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. Introduction

The structure–function paradigm has dominated the field of Bio-
hemistry going back to Emil Fisher’s “Lock-and-key” model for
nzyme function in the 1890s [1]. Proteins were viewed as essen-
ially rigid molecules in which the shape was intricately sculpted
o enable highly specific interactions with small molecules or other
roteins, and in which functional groups were precisely oriented
o carry out function. Over 60 years later, Koshland’s “Induced-
t” model emerged [2], with the recognition that conformational
hanges could be used to control enzyme function, particularly with
ulti-substrate enzymes, so that catalysis occurred only under

ppropriate conditions. Detailed studies on multi-subunit pro-
eins, such as the oxygen-transport heme protein hemoglobin [3],
emonstrated that such conformational changes could exercise
allosteric” control over the binding properties or catalytic activ-
ty of proteins and enzymes. Allosteric conformational changes
ypically occur in response to binding of small molecule ligands,
ncluding protons (i.e., pH). Thus, changes in environment (the
resence or absence of a ligand) allow proteins to respond in a
onditional manner.

The theory that changes in protein conformation control pro-
ein function is now widely accepted and constitutes an essential
eature in the regulation of biochemical systems. Covalent mod-
fication of proteins provides an important method for switching
rotein activity on and off. For example, kinases and phosphatases
ediate one key switching mechanism by controlling the phos-

horylation of specific tyrosine, serine and threonine side chains
4]. Acetylation of histone lysines regulates gene transcription by
ltering chromatin structure [5]. In fact, recent experiments indi-
ate that lysine acetylation may be as general a mechanism as
hosphorylation for controlling protein activity [6,7]. However,

t has become increasingly apparent that conformational fluctua-
ions, even in the absence of covalent modification, are evolutionary
daptations that allow proteins to sample alternate conformers
ssential for function [8–10]. In some cases, conformational fluctu-
tions are mediated by proline isomerization, which acts like a true
n/off switch on a timer [11]. Conformational fluctuations occur-
ing on the microsecond to millisecond time scale involve distinct
hermodynamic states separated by barriers several times the mag-
itude of kT and are referred to as tier 0 processes [10,12]. In the

unneled energy landscape that describes protein folding, where
olding paths descend from the many high-energy, unfolded states
p along the rim of the funnel to the few low-energy, folded states
t the bottom of the deep potential energy well [13], tier 0 processes
orrespond to transitions to and from shallow wells adjacent to the
olded native state. Functionally, tier 0 processes allow for tran-
ient sampling of alternate conformers that may confer activity,
ssentially acting to gate activity. Tier 0 processes can be coupled
o binding events which shift the conformational equilibrium, driv-
ng the protein ensemble towards the activated (or inactivated)
tructure [10,14]. For metalloproteins, binding events which cre-
te a conformational shift may alter the coordination sphere and/or
edox potential of the metal center, either through a direct inter-
ction with the metal center or through indirect contacts in the
rotein structure [15–20]. Therefore, the metal site can provide a
eans to follow the conformational dynamics spectroscopically,

specially in proteins where the conformational gate controls an
lectron transfer reaction [18,20–26]. Biologically, conformation-
lly gated electron transfer may prove to be an essential means
f regulating protein function, including redox-dependent enzyme

ctivity [19].

The subject for this review is a set of conformational fluctua-
ions observed in mitochondrial cytochrome c (Cytc), a particularly
ell-studied metalloprotein found in a wide variety of organisms.
itochondrial Cytc is part of the larger cytochrome c family of elec-
emistry Reviews 255 (2011) 664–677 665

tron transport proteins, each containing one or more c-type hemes
covalently attached to the protein via thioether bonds through cys-
teine residues [27]. Mitochondrial Cytc exists as a soluble monomer
of ∼100 amino acids with single c-type heme [16,27] and is part of
the mitochondrial electron transport chain, transferring an electron
from the cytochrome bc1 complex to cytochrome c oxidase [27,28].
Additionally, the release of Cytc from the mitochondria initiates a
signal cascade that causes apoptosis [29]. Of keen interest to our lab
is the observation that Cytc switches its distal heme ligand when
exposed to high pH, opening the heme crevice and creating a struc-
ture known as the alkaline conformation [16,17]. The significance
of the alkaline conformation is unknown; it appears to resemble
a late intermediate along the folding pathway [30–36], but there
have also been indications that the open heme crevice structure is
important for the role of Cytc in both the electron transport chain
[37–40] and apoptosis [41]. Opening of the heme crevice may serve
as a conformational gate that helps to regulate these processes,
making the alkaline conformational transition an interesting proxy
for study.

Numerous thermodynamic and kinetic methods have been used
to study the alkaline conformational transition in Cytc [16,17]. This
review will focus on results obtained using variants of yeast iso-
1-Cytc specifically designed to affect the alkaline conformational
transition based on both the published structures of the native [42]
and alkaline states [40], and knowledge of the folding substructures
in Cytc [32,33]. In addition to common equilibrium thermodynamic
techniques including temperature- and denaturant-dependent
unfolding and pH titration, the results of kinetic techniques will also
be discussed, including pH jump stopped-flow mixing experiments
and electron transfer studies conducted with a small inorganic
reagent. We will present these studies with the goal of providing a
clearer understanding of the alkaline conformational transition and
its possible biological role, as well as the mechanisms by which the
conformational gate could be tuned, were Cytc to be used in the
creation of protein-based molecular electronics devices [43–45].

2. Design of c-type cytochromes with alternate conformers

2.1. Cooperative units within cytochrome c

The unfolding of Cytc from horse heart has been exten-
sively studied using hydrogen–deuterium exchange (HX) methods
[32,33,46–48]. In this method, the HX rate constants for the amide
NH’s of peptide bonds, kobs, are measured and compared to the
intrinsic rate constants of exchange, kint, in disordered peptides
[49]. HX data are interpreted according to the mechanism outlined
in Eq. (1), where the Closed form is the native folded structure and
the Open form is a state

Closed
kop�
kcl

Open
kint−→ Exchanged (1)

which allows the amide NH to exchange with solvent. The Open
form can be a fully or partially unfolded form of the protein. This
mechanism yields Eq. (2) for kobs. For stable proteins under acid
to neutral pH conditions, normally kcl � kint (EX2 conditions) and
thus Eq. (2) reduces to the form given in Eq. (3). The HX method has
allowed the relative stabilities of different parts

kobs = kopkint

kcl + kint
(2)

kop

kobs =

kcl
kint = Kopkint (3)

(substructures or foldons) of Cytc to be determined [32,33]. These
foldon units mapped onto the structure of yeast iso-1-Cytc [42] are
shown in Fig. 1. From least to most stable, these substructures are
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Fig. 1. Ribbon diagram of yeast iso-1-Cytc in the ferric state (pdb code: 2ycc, [42],
rendered with DS ViewerPro 5.0) with the foldons determined for horse Cytc [32,33]
mapped onto the structure. From least to most stable, these are the Infrared (gray),
Red, Yellow, Green and Blue foldons. Shown as stick models colored by element are
the heme; Cys14 and Cys17, which covalently attach the heme to the polypeptide;
His18 and Met80, the heme axial ligands; and Glu44, His26 and Asn31, side chains
involved in an inter-foldon hydrogen bond. The position of Asn52, which is mutated
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o glycine and other residues in variants discussed in this article, is shown as a gray
phere in the Infrared foldon. The lysines in the Red foldon which displace Met80 in
he alkaline conformer of iso-1-Cytc are shown as ball and stick models colored by
lement.

he �-loop that runs from residues 40 to 57 (Infrared foldon, gray in
ig. 1), the �-loop that runs from residues 71 to 85 (Red foldon), the
hort �-sheet which includes residues 37–39 and 58–61 (Yellow
oldon), the 60’s helix and the �-loop running from residues 20 to
6 (Green foldon) and the N- and C-terminal helices (Blue foldon).

Typically, HX measurements are done as a function of the
oncentration of a denaturant such as guanidine hydrochloride
gdnHCl). Protein stability varies linearly with denaturant concen-
ration [50], as described in Eq. (4), where �Gu is the free energy
f unfolding, �Gu

o ′(H2O)

Gu = �Gu
o ′(H2O) − mC (4)

s the free energy of unfolding extrapolated to zero denaturant con-
entration and the m-value is the rate of change of free energy with
espect to denaturant concentration, C. Theoretical [51] and empir-
cal [52] studies indicate that the m-value is proportional to the
hange in solvent-accessible surface area (�SASA) when a protein
nfolds. Thus, the denaturant dependence of �Gop (=−RT ln Kop)
rom HX data provides insight into the size of a foldon. The m-value
or the foldons of Cytc increases progressively with foldon stability
33,53] (Fig. 2), which suggests that the foldons unfold sequen-
ially, not independently. Sequential unfolding has been confirmed
n “stability-labeling” studies which show that mutations that alter
he stability of one foldon only affect the stability of more stable
oldons, not less stable foldons [53–58]. In fact, the funneled energy

andscape calculated for horse Cytc is largely consistent with the
equential unfolding route observed with HX data [59]. However,
he most recent HX studies indicate that branching is possible in
he sequential folding/unfolding pathway of Cytc [60]. There is also
vidence for early collapsed intermediates and parallel pathways
emistry Reviews 255 (2011) 664–677

in the folding of both mitochondrial and bacterial cytochromes c
[61–64]. Thus, it should be kept in mind that there are complexi-
ties in the folding/unfolding of Cytc beyond the apparent simplicity
of the sequential unfolding model based on the relative stabilities
of the foldons of Cytc.

