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Fluorescent Cyclic Voltammetry of Immobilized Azurin: Direct
Observation of Thermodynamic and Kinetic Heterogeneity**

Jante M. Salverda, Amol V. Patil, Giulia Mizzon, Sofya Kuznetsova, Gerhild Zauner,
Namik Akkilic, Gerard W. Canters, Jason J. Davis,* Hendrik A. Heering, and Thijs J. Aartsma*

The electrochemical analysis of surface-confined metallopro-
teins has resulted in a significant advance in our knowledge of
the kinetic and thermodynamic nuances of biological electron
transfer.!l Surface confinement on a carefully engineered or
appropriately modified electrode surface removes diffusion
limitations in cyclic voltammetry, facilitates direct imaging or
spectroscopic analyses, and requires small quantities of
material. However, the associated voltammetric responses
are typically nonideal, with broad voltammetric peaks and
experiment-to-experiment variation.>® Such observations
have been loosely ascribed to kinetic and thermodynamic
dispersion across the surface.*” A range of causes may
contribute to this variation, from lateral molecular interac-
tion, variation in redox-site/electrode electronic coupling, to
microenviromental variance in properties such as surface
charge or molecular orientation.

This dispersion can be studied by taking advantage of the
enhanced sensitivity of a newly developed method for
monitoring redox-state transitions by fluorescence detec-
tion.""'l Herein, we have used azurin, a well-characterized
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14 kDa large protein from P. aeruginosa with a single Cu ion
as the redox-active center (see Figure S1 in the Supporting
Information).!" In its oxidized (Cu®") form, the protein
displays a strong absorption at 630 nm, which is absent in the
reduced state. This redox-dependent absorbance change can
be monitored in the fluorescence domain by means of a
Forster resonance energy transfer (FRET) donor—acceptor
pair, whereby the redox site is the energy acceptor and an
externally linked dye label is the fluorescent donor.

We applied fluorescence-detected cyclic voltammetry
(FCV) to investigate both a full monolayer of protein (using
epifluorescence detection) and a dilute sub-monolayer (using
total internal reflection-excited fluorescence ; TIRF). Figure 1
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Figure 1. Cyclic voltammogram (black) and successive epifluorescent
cyclic voltammograms (gray) of Cy5-labeled wt azurin at 100 mVs™
scan rate (4 cycles). The fluorescence change in FCV reflects the
change in redox state of the labeled azurin.

shows the conventional cyclic voltammogram and the simul-
taneously recorded FCV of Cy5-labeled wild-type (wt) azurin
adsorbed on gold covered with a hexanethiol self-assembled
monolayer (SAM), using epifluorescent detection, at a scan
rate of 100 mV's™'. Both signals have the shape expected for
an immobilized protein at slow voltage scan rate (see
sections 1-3 in the Supporting Information for details). A
control analysis with Cy5-labeled redox-inactive Zn-azurin
(section 4 in the Supporting Information) confirmed that the
fluorescence switching of labeled Cu-azurin is due to the
redox transition.

FCVs measured at three different scan rates (Figure 2)
show that the separation between oxidizing and reducing
curves increases with scan rate, which is the same behavior as
that for the peak separation in cyclic voltammetry (CV)
experiments. The data points in these FCV curves were fitted
by Butler—Volmer analysis (sections 5-7 in the Supporting
Information, adapted from Heering et al.**)).
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Figure 2. FCV curves measured at 10 mVs™', 100 mVs™', and 1 Vs™
showing scan-rate dependence.

From the scan-rate dependence of both CV and FCV,
values for the midpoint potential E,, electron-transfer rate
constant k,, and unusual quasi-reversibility UQR?! were thus
obtained (section 5 in the Supporting Information; Table 1).

Table 1: Fit parameters E,, k,, and UQR for CV and FCV.

Dataset Ey [mV]® ko [s7'T®! UQR
cv 44 67 9.7 (1.0)
Fov 28 21 9.7 (fixed)

[a] Midpoint potential vs. SCE. [b] Standard electron-transfer rate con-
stant. [c] Unusual quasi reversibility.

The kinetics of electron transfer determined by FCV are in
reasonable agreement with those determined by CV.?'*I The
observed differences in k, values can be explained by the
presence of heterogeneity in the electron-transfer rate. Owing
to the bias of fluorescence detection towards proteins that are
more weakly electronically coupled to the electrode (where
fluorescence emission is less quenched), such heterogeneity
results in a lower average rate in the optical sampling relative
to the purely voltammetric results.

Heterogeneity is evident in the variance in fluorescence
intensity across the surface (Figure 3a), which is typical for
monolayer coverage. At low coverage, this variance is even
more pronounced (section 2 in the Supporting Information).
In Figure 3b, three FCV cycles of diffraction-limited spots
(region-of-interest, or ROI, size ~300 nm) show a large
dispersion in the separation between the reducing and
oxidizing curves, which is an observation diagnostic of a
large dispersion in interfacial electron-transfer kinetics.

