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While protein film voltammetry (PFV) frequently makes use of pyrolytic graphite edge (PGE)
electrodes as a suitable surface for the study of biological macromolecules,1 few studies have
reported the comparison of PFV as a function of electrode material, with the notable exception
of blue copper protein azurin.2 Here we report that upon PGE electrodes, bacterial cytochromes
c551 (cyts c) and mitochondrial cyt c can undergo a spontaneous chemical reaction at neutral
pH values, which we describe in terms of the loss of the methionine ligand of the heme iron.
Additionally, the native conformation of the bacterial cyts c can be studied in the same
experiment. These data contrast with reports of cyts c electrochemistry that utilize alkanethiol
modified gold electrodes,3 which do not show the spontaneous lower-potential product.
Further, by comparison with horse heart cyt c, we show that there is a systematic reciprocal
correlation of the relative stability of the Met-Fe interaction, and the propensity for generation
of a stable, low-potential form of cyts c at the PGE electrode.

Monoheme, Class I ferricytochromes c were studied by direct adsorption upon a freshly
polished, chilled PGE electrode, and subjected to PFV. Figure 1 illustrates that for a series of
analogous cyts c, the PFV experiment revealed not one electrochemical response, but two: a
pair of reversible voltammetric features at approximately +250 mV, the typical cyt c Fe(II/III)
couple, and a lower potential feature at approximately -100 mV (vs SHE). Baseline-subtracted
data for these features are shown in the insets of Figure 1.

As shown in Table 1, the higher potential redox couples (Figure 1, blue traces) measured here
with PGE electrodes agree with previous measurements conducted using gold self-assembled
monolayer-modified gold electrodes (Au-SAMs) for cyt c551 from Pseudomonas aeruginosa
(PA) and cyt c552 from Hydrogenobacter thermophilus (HT). For example, HT wild-type cyt
c shows a modest shift (25 mV) downward in potential when comparing PGE to Au-SAM
measurements, and the PA cyt c measurements are identical within experimental uncertainty.
3 Thus, part of the PFV response indicates the anticipated Fe(II/III) couple, though it is clear
that the horse heart (HH) cyt c results differ (Figure 1C), showing a lower potential signal at
the PGE electrode only.

All of the His/Met ligated c-type cytochromes studied here at graphitic electrodes show the
existence of the lower-potential form, and HH cyt c yields essentially 100% of the lower-
potential signal. Similar PFV studies using PGE to interrogate cyts c6 (from A. thaliana and
P. laminosum) have revealed an unknown signal that mirrors the lower-potential couples
reported here.4 Our observation of similar, lower-potential couples in different His/Met cyts
c suggests that a similar state of cyt c can be attained at PGE electrodes, regardless of the source
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of the cyt c. We hypothesize that the extent to which the lower-potential form is present at the
electrode correlates with the propensity for the loss of the Met-ligand, i.e., the lower-potential
signal corresponds to a “Met-loss form” of each cyt c. In this model, the extent to which the
Met-loss form is observed will scale inversely with the stability of the Fe-Met interaction.
While the bond strength of the Fe-Met bond is unknown presently, the intensity of the 695 nm
visible absorption band of ferric cyts c can be used as an approximate indicator of the stability
of the Fe-Met interaction; loss of intensity of the band has been interpreted as the loss of the
Met ligand.5 We have repeated literature reports5 of the heat-induced loss of the 695 nm band
for HH cyt c as a way of approximating the relative stability of the Fe-Met bond, and compared
this with previously published data for the PA and HT proteins.6 As shown in Figure 2, the
HH cyt c has the least stable Met-Fe interaction (while PA is more stable and HT the most
stable). Thus, we surmise that low-potential form observed in Figure 1 (red inset) is due to a
similar Met-loss form of each cyt c.

We have found that generation of the Met-loss form is induced by adsorption upon PGE
specifically. In contrast to the PFV experiments conducted in an immobilized mode, the bulk
phase voltammetry of HH cyt c yields the normal, higher potential form over a limited scan
range (Figure 1D, and Ref 7). As shown in Figure 1D, HH cyt c reveals a typical potential of
+260 mV when in the bulk phase. In comparison with Figure 1C, it is clear that the adsorbed
vs. bulk phase voltammetry changes the observation of the Met-loss product drastically. The
generation of the Met-loss form may be tied to the specific range of potential used: while in
the immobilized mode the conversion of HH cyt c to the Met-loss form is complete, in the
bulk-phase experiment, some of the Met-loss product can be observed by using an expanded
scan range (Figure S1). The normal form of HH cyt c does not adsorb onto PGE significantly,
while the lower-potential form does.

