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Abstract

Hydrogen exchange (HX) rates and midpoint potentials (Em) of variants of cytochromes c from
Pseudomonas aeruginosa (Pa cyt c551) and Hydrogenobacter thermophilus (Ht cyt c552) have been
characterized toward developing an understanding of the impact of properties of the Cys-X-X-Cys-
His pentapeptide c-heme attachment motif (CXXCH) on heme redox potential. Despite structural
conservation of the CXXCH motif, Ht cyt c552 exhibits low protection from HX for amide protons
within this motif relative to Pa cyt c551. Site-directed mutants have been prepared to determine the
structural basis for and functional implications of these variations in HX behavior. The double mutant
Ht-M13V/K22M displays suppressed HX within the CXXCH motif as well as decreased Em (by 81
mV), whereas the corresponding double mutant of Pa cyt c551 (V13M/M22K) exhibits enhanced HX
within the CXXCH pentapeptide and a modest increase in Em (by 30 mV). The changes in Em
correlate with changes in axial His chemical shifts in the ferric proteins reflecting extent of histidinate
character. Thus the mobility of the CXXCH pentapeptide is found to impact the His-Fe(III)
interaction and therefore heme redox potential.

Electron transfer reactions involving iron-protoporphyrin IX (heme) are central to fundamental
biological processes such as respiration, redox catalysis, sensing, and signaling (1–5). A key
parameter determining energetics and kinetics of electron transfer is the redox potential (1),
thus, much emphasis has been placed on understanding the role of protein structure in tuning
heme redox potential. Two fundamental features known to have a substantial influence on
heme redox potentials are the nature of the ligands coordinated to the metal and the burial of
the heme in the hydrophobic protein core. Nature alters the electron donating properties of the
coordinating ligands through choice of ligands (6), modulating metal-ligand bond strength
(6–12), varying coordination geometry (5), and hydrogen bonding to ligands (13–15). The
encapsulation of the heme within a protein’s interior also is significant for determining
potential, as the hydrophobic environment favors the ferrous state over the ferric (7,8,10,16,
17). Although there have been many studies of the effects of static polypeptide structure on
heme-ligand interactions and on heme burial, the role of protein mobility has received less
attention. Protein motions may indeed be important as they could influence metal-ligand
interactions (15,18,19) and solvent exposure.
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Here, we investigate the effects of structural fluctuations of the c-heme motif of cytochrome
c (cyt c1) on redox potential. The c-type heme is characterized by its covalent attachment to
the polypeptide, usually to two Cys residues in a pentapeptide Cys-X-X-Cys-His (CXXCH)
motif, in which X may be any amino acid and His is a heme axial ligand (termed the proximal
His; Figure 1A) (4,20). The hypothesis tested in this study is that variations of sequence within
and near the c-heme motif impact the energetics of the motif’s conformational fluctuations,
which in turn impact heme-ligand interactions and thus heme redox potential. The subjects of
study are the soluble mono-heme cyts c from Hydrogenobacter thermophilus (Ht cyt c552) and
Pseudomonas aeruginosa (Pa cyt c551). Although these homologues display highly similar
folds and structures at the CXXCH motif (residues 12–16 using Pa cyt c551 numbering; Figure
1) (21,22), energetics of conformational fluctuations involving this pentapeptide, revealed by
hydrogen exchange (HX), are surprisingly disparate. In particular, protection from HX of the
amide protons of CXXCH motif residues Cys15 and His16, which donate hydrogen bonds to
the Cys12 carbonyl (Figure 1B), differs greatly between these proteins. Mutations are
introduced to test the roles of individual amino acids in modulating CXXCH motif fluctuations
and the resulting effects on redox potential. The results indicate that conformational dynamics
of the CXXCH motif play a role in tuning heme potential by influencing the His-Fe interaction.

