Immobilization of cytochrome c at Au electrodes by association of a
pyridine terminated SAM and the heme of cytochrome
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Electrochemical methods are used to demonstrate that
cytochrome ¢ can be immobilized on electrodes that are
coated with self-assembled monolayers of 4-pyridinyl-CO,—
(CH,)1—S (n > 6) through interaction between the pyridine
terminal unit and the heme of the cytochrome.

One avenue toward better sensors and enzyme electrodesis the
use of along tether, whose terminal functionality can selectively
bind abiomolecule. Herethis strategy is explored with the redox
protein cytochrome c. Electron transfer reactions with cyto-
chrome ¢ have been extensively studied, both to clarify its
function in biologica systems and to provide a canonical
example of a redox active protein.! Cytochrome c has been
immobilized on CO,H terminated self-assembled monolayers
(SAMs) through electrostatic interactions between the carboxy-
late and the exterior of the proteinz and by covalent linkage.3
Thiswork investigates the ligation between the terminal unit of
a 4-pyridinyl-CO,~CH,)—S (PyCOC,, n = 2, 6, 11, 16)
SAM and the heme of horse-heart cytochrome c. The data show
that immobilization of cytochrome is achieved by the pyridine
functionality when the alkane tethers are long enough, n = 6,
11, 16. In addition, the immobilization causes a large negative
shift of the formal potential E*’ that does not occur for other
immobilization strategies. The data also show that the electron
transfer rate for the oxidation is enhanced over that for the
reduction; i.e. an asymmetry in the rates becomes evident.
These data suggest that the pyridineinteractswith theironinthe
cytrochrome’ s heme.

The experiments used a three-electrode (Pt auxiliary, Ag/
AgClI reference) electrochemical cell with aworking electrode
that was a Au ball (ca. 1 mm diameter) to which the disulfide
was self-assembled (see ESIT for details on the construction of
the electrode and its characterization). Capacitance measure-
ments were used to assess the quality of the SAM. For the
immobilization studies the SAM coated electrodes were
incubated in a cytochrome c solution and measurements were
made in 25 mM phosphate buffer solution at pH 7. Details on
the preparation of the SAM materials are givenin the ESI 1. For
the studies with OH terminated layers and PyCO—C,, in which
the cyt c is not immobilized, the purified cytochrome ¢ was
30-50 uM in the buffer solution (see ESIt for further details).

Fig. 1 shows cyclic voltammograms for some of the systems
that were studied. Fig. 1(a) and (b) show voltammograms for
SAMs that have pyridinal functionalities. The solid line curves
show the electrode’ s response after it has been removed from
the incubation solution, rinsed, and placed in contact with a
buffer/electrolyte solution that does not contain cytochrome c.
The dataiin Fig. 1(a) shows no faradaic response for the buffer
solution because cytochrome ¢ does not adsorb onto the surface
of PyCO,—C,, but does show a response when the electrode
contacts a solution containing cytochrome c (dashed line). Fig.
1(b) shows that some cytochrome adsorbs on the PyCO>—C;;
SAM and displays a negative shift in the apparent forma
potential. A corresponding experiment using a SAM in which

T Electronic supplementary information (ESI) available: full experimental
details. See http://www.rsc.org/suppdata/cc/bl/b101767p/
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the pyridine nitrogen is blocked with a methyl group shows no
faradaic current. Hence the adsorption of cytochrome c requires
that the nitrogen atom of the pyridine be accessible to the
protein and the alkane chain be long enough. Fig. 1(c) shows
voltammograms for HO-terminated films4 in contact with
cytochrome c solution (dashed line). The solid line voltammo-
gram isthe same system with 0.8% pyridine (by volume) added
to the solution. Two redox waves (apparent E° of —17 and
—325mV) are found upon pyridine addition. The redox wave at
—17 mV is assigned to the redox reaction of unmodified
cytochrome c and the wave at —325 mV isassigned to the redox
reaction of cytochrome cin which pyridineis coordinated to the
heme. In this system, a positive potential sweep oxidizes the
iron, and complexation with the pyridine occurs (or is
strengthened). As the voltage is swept back negative the
pyridine is not removed until the iron is reduced at the more
negative reduction potential of the pyridine-coordinated moiety.
To summarize, these data show that PyCO,—C;; SAMs
immobilize cytochrome ¢ and cause an E° shift that is
consistent with an interaction between pyridine and the heme.

Voltammograms were collected as a function of the voltage
scan rate for each of the electrodes. For the HO-Cg and PyCO—
C, SAMs with cytochrome in solution, the peak current
depended on the square root of the scan rate, indicating that the
cytochromeis not immobilized on the el ectrode surface. For the
HO,C-C, and the PyCO,—C,, (n = 6, 11, 16) SAMS, the peak
current was linear with the voltage scan rate, indicating that the
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Fig. 1 Cyclic voltammograms are shown for gold electrodes that are coated
with (8) 4-pyridinyl-CO,—~CH,)>-S, (b) 4-pyridinyl-CO,~CH,)1,—-S, and
(c) HOHCH,)s—S SAMs. In (a), the solid line shows a voltammogram for
an electrode that was incubated in 50 uM cytochrome solution for 30 min
and placed in contact with a 25 mM buffer solution, and the dashed line
shows the same electrode in contact with a 50 uM cytochrome ¢ buffer
solution. In (b) the solid line corresponds to the Py terminated layer after it
was incubated in the cytochrome solution and the dashed line corresponds
to the background curve. (c) Shows a voltammogram for cytochrome in a
buffer solution (dashed line) and a voltammogram for a cytochrome
solution containing 0.8% pyridine (solid line).
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Table 1 The apparent formal potential E°” and the change in peak potential
between the high (20 V s—1) and low (0.1 V s—1) scan rates