Yeast iso-1-Cytc is considerably less stable than horse Cytc
[58,65]. Limited proteolysis studies show that the least stable
foldon is the same for both proteins [58] and also indicate that
the relative foldon energies of the yeast protein are considerably
compressed relative to the horse protein (Fig. 2). A similar compres-
sion of foldon energies is also observed for Pseudomonas aeruginosa
cytochrome c551 [66], in which the global stability is intermediate
to that of the horse and yeast proteins. As discussed below, we
take advantage of the lower stability of the foldons in iso-1-Cytc to
stabilize alternate conformers using mutagenesis and heme ligand
exchange reactions.

2.2. The alkaline conformational transition of cytochrome c

The alkaline conformational transition of Cytc [16,17] is a long
studied conformational change that occurs spontaneously between
pH 8.5 and 11 in naturally occurring mitochondrial cytochromes c
[16,67]. In yeast iso-1-Cytc, site-directed mutagenesis studies have
definitively shown that Lys73 and Lys79 in the Red foldon (Fig. 1)
replace the native state Met80-Fe(III)heme ligand at elevated pH,
creating the alkaline conformer [68,69]. When iso-1-Cytc is recom-
binantly expressed in Escherichia coli, Lys72 is not trimethylated
and can also act as a ligand in the alkaline state [70]. In horse
Cytc, Lys79 is the dominant ligand in the alkaline conformer, and
Lys73 also contributes, but Lys72 plays only a minimal role as
a heme ligand [71]. A variant of horse Cytc in which Lys72, 73
and 79 were mutated appears to be able to use the N-terminal
amine as a heme ligand, although it is unclear what role the free
N-terminus plays when the preferred alkaline state ligands are
available [71].

The alkaline transition is often monitored at 695 nm, a
weak absorbance band that is usually assigned to a z-polarized
porphyrin-to-Fe(III) transition (i.e., dz2 , dxz or dyz) or a p(S)-to-
d�(Fe(III)) transition [16,72,73]. Thus, the 695 nm absorbance is
sensitive to the axial ligand and loss of the Met80 ligand is nor-
mally associated with loss of this band [16]. The alkaline transition
also can be observed at 398 nm in the intense heme Soret band [68].
pH titration data at either of these wavelengths is consistent with
the alkaline transition involving release of a single proton. There-
fore, the midpoint of the alkaline transition is usually reported as
an apparent pKa, pKapp.

The alkaline conformational transition requires a significant
rearrangement of the Cytc protein structure, particularly when
Lys73 is the ligand in the alkaline conformer. The extent of this
rearrangement has been revealed by NMR structural methods [40]
(Fig. 3), making it clear that the primary structural perturbation
involves the Red foldon. HX studies confirm the linkage between
the Red foldon and the alkaline transition [31]; we review fur-
ther thermodynamic evidence supporting this linkage in Section
3. Given the significant structural perturbation involved, changes
in the conformational free energy of the Red foldon caused by
mutations to Cytc will have an important impact on the pKapp of
this transition. Thus, the conformational free energy of the Red
foldon must be kept in mind when interpreting the effects of
mutations in terms of the mechanism of the alkaline transition of
Cytc.
The observed rate of the alkaline conformational transition may
be limited by the dissociation rate of the native Met80 ligand
and the subsequent opening of the heme crevice, rather than the
binding rate of the alkaline state ligand. The rate of heme crevice
opening, which predominantly consists of structural changes in the
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ig. 2. Energy level diagrams for unfolding of the foldons of horse Cytc and yeast is
or horse Cytc and from ref. [58] for yeast iso-1-Cytc. Color-coding is as in Fig. 1. N s

ed foldon loop, constrains the maximum rate of exogenous ligand
inding to the heme (k ∼ 30–60 s−1) [74]. Furthermore, the simi-

arity in horse Cytc between the unfolding rate of the Red foldon
easured by HX (9 ± 2 s−1) and the limiting rate of the ligand switch

uring the alkaline conformational transition (7.5–10.8 s−1) sug-
ests that it is the rate of Red substructure unfolding, including
et80 dissociation, that controls the rate of the alkaline transition

31]. Thus, mutations that affect the unfolding of the Red sub-
tructure would be expected to perturb the kinetics of the alkaline
onformational transition.
.3. Exploiting ligand exchange reactions to drive conformational
hanges

The stability of the Met-Fe(III)heme bond is relatively modest.
he association constant, Ka, of the thioether of methionine for

ig. 3. Structure of the Lys73-heme alkaline conformer of the K79A variant of
so-1-Cytc (pdb code: 1LMS, [40], rendered with DS ViewerPro 5.0). The foldons
etermined for horse Cytc are mapped onto the structure as in Fig. 1. The heme
nd all visible amino acid side chains are colored by element. The heme is shown
s a stick model, Lys73 and the iron of the heme are shown as space-filling models,
et80 and Ala79 are shown as ball and stick models, and His26, Asn31 and Glu44

t the base of the Green and Infrared (shown in gray) �-loops are shown as stick
odels. The structural data suggest that the hydrogen bonds that bridge between

he side chain of His26 and the Infrared and Green foldons in the native structure
re disrupted in the Lys73 alkaline conformer.
ytc. Free energies of unfolding, �Gu
o ′(H2O), and m-values are from refs. [33,53,55]

for the “native” fully folded structure.

Fe(III)heme microperoxidase fragments of horse Cytc has been esti-
mated at ∼3, whereas the Ka for imidazole (Im) is near 104 [54,75].
Thus, a Met-Fe(III)heme to His-Fe(III)heme ligand exchange reac-
tion at 25 ◦C should provide ∼5 kcal/mol (RT ln[Ka(Im)/Ka(Met)]),
making the ligand exchange reaction adequate to disrupt the
Red foldon and stabilize the His-heme conformer near phys-
iological pH, particularly for the less stable yeast iso-1-Cytc
(Fig. 2).

We have used this design principle to create variants of iso-1-
Cytc with histidines in the �-loop corresponding to the Red foldon,
which have well-defined tier 0 conformational transitions. Due to
the lower pKa of histidine (∼6.5) compared to lysine (∼10.5), vari-
ants in which the lysines at positions 73 and 79 were replaced
with histidine (K73H1 and K79H variants, respectively) produce
cytochromes c with His-heme conformers similar in stability to the
native (Met80-heme) state near pH 7.5 [34–36,76,77]. Although
the conformational transition to the His-heme state occurs near
neutral pH, it is still referred to as the alkaline conformational tran-
sition (creating an alkaline conformer), since the conformational
transition and structure is expected to be very similar between
the His-heme and the Lys-heme conformers. We have used the
lysine-to-histidine variants as a model system to probe the factors
that modulate the thermodynamics and kinetics of tier 0 confor-
mational transitions. We note that an F82H variant of iso-1-Cytc
produces exclusively bis(His) axial heme ligation in the Fe(III) state
at pH 7 [78]. Thus, histidines in the Red foldon loop tend to displace
Met80 at neutral pH. However, the dominance of the conformer
with bis(His) axial ligation in the F82H variant of iso-1-Cytc makes
it a less convenient model for studying a tier 0 conformational
transition [79].