MATERIALS AND METHODS

Protein Expression and Purification

The plasmids pETPA (Ampr) (23,24) and pSCH552 (25) (Ampr) were used as templates for
site-directed mutagenesis of Pa cyt c551 and Ht cyt c552, respectively. Mutants (Pa-V13M, Pa-

M22K, Pa-V13M/M22K, Ht-M13V, Ht-K22M, and Ht-M13V/K22M) were prepared using
the QuikChange II kit (Stratagene). Ht cyts c552 and Pa cyts c551 were expressed and purified
as previously described for the wild-type proteins (23,25). Preparation of uniformly 15N-
labeled proteins was by expression on minimal medium containing [15N, 99%]NH4Cl
(Cambridge Isotope Laboratories, Inc.) as the sole nitrogen source as described (23,26).

Collection and Analysis of NOESY Data

All NMR data were collected on a Varian INOVA 500-MHz spectrometer (operating at
499.839 MHz for 1H) at 299 K. Collection of NOESY and TOCSY spectra of oxidized Ht-
M13V/K22M and Pa-V13M/M22K (3 mM in 50 mM NaPi, pH 6.0, 5× molar excess K3[Fe
(CN)6]) for analysis of heme pocket structure was as described for wild-type proteins (23,
25). Assignments were made using standard methods, assisted by assignments available in the
literature (23,25,27).

Collection and Analysis of HX Data

HX was initiated by adding 500 mL D2O to ~ 14 mg Pa cyt c551, Pa-V13M, Pa-M22K, Pa-

V13M/M22K, Ht cyt c552, Ht-M13V, Ht-K22M, or Ht-M13V/K22M which had been
lyophilized from H2O containing 5× excess K3[Fe(CN)6] in 50 mM NaPi, pH 6.0. The
measured pH* (uncorrected) after initiation of exchange was 6.1 for all samples. Acquisition
of 2-D TOCSY or HSQC (of 15N-labeled proteins) data commenced ~7 minutes after initiation
of exchange. TOCSY spectra were collected (32 scans, 4096 × 256 points, 1.1-second recycle
time) without solvent suppression at 8, 14, 19, 25, 30, 35, 40, 95, and 315 hours after initiation
of exchange. For Ht cyt c552, TOCSY spectra also were collected at 800, 1450, and 2650 hours
after initiation of exchange. In between NMR experiments, samples were kept at 299 K in a
water bath. HX experiments were performed on 15N-labeled protein samples prepared as

1Abbreviations: cyt c: cytochrome c; Em: electrochemical midpoint potential; Ht cyt c552: Hydrogenobacter thermophilus cytochrome
c552; HX: hydrogen exchange; NMR: nuclear magnetic resonance; Pa cyt c551: Pseudomonas aeruginosa cytochrome c551; PDB:
Protein Data Bank; PFV: Protein film voltammetryz
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described above by collecting 3 hours of consecutive HSQC spectra (2048 × 32 points, recycle
time = 1.5 seconds) at 299 K after initiation of exchange, followed by spectra at ~7 hours, ~16
hours, and ~20 hours after initiation. NMR data were processed using Felix 97 (Accelrys).
Resonance assignments were determined using standard methods, assisted by published
assignments (23,27,28). Peak intensities in TOCSY spectra were normalized using peaks of
non-exchangeable protons as references. Cross-peak intensities at various delay times (I(t))
were plotted against delay time (t), and fit using KaleidaGraph (Synergy software) to a three-
parameter single-exponential equation I, (t) = A + B exp(−kobs t), to determine kobs, the observed
proton exchange rate. It was verified that exchange occurred in the EX2 limit (29) by
observation of the expected ~10× decrease in exchange rates at pH 5.0. Protons in Ht cyt
c552 that exchanged too slowly to determine an exchange rate were assigned an upper limit
rate of 1.0 × 10−8 s−1, which is consistent with the observation of less than 10% peak intensity
change by the last time point. Protection factors (P) were calculated, according to the EX2
mechanism, as log P= log (1/Kop), where Kop = kobs/kint, kint is the intrinsic exchange rate for
the “open” form, and kobs is the observed exchange rate (30,31). Values for kint were determined
using SPHERE (http://www.fccc.edu/research/labs/roder/sphere/) (29,31). A caveat to keep
for protection factor analysis in this study is that the kint values determined using SPHERE
assume an unstructured polypeptide. In the case of residues at and close to the c-heme motif,
however, the “open” form will not resemble an unstructured polypeptide. Thus, protection
factors may not accurately reflect the true Kop value. Nevertheless, the purpose of the analysis
here is to detect and interpret changes in protection factors between cyt c variants rather than
perform a quantitative analysis of the Kop values themselves. This comparative analysis is valid
because it is expected that perturbations of kint for c-heme motif residues relative to an
unstructured polypeptide would be similar for the different variants and species as a result of
the local conservation of structure at the c-heme motif. Analyses of the Ht cyt c552 (22) and
the Pa cyt c551 (21) crystal structures were performed using the graphics program MOLecule
analysis and MOLecule display (MOLMOL) (32).

