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ABSTRACT: Single molecule enzymology provides an
opportunity to examine details of enzyme mechanisms that
are not distinguishable in biomolecule ensemble studies.
Here we report, for the first time, detection of the current
produced in an electrocatalytic reaction by a single redox
enzyme molecule when it collides with an ultramicroelec-
trode. The catalytic process provides amplification of the
current from electron-transfer events at the catalyst leading
to a measurable current. This new methodology monitors
turnover of a single enzyme molecule. The methodology
might complement existing single molecule techniques,
giving further insights into enzymatic mechanisms and
filling the gap between fundamental understanding of
biocatalytic processes and their potential for bioenergy
production.

he “single-molecule toolkit” for enzyme investigation has

so far involved techniques based on mechanical or
fluorescence transduction mechanisms.'~* Electrochemical
transduction to monitor the electrocatalytic current from a
single enzyme molecule has, however, not previously been
demonstrated.” Redox enzymes are key in a number of essential
biological processes such as bioenergetics, elemental cycles, and
metabolic processes. Laccase was used as a model enzyme in
our studies. It is one of the earliest described redox enzymes
and has been structurally well characterized.® The enzyme
catalyzes the oxidation of a wide range of organic substrates
concomitant with the four-electron oxygen reduction reaction
(ORR),” considered to be a limiting element in oxygen-
associated energy conversion.” The active site of the enzyme
has four copper atoms: a type 1 (T1) Cu site and a trinuclear
Cu site (TNC), which consists of a mononuclear type 2 (T2)
and an antiferromagnetically coupled binuclear type 3 (T3) site.
Oxidation of organic substrates occurs via a so-called ’ping-
pong’ mechanism. Substrates are oxidized near the solvent
accessible T1 site, and then electrons are transferred through
the protein, via a Cys-His pathway, over a distance of ~12 A to
the TNC site where the ORR occurs.”'® One of the key
characteristics of laccases from different sources is the standard
redox potential of their redox centers, which determines their
catalytic efficiency toward reducing substrates. The redox
potential of the T1 center for the Trameters versicolor laccase,
used in this study, has been reported to be about 780 mV vs the
normal hydrogen electrode (NHE), and the redox potential of
the T2 site is about 400 mV vs NHE."' Laccase offers the
possibility of direct electron transfer (DET) between its active
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site and an electrode.'” In this case, the electrode replaces the
substrate oxidized by laccase.

Attempts to detect the catalytic current from a single redox
enzyme molecule have been made by downscaling protein-film
voltammetry (PFV)'>" to enzyme measurements on nano-
electrodes. This approach, however, currently only allows a
resolution of 8—46 biomolecules.'* In our study, we used a
novel approach of collision-based bioelectrocatalysis (Figure 1)

Figure 1. Scheme showing the principle of detection of the catalytic
current from a single enzyme molecule. When the enzyme molecule
(shown as a gray ball) collides with the AuUME in such a geometry
that its active center (shown as an orange ball inside the molecule) is
close to the electrode surface, direct electron transfer from the
electrode to the enzyme occurs, followed by reduction of molecular
oxygen to water. The process is detected as a reduction current. In the
case where the geometry of the active center of the enzyme molecule is
less favorable, no current signal is observed.

to monitor the electrocatalytic current from single redox
enzyme molecules in solution. The catalytic process provides
amplification of the current from electron-transfer events at the
catalyst leading to a measurable current.'> Collision-based
electrochemistry has recently been extensively used for
characterization of single catalytic nanoparticles,'® for studying
adsorption of proteins and DNA strands,'” and for detection of
redox protein molecules assembled on the surface of graphene
oxide flakes,"® but not for monitoring catalytic currents
produced by individual molecules.
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Figure 2. Monitoring the electrocatalytic current from individual enzyme molecules. (a). Amperometric i—t curves in the presence of 0.1 U mL™"
enzyme solution in a deoxygenated solution (red) and in an oxygen containing solution (black). The AuUME was biased at +0.210 V vs NHE over
the entire experimental time. (b and c) Magnified i—t curves, of the parts indicated in a, showing the background and a clear spike-shaped response,
respectively. (d) Distribution of turnover rates of the enzyme molecules, calculated from the collision experiment using the peak height value, fitted
by log-normal statistics. The mean value is (3.8 & 1.1) X 10° s™'. Experimental conditions were: pH 5.0 (0.1 M acetate buffer), T = 20 °C.