3. Equilibrium thermodynamics of model tier 0
conformational transitions

3.1. Using denaturant unfolding to detect alternate conformers

In Section 2.1, we noted that the m-value (�Gu/�C) derived from
denaturant unfolding of a protein is proportional to the change
in solvent-accessible surface area when a protein unfolds (i.e.,
m ∝ �SASA). Thus, denaturant unfolding can provide insight into
the amount of structure disrupted during the unfolding of a pro-
tein. When Lys73 of iso-1-Cytc is replaced with histidine (K73H
variant), the m-value obtained from gdnHCl unfolding at pH 7.5,

monitored as loss of �-helix structure by circular dichroism (CD)
spectroscopy, is ∼25% lower than that observed for wild type (WT)
iso-1-Cytc (inset Fig. 4) [34]. When gdnHCl unfolding is moni-
tored at 695 nm (loss of heme-Met80 ligation) a much broader
transition is observed, which is almost complete before CD moni-



668 M.M. Cherney, B.E. Bowler / Coordination Chemistry Reviews 255 (2011) 664–677

Fig. 4. Plots of extinction coefficient at 695 nm, ε695 (�), and ellipticity at 220 nm,
�220 (�), versus gdnHCl concentration for the K73H variant of iso-1-Cytc at pH 7.5
and 25 ◦C. Inset shows the free energy of unfolding, �Gu, versus gdnHCl concentra-
tion for the K73H variant (�) derived from the �220 versus gdnHCl data. �Gu versus
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Fig. 5. Plot of absorbance at 695 nm, A695, versus pH for K73H iso-1-Cytc at different
concentrations of gdnHCl. Data were collected in 0.1 M NaCl at 25 ◦C at protein con-
centrations near 200 �M, with 0 (red), 0.1 (blue), 0.2 (green) or 0.3 (pink) M gdnHCl
added. The solid curves are fits of the data to the equilibrium model described in
ref [36]. The unusual biphasic nature of the pH dependence of A695 results because
the His73-heme conformer forms at lower pH, but reaches a limiting equilibrium
constant with the Met80-heme conformer of ∼1 around pH 7.5 when His73 is fully
deprotonated (leveling out in the plot between pH 7 and 8). The loss of the Met80-
heme conformer is then brought to completion by formation of the Lys79-heme
conformer above pH 8. The gdnHCl m-values for the His73 and Lys79 heme-binding
dnHCl concentration for WT iso-1-Cytc (©) is shown for comparison in the inset.
he �Gu versus gdnHCl data were fit by Eq. (4) and the m-values are displayed on
he graph. The y-intercept of the WT and K73H plots in the inset are shown as a
isual aide; they are not actual data points.

ored unfolding begins (Fig. 4). These data are consistent with the
73H protein forming an alternate conformer where His73 dis-
laces Met80 before global loss of structure occurs. Interestingly,
s pH is decreased toward pH 5, which will disfavor His73-heme
igation, the gdnHCl m-values for CD monitored unfolding for WT
so-1-Cytc and the K73H variant approach each other [35]. NMR
tudies on the denaturant unfolding of horse Cytc at neutral pH
how partial population of a Lys-heme conformer (∼15% in 7 M
rea near the midpoint for global loss of structure) [80,81]. This
onformer likely involves the alkaline state ligands and disruption
f the Red foldon. The Lys-heme conformer is only significantly
opulated when the fully unfolded form is also populated. By con-
rast, the Met80-heme and His73-heme conformers of the K73H
so-1-Cytc variant are both significantly populated near neutral pH
n the absence of fully unfolded protein (Fig. 4). Thus, the K73H
ariant and related variants have allowed careful analysis of a tier
conformational transition.

.2. pH and denaturant dependence of a tier 0 conformational
ransition

Studies on the pH dependence of Met80-heme ligation with
he K73H variant of iso-1-Cytc revealed that the native Met80-
eme form is the sole conformer at pH 5. Near pH 7.5, the
quilibrium constant between the His73-heme and Met80-heme
onformers reaches a limit of ∼1; at high pH the Lys79-heme
lkaline conformer forms [36]. The clean separation of these equi-
ibria allowed straightforward evaluation of the gdnHCl m-value
or the individual equilibria (Fig. 5). For the K73H variant, the
-value is 1.67 ± 0.08 kcal mol−1 M−1 for formation of the His73-
eme conformer and 1.1 ± 0.2 kcal mol−1 M−1 for formation of the
ys79-heme alkaline conformer. Thus, �SASA is larger when His73
eplaces Met80 than when Lys79 replaces Met80, as might be
xpected since the Lys79 amino acid is only one position removed
rom Met80 (Fig. 1). The m-value for formation of the His73-
eme conformer is similar to the 1.5 kcal mol−1 M−1 observed for
nfolding of the Red foldon (Fig. 2), consistent with the signifi-
ant disruption of the Red foldon expected when this conformer
orms (Fig. 3). It is also interesting to note that the m-value for

−1 −1
D-monitored unfolding of the K73H variant (∼3.6 kcal mol M )
nd formation of the His73-heme conformer (∼1.7 kcal mol−1 M−1)
dd up to the m-value for CD-monitored unfolding of WT iso-1-
ytc (∼4.9 kcal mol−1 M−1) [65,82], within error. This additivity is
onsistent with a well-separated sequential unfolding of the K73H
equilibria are shown. Adapted with permission from C.J. Nelson, B.E. Bowler, Bio-
chemistry, 39 (2000) 13584–13594. Copyright 2000 American Chemical Society.

variant, involving first the Red foldon and then the rest of the pro-
tein.

A series of stabilizing mutations were added to the K73H vari-
ant of iso-1-Cytc at position 52 (see Fig. 1) in the least stable
Infrared substructure [57]. The change in global stability imparted
by these mutations was equal to the change in free energy between
the Met80-heme and His73-heme conformers, consistent with
sequential unfolding of substructures in Cytc. Similar m-values for
formation of the His73-heme conformer and the Lys79-heme alka-
line conformer were observed for this set of variants as for the
parent K73H variant of iso-1-Cytc. Thus, the extent of structural
disruption to the Red foldon in conformers of Cytc with alternate
heme ligation appears robust to mutation.

For a K73H/K79A iso-1-Cytc variant [76], the equilibrium ther-
modynamics of formation for the His73-heme conformer are more
favorable than for the K73H variant at 0.1 M NaCl, but similar
at 0.5 M NaCl. These results suggest that an electrostatic inter-
action between Lys79 and heme propionate D (∼4.8 Å, Fig. 1)
stabilizes the Met80-heme conformer relative to the His73-heme
conformer. Also, spectra of the K73H/K79A variant above pH 8 show
an absorbance band growing in near 620 nm, suggestive of a high-
spin heme forming when Lys79 is absent. Studies with a K79H
variant of iso-1-Cytc show that formation of the His79-heme con-
former is more favorable than the His73-heme conformer, relative
to the native Met80-heme conformer [77]. This is opposite to the
relative stabilities of the Lys73 and Lys79 alkaline conformers [68].
Thus, the structures of Lys-heme and His-heme conformers may
differ in detail. However, replacement of Lys79, which is tightly
packed against the surface of the protein in the Met80-heme con-
former [42], with His may destabilize the native conformational
state. Although the protonated His79 side chain may be able to form
an electrostatic interaction with the heme propionate D similar to
Lys79, the histidine side chain is too short to also form hydrogen
bonds with the hydroxyl group of Tyr46 and the backbone carbonyl
of Ser47 [42].
Clearly, replacement of lysine with histidine in the Red foldon
makes alternate heme ligation conformers accessible at neutral
pH. Since the stability of conformers with alternate heme lig-
ation depends on both the relative affinities of the competing
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Fig. 6. Temperature dependence of the observed free energy, �Gobs, of the tier 0
conformational change from the Met80-heme to the His73-heme conformer of the
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73H variant of iso-1-Cytc. The solid lines are fits of �Gobs as a function of temper-
ture to Eq. (5) as described in ref. [30] at different gdnHCl concentrations. Adapted
ith permission from C.J. Nelson, M.J. LaConte, B.E. Bowler, J. Am. Chem. Soc., 123

2001) 7453–7454. Copyright 2001 American Chemical Society.

eme ligands and the stability of the structure disrupted dur-
ng ligand exchange, destabilization of the Red foldon or adjacent
oldons can make Lys-heme alkaline conformers accessible at neu-
ral pH, too. We find that pKapp = 7.46 ± 0.02 for the Lys73-heme
lkaline conformational transition of a N52G/K79A iso-1-Cytc vari-
nt [83] with a destabilizing N52G mutation [84] in the Infrared
oldon. P76G mutations in the Red foldon decrease the pKapp for
he alkaline transition to 7.5 and 6.7 in horse Cytc [71] and yeast
so-2-Cytc [85], respectively. With iso-1-Cytc, mutation of both
ro76 to Ala and Gly77 to Ala in the Red foldon decreases the
Kapp for the alkaline transition to ∼6.9 [86]. Mutation of Phe82

n the Red foldon also significantly favors the alkaline conformer
87]. Thus, the stability of the Infrared and Red foldons is an
mportant component of the accessibility of Lys-heme alkaline con-
ormers.

.3. Temperature dependence of a tier 0 conformational
ransition

When a protein unfolds, buried hydrophobic residues are
xposed to water. The hydration of these buried groups leads to an
ncrease in the heat capacity of the system [88]. Under these con-
itions, the temperature dependence of the free energy of protein
nfolding or of a protein conformational change, �Gc, is non-linear
s given by Eq. (5), where �Gmax is the free energy for

Gc = �Gmax + �Cp[T − Tmax − T ln
(

T

Tmax

)
] (5)

he conformational change at Tmax, the temperature of maximum
tability, and �Cp is the change in the heat capacity of the system.

e note that at Tmax, �Gc is entirely enthalpic and the entropy
hange is zero; thus, the second term in Eq. (5) represents the tem-
erature dependence of enthalpy and entropy due to �Cp [88].
he heat capacity change for protein unfolding, like denaturant m-
alues, is also proportional the �SASA [52]. Thus, the temperature
ependence of stability can also provide insight into the extent of
tructural disruption in a tier 0 conformational change.