NMR Detection of Axial His Nuclei

Super-WEFT spectra (33) were collected of oxidized Ht cyt c552, Ht-M13V, Ht-K22M, and
Ht-M13V/K22M (1 to 3 mM protein, 50 mM NaPi pH 7.0, 5× excess K3[Fe(CN)6], D2O).
Side-chain protons on the Met and His axial ligands have T1 values between 2 and 5
milliseconds, and are thus readily identified in the super-WEFT spectra. HSQC spectra of
uniformly 15N-labeled samples of all variants in this study (1.5 to 2 mM samples, 50 mM
NaPi, pH 7.0, 10% D2O, 5× excess K3[Fe(CN)6]) were collected using JNH values of 90 and
135 Hz. The larger JNH corresponds with a shorter INEPT delay, enhancing detection of rapidly
relaxing nuclei. The His16 Hδ1-Nδ cross peak was identified by its enhancement in these
spectra as well as its characteristic chemical shifts, consistent with the previously reported
Hδ1 shift (34).

Protein Electrochemistry

Protein film voltammetry (PFV) of cyts c was performed as previously described (15), with
the following modifications. pH dependency studies were carried out in either a mixture of
citrate and KPi buffer (pH ranging from 2.6 to 5) or 50 mM KPi buffer (pH 6 to 8),
concentrations that ensure that phosphate ion-binding is of minimal impact to the proteins
(15,35,36). Experiments conducted at scan rates higher than 500 mV/s were performed in a
solution of 10 mM KPi pH 7 buffer, in addition to 85 mM NaNO3, resulting in a final ionic
strength, Itotal, of about 100 mM. Buffers were titrated with NaOH or HCl to the desired pH.
The temperature of the system was maintained at 0 °C by connecting the water-jacketed
electrochemical cell to a refrigerating circulator. The thermostated, electrochemical cell was
housed in a Faraday cage. A polycrystalline gold wire (geometrical area = 3 mm2), embedded
in epoxy comprised the working electrode. A resin-body saturated calomel electrode (SCE,
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Accumet), located in a Luggin sidearm containing 100 mM Na2SO4 and maintained at room
temperature, was used as reference. All potentials quoted herein are against the standard
hydrogen electrode. A platinum wire acted as the counter electrode to complete the three-
electrode configuration. Voltammetry was conducted with an Autolab electrochemical
analyzer (PG-STAT 12, Eco. Chemie, Utrecht, The Netherlands), equipped with ECD and
ADC modules, and controlled by GPES software (Eco Chemie). Compensating for the IR drop
within the cell was further achieved by using the IR positive feedback module of the PG-STAT
12 instrument, as needed. Electroactive protein films were generated as previously described
(15), and all experiments were repeated at least three times. The data collected was subjected
to analysis by subtracting a polynomial baseline to remove the non-faradaic current. The
interfacial electron transfer rate constant, k0, was determined by trumpet plot analysis (peak
position of the cathodic and anodic electrochemical signals, as a function of scan rate), as
described by Armstrong and co-workers (37,38).