E/MVa  AEpodmV  AEpe/mV
PyCO,(CH2)2S- 5 — _
PyCO»(CH2)eS- —15a+7 0 -1
PyCO»(CH2)11S- —1522+5 0 -21
PyCO,(CH2)16S- —147a 0 —44
HO(CHy)eS- 4+2 — —
HO,C(CHy)10S- 13+3 320 —24b

aE®” = (Epox + Epred)/2 @ 100 mV s—1 scan rate and vs. the Ag/AgCl
reference. P Shift in the peak potential upon change in scan rate from 0.6 to
10Vs1L

cytochrome is immobilized on the surface, as demonstrated by
the data in Fig 1. The apparent forma potential, E*, for the
cytochrome immobilized on pyridine are significantly shifted
negative of the other systems (see Table 1). For the HO,C-C,
SAMs, the adsorption is attributed to electrostatic and hydrogen
bonding interactions between the lysine groups (-NHz*) on the
cytochrome c periphery and the carboxylic acid group of the
SAM .2 The negative shift of E* suggests a different adsorption
state for cytochrome on the pyridinyl layers than on the
carboxylic acid layers and a significant interaction of the
pyridine with the heme. The nitrogen in the pyridinyl moiety of
the SAM and thelong alkyl chain are both needed for significant
adsorption to occur.

Available literature results support the interpretation that the
pyridine terminated SAMs coordinate to the heme. Recent
Raman and NMR studies show that Met80, which is axially
bound to theiron in the heme of cytochrome c, can be displaced
by an imidazole or pyridine> The apparent E* values in the
pyridine containing solution were found to be —17 and —325
mV, which is consistent with the reported result for yeast iso-
1-cytochrome c that complexeswith imidazole.b Thus, thelarge
negative shift of the E* (342 mV) by pyridine in solution is
caused by the axial ligand exchange from Met80 to pyridine on
the heme's iron. The 10-20 mV shift in the E* of the
unsubstituted cytochrome is consistent with the change in
solution dielectric constant caused by 1% pyridine.” These
observations strongly suggest that the large shift of 150 to 160
mV inthe PyCO»—C,, coated el ectrodes results from association
of the pyridine with the heme. Although the potentia shift
observed on the SAM isabout half of the shift found for the free
pyridine, such a result is consistent with a reduced ability for
optimal coordination when the pyridine is tethered to the SAM.
Although achangein thelocal dielectric constant” or local field
effects® may contribute to the potential shift, they are expected
to be smaller than the shift observed here and show a chain
length dependence.

The dependence of the voltammogram’ s peak position on the
voltage scan rate can be used to quantify the electron transfer
rate constant. For the PyCO—Cg, PyCO—C;1, and PyCO—Cy
SAMs the oxidation waves do not shift with increasing scan
rate; i.e. the rate remains too fast for the instrument to resolve.
In contrast, the reduction peaks shift (see Table 1) and show a
dependence on the akane chain length of the SAM, reflecting
the impact of the tunneling barrier thickness® on the electron
transfer rate. This asymmetry in the transfer rate is consistent
with stabilization of the heme by the pyridine. Such an
interaction would enhance the oxidation rate and inhibit the
reduction rate for which a dependence of the peak position on
the voltage scan rate is evident. The increase in the reduction
peak’s potential shift with scan rate as the alkane chain length
increases reflects a slowing of the electron transfer rate because
of an increased tunneling barrier width. A more quantitative
analysis of the electron transfer kineticsis underway and will be
reported elsewhere.

This study shows that cytochrome ¢ can be immobilized on
PyCO,—C,,S SAMs with alkane chains of n > 6, and the

Lysine group

Heme

Horse Cytochrome ¢

Met 80
C,py SAM

A gold substrate

Fig. 2 Illustration of the association of a pyridine tether to the heme of
cytochrome c. Also shown are the lysine groups that are present on the
protein surface.

adsorption occurs through association of the pyridine with the
cytochrome’s heme. This latter conclusion is supported by the
large potential shifts, an induced asymmetry in the reduction
and oxidation rates, and other literature results. Fig. 2 depicts
the mode of binding that is envisioned for this system. In
contrast to electrostatic binding with surface functionalities, the
pyridine associates directly with the redox center, which should
create a better defined geometry between the protein and the
electrode. Thisapproach will allow the electron transfer kinetics
to be explored without the limitations imposed by an inhomoge-
neous distribution of protein orientations with respect to the
electrode. On apractical level, this strategy of ligating to metal
redox centers or binding to abiomolecul €’ s active site promises
improved selectivity for the electrochemical detection of
biomolecules.
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