We quantified the kinetic and thermodynamic dispersion
by constructing FCV cycles for over 200 such diffraction-
limited ROIs at a range of scan rates. A ROI contains 500—
3000 and 100450 fluorescently labeled proteins for high-
coverage and low-coverage samples, respectively (calcula-
tions in section 8 of the Supporting Information), which
demonstrates an unprecedented molecular-scale electro-
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Figure 3. a) Image from the epifluorescence movie measured at

200 mVs™' scan rate on wt azurin at monolayer coverage. b) Epifluor-
escent voltammograms for three ROIs of 1.5 pixel radius, selected
from the image in (a): ROl 1=gray line, ROl 2 =black dashed line,
ROI 3 =black line.

chemical analysis. The results of fitting all ROI FCV cycles
with Butler—Volmer curves are summarized in the histograms
in Figure 4a-d (see also sections 5 and 6 in the Supporting
Information).

The dispersions of E, and k, values are different for high
and low protein coverage. In the former, we find a small
spread in E, values (Figure 4a), which is dominated by noise
(see section9 in the Supporting Information), whereas
significant dispersion is evident in the low-coverage data.
The k, distributions show a high dispersion in both datasets
(Figure 4¢,d), but there is a qualitative difference between
them. The low-coverage distribution is more asymmetric and
contains a larger contribution from low electron-transfer rates
(which is consistent with a data bias towards weakly coupled
proteins).

The large k, dispersion at low coverage may be due to
variation in the orientation of the protein with respect to the
surface as well as to microscopic variation in the Au surface
properties (local surface charges etc., that is, “microenvir-
onmental variance”). At these coverages, AFM and con-
focal analyses are consistent with significant molecular
aggregation (data not shown). We propose that the analyzed
kinetic distribution becomes biased towards faster k, values
as surface coverage and film order increases (and there is a
reduced weighting of the contribution from the aggregated
forms, where k is likely to be lower; Figure 4¢,d).

As for E,, at low coverage, the microenvironmental
variance will strongly affect the midpoint potential and
therefore the observed dispersion in E,values. At high
molecular coverage, the effect of microenvironmental var-
iance will be damped by sampling more molecules per ROL

It is of interest to compare the present results with what is
known from bulk measurements on electron transfer (ET)
within protein—protein complexes and on ET between
proteins and SAM-coated electrodes. As for the thermody-
namics of the ET process, it is known that protein—protein or
protein—electrode interactions can lead to significant modu-
lation in the expressed half-wave potential within a range of
100 mV.**?! Haehnel and co-workers®® have, for example,
convincingly argued that the electric field exerted by a protein
at the site of the redox-active cofactor of the partner protein
may account for the observed variations in the midpoint
potential.

Immobilization of a protein on a SAM-covered Au
electrode may lead to changes of the same order of
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Figure 4. a) Histogram of midpoint potential values Ey= (E, o+ E; .q) /2 obtained
from all epifluorescence ROl FCV curves showing a 14 mV spread (FWHM) around
an average of 28 mV. Bin values on the x axis refer to the upper limit of the bin range
for all histograms shown. b) Histogram of midpoint potential values E, obtained
from all TIRF ROI FCV curves showing a 70 mV spread (FWHM) around an average
of 16 mV. c) Histogram of standard electron-transfer rate constants k, obtained from
all epifluorescence ROI FCV curves showing values ranging from 0.1 s™' to 200 s™".
d) Histogram of standard electron-transfer rate constants k, obtained from all TIRF
ROI FCV curves showing values clustering between 0.5 and 2 s™' with a high-k, tail

1

up to 100 s

magnitude. Murgida and Hildebrandt®” have shown that the
electric field at the boundary between solvent and SAM may
be in the order of 10-100 mV A~' and may lead to similar
changes in the midpoint potential of a redox protein that
becomes immobilized on the SAM. In addition, the dielectric
constant of the ET medium may be affected by the expulsion
of water from the interface, and this may also influence the
value of E,.”3! The dispersion in the values of E, that we
observe for the low-coverage data has a similar range (70 mV
full width at half maximum; FWHM) as the mentioned
values.”?*") This result is ascribed to variations in the electric
field that result from discontinuities or imperfections in the
SAM or the underlying Au surface.