RESULTS

Hydrogen Exchange of Wild-type Proteins

HX experiments probe energetics of conformational openings that lead to exchange of amide
protons that are sequestered from solvent in the “closed” (folded) form. In what is termed the
EX2 limit, the observed HX rates (kobs) can be translated into protection factors (log P = log
(kint/kobs)), where kint is the intrinsic exchange rate for the “open” form (30,31). Protection
factors in turn are related to the free energy of the conformational opening leading to exchange
(ΔGop = RT ln P) (29). Ht cyt c552 and Pa cyt c551 exhibit similar overall trends in protection
factors, as expected from their highly homologous secondary and tertiary structures
(Supporting Figure S1). The enhanced stability of Ht cyt c552 is reflected in its generally higher
protection of core residues relative to Pa cyt c551 (39,40). Proteins from thermophilic
organisms, such as Ht cyt c552, typically experience higher energy unfolding events (both
global and subglobal) that lead to HX, and thus higher protection factors, as compared to
mesophilic counterparts (41). For CXXCH motif residues, however, this trend is not followed,
as Pa cyt c551 exhibits greater protection of Cys15 (> 10-fold) and His16 (> 100-fold; Table
1), two residues forming key hydrogen bonds within this motif to Cys12 (Figure 1; residues
are CMACH in Ht cyt c552 and CVACH in Pa cyt c551). HX analysis thus reveals that
conformational excursions leading to exchange of Cys15 and His16 amide protons occur with
lower energy in Ht cyt c552 compared to Pa cyt c551.

Hydrogen Exchange of Proximal Heme Pocket Mutants

The structures of the CXXCH pentapeptide backbone in Pa cyt c551 (21) and Ht cyt c552 (22)
are nearly identical (see next section). However, substantial differences in protection of
CXXCH backbone amide protons from HX are seen, suggesting that variations in proximal
heme pocket residues influence energetics of CXXCH motif conformational openings leading
to HX. Examination of the protein structures (21,22) (Figure 2) reveals that Met13 and Asp17
in Ht cyt c552 do not pack as well as do Val13 and Ala17 in Pa cyt c551, which may destabilize
the key Cys15 and His16 interactions with Cys12 in Ht cyt c552 and result in more efficient
exchange of the Ht cyt c552 His16 and Cys15 amide protons with solvent. Another notable
difference is amino acid 22. In Pa cyt c551, the hydrophobic Met22 lies across the CXXCH
loop, which is expected to stabilize the loop against conformational openings. In Ht cyt c552,
residue 22 is Lys, and as a charged residue may interact with solvent more than the loop region.

To test the hypothesized roles of residues 13 and 22 in influencing local conformational
fluctuations, the mutants Ht-M13V, Ht-K22M, Pa-V13M, Pa-M22K, Ht-M13V/K22M, and
Pa-V13M/M22K were prepared and HX rates were determined. Focusing on the double
mutants which show the largest effects, overall backbone protection is similar between the
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mutants and their respective wild-type proteins (Figure S1). In the proximal pocket, however,
significant decreases in protection of Cys15 and His16 in Pa-V13M/M22K are seen relative
to wild-type, and increases for these same residues are observed for Ht-M13V/K22M relative
to wild-type (Table 1). Particularly dramatic is the increase in protection of His16 in Ht-M13V/
K22M by more than three orders of magnitude relative to wild-type (Figure 3). These results
indicate that residues 13 and 22, particularly in combination, play key roles in controlling the
energetics of opening of the CXXCH motif in these proteins. Notably, the single mutants show
intermediate changes in protection, in particular for Ht cyt c552 and its variants which show
the more straightforward behavior relative to Pa cyt c552 (Table 1). Interestingly, protection
of Asp17 HN, which hydrogen bonds to a buried water, shows little difference between the
two cyt c species and among the mutants, suggesting that the differences seen here between
proteins are specific to the CXXCH motif itself.

Analysis of c-Heme Motif Structures

To analyze the extent to which variations in the CXXCH sequence influence local backbone
structure, ten cyts c having disparate properties of “XX” residues in the motif and for which
high-resolution (< 2.5 Å) x-ray crystal structures are available were selected for analysis
(supporting Table S1). Despite differences of the variable “XX” residues, the CXXCH
backbone structure is highly conserved, as it is defined primarily by the constraints of the
covalent and coordinate bonds between the Cys and His residues with the heme (42, 43). In
the selected group of cyts c, this motif displays an RMSD of 0.34 Å (for backbone atoms);
Ht cyt c552 and Pa cyt c551 have an RMSD of 0.21 Å in this region (Figure 1C). Subtle structural
differences are seen among the cyts c, as illustrated by the modest range of distances between
the backbone carbonyl oxygen of the first Cys in the motif (Cys12 in Pa cyt c551) and its
hydrogen bond donors Cys15 and His16 (Table S1). Nevertheless, despite wide sequence
variations, the pentapeptide backbone structure is structurally conserved across diverse
sequences.

