. Column 2 contains

the time stamps. Columns 4 and 6 contain the voltage and current data; plotting current as a
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function of applied voltage produces a cyclic voltammogram. Since there is still some noise in the
signal, the smooth function can be applied to Column 6 to clean up the plot.

The plot can be modified with the title, legend, xlabel, and ylabel functions.

Since each data point is collected At apart, where At is set by the result of update.vi, the
current can be integrated with respect to time (within a normalization factor) simply by adding
each data point. It is useful to calculate total charge transferred for the forward and reverse scans
separately, rather than for the total scan. This is done by extracting column vectors from the
filename matrix:
> a = filename(1:1250,6)
> b = filename (1251:2500,6)

The number of data points per ramp segment, 1250 in this case, is set in the LabVIEW program.
Finally, sum(a,1) and sum(b, 1) are used to sum the values in each column.

The value of the peak current can be estimated from the x-y plot. Alternatively, filename

(1250,6) returns the current at the switching potential. The use of max and min may also be

useful, though the values returned will be slightly inflated due to noise.
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