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We have used protein film voltammetry (PFV) to determine the midpoint potentials of the Pseudomonas aeruginosa,
Hydrogenobacter thermophilus, and Nitrosomonas europaea wild-type monoheme cytochromes c (cyts c; PA, HT,
and NE, respectively), as well as PA N64Q, HT Q64N, and NE V65∆ mutants, as a function of pH, and buffer
conditions. Recent studies have suggested that the identity of the 64 position of the heme-binding loop (either Asn
or Gln) strongly influences the conformation of the Met ligand that binds the heme iron. The PFV studies reveal
that HT and NE possess significantly lower potentials (wild-type cyts c having Em values of +227 and +250 mV vs
SHE) than PA (+290 mV) in 50 mM phosphate buffer, pH 7 at 3 °C. The HT Q64N mutant rises in potential
compared to wild-type, and the PA N64Q mutant has a lower potential, indicating relationships between Met ligand
fluxion, hydrogen bonding to the Met ligand, and redox chemistry. Surprisingly, NE V65∆, possessing a heme
binding loop nearly identical to that of the PA protein, displayed an Em of + 232 mV, even lower than wild-type NE.
These data are discussed in terms of models of Met ligand properties and proton dependence.

Introduction

Cytochromesc (cyts c) are among the most studied
electron transfer (ET) proteins in terms of protein folding,
electronic structure, ET kinetics, and thermodynamics. The
electronic properties of the cytc His-Met coordination
environment are modulated by a variety of mechanisms, and
recently, conformational dynamics of the heme-binding
methionine side-chain residue has been described for a series
of bacterial mono-heme cytc proteins. In1H NMR studies,
a subclass of members of the cytc8 structural family was
found to display a unique compression of the typical range
of heme methyl chemical shifts. Specifically, the oxidized
state of analogousHydrogenobacter thermophilusand Ni-
trosomonas europaeacyts c552 (HT and NE, respectively)
both display an unusual compression of shifts,1,2 as compared
to prototypical members of the same family, e.g., the
Pseudomonas aeruginosacyt c551 (PA). The unusual elec-
tronic structure and NMR properties of HT and NE have
been ascribed to “fluxional” behavior of the iron-binding Met

side-chain residue, wherein the HT and NE cytsc Met
residues sample two distinct conformations on the micro-
second time scale (A and B in Figure 1).3,4 In contrast, the
analogous Met residue possesses a single conformation in
PA,5 the conformation that is typical of members of the
cytochromec8 family (Figure 1B).

Presently, there is no clear rationale for the differences in
the Met ligand conformation and dynamics among cytsc.

* To whom correspondence should be addressed. E-mail: elliott@bu.edu.
† Boston University.
‡ University of Rochester.

(1) Timkovich, R.; Cai, M. L.; Zhang, B. L.; Arciero, D. M.; Hooper, A.
B. Eur. J. Biochem.1994, 226, 159-168.

(2) Karan, E. F.; Russell, B. S.; Bren, K. L.J. Biol. Inorg. Chem.2002,
7, 260-272.

(3) Zhong, L.; Wen, X.; Rabinowitz, T. M.; Russell, B. S.; Karan, E. F.;
Bren, K. L. PNAS2004, 101, 8637-8642.

(4) Bren, K. L.; Kellogg, J. A.; Kaur, R.; Xin, W.Inorg. Chem.2004,
43, 7934-7944.

(5) Matsuura, Y.; Takano, T.; Dickerson, R. E.J. Mol. Biol. 1982, 156,
389-409.

Figure 1. Typical conformation of an axial Met ligand at a hemec in (A)
mitochondrial cytsc, (B) PA cyt c551. The fluxional Met ligands observed
in HT and NE allow rapid interconversion between the conformation
depicted in (A) and (B). P indicates propionate.
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In the case of PA and HT, mutational studies have indicated
an important role for residue 64 (PA numbering) in the axial
Met-donating loop. Residue 64 in most cytsc8 is a conserved
Asn that packs against the axial Met61 side chain and is
positioned to donate a hydrogen bond to the Met sulfur. In
HT, however, residue 64 is Gln, and analysis of the HT
structure reveals that Gln64 is not positioned to hydrogen
bond with Met61, but rather is pointed toward the protein
surface.3,6,7 Substitution of Gln for Asn64 in HT was shown
to fix Met61 into a single conformation (Figure 1B), giving
a PA-like electronic structure and heme pocket structure.8