To verify that the mutations introduced here do not significantly perturb CXXCH backbone
structure, NOESY spectra for wild-type and double mutant proteins were compared, and the
expected pattern of NOEs within the CXXCH motif between the wild-type and double mutant
proteins is observed. (Results for Ht-M13V/K22M and wild-type are in Supporting Table S2.
A similar comparison of Pa cyt c551 and mutants was attempted but extensive chemical shift
degeneracy between residues 13, 14, and 15 precluded a rigorous analysis). The overall
maintenance of the NOE pattern along with the strong conservation of the motif structure across
diverse cyt c sequences and folds indicate that significant backbone structure rearrangement
upon mutation is unlikely.

Assignment and Analysis of Proximal His NMR Resonances

Chemical shifts of heme axial His ring nuclei in paramagnetic heme proteins report on the His-
Fe(III) interaction. The axial His16 Hδ1-Nδ1 HSQC peak for each protein is easily identified,
as it is shifted outside of the diamagnetic envelope and exhibits an increase in intensity with
increased JNH values used in the HSQC experiment, which enhances detection of nuclei with
short relaxation times as a result of proximity to the paramagnetic iron. The Hε1 His proton
resonance was identified for Ht cyt c552 and Ht-M13V/K22M using the 1-D super-WEFT
experiment based on its very short T1 and large upfield shift (33). Assignments for selected
axial His nuclei are given in Table 2, and a plot of His16 Hδ1 chemical shift vs. Em is shown
in Figure 4. The Hε1 shift shows an increase in magnitude as Em is lowered, reflecting increased
histidinate character with lower Em (44–49). Likewise, the His16 Hδ1 shifts upfield as Em is
lowered, consistent with enhanced hydrogen bonding as has been demonstrated previously in
other low-spin ferric heme proteins (46,47).
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Protein Electrochemistry

The ability to modulate energetics of conformational openings leading to HX of the CXXCH
motif in Ht cyt c552 and Pa cyt c551 by selected mutations provides the opportunity to test the
effects of fluctuations to which HX is sensitive on heme redox potential. Thus, the mutants
were examined by protein film voltammetry (PFV) to determine electrochemical midpoint
potential (Em) as well as the interfacial electron transfer kinetics. Table 3 summarizes the
observed values of Em at pH 7. Notably, the Ht cyt c552 mutants (single and double) display
lower potentials: each of the mutations resulted in a systematic shift to lower potential that is
nearly additive (EWT −EM13V/K22M, 81 mV ≈ (EWT −EM13V), 59 mV + (EWT −EK22M), 37 mV).
To ensure this is not merely an effect of variable pH-dependent phenomena between the
mutants, the impact of pH upon Em for the Ht cyts c552 was assessed (Figure 5). Clearly, all
of the Ht cyts c552 (wild-type and mutants) display potentials that are pH independent close to
neutral. Further, the same simple model of protonation holds for each of the mutants considered
here, where a single pKred is observed for the reduced form of the various cyts c, spanning a
modest range of values from 4.2 to 4.7, and indicating that the mutations do not significantly
alter the protonation associated with heme redox chemistry.

The Pa cyts c551 also were investigated by PFV, and the midpoint potentials at pH 7 are given
in Table 3. Compared to the Ht cyt c552 mutants, a reversed trend is observed; however, the
increases are smaller, and not additive as seen for the Ht cyt c552 mutants. This discrepancy
may be due to differences in pH-dependent behavior, as it has been previously shown that the
redox-behavior of Pa cyt c551 mutants display disrupted H+:e− coupling and pH dependencies
of Em that cannot be fit to previously described models of proton-binding to heme-propionate
7 (15,50). Thus, a quantitative evaluation of the exact change in potential is challenging,
although the qualitative trends are clear.

In parallel experiments, interfacial electron transfer rates for each of the cyts c were determined
by trumpet plot analysis (Supporting Figure S2). All of the proteins display fast electron
transfer, with k0 on the order of 103 s−1, which are similar to reported k0 values for eukaryotic
cyts c investigated on gold electrodes (51–53).