Chronoamperometry was used to observe DET between a
single enzyme globule and a gold ultramicroelectrode
(AuUME) at +0.210 V vs NHE (Figure 2a, Figure S1). Before
addition of the enzyme solution to the cell, we observed a
current noise in 0.1 M acetate buffer (pH 5.0) of +0.1 pA
(Figure 2b). After addition of the enzyme solution to a final
concentration of 0.1 U mL™" current spikes of several pA were
observed, which is close to the value predicted by the mass-
transfer limiting current generated at individual nanoparticles
(Supporting Note 1). When an enzyme molecule collides with
the electrode, it randomly adsorbs onto the electrode surface.'”
In the case where the adsorption geometry is suitable for
electrode transfer between the enzyme and the electrode
(Figure 1), an electrocatalytic ORR occurs and produces a
current due to the enzyme turning over. The signals observed
were in the form of spikes rather than steady-state current
steps, probably due to partial denaturation or structural changes
of the enzyme molecule as a result of the adsorption process."”
To confirm that these spikes are due to DET between an
enzyme molecule and the electrode, a control experiment was
performed under identical experimental conditions, but without
oxygen (red curve, Figure 2a). No spikes were observed in the
control experiment. Addition of an enzyme inhibitor, NaF
solution,"” to the enzyme solution also led to disappearance of
the current spikes after approximately 30 s of inhibition,
confirming that the observed response is the result of enzyme
catalytic activity (Figure S2). To demonstrate that there is no
aggregation of enzyme molecules in the solution and that the
observed current spikes are mainly due to single molecule
collisions, dynamic light scattering (DLS) measurements of the
particle size in acetate buffer were performed (Figure S3).
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Although the enzyme concentration was 10—100 hundred
times higher in the DLS measurements than in the electro-
chemical experiment, no significant aggregation was observed.
We observed a narrow particle size distribution with a mean
value of ~6 nm, which is in agreement with the reported size of
the Trametes versicolor laccase molecule.’ Moreover, the zeta
potential of the enzyme globule in the buffer solution was
measured and shown to have a slightly negative value, —11 + 3
mV, thus discouraging aggregation of the enzyme globules.

The spike frequency in the chronoamperometry experiments
is related to diffusion of enzyme molecules to the electrode.”
The diffusion coefficient of enzyme molecules can be calculated
using the generalized Stokes—Einstein equation. However, in
diluted enzymatic solutions without molecule aggregation, the
interaction between the particles can be neglected and the
diffusion coefficient, D, can be estimated using:21

kT
Dy = —2
6nnry

(1)

where kg is the Boltzmann constant, T is the absolute
temperature, 7 is the viscosity of water (8.94 X 107* Pa-s at
25 °C),”° and ry is the radius of the enzyme molecule. The
diffusion coefficient of the enzyme molecule according to eq 1
is 8.14 X 1077 em* s™". The collision frequency due to diffusion
can be calculated by:*’

f = 4D Crye Ny ()

where Cg is the enzyme concentration, 7. is the radius of the
AuUME, and N, is Avogadro’s number. The predicted collision
frequency is 0.17 MHz. Assuming that all enzymes stick to the
electrode surface with a sticking coeficient of 1,'” independent
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of the enzyme coverage and the presence of other adsorbates, it
would take about 25 s to cover the electrode surface at this
collision frequency. In our experiments, we observed that the
peaks disappeared approximately 100—150 s after the addition
of the enzyme solution. Assuming that this indicates the
formation of a full monolayer, the results indicate a somewhat
lower sticking probability than one, on average. By adding
results from more than 20 measurements, a decrease of the
spike frequency with time can be discerned, indicating that the
enzyme sticking probability decreases with increasing enzyme
coverage. The data obtained may be influenced by the presence
of impurities in the enzyme preparation, and hence we did not
attempt to accurately model the process of enzyme adsorption
using this information. The experimentally observed spike
frequency in acetate buffer was 0.18 Hz, suggesting that very
tew of the enzyme molecules are in conformations suited for
DET, that only a small part of the enzyme molecule surface
area is available for the electron coupling with the electrode or
that impurities influence the adsorption. The collision
frequency measured in 0.01 M phosphate buffer (pH 7.4)
was much lower, 0.03 Hz, which reflects a turnover rate
decrease. This was probably due to the low stability of laccase at
neutral pH, which is related to interactions between hydroxyl
ions and the TNC leading to enzyme deactivation (Figure S4).