To determine that our presumed Met-loss form does not represent entirely unfolded cyts c, we
have pursued several lines of inquiry. First, we compared the Met-loss potentials with values
for cyts c that are chemically unfolded with guanidine hydrochloride (Gdn) (Table 1). The
chemically unfolded cytochromes are likely to have retained the proximal His ligand,8 and for
chemically unfolded cyts c, we observe only a low potential signal at PGE (Table 1). For each
protein, the data on chemically unfolded forms are similar to the respective Met-loss form; but
notably for HT and HH proteins, the data are not identical to the Met-loss form. Further, we
have found that the difference in potential between chemical unfolding and PGE-induced loss
of the Met ligand is unlikely to be due to the high ionic strength associated with high Gdn
concentrations. As Figure S2 shows, molar concentrations of salt (NaCl) have minimal impact
upon the observed potentials of either the normal form or the Met-loss form. We have also
investigated mutations in 64 position (PA numbering scheme) that are known to interact with
the Met ligand.6 We observed that mutation of the 64 position significantly perturbs the
potential of the normal FeIII/II couple (ΔEm values, Table 1), in correspondence with previous
studies,6 but that there is minimal change upon the Met-loss form potential, indicating that the
Met-donating loop is no longer contributing the coordination environment.

We have considered that the observed Met-loss form might be indicative of an “alkaline-
transition” characterized by loss of the Met ligand and binding of an alternative endogenous
ligand at the heme iron.9-11 However, the Met-loss form described here displays a potential
approximately 100 mV more positive than the alkaline conformers reported for yeast iso-1-
cyts c.9,10 The pH dependence of Em for the Met-loss form (shown for PA cyt c in Figure S3)
is also distinct from that observed for the alkaline conformation of yeast iso-1-cyt c.9,10
Further, the PA and HT cyts c lack the Lys residues on the Met-donating loop thought to
contribute the nitrogenous ligand of the alkaline conformer, and there is no evidence for the
swapping of an unidentified nitrogen-based ligand to unfolded PA cyt c551.12 Finally, addition
of exogenous imidazole to the Met-loss form results in a strong, negative shift of Em (−140
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mV), suggesting that for the Met-loss couple, the heme iron possesses an exchangeable sixth
ligand, e.g., water (Figure S4). The aggregate of these data indicate that when adsorbed on
PGE, His/Met cyts c undergo a similar (yet different) reaction to the generation of alkaline
conformers.

Thus, we have shown that while PGE is deemed a biologically “friendly” electrode surface,1
it has the ability to interact with His/Met-ligated cyts c to promote the loss of the relatively
labile Met ligand, and result in a lower potential form of the cyt c. These data evoke the recent
demonstration that interaction of mitochondrial cyt c with phospholipids such as cardiolipin
can also dramatically lower the cyt c reduction potential by hundreds of millivolts.13 In this
way, PGE appears to provide a good mimic of the interaction of cyts c with biological
membranes, and thus PFV provides insight into the dynamic character of cyt c physiology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Typical PFV data for cyts c from (A) HT, (B) PA, and (C) HH collected for identical conditions
at PGE electrodes. Raw data are shown in the solid black line, the inset data are baseline-
subtracted, to highlight the different populations of low potential (red) and higher potential
forms for the cytochrome (blue). Background features of the PGE electrode are indicated by
an asterisk (*). All data were collected at pH 6.0 (phosphate/citrate buffer), 200 mM NaCl,
scan rate = 200 mV/s, temperature = 10°C. (D) Bulk-phase voltammogram of HH cyt c at a
PGE electrode. Experimental parameters: scan rate = 20 mV/s, temperature = 20 °C, pH 8.0,
5 mM Tris, 100 mM NaCl.
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Figure 2.
Percent intensity of the 695 nm absorption band for HH cyt c (red diamonds) which can be
regained by cooling the sample (blue square). Representative data for PA and HT are taken
from Ref. 6.
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Table 1

Native Met-loss

Protein Em (mV) ΔEm Em (mV) ΔEm

HT WT 211 ± 1 n.a. -110 ± 1 n.a.

 Q64N 217 ± 1 +6 -103 ± 2 +7

 Q64V 189 ± 1 -22 -102 ± 2 +8

 Q64Y 177 ± 3 -34 -104 ± 2 +6

 Unfolded WTa n.d. -- -74 ± 4 +36

PA WT 277 ± 1 n.a. -89 ± 2 n.a

 N64Q 252 ± 1 -25 -83 ± 2 +6

 N64V 223 ± 1 -55 -85 ± 2 +5

 Unfolded WTb n.d. -- -91 ± 5

HH WT 260 ± 5 n.a. -52 ± 1 n.a.

 Unfoldeda n.d. -- -62 ± 1 -10

Midpoint potentials of native and Met-loss form, collected at pH 6.0, 10°C. The listed value is the average of at least three trials and error is given as the
standard deviation.

a
Midpoint potential (Em) was determined in pH 6.0 citrate + KPi, 30°C, plus 8M GdnHCl.

b
Midpoint potential (Em) was determined in pH 6.0 citrate/KPi, 10°C, 8M GdnHCl.
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