DISCUSSION

Electrochemical Response of Mutants

We have examined the relationship between cyt c mutations that impact the conformational
openings of the CXXCH motif, and the redox properties of the resulting mutants. Relative to
wild-type, the mutants of Ht cyt c552 that have suppressed HX show a systematic decrease in
Em, whereas those of Pa cyt c551 with enhanced HX display an increase in Em. Before linking
these changes in Em to specific features of heme pocket mobility, we can consider several traits
of the Pa cyt c551 and Ht cyt c552 mutants: electrostatic charge perturbations, alterations in the
protein fold, proximal histidinate character, as well as heme conformation. For example, a
possible explanation is the observed changes in Em could arise from electrostatic perturbations
caused by the mutations. Specifically, the electrostatic potential at the heme iron can be
influenced by the charges of surrounding residues (54,55). Here, for example, in Ht-M13V/
K22M, the charged Lys side-chain is replaced by a neutral side-chain, Met. However, the
charge-neutral single mutation, M13V, exhibits a greater impact on redox potential than the
K22M mutation (Table 3), thus suggesting that the change in charge of residue 22 is not the
major contributor to the significant decrease in redox potential exhibited by Ht-M13V/K22M.
It also is notable that the cyts c studied demonstrate reversible direct electrochemistry upon
modified gold electrodes, indicative of rapid electron transfer kinetics (103 s−1). Furthermore,
the Ht cyt c552 mutants all behave similar to wild-type in terms of the previously characterized
relationships between Em and both phosphate ion- and proton-binding schemes (15). These

Michel et al. Page 6

Biochemistry. Author manuscript; available in PMC 2008 December 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



general observations suggest that the observed changes in Em result from fundamental
differences in the heme pocket and not alterations in apparent electrokinetics, pH-induced
effects, or electrostatics.

Structure of Mutants

The changes in Em for the mutants could be a result of alterations to the protein fold. The pattern
of protection factors (with the exception of the proximal heme pocket residues) for the mutants
is similar overall to that for the wild-type proteins; this finding argues against a global structure
perturbation caused by mutation because protection from HX reflects hydrogen bonding and
secondary structure (56) (Figure S2). Within the proximal heme pockets, similarity of NOE
patterns for the wild-type and mutant proteins argues against major local backbone structure
changes (Table S2). Indeed, no major change in structure of the CXXCH motif upon mutation
is expected as this structure is highly conserved among cyts c despite wide variations in the
identity of the “XX” and other heme pocket residues (Figure 1C;Table S1). In addition, the
close similarity between the CXXCH structure in c-heme peptide fragments
(microperoxidases) and in folded cyt c indicates that local coordinate and covalent bonding
defines the motif’s three-dimensional backbone structure (42,43). Barring changes in local
polypeptide folding causing the observed changes in Em, we propose a model in which
perturbations of the redox potential can be caused by alterations of CXXCH motif mobility
impacting donor properties of the proximal His. Analysis of proximal His chemical shifts
support this hypothesis, as shown below. A second possible explanation discussed below is
that mutations impact Em by exerting a systematic change in heme conformation.

Effect of Mutations on Proximal His

The proximal His16 in Ht cyt c552 and Pa cyt c551 donates a hydrogen bond to the backbone
carbonyl of Pro25, with an oxygen-nitrogen distance of ~2.8 Å (Figure 1A) (21, 22). Hydrogen
bonding involving the axial His in heme proteins has been shown to affect the ligand’s electron-
donating properties, which in turn tunes redox potential (13, 14, 44, 46, 47, 57). Specifically,
the stronger the hydrogen bond between the His ligand Hδ1 and the hydrogen bond acceptor,
the greater the histidinate character. A more appreciable histidinate character results in the His
being a better electron donor to the iron, which stabilizes the ferric oxidation state more than
the ferrous and hence provides for a decrease in the redox potential. This effect has been
analyzed previously by comparing the cyanide-inhibited forms of different heme proteins with
different Em values (44, 46), or by mutating residues that hydrogen bond with a proximal His
residue (45). Here, we examine a more indirect effect of local CXXCH motif structure on the
proximal His in cyts c.