The complementary N64Q mutation in PA has subsequently
been shown to induce axial Met fluxion, giving an NMR
spectrum similar to that of HT.8 The residue at position 64,
however, is not the only factor determining Met conforma-
tion. In the Met-bearing loop of NE, residue 64 is an Asn
that is positioned to interact with the axial Met, but the loop
also contains an insertion at position 65 (Val 65), and the
structure reveals that the NE Met-donating loop may pack
against the heme in a distinct fashion, as compared to the
HT and PA proteins. The fluxionality of the NE Met may
also be tied to redox chemistry: while the studies of Bren
and co-workers on the oxidized protein indicate fluxionality,4

Timkovich and co-workers found a single conformation for
the reduced form of the NE protein by1H NMR.9 While the
differences in Met ligand behavior have been clearly
articulated through NMR studies, the impact of such behavior
upon the functional chemistry of cytsc has not been
determined.

Here, we address this by a systematic study of the
reduction potential and electrochemical properties of wild-
type HT and NE and compare them to PA, using the
technique of protein film voltammetry (PFV). Additionally,
we examine a series of three mutant cytsc that target the
distinguishing features of the Met-donating loop in these
proteins. To investigate the significance of variations in the
Met-donating loop on functional properties of these cytsc,
we have investigated PA N64Q, HT Q64N, and the NE V65
deletion mutant (V65∆), which also possesses an Asn64 but
removes the single insertion that makes the NE Met-bearing
loop distinct from that in PA and HT.

To compare the redox chemistry of the six cytc variants
considered here, we have used PFV as a direct electrochemi-
cal tool to assess the midpoint potential (Em) for the proteins.
PFV allows for the direct and detailed analysis of thermo-
dynamic and kinetic parameters of interfacial ET. In this
experiment, protein molecules are adsorbed upon an ap-
propriate electrode surface in a conformation that allows for
fast ET of up to a monolayer of coverage. Noncovalent
interactions are exploited in this method, such that the protein
can maintain native structure and redox properties. In the

case of cytc, many recent studies have demonstrated that
wild-type and mutant versions of yeastiso-1-cytochromec10

and cytc from mammalian sources11,12are amenable to direct
electrochemical studies using gold-based electrodes modified
with either single- or mixed-component, self-assembled
monolayers (SAMs) of alkane thiols.13,14 As has been
demonstrated in prior electrochemical studies, values ofEm

and interfacial ET rate constants can be highly sensitive to
the experimental parameters, including the terminal func-
tionalities of the SAM, the chain length of the alkane thiol,
and the ionic strength.10,11,15 In particular, differences in
observedEm for bacterial cytsc have been ascribed to
differences in experimental conditions.16 Here, we have opted
to use PFV to electrochemically interrogate the PA, HT, and
NE wild-type and mutant proteins using a single electrode
type, but under variable pH and ionic strength, to both discern
the impact of the 64 position upon the potential, but also to
uniformly explore the importance of pH and buffer conditions
upon the observed electrochemistry.

Materials and Methods

Site-Directed Mutagenesis, Protein Expression, and Purifica-
tion. Molecular biology procedures were carried out generally as
described.17 The expression and purification of the recombinant
wild-type cytsc,3,4,18the HT Q64N,19 and PA N64Q8 were achieved
as described previously. NE V65∆ was prepared as follows. The
pSNEC expression plasmid (eq 4), was used as a template for site-
directed mutagenesis using the PCR overlap extension method.20

The mutagenic primers were 5′-GCCGCCAAACAACGTGAGC-
GATG-3′ and 5′-CGCTCACGTTGTTTGGCGGCATT-3′. The
fresh PCR product was cloned into the pCR2.1 vector (Invitrogen).
Restriction digestion withBamHI and NdeI (Promega or Gibco
BRL) was performed to remove the gene insert from the pCR2.1
vector, which was subsequently cloned into the pSNEC vector to
yield pSNECV65∆ (Ampr) The gene sequence was confirmed by
DNA sequencing.Escherichia colistrain BL21(DE3)-Star (Novagen)
was transformed to ampicillin and chloramphenicol resistance with
pSNECV65∆ and pEC86 (Cmr), containing cyt c maturation
genes,21 and then used to inoculate 200 mL of LB medium in a
500-mL flask, supplemented with 50µg/mL ampicillin and
chloramphenicol. The culture was shaken for 10 h at 160 rpm, 37°C,
and then used to inoculate 1 L of LB medium in a 4-L flask, which
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was supplemented with antibiotics and shaken at 110 rpm, 37°C
for 18 h. Cells were harvested by centrifugation (5000g, 15 min, 4
°C), yielding a dark pink cell pellet. The cell lysis and protein
purification were performed as described in ref 4.