We followed the temperature dependence of �Gc at 695 nm
Met80-heme ligation) for the K73H variant of iso-1-Cytc near neu-
ral pH at several gdnHCl concentrations [30]. The �Gc for the

ier 0 conformational change from the Met80-heme conformer
o the His73-heme conformer shows the curved dependence
xpected for an equilibrium with a change in heat capacity
Fig. 6). The �Cp obtained from fitting the data to Eq. (5) is
.48 ± 0.03 kcal mol−1 K−1 irrespective of gdnHCl concentration. A
Scheme 1. Simple mechanism for the formation of the alkaline state.

fit of �Gmax versus gdnHCl concentration Eq. (4) at Tmax = 289 ± 2 K
yields m = 1.40 ± 0.04 kcal mol−1 M−1, similar to the value obtained
from the pH and gdnHCl dependence of the formation of the His73-
heme conformer with the K73H variant (Fig. 5) and the m-value for
the Red foldon in horse Cytc (Fig. 2). The �Cp for the full unfolding
of iso-1-Cytc is 1.40 ± 0.06 kcal mol−1 K−1 [89]. Both the m-value
and the �Cp for the Met80-heme to His73-heme conformational
change are about one third of the value for full unfolding of iso-
1-Cytc. Thus, this tier 0 conformational change exposes about one
third of the buried surface area of the protein.

These well-characterized heme ligand exchange-driven tier 0
conformational transitions provide excellent substrates with which
to study the factors that affect the dynamics of a tier 0 conforma-
tional transition. In the following sections, we demonstrate how
standard pH jump mixing methods along with a novel electron
transfer technique can be used to probe the dynamics of molecular
switches that modulate protein function.

4. Dynamics of the conversion between conformers of
cytochrome c

4.1. Kinetic models for the alkaline conformational transition of
cytochrome c

According to the simplest model describing the alkaline confor-
mational transition observed in Fe(III)Cytc, the event takes place
via two distinct steps: the deprotonation of a triggering group and
the subsequent binding of a lysine ligand (Lys73 or Lys79 in yeast
iso-1-Cytc) to the heme in the place of the native Met80 ligand
[90]. Scheme 1 illustrates this simple model, with H+Cytc and Cytc*
representing the native and alkaline states, respectively. KH is the
ionization constant for the triggering group which initiates the
conformational change. kf and kb are the forward and backward
rate constants for the conformational change driven by the ligand
switch and kf/kb is the equilibrium constant, KC.

When inspecting Scheme 1, the simplest assignment for the
triggering group which generates KH is the lysine side chain
[91,92], since the amine functionality will only bind to the heme
iron in the deprotonated state. Thermodynamic and kinetic exper-
iments have provided a pKH that is near 11 and consistent with
lysine deprotonation [31,68,87,90,93]. One study utilizing a set of
lysine-to-alanine variants identified a strong correlation between
the lowest theoretical pKa calculated for the available lysine heme
ligands and the pKapp observed during alkaline conformational
transition experiments measured by cyclic voltammetry [91]. How-
ever, results obtained from experiments using chemically modified
Cytc, in which every lysine side chain was blocked by trifluoroacety-
lation, guanidination, amidation or maleylation, suggest that some
other moiety may be the actual trigger which initiates the release of
the native Met80 ligand and permits movement of a deprotonated
lysine into position for heme binding [94,95]. In each chemically
modified Cytc species, the pKapp was only modestly perturbed,
suggesting that the triggering group was largely unaffected by the

chemical modification. Unfortunately, the chemical modifications
may not have been structurally benign, since the heme in the alka-
line conformation of trifluoroacetylated and guanidinated proteins
was high-spin [94] and the pKapp of the maleylated protein was
highly dependent on the ionic strength of the solution [95].
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If the ionizable group that triggers the alkaline conformational
ransition in Cytc is not the lysine heme ligand, the pKa of the trig-
ering group must still be near 11 to coincide with the measured
KH. The similarity between the pKH of the triggering group and the
Ka of the lysine ligand might then be theorized to have occurred
y evolution, ensuring that deprotonation of both the triggering
roup and the alkaline state heme ligand is coordinated. Several
on-lysine candidates have been proposed to serve as the triggering
roup [17], including a buried water molecule [96], which is adja-
ent to Met80; Tyr67, which hydrogen bonds to Met80 [97]; His18,
he proximal heme ligand [98]; and one of the heme propionates,
hich has a pKa shifted to >9 in the folded state of the protein

99,100]. The possible identity of the triggering group remains a
opic for debate and will be further discussed in light of experi-

ents using iso-1-Cytc variants with alternate alkaline state heme
igands in Section 4.2. However, it should be noted that the alkaline
onformational transition is (by most accounts, but see ref. [101])
hermodynamically a one proton process attributable to the lysine
igand, so if deprotonation of additional groups is required for the
riggering event, those residues must be reprotonated after the lig-
nd exchange is complete in order to maintain a net loss of only
ne proton. For example, the proposed mechanism in which the
eprotonation of His18 acts as the trigger for the alkaline confor-
ational transition employs a histidinate intermediate that rebinds
proton at the N� residue following the ligand exchange to the alka-

ine state [98]. In this model, reprotonation of the triggering group
s necessary to match the observation that the heme iron in the
lkaline conformation is ligated by two neutral nitrogen donors.
nfortunately, not all of the proposed non-lysine triggering groups
ould be likely to create a detectable spectroscopic signal upon

eprotonation.
As might be expected, models for the alkaline conformational

ransition have been suggested which are variations on Scheme 1
98,101–103]. When the alkaline conformational change is inves-
igated by pH jump experiments to a final pH greater than 10, a
econd phase is seen in the kinetic data [31,93,102,104]. This sec-
nd phase has been alternately explained as a parallel pathway
o the alkaline conformation [93,102] or an unrelated deprotona-
ion within the Infrared substructure [31]. Additionally, a high-spin,
ossibly five-coordinate, intermediate was identified by difference
pectra [104] and resonance Raman [105], and was proposed to
e part of a parallel pathway to the alkaline conformation which
ominates at very high pH. It is unclear whether the high-spin

ntermediate and the second kinetic phase exist when the alkaline
onformational transition occurs below pH 10, albeit at concentra-
ions which are not detectable, or whether they only occur above
H 10. However, the pH jump kinetic experiments to be discussed

n Section 4.2 were performed at or below pH 10 and the additional
hase was not an issue.

Potential intermediates in the alkaline conformational tran-
ition have also been detected during equilibrium studies. pH
itration experiments on Cytc strategically labeled with deuterium
nd observed by FTIR revealed the formation of a species in which
he native Met80-heme ligation was significantly perturbed, possi-
ly even dissociated, although the switch to lysine–heme ligation
ad not yet occurred [101]. The formation of the intermediate
ccurred via a one proton process with a pKa of 8.8, in line with
he pKapp generally measured for the alkaline transition, while
he subsequent transition to the Lys73- and Lys79-heme conform-
rs required a second deprotonation and yielded a pKa of ∼10.2,
eading the authors to suggest that formation of the intermediate

pecies may be the true trigger which initiates the alkaline con-
ormational transition. However, a related study using electronic
bsorption and CD spectroscopy to monitor the 695 nm band dur-
ng the alkaline transition identified a native-like intermediate,

hich clearly retained the Met80-heme bond, if somewhat weak-
emistry Reviews 255 (2011) 664–677

ened, and only formed in buffer with a very low ionic strength
and H2PO4

− anion concentration [103]. Ionic strength, anion type,
and binding anion concentration do modestly affect the Met80-
heme environment [106], but no intermediate was visible in the
salt and buffer concentrations more commonly used during pH
titrations of Cytc [103]. The intermediates detected by these two
studies are qualitatively different. Also, pH titrations that moni-
tor the heme methyl substituents by NMR spectroscopy only show
clear evidence for the native state and lysine–heme bond alka-
line conformers [36,68,107], implying that the chemical shifts of
the methyl substituents in the intermediates detected by FTIR and
at 695 nm would have to be similar to one of these end states.
Additional investigation into these intermediate states is needed to
better elucidate their role in the alkaline conformational transition
of Cytc.