Evaluation of histidinate character of the proximal His, and hydrogen bonding with the
proximal His has been performed by analysis of its chemical shifts in the ferric state. The heme
axial His Hδ1, the hydrogen bond donor, has been shown to display an upfield shift in the low-
spin ferric proteins as Em is lowered, other factors remaining constant (46,47). A similar
correlation is seen here for the lower-potential variants of Ht cyt c552 which exhibit a systematic
upfield shift of the His16 Hδ1 (as well as Nδ) resonance compared to wild-type (Figure 4;Table
2,3). In a complementary fashion, the Pa cyt c551 mutants exhibit a downfield shift of His16
Hδ1 (and Nδ) relative to wild-type. Notably, the magnitude of the change in shift correlates
well with the magnitude of change in Em, as illustrated by the similar slopes of the lines in
Figure 4 (0.022 ± 0.003 and 0.025 ± 0.003 ppm/mV for Pa cyt c551 variants and for Ht cyt

c552 variants, respectively). The need to consider the shifts of each protein species separately

is a result of differences in the pseudocontact contribution to chemical shift, as the two proteins

have different heme axial Met orientations and thus different magnetic anisotropies and

orientations of magnetic axes (28). Because of the large error in calculating the significant

pseudocontact contribution to chemical shift for the His ligand, correction for this difference
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has not been made. The magnitude of the axial His Hε1 chemical shifts also has been related
to extent of histidinate character (44–49). In step with other results here, the Ht cyt c552 mutants
generally display an upfield shift of His16 Hε1 relative to wild-type (Table 2). The His16
Hε1 of Pa cyt c551 could not be assigned.

We next consider how variations in CXXCH motif mobility reflected by HX may cause the
observed differences in hydrogen bonding to the proximal His and the His-Fe(III) interaction.
Changes in HX protection of the Cys15 and His16 amide protons directly report on
conformational openings of the CXXCH motif as they form key hydrogen bonds with Cys12
carbonyl (Figure 1B). Thus, the greater protection of these residues in Ht-M13V/K22M relative
to wild-type (Table 1) reflects a more rigid CXXCH structure with suppressed conformational
excursions to an open form. Decreased CXXCH mobility in turn is correlated here with lower
Em. A basis for the observed correlation is that higher CXXCH mobility interferes
mechanically with the maintenance of the His16 Hδ1-Pro25 CO hydrogen bond, reducing
histidinate character and increasing Em for variants with enhanced HX. An alternative related
explanation for the lower Em in variants with suppressed HX is that lower (transient) access
of water to the proximal heme pocket enhances hydrogen bonding between His16 and Pro25
by excluding competing hydrogen bonding groups (water) and/or by decreasing local
dielectric.

A comparison of HX behavior of mitochondrial ferric cyt b5 (OM b5) to microsomal ferric cyt
b5 (Mc b5) has previously invoked a role of heme pocket mobility in tuning redox potential
(18). HX results reveal that OM b5 undergoes higher energy unfolding events in the heme
pocket compared to Mc b5, indicating less conformational mobility surrounding one of the His
axial ligands in the former protein. The resulting tighter hydrophobic packing around the heme
active site is proposed to yield stronger His-Fe(III) coordination in OM b5, which may account
for its lower redox potential (18). A similar effect has been invoked in a study of model heme-
peptide compounds, in which high peptide mobility has been correlated with high redox
potential. The high heme potential is proposed to result from preferential weakening of the
His-Fe(III) bond relative to the His-Fe(II) bond (19).

Possible Role of Heme Conformation

Studies of c-heme peptides (microperoxidases) have shown that the CXXCH motif is sufficient
to induce the significant distortion of heme from planarity toward the ruffled conformation that
is typically seen in c-type cytochromes (58,59). In addition, an enhanced hydrophobic
environment for this motif (provided by encapsulation of microperoxidase in a reverse micelle
in model studies), is proposed to augment the buckling force of the CXXCH pentapeptide on
the heme by strengthening the characteristic backbone hydrogen bonds within the CXXCH
motif (58,60). The changes in protection for the variants here may reflect a similar effect; the
variants with suppressed HX have enhanced hydrogen bonding within the CXXCH motif,
which may increase heme distortion. The increased distortion, in turn, would decrease redox
potential (59,61), consistent with our observations.