NMR Spectroscopy. 1H NMR spectra of NE V65∆ were
collected on a Varian Inova 500-MHz spectrometer at 289 K.
Oxidized protein (0.9 mM) was in 50 mM sodium phosphate, pH
6.0, 10% D2O, with a 5-fold molar excess of K3[Fe(CN)6]. Recycle
time was 250 ms.

Protein Electrochemistry. All PFV experiments were carried
out using a PGSTAT 12 (Ecochemie) electrochemical analyzer,
equipped with FRA and ECD modules. A three-electrode config-
uration was used in a water-jacketed glass cell. Temperature control
was maintained using a refrigerating circulator. A platinum wire
and resin-body calomel electrode (Accumet) were used as the
counter and reference electrodes, respectively. Polycrystalline gold
wire (2.0 mm diameter) embedded in epoxy comprised the working
electrode. The gold electrode was polished mechanically with
varying grits of alumina (1.0, 0.3, and 0.05µm) to a mirror finish
and then cleaned electrochemically in 0.1 M aqueous H2SO4 by
cycling oxidatively over a range of potentials (0.2-1.35 V vs
calomel). Electrochemically cleaned gold electrodes were then
modified with a SAM of 6-mercaptohexanol by soaking the cleaned
electrode in 1-2 mM ethanolic solution of the alkane thiol for 16
h. The excess alkane thiol was removed by rinsing with ethanol,
followed by water, and was then considered ready for use. Protein
films were achieved by directly adsorbing the cytochrome of interest
(∼200µM in pH 7.0 phosphate buffer) upon the electrode surface.
Excess protein was removed with rinsing, and then the electrode
was immersed in the prechilled electrochemical cell. Fast-scan rate
experiments, which were required to determine interfacial ET rates,
were carried out in a water-jacketed, all-glass electrochemical cell
designed to allow for control of the location of the luggin-capillary
with respect to the counter and working electrodes. Compensation
for IR drop within the cell was further achieved by using by the
IR positive feedback module of the PGSTAT 12 instrument. Cyclic
voltammetry data were subjected to analysis by subtracting a
polynomial baseline to remove the nonfarradaic current. The
determination of interfacial ET constants was achieved by trumpet
plot analysis (peak position of the cathodic and anodic electro-
chemical signals, as a function of scan rate), using the program
Jellyfit, courtesy of Dr. Lars J. C. Jeuken.

Theory. The dependence ofEm upon phosphate ion concentration
was investigated by applying the extended Debye-Hückel expres-
sion of the Nernst equation:

as has been described previously,22-25 and used by Sola and co-
workers.26,27 In such a treatment,I is the ionic strength,Em,I)0 is
the redox potential at zero ionic strength (found by extrapolation),

ZredandZox are the charges associated with the reduced and oxidized
forms of cyt c, and A is the ‘effective ionic diameter’.23,24 By
assuming an ionic strength function,f(I), of

the relationship between potential,f(I), andZred andZox becomes

which predicts a linear relationship betweenf(I) andEm , with a
slope of (RT/nF)(Zred

2 - Zox
2 ). Thus, ion binding to the either

oxidation of the cytochrome results in a change in the net charge
and in a detectable slope in a plot off(I) vs Em is observed. Here,
we use the observed slopes for the ionic strength dependence of
Em with respect to phosphate ion as a means to distinguish the NE
and HT cytsc.