The kinetics of ET are strikingly similar between protein—
protein and protein/Au-SAM data. It has been argued that
ET within productive protein ET complexes occurs in the
Marcus non-adiabatic limit and requires the formation of a
specific complex.”>>! The encounter complex between two
proteins, however, may require mutual reorientation of the
partners to reach the ET-competent configuration. Depend-
ing on the details of the protein surfaces and the protein—
protein energy landscape,*>>” this step may become rate-
limiting %3234

The rate of electron transfer between an ET protein and a
SAM-coated Au electrode has been investigated as a function
of the SAM thickness. At large distances, the non-adiabatic
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regime applies with an exponential —(SR) dis-
tance dependence for the ET rate. At shorter
distances, the rate becomes independent of SAM
thickness,?2¥#1 either because the adiabatic
limit now applies and the ET becomes friction
controlled or because the protein has to reorient
to reach an alignment with respect to the Au—
SAM surface that is conducive for ET to or from
the electrode.”*#!

From studies on azurin and cytochrome c
immobilized on a Au/hexanethiol SAM, the ET
was found to be gated by protein reorienta-
tion.®*! In our experiments, we found that
from one ROI to another there is appreciable
variation in the value of k. This variation most
likely reflects inhomogeneity of the tunneling
barrier as a result of orientational flexibility. This
must depend on parameters other than the
electric field variation, which is responsible for
the variation in E,, since its value is averaged out
at higher coverage. It is conceivable that differ-
ences in solvation and also in (local) coverage-
and orientation-dependent lateral protein—pro-
tein interactions are critical in this respect.

In summary, we have demonstrated that the
redox states of appropriately tagged surface-
immobilized blue copper proteins can be optically
sampled down to levels of a few hundred mole-
cules, a sensitivity which is unprecedented for
electrochemistry on a macroscopic surface. The
thermodynamic midpoint potential was found to
vary by tens of millivolts across the electrode
surface, and the standard electron-transfer rate
constant by more than a factor of 100. Furthermore, evidence
for different types of heterogeneity was obtained by compar-
ing high- and low-coverage data. To the best of our knowl-
edge, the analysis herein constitutes the first direct observa-
tion of both kinetic and thermodynamic dispersion in a
protein film on an electrode surface at a molecular scale of
sampling.

50 70

64 256

Experimental Section

Sample preparation: Preparation and purification of wild-type and
N42C azurin were carried out as previously described.[*! Wild-type
(wt) azurin and zinc-reconstituted wt azurin were labeled on the
N terminus as described by Kuznetsova et al.'?! The labeling ratio was
0.16. N42C azurin was prepared similarly (see section 10 in the
Supporting Information). The labeling ratio for the N42C sample
used was 0.55.

Sample immobilization and electrode preparation: The working
electrode consisted of a semitransparent gold layer of 10 nm thickness
deposited on a glass coverslip [1 inch (25.4 mm) diameter, thickness
0.14-0.17 mm (#1), Menzel]. Thin gold films were prepared either by
RF sputtering (ATC 1800F, AJA International) or evaporation
(Edward Auto 306 cryo evaporator). Sputtering was performed as
described by van Baarle et al.*! Azurin was immobilized on the
working electrode through a self-assembling monolayer (SAM) of 1-
hexanethiol (wt azurin) or 1-octanethiol (zinc azurin and N42C). For
more details see section 11 in the Supporting Information.

Angew. Chem. Int. Ed. 2010, 49, 5776 5779
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Fluorescent electrochemistry setup: Measurements on wt azurin
were performed with a wide-field epifluorescence microscopy setup
(Zeiss Axiovert 200, Plan Apo 100X oil). A total internal reflection
fluorescence (TIRF) setup (Nikon 2000-E, TIRF 100x Plan Apo oil)
was used to perform FCV of immobilized N42C azurin at a surface
coverage below the classical CV detection limit. Cy5 excitation was
provided by a red diode laser (639 nm, Power Technology Inc.,
IQ1A30) for epifluorescence and by a HeNe laser (Model 1135,
20 mW, 633 nmn, JD Uniphase) for TIRF. Fluorescence was detected
with a Peltier-cooled CCD camera (Cascade 512 X, Roper Scientific)
or a back illuminated iCCD camera (iXon 885 EMCCD, Andor,
Belfast, Northern Ireland), respectively. In both cases, fluorescence
was measured in a series of images (a “movie”) at fixed potential
intervals (more details and a setup scheme in section 12 of the
Supporting Information).

Electrochemistry: A copper wire connected the working elec-
trode to a potentiostat (CH Instruments, model Chi832b, for
epifluorescence, p-Autolab, Eco Chemie, for TIRF). A Pt wire or
Pt gauze counter electrode and saturated calomel (SCE) reference
electrode (Radiometer Analytical/BASI) were inserted into a buffer
droplet of approximately 100 uL on top of the immobilized protein
film. CV scans were measured at rates of 10 mVs™' to 10 Vs™', in
potential steps of 1 mV. CV scanning was combined with epifluor-
escence detection up to 1 V™' scan rate. TIRF FCV was measured at
scan rates between 25 mVs~' and 600 mVs™.
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