4.2. Using alternate heme ligands to probe the mechanism of
conformational change

In order to determine whether the ionizable triggering group
observed in the alkaline conformational transition is in fact the
alkaline state heme ligand, a series of lysine-to-histidine variants
were examined in which the alkaline conformational transition
is shifted to lower pH due to the lower pKa of the new histidine
heme ligand. Because only one of the two lysine residues in the
Red foldon of iso-1-Cytc (Lys73 or Lys79) was mutated to histidine,
these variants actually contain two separate alkaline conforma-
tions: His-heme ligation near neutral pH and Lys-heme ligation
at high pH. The presence of two conformational transitions pre-
dictably complicates the kinetic interpretation, so variants were
also constructed in which the remaining lysine was mutated to an
alanine.

pH jump mixing experiments conducted on the K73H variant
of iso-1-Cytc revealed that three separate ionizable groups partic-
ipate in the triggering event for the His73-heme conformational
transition, with the His73 heme ligand acting as the primary trig-
ger [92] (Fig. 7). If deprotonation of the histidine side chain were the
sole trigger for the conformational transition, a single pKH of ∼6.6
would be expected. Indeed, the amplitude attributable to histidine
binding grows in with a pKa of ∼7, indicating that deprotonation
of the histidine is the thermodynamic trigger and is necessary for
heme binding. However, a fit to the kobs rate data over both the
downward and upward pH jumps yielded three distinct pKa values
for the His73-heme conformational transition (Table 1). Scheme 2
outlines the mechanism whereby three ionizable groups affect the
kinetics of the alkaline conformational change. C(LH+) and C(Fe-L)
represent the native and alkaline states, respectively, where L is the
heme ligand in the alkaline conformational state. LH+/L, XH+/X, and
YH+/Y represent the protonated/deprotonated forms of the ioniz-
able groups (where X and Y are unidentified residues) and KHL, KHX
and KHY are the ionization constants for the ionizable groups. kf
and kb are the forward and backward rate constants for the confor-
mational change, numbered according to the path on which they
occur. Since the model is drawn as a thermodynamic cycle, the ratio
of kf to kb for each path should be equal to the equilibrium constant
for the conformational change, KC, as measured by equilibrium pH
titration. While the heme ligand is the primary trigger that gates
the conformational change, XH+ and YH+ can be viewed as aux-
iliary ionizations that change the stability of the transition state
relative to the native and alkaline conformational states, thereby
altering the magnitude of kf and kb for each path while KC remains

constant. Alternately, ionization of XH+ and/or YH+ could change
the stability of both the native and alkaline states equally, while
the transition state remains unaffected. Although the assumption
that KC remains constant over the entire pH range spanned by the
three ionization events cannot be tested (since the primary trigger
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Fig. 7. Observed rate constant, kobs, versus pH for the formation of the His73-heme
conformer of K73H iso-1-Cytc measured by pH jump stopped-flow mixing experi-
ments conducted in 0.1 M NaCl at 25 ◦C. The closed and open circles represent the
results for downward and upward pH jumps, respectively, and the black line is a
fit to the combined pH jump data for the model in Scheme 2 [92]. The three pH-
dependent components of kobs created by the ionization of the XH+, LH+ and YH+

triggering groups (Scheme 2) are plotted separately. Each component is the com-
bined forward and backward rate constant for the conformational change over the
relevant pH regime. The red line is kobs,1 (kf1 + kb1), the green line is kobs,2 (kf2 + kb2)
and the blue line is kobs,3 (kf3 + kb3) (Scheme 2 and Table 1). The parameters from the
fit to the data were used to generate each kobs,x plot. Adapted with permission from
R.E. Martinez, B.E. Bowler, J. Am. Chem. Soc., 126 (2004) 6751–6758. Copyright 2004
American Chemical Society.

Table 1
Kinetic and thermodynamic parameters for the heme ligand exchange from Met80
to a histidine residue in yeast iso-1-Cytc, as obtained from pH jump stopped-flow
experiments at 25 ◦C.

Parameters Variantsa

K73H K73H/K79Ab K73H/K79Ac K79H

kf1, s−1,d 11.4 ± 0.9 31 ± 26 7.2 ± 0.3 –
kb1, s−1 23 ± 2 25 ± 21 13.7 ± 0.5 –
kf2, s−1 3.5 ± 0.2 6.5 ± 0.3 3.7 ± 0.4 3.3 ± 0.2
kb2, s−1 7.0 ± 0.4 5.4 ± 0.3 7.0 ± 0.7 0.7 ± 0.2
kf3, s−1 6.6 ± 0.2 12.1 ± 0.5 6.4 ± 0.3 0.7 ± 0.1
kb3, s−1 13.2 ± 0.4 9.9 ± 0.4 12.0 ± 0.5 1.1 ± 0.1
pKHX 5.6 ± 0.2 5 ± 1 6.4 ± 0.2 –
pKHL 6.4 ± 0.5 6 ± 1 7.1 ± 0.5 6.75 ± 0.04
pKHY 8.7 ± 0.2 8.8 ± 0.2 9.0 ± 0.2 9.21 ± 0.2
reference [92] [76] [76] [77]

a All variants contain a background C102S mutation to prevent disulfide formation
and dimerization.

b Experiments were conducted in 100 mM NaCl.
c Experiments were conducted in 500 mM NaCl.
d The rate constant is constrained by KC, which is assumed to be invariant with

pH. kf1 is masked by KHL as the pH drops below pKHL; thus the assumption that KC

is invariant cannot be tested at low pH and may not be valid.

Scheme 2. Proposed three-trigger mechanism for the formation of the His73-heme
conformational state.
emistry Reviews 255 (2011) 664–677 671

masks kf1 at low pH), KC did remain constant from about pH 8 to
10 in the K73H variant, where the amplitude of the His73 bind-
ing phase was unchanged once the ligand was fully deprotonated
[92].

While pKHL is easily assigned to the deprotonation of His73,
the identity of the two auxiliary triggering groups is not obvi-
ous. His26 (pKa < 3.6) was initially an attractive candidate for pKHX
due to its role in the His26/Glu44 hydrogen bond which stabi-
lizes the native structure [108,109]. However, the disappearance
of the pKHX trigger in studies using a K79H variant (vide infra),
where the His26/Glu44 hydrogen bond is still a factor, appear
to rule out His26 as the triggering group [77]. Among the sug-
gestions for the pKHY triggering group are deprotonations that
create an intermediate with either low-spin hydroxyl-heme [96]
or high-spin Tyr67(phenolate)-heme ligation [97]. The hydroxyl-
heme species normally begins to appear above pH 9, making it an
unlikely explanation for pKHY. Deprotonation of Tyr67 also seems
an unlikely trigger, since no evidence for the formation of a high-
spin intermediate was seen in the K73H pH jump data. Additionally,
deprotonation of the Tyr67 would be expected to change the rel-
ative stabilities of the native and alkaline states as the side chain
is ionized and moves from a buried to a solvent exposed position
[40,42], whereas the almost constant amplitude attributable to his-
tidine binding observed from pH 8 to 10 contradicts this theory. To
date, the heme propionates seem the most likely candidates for the
pKHX and pKHY triggering groups due to both their location and pKa

values, with one predicted to have a pKa < 4.5 and the other a pKa > 9
[16,99,100]. However, it is difficult to explain why deprotonation
of the heme propionates would not have been apparent in the pH
jump kinetics of previously examined Cytc variants. By all appear-
ances, WT Cytc requires only a single ionization event to trigger the
alkaline conformational transition. Several iso-1-Cytc variants with
mutations at Phe82 displayed significantly depressed pKapp values
while the pKC remained relatively unchanged, with pKH values for
the triggering group resembling pKHY for the K73H variant [87].
However, the authors did not report any indication of additional
ionization events in the data and there is no definitive evidence
that the unusual decrease in the pKH of the triggering ionization is
related to the YH+ ionization. Overall, there is no strong evidence
that the auxiliary ionization triggers observed with the K73H vari-
ant affect the kinetics of the alkaline conformational transition in
WT Cytc. Therefore, the identities of the auxiliary triggering groups
remain a topic for speculation.

Multiple ionizations were also apparent in the triggering events
for the Lys-heme alkaline conformational transition and in a prob-
able proline isomerization step seen in the kinetics of the K73H
variant [92]. Although fitting the rate data for these minor phases
was considerably more difficult, multiple pKa’s were tentatively
identified in each transition. At least two triggering groups are
involved in the alkaline conformational change from the native to
the Lys79-heme state, with pKa’s of 7.0 ± 0.3 and 9.8 ± 0.4, roughly
resembling those for the deprotonation of His73 and Lys79 (or pos-
sibly the YH+ triggering group), respectively. The putative cis/trans
Pro76 isomerization phase was assigned based on the rate of the
transition [110], its relative amplitude when starting from either
the native or alkaline states, and the work on a Pro76 to Gly mutant
of iso-2-cytochrome c in which a slow folding phase seen in the
WT protein was eliminated [111,112]. Proline isomerization is only
seen in the K73H variant once the protein leaves the native state,
requiring at least two ionization events with pKa values of ∼5.6 and
8.8 ± 0.2, in close agreement with the pKHX and pKHY observed for

the His73-heme transition [92].