Results

Direct Electrochemistry. We have carried out the sys-
tematic direct electrochemical characterization of bacterial
cyts c, PA, NE, and HT, as well as the heme-binding loop
mutants PA N64Q, HT Q64N, and NE V65∆. Successful
cyclic voltammetry of (sub)monolayers was achieved upon
gold electrodes modified with 6-mercaptohexan-1-ol. The
bacterial cytsc studied here all give reproducible, stable
electroactive protein films over a range of pH and ionic
strength conditions. Representative data are shown for the
HT wild-type protein in Figure 3, and baseline subtraction
of the nonfaradaic portion of the current reveals a set of
quasi-reversible peaks that display a small degree of peak
separation. Protein films can be generated by direct deposi-
tion of a concentrated protein solution, with the removal of
excess cytochrome, at 3°C. All protein films give reversible
signals of a highly symmetric shape. Plots of peak-height
(ip) vs. scan rate, shown in Figure 3 (inset), exhibit an
excellent linearity, indicating that the protein is adsorbed.
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Figure 2. Sequence alignment of a portion of the loop 3 region of PA,
HT, and NE. The notable features of Asn or Gln in the 64 position (PA
numbering scheme) and the insertion of Val 65 in the NE are highlighted
as text in bold.

Figure 3. PFV response of HT wild-type upon mercaptohexanol-modified
gold electrode. Raw data are shown (solid line, light) along with a baseline
voltammogram of the electrode prior to cytc adsorption (dash) and data
baseline-subtracted to account for the nonfaradaic portion of the current
(bold). Data were collected at pH) 6.5, 10 mM potassium phosphate buffer,
3 °C, V ) 50 mV/s. (Inset) The dependence of peak height (ip) upon scan
rate (V), demonstrating a linear response, indicating that the PFV signal is
due to an adsorbed species.

f(I) ) (0.5xI)/(1 + 3.3AxI) ) (0.5xI)(1 + 6xI)
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In all cases reported here, the ratio of cathodic to anodic
currents (ic/ia) was found to be approximately unity. Multiple
scans of a given protein film indicate that film loss is minimal
during the course of several experiments.

As described below, the reduction potential observed for
each cytochrome was dependent upon the pH of the cell
solution. It was also found that the use of phosphate buffer
versus organic buffers (e.g., Tris, citrate, succinate, MOPS)
gave rise to a systematic decrease in potential for the HT
and NE proteins, which will be discussed further below.

To ensure that ET kinetics do not limit the observed
electrochemical data, we determined the interfacial ET rate
(k0) using the methods of Laviron.28 As described by Niki
and co-workers,29 the rates observed were somewhat de-
pendent upon ionic strength. Rates of 175 s-1 were typical
for the pH-dependence data given below.

pH Dependence.The influence of pH upon the midpoint
potentials of wild-type cytsc is shown in Figure 4. As shown,
PFV can be used to address a wide range of pH and to allow
for the direct comparison of the pH-dependent redox proper-
ties of all of the cytochromes studied. We note that on the
time scale of our experiments, shifts inEm cannot be ascribed
to protein unfolding in acidic or basic conditions, nor can
the pH-dependent behavior represent the “alkaline form” of
cyt c, which should have a much lower potential.30 Protein
films give reversible and reproducible results that do not
depend on the order in which the various pH values are
visited in the course of a single experiment.

As an important control, PA shows analogous behavior
to that observed by Leitch and co-workers, using a spectro-
photometric redox titration.31 Our data (Figure 4, circles) are
easily fit (dashed line) to the previously derived equation
for two-state protonation chemistry (eq 3). Through the
fitting, we have found pKred and pKox values of 7.1 and 5.7,
respectively.

Our data are in good agreement with the findings of Leitch
and co-workers (pKred ) 7.3 and pKox ) 6.2),31 and the
discrepancies may be due to the tight coupling of proton
and ET that can be better resolved in a PFV experiment.

NE displays a distinctive pH dependence that is present
only at the extrema of pH (at pH values>9.25, <4.0).
Largely invariant with pH, the NE data (Figure 4, diamonds)

indicates that a singly protonated form of the cytochrome
undergoes redox transformations and that this form can either
deprotonate in the oxidized state or protonate further in the
reduced state. Thus, the pH dependence at the extrema is
approximately 54 mV/decade (at the temperatures studied
in our experiments. The methods of Clark32 can be used to
determine that the appropriate pH dependence is described
by eq 4

Our data are similar in overall shape to that found by Barakat
and Strekas for three cytsc′.33 Here, we find ionizations
occurring with pK values of pKred ) 2.8 and pKox ) 10.7,
unlike the closely spaced pK values for the cytsc′ (e.g., pKred