By measuring the height of the catalytic current spikes
(Figure 2c) and assuming that four electrons are needed for
reduction of one oxygen molecule, we were able to calculate the
maximum turnover numbers (k) of the individual enzyme
molecules when they interact with the electrode (Supporting
Note 2). Figure S4 shows the dependence of the current spikes
(size and frequency) on pH. The observed spikes, and therefore
the turnover rates, are largest at pH 4.0—5.0 and decrease with
increasing pH of the buffer solution. Figure 2d shows the
turnover number distribution for a large number of molecule—
electrode interactions at pH 5.0. The experimental data can be
fitted by a log-normal distribution with an arithmetic mean of
38 X 10° s7' and has a broad range of turnover rate
fluctuations. Adsorption of the enzyme molecules on the
electrode surface during the collisions led to partial
denaturation of the enzyme in the process of turnover. The
number of turnovers per enzyme molecule can be estimated
using the mean value of k., multiplied by the typical duration
of the spike, which is ~0.05 s. This estimation gives a total
number of turnovers of 2 X 10* for a typical collision.

The observed large variation of the turnover number
supports previously obtained results based on fluorescence
measurements.”””* The distribution may be caused by intrinsic
and extrinsic factors.” First, the adsorption geometry might
influence the observed turnover number in the case where
electron transfer from the electrode to the enzyme molecule is
the rate-determining step. Second, DET between an AuUME
and an enzyme molecule is strongly dependent on the surface
state of the electrode."

It has been suggested'’ that the intermolecular electron
transfer from the electrode to the T1 redox center of the
enzyme in its native condition is the rate-determining step in
the overall catalytic process, involving subsequent intra-
molecular electron transfer (IET) between the T1 and the
T2/T3 redox centers””® and finally ORR at the T2/T3 center’
(Figure 3a). Hence, the application of an overpotential to the
electrode can change the rate-determining step from inter-
molecular electron transfer to IET (Supporting Note 3). Figure
3b shows the dependence of the observed catalytic currents
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Figure 3. Influence of the potential on the observed electron
transfer rate. (a) Scheme showing the electron transfer pathway from
the electrode to molecular oxygen in the solution. The values refer to
the redox potentials of the T1 (Er;) and T2 (Er,) centers for the
Trameters versicolor laccase vs NHE. (b) Amperometric i—t curves in
the presence of 0.1 U mL™" enzyme solution in an oxygen containing
solution. The AuUME was biased at different overpotentials (applied
potential minus T1 redox potential) of —0.07 V (blue curve), —0.17 V
(red curve), and —0.47 V (black curve) vs NHE. Experimental
conditions: pH 5.0 (0.1 M acetate buffer), T = 20 °C.

from single enzyme molecules on the applied potential. The
size of the observed spikes revealed an independence of the
potential at high cathodic overpotentials indicating IET current
limitation. No spikes were detected at small overpotentials (due
to the insensitivity of amperometry to the small catalytic
currents at the close-to-equilibrium conditions in this
experimental setup). Thus, the method can be used to estimate
the redox potential of the primary electron acceptor site
communicating directly with the electrode, assuming that the
potential of the T1 site correlates with the catalytic potential.”’
While the mechanism of oxygen reduction in laccases is
known, the detailed process of IET has remained unclear,”
since attempts to measure the IET transfer rate from T1 to
TNC have resulted in low and noncatalytically relevant values,
maybe due to the experimental conditions of those experi-
ments.” It has, however, been proposed that IET could be
fast.””> Recent microsecond freeze-hyper quench studies
showed experimental IET rates in laccases of >2.5 X 10*
s7.7® Our studies at high overpotential, when IET is the
limiting process, also revealed even higher rates (Figure 2d).
The measurements of Figure 2 were performed at an
overpotential of —0.57 V, and we therefore assume that the
observed k. fluctuations are related mainly to the fluctuations
in enzyme conformations’ and thermodynamics of the
intramolecular electron transfer.”> Using the semiclassical
Marcus theory and the obtained mean value of k., an
estimated value of 020 eV for the activation energy was
calculated. The reorganization energy for intramolecular
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electron transfer was calculated to be 0.72 eV, which is within
the range calculated theoretically”® (Supporting Note 4).

In summary, we have demonstrated the possibility to
monitor electrocatalytic events from single laccase molecules.
This methodology allows single enzyme molecules to be
studied electrochemically and may be applicable to other redox
enzymes with high catalytic activity and could thus complement
the “single molecule toolkit”. We believe that this methodology,
when applied to various more purified enzymes, will lead to
new important insights into enzymatic mechanisms and fill the
gap between fundamental understanding of biocatalytic
processes and their potential for bioenergy production.
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