Further pH jump experiments using a K73H/K79A variant of
iso-1-Cytc verified that three separate ionizable groups control
the Met80 to His73 heme ligand exchange and the conformational
transition. As previously mentioned in Section 3.2, the K73H/K79A
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ariant displayed salt-dependent properties and behaved thermo-
ynamically and kinetically similar to the K73H variant only in
times the normal NaCl concentration [76], which was presum-

bly necessary to stabilize the native conformation by replacing
n electrostatic interaction that would have occurred between the
ys79 �-NH3

+ and the heme propionate D group [42,68]. The pKHX,
KHL and pKHY values (Table 1) reported for the His73-heme con-
ormational transition of the K73H/K79A variant in 500 mM NaCl
ere slightly higher than those measured for the K73H variant,

lbeit mostly within error. This difference could be explained by
he elevated salt concentration and/or the Ala79 mutation, the lat-
er of which may disrupt the buried hydrogen bonding network.

hile the K73H/K79A variant clearly lacks a Lys-heme alkaline con-
ormer, it does produce the minor slow phase previously attributed
o Pro76 isomerization. Similar to the K73H variant, the putative
roline isomerization phase observed in the K73H/K79A variant
equires deprotonation of at least two triggering groups, with pKa

alues near 6 and 9.
It is not surprising that the transition from the native state

o either the Lys-heme or His-heme conformational states dif-
ers to some degree, given the substantial difference in pKa and
eme binding affinity of the two alkaline state ligands. However,
he disparity between the His73-heme and His79-heme conforma-
ional transitions illustrates the importance that sequence position
lays, even when considering the largely flexible Red foldon. The
is79 heme ligand in the K79H variant of iso-1-Cytc might be
xpected to have approximately the same pKa and heme binding
ffinity as the His73 ligand, and bind through a similar trigger-
ng event. Instead, the transition to the His79-heme conformer

as triggered with only two ionizable groups, the ligand and the
igh pH trigger, corresponding to pKHL and pKHY [77] (Table 1).
he conformational change in the K79H variant differs from the
73H variant due to the greater relative stability of the His79-
eme conformer. Although the rate constant for histidine binding is
pproximately the same in both variants (∼3.4 s−1), the backwards
ate constant is 10 times slower in the K79H variant, creating a
arger population of the His79-ligated heme conformer around pH
.5 and indicating a considerable stabilization of the His-heme con-
ormational state relative to the native state in K79H iso-1-Cytc.
dditionally, the conformational transition of the K79H variant
oes not produce the slow, minor kinetic phase consistent with
roline isomerization, suggesting that the replacement of Met80
ith the adjacent His79 residue may cause a smaller structural

earrangement from the native form, preventing isomerization at
he proline residue. This observation is consistent with m-values
f 1.67 ± 0.08 and 1.0 ± 0.1 kcal mol−1 M−1 measured for the tran-
ition from the native to the His-heme state for the K73H [36] and
79H variants [77], respectively, indicating that the K79H variant
ndergoes a smaller change in structure during the conformational
ransition. Since the alkaline conformational transition is also dis-
imilar between the K79H and K73H/K79A variants, in both the
umber of auxiliary triggers and the relative stability of the His-
eme form, destabilization of the native conformer due to the loss
f the Lys79 side chain contacts cannot be the only reason for the
nique behavior of the K79H variant. Compared to any of the His73
r His79 variants, the F82H variant of yeast iso-1-Cytc demon-
trates the strongest preference for its His-heme alkaline conformer
kf ≈ 17 s−1 and kb ≈ 1 s−1 [79]), even though the native Lys79 was
ot mutated and the histidine replaced a similar aromatic group
lso located on the Red foldon. Clearly, the placement of the alka-
ine state ligand on the �-loop of the Red foldon plays a significant

ole.

Overall, experiments with the lysine-to-histidine variants of iso-
-Cytc have revealed several interesting properties of the alkaline
onformational transition. First of all, the heme ligand in the alka-
ine state appears to be the primary triggering group which controls
emistry Reviews 255 (2011) 664–677

the conformational transition, since lowering the pKa of the heme
ligand causes an equivalent decrease in the pKapp, which would not
be expected if some other group was the actual trigger. However,
two auxiliary triggering groups affect the kinetics of the confor-
mational transition in the K73H variants and have been tentatively
identified as the heme propionates, although only one of the addi-
tional triggers was detected in the kinetics of the K79H variant and
neither has been detected in the kinetics of the WT protein. The
role and significance of the auxiliary triggering groups in the alka-
line conformational transition is still poorly understood, but the
solely kinetic effect observed for pKHX and pKHY could indicate that
deprotonation at the additional sites alters the stability of the tran-
sition state relative to the native and His-heme conformers. Finally,
when comparing the His73 and His79 variants, it is clear that the
position of the histidine ligand within the flexible Red foldon has
an important impact on the alkaline conformational transition.

5. Measurement of protein dynamics by an electron
transfer method

5.1. Conformationally gated electron transfer theory

Electron transfer (ET) kinetics provide a particularly useful tool
for studying those conformational changes which tune the abil-
ity of an active site to gain or lose an electron, especially when
combined with a chemical oxidant or reductant whose concen-
tration can be easily controlled. The square scheme mechanism
(Fig. 8) outlines the two pathways available for a system that under-
goes oxidation and reduction and has a preferred conformation for
each redox state [113–117]. Cytc and the chemical reductant hex-
aammineruthenium(II) chloride (a6Ru2+) are depicted, although
the square scheme mechanism is applicable for many other sys-
tems [18,20,22,26,43,117–126]. When considering the reduction
of Cytc by a chemical reagent, the pathway taken will depend on
the reduction potentials and relative stabilities of the intermedi-
ates, as well as the concentration and reduction potential of the
chemical reagent used. For instance, if the reduction potential of an
Fe(III)Cytc variant in the alkaline conformation is accessible by the
chemical reagent, reduction and subsequent rearrangement to the
native conformation will occur by the stepwise process in Pathway
A. However, if the reduction potential of the alkaline conformer is
too low, Pathway B will be favored and the conformational change
must occur before ET can be achieved. In this manner, the observed
rate of reduction can be controlled by the dynamics of the confor-
mational change. When the rate of the conformational change is
significantly slower than the rate of ET, the system is described as
undergoing conformationally gated ET. Since the reaction will only
be gated in one direction (either reduction or oxidation), the con-
formational gate can act as either a molecular switch, which is kept
off until just the right conditions are present, or as a valve for elec-
trons that impedes deleterious backflow. It has been suggested that
the alkaline conformation may resemble the structure of Fe(III)Cytc
when complexed with cytochrome c oxidase, its redox partner in
the mitochondrial electron transport chain [37–40]. This theory
is particularly attractive as it provides a means for unidirectional
electron flow in the complex.

For a conformationally gated system in which there is an equi-
librium between the two conformers in the original redox state, as
represented by the left half of the square scheme for an Fe(III)Cytc
sample, the kinetic data will contain a phase for the ET reaction of

each conformer with an amplitude that is proportional to the pop-
ulation of that conformer in the original sample. The component
which is already in the correct conformation can undergo direct ET
and the observed rate for the formation of the reduced species will
be linearly dependent on the concentration of the reductant (Eq.
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Fig. 8. Square scheme mechanism for conformationally gated ET in iso-1-Cytc. The reaction between oxidized Cytc and hexaammineruthenium(II) (a6Ru2+) is depicted at
the top and bottom left, ultimately yielding reduced Cytc and a6Ru3+ at the bottom right. Pathway B is favored when Cytc is reduced with a6Ru2+. The top row contains the
oxidized and reduced alkaline conformer, with L representing a histidine or lysine heme ligand, depending on the variant. The bottom row contains the oxidized and reduced
native conformer, with Met80-heme ligation. The horizontal reactions describe the ET equilibria; kET(Native)/k-ET(Native) and kET(Alk)/k-ET(Alk) are the forward/backward ET rate
constants for the native and alkaline state ligand conformations. The vertical reactions describe the conformational equilibria between the alkaline and native ligation states;
kf2/kb2 and kf2′ /kb2′ are the forward/backward rate constants for the ligand exchange in the oxidized and reduced heme states. The direction of kf2 and kb2 are assigned to
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atch the convention used for the pH jump kinetic studies on the alkaline conforma
H, the rate constants for the ligand exchange in Pathway B (the conformational g
or variants with auxiliary triggering groups affecting the alkaline conformational t
he ligand exchange in the low and high pH regimes.