) 5 .4 and pKox ) 8.0 for theRhodopseudomonas palustis
protein). The observed NE pH dependence is also similar to
that found for bovine cytc by Rodkey and Ball, though the
mammalian protein demonstrates a steeper pH dependence
at low pH values, indicating an additional protonation event
of the reduced form (another pKred).34

We found that HT wild-type appeared to be less suitable
for an extensive pH dependence study, as compared to PA
and NE. In our hands, HT protein films were found to be
only stable using phosphate buffer, unlike the PA and NE
proteins. Figure 4 shows that data (squares) could only be
collected up to a pH of∼8.0. Aside from this hindrance,
the overall appearance of the data is quite similar to the NE
pH study, though the HT response is not identical. Fitting
the response to eq 4 yielded satisfactory results (dotted line),
though the assignment of pKox was not clear, as the protein
films were not stable at sufficiently high pH to resolve a
pKox. An alternative model, typical for the protonation
chemistry of a reduced form of the cytochrome fits the data
equally well, and is described by eq 5

In the case of either model, we found that the data was fit
with pKred ) 4.5.

pH-Dependent Behavior of the Heme-Binding Loop
Mutants. We have produced a detailed picture of the
influence of the position 64 mutants upon cytc redox
chemistry as a function of pH. The results are summarized
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Figure 4. Influence of pH upon the midpoint potentialEm for PA (9),
NE ([), and HT (9), raw data were collected as described above.
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in Figure 5, which shows the dependencies for the three
mutants, along with our attempts to fit the data with the
following considerations.

PA N64Q.The PA mutant displays an overall shift down-
ward in reduction potential upon mutation of Asn64 into Gln,
rendering the mutant similar to the HT and NE proteins.
Remarkably, the shift itself is pH dependent, and it is quite
clear from Figure 5A that the sigmoidal fit displayed by PA
wild-type, does not hold for PA N64Q. At pH extrema, the
downward shift in potential is approximately-45 mV, yet
at pH 7.5, the shift is just-22 mV. As described below, the
transformation in the shape of the pH response can be
interpreted in terms of a disruption of proton coupling or in
a series of ionizations with pK values that sequentially shift
the observedEm throughout the near-neutral pH range.

HT Q64N. The HT mutant at the analogous 64 position
displays an upward shift in midpoint potential of+15 mV
between pH values of 5 and 8 (Figure 5C). The overall shape
of the pH dependence is maintained, including one clearly
resolved ionization associated with the reduced form of HT
Q64N (pKred ) 4.0), as well as a very similar slope (∼25
mV/decade) at acidic pH values.

NE V65∆. The NE deletion mutant removes a valine
residue insertion (relative to the PA sequence) in the heme-
binding loop, presumably making the ligand-bearing loop
similar to the PA protein (Figure 2). Yet, as Figure 5B shows,
the deletion of Val65 induced adownwardshift in potential
of approximately-20 mV, making the mutant appear to be
quite similar in potential to the HT protein, yet the overall
shape of the voltammogram is similar to the NE wild-type,
including both pKred and pKox values of 2.8 and 10.4,
respectively (nearly identical to the pK’s of the wild-type,

2.8 and 10.7). As described below,1H NMR analysis of NE
V65∆ suggest that the axial Met remains fluxional.

NMR Study of the NE V65∆ Conformation. To
investigate the impact of the NE V65∆ mutation upon the
heme-binding loop structure, the NMR spectrum of the
mutant was collected. Figure 6 shows the heme-methyl
region of the1H NMR spectrum of the oxidized form of the
mutant (A) and the wild-type (B) protein. The NE V65∆
spectrum clearly shows a compressed pattern of heme methyl
resonances similar to NE and HT, an indicator of axial Met
ligand fluxionality.4 In a fashion similar to the redox
properties described above, NE V65∆ appears to be unlike
PA, which displays a large range of chemical shift values
(∼20 ppm).3

Buffer Binding. As each of the three cytsc displayed a
unique dependence upon pH, NE and HT also demonstrated
sensitivity to the nature of the buffer in the cell solution. In
particular, 50 mM phosphate buffer was found to induce a
downward shift in potential of approximately-10 mV for
both NE cytsc, as compared to organic buffers. For the NE
proteins, the dependence of the midpoint potential in either
phosphate or a set of organic buffers (citrate/succinate/Tris/
MOPS/glycine) yield data that can be fit well by eq 3, and
while pKred is nearly identical, there is a notable shift in pKox

(8.4 for phosphate buffer, versus 10.4 otherwise). For the
HT proteins, the use of organic buffers appeared to give a
poorly defined PFV response, as described above. In contrast
with NE and HT, the PA and PA N64Q are not sensitive to
the identity of the buffer.