Summary

The extent of protection of the residues within the CXXCH region is highly variable among
cyt c species, despite the conservation of local backbone structure. In particular, great
variability is observed in the protection of the backbone amide protons of the His axial ligand
and the preceding Cys residue, defining the key intra-motif hydrogen bonding interactions with
the first Cys carbonyl (Figure 1B). (For examples of differences in protection among oxidized
cyts c, see references (23, 62–64). Note that such comparisons must be made with caution as
data were collected under a range of conditions). The different propensities for conformational
opening of the CXXCH motif, modulated by identity of the variable residues within and near
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the signature pentapeptide, indeed may play a role in tuning heme redox potential by
influencing His donor properties and/or heme conformation. Further studies of this possible
relationship will be probed in the future by addressing the relative enthalpic and entropic
contributions to Em for the individual mutants. We conclude that variations in heme pocket
mobility should be considered when accounting for factors impacting Em (18, 19) in addition
to the “static” factors traditionally invoked.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Heme and CXXCH motif (residues 12–16) and Pro25 from Pa cyt c551 (PDB: 351C)
(21). The side chains of residues 13, 14, and 15 are omitted for clarity. The hydrogen bond
between Pro25 carbonyl and the proximal His16 Hδ1 is indicated with a dashed line. Figure
prepared using Molscript (65). (B) Structure of CXXCH motif from Pa cyt c551. The intra-
motif hydrogen bonds between the Cys12 carbonyl and the backbone HN groups of Cys15 and
His16 are indicated with dashed lines. In (A) and (B), nitrogen atoms are dark gray, oxygen
medium gray, and sulfur the lightest shade. (C) Overlay (RMSD 0.21 Å) of backbone of
CXXCH motif from Pa cyt c551 (silver) and Ht cyt c552 (black) (PDB: 1YNR) (22). Figure
prepared using VMD (66).
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Figure 2.

Space-filling representation of proximal heme pocket of (A) Ht cyt c552 (PDB: 1YNR) (22)
and (B) Pa cyt c551 (PDB: 351C) (21) highlighting residues targeted for mutation (13 (blue)
and 22 (green)) as well as residue 17 (red).
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Figure 3.

Representative peak intensity data from HX experiments. Shown are plots of peak intensity
(normalized) vs. time from HX initiation illustrating the difference in observed HX rate
between His16 in Ht-M13V/K22M (open circles) relative to Ht cyt c552 (filled circles), and
between Cys15 in Pa-V13M/M22K (open diamonds) relative to Pa cyt c551 (filled diamonds).
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Figure 4.

Plot of His16 Hδ1 chemical shift vs. Em for the wild-type (WT) proteins and six mutants. Data
for Pa cyt c551 and mutants are plotted with circles, and data for Ht cyt c552 and mutants are
plotted with squares. The lines demonstrate the linear fit, and have the same slope as each other
(0.02 ppm/mV) within error.
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Figure 5.

Em values of four Ht cyts c552: WT (ν), M13V (σ), K22M (τ), and M13V/K22M(υ) as
determined by PFV at 0°C, 50 mV/s, in phosphate containing buffer, as a function of pH. All
data were acquired using a scan rate of 50 mV/s. pKred values for wild type Ht cyt c552, Ht-

M13V, Ht-M22K, and Ht-M13V/K22M were found to be 4.2, 4.7, 4.2 and 4.3, respectively.
Fitting was carried out as described previously (15).
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Table 3

Electrochemical data for the wild-type and mutant proteins, comparing the midpoint potential at pH 7, and the interfacial
electron transfer rate, k0

Protein Variant E
m

 @ pH7 (mV) k
0 (s−1)

Pa cyt c551 wild-type 276 ± 2 1028 ± 117

V13M 284 ± 2 1056 ± 142
M22K 314 ± 2 921 ± 77
V13M/M22K 306 ± 3 969 ± 119

Ht cyt c552 wild-type 236 ± 2 1007 ± 128

M13V 177 ± 1 1025 ± 112
K22M 199 ± 1 1240 ± 74
M13V/K22M 155 ± 2 1027 ± 124
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