6), inset to Fig. 9). However, the component of the sample that
obs = kET · [reductant] (6)

ndergoes gated ET will display a more complicated relationship to
he reductant concentration, as shown for the reduction of a Cytc
ariant in Fig. 9. In this case, Pathway B is favored and the kobs

ig. 9. Plot of the observed pseudo first-order rate constant, kobs, versus a6Ru2+

oncentration for the reaction between the oxidized H26N/K73H variant of iso-1-
ytc and a6Ru2+. The reduction of the His73-heme conformer proceeds via gated
T. The solid curve is a fit to the data using Eq. (7). The inset is a plot of kobs versus
6Ru2+ concentration for the direct reduction of the native conformer (Met80-heme
igation), with the data fit by Eq. (6). The experiments were conducted at 25 ◦C in
H 7.5 buffer containing 0.1 M NaCl [140]. Adapted with permission from S. Bandi,
.E. Bowler, J. Am. Chem. Soc., 130 (2008) 7540–7541. Copyright 2008 American
hemical Society.
transition of oxidized Cytc. For ET experiments conducted at approximately neutral
e equivalent to kf2 and kb2 measured by the pH jump kinetics reported in Table 1.

ion, the kf1/kb1 and kf3/kb3 rate constant pairs (from Scheme 2 and Table 1) describe

measured for gated ET depends on the forward and backward rate
constants for the conformational change (kf2 and kb2, in Scheme 2
at pH 7.5), as well as the kET and reductant concentration [117] Eq.
(7).

kobs = kET · kb2 · [reductant]
kET · [reductant] + kf2

(7)

When the reductant concentration is very high, Eq. (7) reduces to
kobs = kb2 and the rate constant for gated ET plateaus. However,
if kET for the reductant is much larger than the rate constant for
switching the conformational gate to the ET inactive form (kf2),
Eq. (7) reduces to kobs = kb2 at every reductant concentration at
which pseudo-first order kinetic data can be collected, and only
the rate constant for switching the conformational gate to the ET
active form (kb2) can be directly measured. When kET[reductant]
approaches the magnitude of kf2, the reaction enters the coupled
ET regime, and it becomes possible to evaluate kf2. For example, in
Fig. 9, when kobs is at half the value of its final plateau, the reductant
concentration can be used to calculate kf2, since kET[reductant] = kf2
when kobs = kb2/2. Careful consideration is required when choosing
a reductant (or oxidant) for a conformationally gated system. The
kET for the reagent must be both large enough that the process is
truly gated by the conformational change and small enough that
the rate constant for switching the conformational gate to the ET
inactive form can still be evaluated.
5.2. An example of conformationally gated electron transfer with
small inorganic complexes

The first well-characterized example of a system displaying the
conformationally gated ET described by the square scheme mecha-
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Table 2
Kinetic parameters for the conformationally gated ET process in yeast iso-1-Cytc
using a6Ru2+ as a reductant at pH 7.5 in 100 mM NaCl and at 25 ◦C.

Varianta Rate constants Reference

kET (mM−1s−1) kb2 (s−1) kf2 (s−1)

WT 48 ± 4 – – [138]
K73H 39 ± 5 6.9 ± 0.9e – [138]
K73H/K79A 133 ± 9c 5.09 ± 0.09e – [139]
N52G/K79A 160 ± 40d 0.056 ± 0.008e – [139]
K79H 84 ± 17 0.63 ± 0.02e – [77]
H26N/K73Hb 56 ± 7 13.1 ± 0.2 28.1 ± 2.4 [140]

a All variants contain a background C102S mutation to prevent disulfide formation
and dimerization.

b Variant contains 4 additional background mutations (T(-5)S, K(-2)L, H33N, and
H39Q) and N-terminal acetylation.

c
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ism was a series of Cu(II/I)-macrocyclic polythiaether complexes,
or which the ET rate of the metal center differed depending on
hether the measurement was taken during oxidation or reduc-

ion of the copper complex, even when the ET rate of the redox
eagent used was taken into account [117,127–131]. Detailed
inetic analysis revealed that the oxidation reaction proceeded via a
onformationally gated mechanism which controlled the observed
ate of ET (Pathway A, starting from the bottom right of the square
cheme). Macrocyclic ligands tailored to favor a more tetrahe-
ral geometry, with a destabilized Cu(II) state, created complexes

n which reduction became the conformationally gated process
132–134] (Pathway B, starting from the top left of the square
cheme). Although it is possible that the square scheme applies
o the redox couples of most metal complexes, the rate of confor-

ational interconversion with even highly constrained ligands is
ikely too fast to be detectable by conventional kinetic methods.

.3. Conformationally gated electron transfer using the alkaline
onformer of cytochrome c

Conformationally gated ET can be observed in Cytc when the
lkaline conformation is reduced [23–25]. The native Met80-heme
igation of Cytc has a reduction potential of about 290 mV (ver-
us NHE) [68], which allows it to be reduced by even modestly
owerful chemical reductants. However, the Lys-heme and His-
eme alkaline conformational states have reduction potentials of
bout −205 and 0 mV (versus NHE), respectively [68,79,135,136].
f a reductant is chosen with an intermediate reduction potential
a6Ru2+ is ∼50 mV versus NHE, [137]), the alkaline state cannot
e reduced directly, but will first have to undergo a ligand switch
ack to the native ligation state. This case corresponds to Pathway
on the square scheme mechanism, in which the conformational

ate is essentially the alkaline conformational transition in reverse.
ince the conformational change in Cytc involves the exchange of a
eme ligand, which can only occur via an SN1 type reaction mech-
nism, the square scheme could be drawn to have an additional
ntermediate on each pathway to account for the five-coordinate
eme species which must form at least transiently during a ligand
witch. A high-spin species has been observed as a minor phase
uring pH jump experiments when the final pH is greater than
0 [102,104,105], and a long-lived high-spin intermediate is pro-
uced by a F82W variant of iso-1-Cytc at mildly alkaline pH [97],
ut these species are more likely six-coordinate with an oxygen
rom Tyr67 or water in the distal heme binding site. No indication
f an additional intermediate has been observed in the kinetic data
f conformationally gated ET, suggesting that the five-coordinate
pecies is present for too short a time to be detected.

In WT iso-1-Cytc, the conformational gate created by Lys-heme
igation only occurs at relatively high pH (where lysine can be
eprotonated) and exchanges slowly with the native Met80-heme

igation, such that conformationally gated ET occurs on a ∼30 s
ime scale [23–25]. Depending on the pH, the ferric protein initially
xists with a mixed equilibrium population of the Met80-heme
nd Lys73- or Lys79-heme alkaline states. While the alkaline state
an only be reduced after undergoing the conformational change,
he population already in the Met80-ligated state can be reduced
irectly, providing a measure of kET for the chemical reductant.
hen a6Ru2+ was used as a reductant with the WT protein, the

ET was measured at 48 ± 4 mM−1 s−1 [138]. In order to learn

ore about the kinetics of the conformational gate, and the alka-

ine conformational transition in general, a series of variants were
onstructed in which the dynamics or the pKapp of the alkaline tran-
ition were altered and the rate of heme reduction was measured
s a function of the pH and a6Ru2+ concentration.
The reported kET value measured at pH 7.5 is likely somewhat low.
d Measured at pH 6.
e Average and standard deviation of the kobs values reported for the slow phase

at 1.25, 2.5 and 5.0 mM a6Ru2+.

5.4. Tuning a conformational gate using variants of cytochrome c

Unlike the WT protein, the K73H variant of iso-1-Cytc can
undergo the alkaline conformational transition near neutral pH due
to the substantially lower pKa of histidine [92,138]. Conformation-
ally gated ET is observed for the K73H variant at physiologically
relevant pH, and the histidine ligand has the further effect of alter-
ing the rate of the conformational gate. The greater lability of the
histidine–heme bond accelerates the observed ET rate for the con-
formationally gated process to a 50–100 ms time scale, an increase
of nearly 500-fold. Furthermore, the rate constant for conforma-
tional gating (kb2, Table 2) is essentially the same as the rate
constant for the His73-heme to Met80-heme ligand exchange mea-
sured by pH jump kinetics (kb2, Table 1), confirming that the ligand
switch back to the native state is the process which creates the
conformational gate.

The rate of conformationally gated ET in iso-1-Cytc can also be
affected by mutations which alter the relative stabilities of the
native and alkaline conformers. The measured rate constant for
gated ET in the K73H/K79A variant [139] is ∼30% smaller than
that of the K73H variant. The Ala79 mutation used to simplify
the ET kinetics by eliminating the Lys79-heme binding phase also
affects the stability of the variant. Relative to K73H, the native state
of the K73H/K79A variant is destabilized by ∼0.4 kcal/mol when
measured in typical buffer solution containing 100 mM NaCl [76],
apparently due to the loss of electrostatic and hydrogen bonding
contacts normally formed by Lys79 [42]. These contacts do not exist
in the alkaline conformer [40], as the Red foldon containing position
79 is significantly perturbed, suggesting that the Ala79 mutation
should not have a significant impact on the stability of the His73-
heme conformer (Fig. 3). Global unfolding studies conducted at pH
7.5, when the protein is predominantly in the His73-heme state,
indicate that the stability of the His-heme conformer for the K73H
and K73H/K79A variants is equivalent [34,36,76]. Although the sta-
bility of the His-heme conformational state appears unaffected
by the Ala79 mutation, the dynamics of the K73H/K79A confor-
mational gate are altered in both directions, suggesting that the
stabilities of both the native and transition states of the K73H/K79A
variant have decreased relative to the K73H variant when consid-
ering experiments conducted in 0.1 M NaCl. The result of the Ala79
mutation is a variant in which the conformational gate has been
modestly slowed, with agreement between measurement of kb2

by ET and pH jump kinetics (Tables 1 and 2), indicating that it is
possible to use mutagenesis to fine turn the rate of gated ET in
Cytc.