To further compare NE and HT, the dependence ofEm

upon phosphate ion concentration was investigated. Both cyts
c, as well as their respective mutants, displayed an overall
downward shift in potential at 50 mM phosphate, with respect
to organic buffers (e.g., Tris, MOPS), yet Figure 7 shows
the shift in Em for NE and HT, as a function of the ionic
strength, as the phosphate ion concentration from 1 to 50

Figure 5. pH dependence ofEm for (A) PA (9) and PA N64Q (O); (B)
NE ([) and NE V65∆ (]); (C) HT (9) and HT Q64N (0). Data were fit
as described in the body of the text.

Figure 6. 1H NMR spectra of oxidized NE V65∆ (A) and NE (B). The
spectrum in (B) is from ref 4.

Figure 7. Midpoint potential dependence of phosphate ion concentration
for NE ([) and HT (9) wild-type proteins. Experiments were carried out
at pH) 7.0, 0°C, with a scan rate of 50 mV/s. Data are fit to eq 2, using
a value ofA of 1.8 nm.
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mM. (Further changes inEm were not observable at
concentrations greater than 50 mM phosphate.) As shown
in Figure 7, NE shows a negative slope while HT shows a
positive slope, suggesting that the NE and HT cytochromes
must differ in their charge and capacity for binding phos-
phate. An analysis of the ion binding for the HT cytc
indicates that|Zred| > |Zox|. NE contrasts with this, the
negative slope indicating that|Zox| > |Zred| and that the
overall charge and/or phosphate-binding properties of the two
cytochromes cannot be identical.

Discussion

We have demonstrated the impact of the composition of
the axial Met-donating loop upon the redox chemistry of bac-
terial cytsc. By using PFV as an alternative to traditional bulk-
phase voltammetry and/or potentiometic titration, we have
been able to assess a series of cytochromes under highly con-
trolled and homologous conditions. This systematic study
allows us to pick apart the relative features of protein sequence
and structure that control the reduction potential, as well as
the protonation chemistry, of monoheme bacterial cytsc.

To date, this class of cytochromes has not been analyzed
using PFV, though several direct voltammetric studies of
immobilized eukaryotic analogues have been reported
previously.10-13,15,29,35-41 Our studies of midpoint potential
of the wild-type cytsc (Figure 4) show that PFV gives a
good agreement with previous reports achieved by either
potentiometric redox titrations or bulk-phase electrochem-
istry. For example, the potential of PA has been reported by
Moore and co-workers as+275 mV (at pH) 6.5)42 and by
Horio and co-workers as+289 mV.43 We find that, at a
similar pH, the value is+305 mV. The potential of the HT
protein has been reported by Tomlinson and Ferguson as
+245 mV by potentiometry44 and as+224 mV by Ueyama
and co-workers in a bulk-phase electrochemical study,45

compared with our value at pH 7.0 of+227 mV. Further,
HT demonstrates a similar decrease in potential due to
phosphate ions, as has been reported for mitochondrial cyts
c24,26 andR. palustriscyt c2,27 as discussed by Sola and co-
wokers.46 PFV allows for the assessment of the same protein
film under a wide range of conditions (pH, buffer composi-
tion, temperature) to determine the factors that contribute to
the midpoint potential of cytsc. Notably, protein films appear

as sub- or partial monolayers, where the observed values of
Em do not correlate with apparent electroactive coverage.
Thus, upon the electrode surface, potential ionic interactions
between neighboring cytc molecules do not appear to
contribute significantly to the observed values ofEm..

The 64 position in the bacterial cytc heme binding loop
is of particular interest due to the impact this residue may
exert over Met ligand properties, including conformation and
fluxionality and ability to act as a donor and/or acceptor.
By studying the redox properties of a series of 64-position
mutants, we have demonstrated that the Asn 64-containing
proteins, such as the PA wild-type and HT Q64N, possess a
higher midpoint potential than respective Gln 64-bearing
analogues (PA N64Q and HT wild-type). This makes sense
in terms of the proposed hydrogen-bonding interaction of
N64 with the Met ligand. Structural characterization of PA
reveals that N64 is positioned to hydrogen bond with M61
δS as well as the backbone carbonyl oxygen of I48 in the
heme pocket,5 whereas the Q64 residue of HT does not
possess a conformation that allows for hydrogen bonding in
either the oxidized or reduced state.6 A correlation between
hydrogen bonding to the Met ligand sulfur and the redox
properties of the heme iron makes intuitive sense: when the
Met ligand serves as a hydrogen-bond acceptor, Met should
become a less-electron-rich ligand, which stabilizes the Fe-
(II) state of the heme, as compared to the Fe(III) state.47 This
effect should result in adownwardshift in potential upon
mutating Asn64 to Gln, removing the possibility of hydrogen
bonding. Indeed, this was observed in the Y67F mutant of
Saccharomyces cereVisiae iso-1-cyt c. Tyr67 donates a
hydrogen bond to the axial Met80δS in mitochondrial cyts
c, and mutating this residue to Phe results in a variant with
a redox potential 56 mV lower than that of wild-type.47 In
addition, a complementary case has been observed in
imidazole complexes of metalloporphyrins: the free imida-
zole amine serves as a hydrogen-bond donor to an external
molecule of base, which renders the ligand abetterdonor
overall and results in adownwardshift in redox potential of
40-60 mV.48,49Yet, the transformation of the Asn64 of the
PA protein to Gln does not account for the entire difference
between PA and HT. The mutation merely lowers the
potential of PA N64Q by-30 mV (pH 7.0) with respect to
wild-type, another-30 mV is required to match the Gln64-
bearing HT protein. In addition, the change in potential is
substantially less than is observed forS. cereVisiae Y67F
iso-1-cyt c relative to wild-type. Similarly, the HT Q64N
mutant does shift upward in potential by+15 mV, as
compared to wild-type, which supports the importance of
potential hydrogen-bonding interactions, yet this is still lower
than the PA protein by∼45 mV.

Alternatively, the NE proteins do not behave as might be
expected from the simple model of hydrogen-bonding
interactions to the axial Met. As Figure 2 depicts, the wild-
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type NE protein sequence contains an Asn64 in homology
to PA but also exhibits a unique insert of Val into the 65
position of the heme-binding loop. However, the Asn64
appears to be positioned correctly to engage in hydrogen
bonding, as revealed by the NMR structure of the reduced
protein.9 Nevertheless, the NE protein is lower in potential
than the PA wild-type at all pH values. Removal of the Val65
does not leave the NE V65∆ mutant more like the PA protein
with respect to its redox potential. Instead, a downward shift
of -19 mV is observed, and the NE V65∆ displays a nearly
identical pH dependent behavior to the HT protein regardless
of the difference in the identity of the residue at the 64
position. NE V65∆ also maintains a compressed heme
methyl shift pattern in the oxidized form (Figure 6),
suggesting that this inserted residue does not in itself explain
the apparent Met fluxion in this protein. The observed
downward shift in potential may be due to increased solvation
of the heme moiety, as has been reported for cytc models.50

The position-64 mutations in PA and HT affect the heme
electronic structure significantly. HT wild-type and PA N64Q
possess axial electronic structures, whereas PA wild-type and
HT Q64N are rhombic.3,8,19 In bis-His heme proteins and
bis-imidazole porphyrins, it has been suggested that perpen-
dicular alignment of the axial ligands may lead to a positive
shift in redox potential of up to∼50 mV over that observed
for the parallel alignment.51 In the cytochromes here in which
the axial Met is sampling the two conformations shown in
Figure 1, the average Met orientation would position the
ligand, on average, perpendicular to the axial His. In the case
of effectively parallel ligands relative to perpendicular
ligands, the rhombic splitting parameter,V, is expected to
be relatively small, while the tetragonal field parameter,∆,
does not change significantly. This results in a lower-energy,
singly occupied molecular orbital and, thus, a higher redox
potential. This effect may attenuate the decrease in potential
for mutation of Asn64 to Gln in PA and also the increase in
potential for mutation of Gln64 to Asn in HT, relative to
what is expected on the basis of changes in hydrogen bonding
to the axial Met. Note that the time scale of the Met fluxion
(µs) is significantly shorter than the time scale of the PFV
measurements.