Mutations outside of the flexible Red foldon loop that pro-
vides distal heme ligands can also have a profound effect on the
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Fig. 10. Bar graph of the time constant (�ET gate) for the ET gate of several yeast iso-1-
Cytc variants measured using a6Ru2+ as a reductant over a range of pH values. �ET gate

was calculated from kb2 (from Table 2 and references within), the rate constant for
M.M. Cherney, B.E. Bowler / Coordinat

onformational gate. Since the folding of substructures in Cytc is
equential, destabilization of the least stable Infrared foldon will
ot only destabilize the Red foldon, but the entire native conforma-
ion [53–58]. The mutation of Asn52 to Gly in the Infrared foldon
ignificantly decreases the global stability of iso-1-Cytc [84]. An
52G/K79A variant of iso-1-Cytc was constructed in which the
ly52 and Ala79 mutations disrupt the buried hydrogen bonding
etwork of the native conformation to such an extent that the tran-
ition to the Lys73-heme alkaline conformational state is shifted
own more than a pH unit, making the alkaline conformation acces-
ible over the pH 6–8 range, despite a pKH of ∼9.5 for the triggering
onization [83]. Although the conformational gate remains slow,
perating on an approximately 15–20 s time scale [139], it now
ccurs at a potentially more useful, physiologically relevant pH.

Dramatic destabilization of Cytc, necessarily affecting both the
ative and alkaline states, appears to lower the kinetic barrier
etween the conformations, increasing the rate of the conforma-
ional gate. The H26N/K73H variant of iso-1-Cytc displays less
han half the stability of the K73H variant and has a conforma-
ional ET gate that is twice as fast [140]. The radically destabilized
26N/K73H variant contains several mutations, including a His26

o Asn mutation that breaks up a vital hydrogen bond which bridges
is26 of the Green foldon and Glu44 of the Infrared foldon [109]

Fig. 1) and is the primary cause of the decrease in global stability
or the variant. Stopped-flow ET studies of the H26N/K73H vari-
nt revealed that the dynamics of the conformational gate were
ccelerated in both directions, presumably due to increased plas-
icity of the altered protein structure [140]. As the depth of the
otential energy well describing the protein folding landscape was
ecreased in the less stable protein, so too were the transition bar-
iers between the Met80 and His73 ligation states, creating the
ore rapid gate dynamics. In addition, both the kf2 and kb2 values

or the H26N/K73H variant were large enough to be measured by
eduction with the a6Ru2+ reagent (Table 2). In all of the previously
iscussed variants, the plot of kobs versus a6Ru2+ concentration was
at, as the rate of reduction was too fast to permit direct determi-
ation of kf2 [77,138,139]. For the H26N/K73H variant, kobs shows
hyperbolic dependence on the a6Ru2+ concentration that can be
t by Eq. (7), providing a measure of kf2 (Fig. 9).

Changing the position of the histidine ligand on the Red foldon
oop can also have a profound effect on the conformational gate, as
hown by the K79H variant of iso-1-Cytc. Although the Red foldon
s quite flexible, moving the histidine ligand from the 73 to the 79
osition slows the conformational gate almost 10-fold, in agree-
ent with kb2 measured by pH jump kinetics [77] (Tables 1 and 2).

udging by the kf2 and kb2 values for the K73H, K73H/K79A and
79H variants, and the corresponding rate constants for the F82H
ariant [79], a change in the histidine position on the Red foldon
-loop significantly alters the relative stability of the native and
is-heme states, regardless of any destabilizing mutations at the
ys79 position. While the shape of the Red foldon in the Lys73 alka-
ine conformer is significantly perturbed (Fig. 3), the structure of
he alkaline conformer is clearly influenced by the position of the
eme ligand along the �-loop, producing alkaline conformers with
ifferent stabilities.

Mutation of the Lys79 position in iso-1-Cytc to either alanine or
istidine revealed that the amount of positive charge surrounding
he heme crevice affects the rate of direct electron transfer from
6Ru2+. Removal of the positive charge at position 79 by mutation
o alanine increased the kET to approximately 150 mM−1 s−1 for the
73H/K79A and N52G/K79A variants [139], about 3–4 times faster
han the kET measured for the WT protein [138]. Similarly, the His79
utation acts like a partial removal of positive charge, possibly due

o the lower pKa of histidine, producing a kET for the K79H variant
lmost twice that of the WT protein [77]. For both small molecule
edox reagents [141–148] and cytochrome c oxidase [149], the site
switching the conformational gate to the ET active form (Met80-heme ligation),
using the equation � = 1/k. The slow and fast ET gate regimes are indicated at the
side of the graph.

for ET occurs near the exposed heme edge in Cytc. Overall, the
surface surrounding the heme edge contains a disproportionate
number of lysines and a high degree of positive charge, creating
a molecular dipole moment [150]. Interactions with positively or
negatively charged redox reagents or cytochrome c oxidase tend to
occur in one of three loosely defined sites around the heme edge
[141,146]. Blocking or altering the charges of the lysine residues at
these three sites tends to increase the ET rate for cationic reagents
and decrease the rate for anionic reagents [143–145], as might be
expected if electrostatic interactions were the primary determi-
nant. Although Lys79 does not fall into one of the defined sites, its
side chain covers the heme edge, so its removal may provide a more
optimal site for a6Ru2+ binding during ET [42].

The rate of the conformational gate observed in iso-1-Cytc can
also be modified by pH. For variants in which kf2 is much smaller
than the kET for a6Ru2+, and therefore could not to be measured, kb2
is the rate constant that limits the gated ET reaction. The effects of
pH on the rate of the His-heme to Met80-heme ligand exchange can
be viewed in Table 1, where kb1, kb2 and kb3 represent the ligand
exchange rate constants for the low, neutral and high pH regimes,
respectively. As the pH increases from low to neutral and the XH+

triggering group is deprotonated (Scheme 2), kb decreases, indicat-
ing that the conformational gate should slow as the pH increases
over this range. In fact, the rate of the conformational gate in the
K73H and K73H/K79A variants does slow over the pH 6.0–7.5 range,
as shown by the increasing time constant for the ET gate (Fig. 10).
Thus, adjustment of pH provides another way to tune the dynamics
of the conformational ET gate created by the alkaline conforma-
tional transition.

Tuning the conformationally gated ET behavior of Cytc is pos-
sible through a number of different strategies. To shift the pH at
which the conformational gate is effective, the most straightfor-
ward method is to replace the native alkaline state ligand(s) with
a ligand that has a different pKa, although the amino acid choice is
fairly limited. Fortunately, even the pKapp for the transition to the
Lys-heme conformer can be moved if the relative stabilities of the
native and alkaline states are sufficiently perturbed. Mutations that
preferentially affect the stability of only one of the two conformers
(or the transition state) are the key to altering the dynamics of the
conformational gate. They may be designed to act directly, by form-

ing or eliminating contacts between the Red foldon and the rest of
the protein, or indirectly, by making mutations that change the sta-
bility of the Infrared foldon and are communicated to the Red foldon
due the sequential nature of substructure folding in Cytc. Changes in
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he global stability of Cytc can be used to adjust the kinetic barriers
etween the conformations, since the free energy landscape scales
ith the depth of the potential energy well. Even the position of the

lkaline state ligand on the Red foldon affects the relative stability
f the alkaline state. Adjusting factors such as the ionic strength,
he pH and the concentration or identity of the reducing agent can
lso be used to alter the dynamics of conformationally gated ET.
ombined, these factors have been used to produce Cytc variants
hat range over more than 2 orders of magnitude in their rate of
onformationally gated ET.

The combination of metal ions, ligand identity and local con-
ormational stability have provided nature with a powerful set of
ools for creating a wide range of conformationally gated ET rates,
hich in turn control many essential enzymatic reactions [19].
ith Cytc as a model system, we have shown that these factors

an modulate the rate of gated ET from the 100 ms to the 10 s time
cale (Fig. 10). Our work has focused on heme-mediated conforma-
ional dynamics. In copper proteins, ligand exchange provides for
T gating down to the microsecond time scale [18]. Thus, nature
an control enzymatic mechanisms and metabolism as a whole
rom the microsecond to the second time scale by manipulating

etal-mediated conformational gates that control electron flow.

. Summary

The control of dynamics is an essential feature built into all pro-
eins, especially those whose function requires a conformational
hange, such as during enzyme activity or allosteric regulation.
s seen in the alkaline conformational transition in Cytc, nature
as developed a range of structural interactions between amino
cid functional groups that allow protein dynamics to be tai-
ored for specific functions and environmental conditions, such as
he range of dynamics observed in enzymes from psychrophilic,

esophilic and thermophilic organisms [10,151,152]. Conforma-
ional gating is a crucial method for regulating protein activity,
nd it is increasingly being discovered as a method for controlling
T in redox-dependent enzymes. The ability to tune conforma-
ional gates through mutagenesis and solution conditions may also
rovide molecular switches that could be useful in the design of
rotein-based molecular electronics devices [43–45], especially for
obust proteins like Cytc.
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