The pH dependence of the cytsc reveal further subtleties.
Using PFV, we observe a clear sigmoidal pH dependence
for the PA WT. Notably, this response lacks the nonspecific
pH-induced variations that are frequently observed at high
and low pH values when using bulk-phase electrochemical
methods.52,53 We find pKox and pKred values of 5.7 and 7.1
for the PA wild-type protein, typically associated with the
redox influence of the protonation state of the heme
propionate-7 (HP-7). However, we find that the N64Q mutant
shows a dramatic disruption of proton coupling, yielding data

that cannot be fit by the simple model associated with eq 3.
Notably, recent studies from Yamamoto and co-workers have
shown single and multiple PA mutations in proximity to
HP-7 can greatly perturb the normal redox-linked pK values
of the heme propionate side chains due to substantial
lowering of pKred and pKox values.53 However, we find that
the PA N64Q pH dependence cannot be accounted for in
this way. The PA N64Q pH dependence instead suggests
that either H+/e- has been greatly reduced, or a series of pK
values are required to fit the data by typical procedures. The
first of these possibilities appears more likely, although
surprising, as it implies the N64 residue influences the
ionization behavior of HP-7, greater than 10 Å away.

HT and NE do not reveal the sigmoidal pH dependence
displayed by the PA proteins; instead, the cytochromes
display an invariant midpoint potential at pH values close
to neutral and one pK value at acidic pH values. HT and
NE forms show similar pH dependencies, generally, with
the exceptions that the HT proteins (wild-type and mutant)
can only be studied by PFV over a limited range of basic
pH values and NE proteins show a second pK at basic pH
values. A further difference between the NE and HT forms
is the extent of apparent stoichiometry of H+/e-. The NE
proteins demonstrated a rigorous 1:1 H+/e- stoichiometry,
as observed in the fitting of the data to a slope of 54 mV/
decade in the linearly-dependent regions of the plot. How-
ever, the HT proteins demonstrated a slope of∼27 mV/
decade at low pH values, indicating that H+/e- coupling is
reduced, assuming the model described by eq 5. A rationale
for this difference is not readily apparent, though an
alternative interpretation (Figure 5C, dotted line) attributes
the pH dependence to a model like that of the PA proteins,
described by eq 3.

Although similar, the redox properties of the NE and HT
proteins are not identical, as demonstrated by the dependence
of Em upon phosphate concentration, which is suggestive of
ion binding (Figure 7). Application of the traditional model
using the Nernst equation and Debye-Hückel calculations
22-27 can quantify the difference in|Zred| and |Zox|, though
the results of such analysis must be interpreted with care.
Here, aspects of the simple Debye-Hückel model may not
apply directly, particularly as the cytochrome molecules
should be viewed as roughly spherical objects with charges
uniformly distributed over their surface. However, bacterial
cyts c do not display charge symmetrically, and it may be
that the protein-electrode interaction further influences the
display of charge upon the protein surface in the PFV
experiment. These considerations still allow for a qualitative
analysis, however. TheEm vs f(I) data indicate that NE binds
phosphate preferentially in the oxidized state, as the negative
slope indicates that|Zred| < |Zox|. NE should be slightly
negatively charged at neutral pH due to its acidic isoelectric
point near neutrality (pI) 6.7, as calculated from the amino
acid sequence, and the a pI< 5.0 has been reported
experimentally.)54 Thus, reduction of the protein must also
be coupled to a loss of overall negative charge. The plot of
Em vs f(I) for HT displays a positive slope, suggesting that
the binding of phosphate may not be specific to one oxidation
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state. As an experimental pI of HT has not been determined,
further experiments will be required to explore this issue. In
our current study, the key observation for future studies is
that the redox properties of NE and HT depend on phosphate
ion concentration in a distinctive manner.

Conclusion

PFV studies have demonstrated the impact of the heme-
binding loop 64 position upon the redox characteristics of
cyts c from PA, HT, and NE. The potential for hydrogen-
bonding interactions between the 64 position and Met61 can

be rationalized by an upward shift in midpoint potential. Our
experiments have underscored the fundamental differences
in pH- and buffer-dependent behavior displayed by this
collection of cytochromes and the impact the 64 position
can have upon the influence of pH upon heme midpoint
potential. We are now poised for further studies that will
utilize PFV to explore the relationship between heme-binding
loop sequence and redox thermodynamics observed in
bacterial cytsc.
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