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ABSTRACT: Cytochrome ¢ (cyt c) is a cationic hemoprotein o¥x

of ~100 amino acid residues that exhibits exceptional Q’*‘ .

functional versatility. While its primary function is electron Agoptosi

transfer in the respiratory chain, cyt ¢ is also recognized as a e :

key component of the intrinsic apoptotic pathway, the . :
mitochondrial oxidative protein folding machinery, and “"J e
presumably as a redox sensor in the cytosol, along with = %
other reported functions. Transition to alternative conforma- P h# ﬁ o
tions and gain-of-peroxidase activity are thought to further | compiexn’]’ m,..,,., Y S "
enable the multiple functions of cyt ¢ and its translocation .nn,,'r...mh.,.:,;r..,.m.,'m'..; f\ » *
across cellular compartments. In vitro, direct interactions of cyt 2 o AR censiores | idnier

¢ with cardiolipin, post-translational modifications such as

tyrosine nitration, phosphorylation, methionine sulfoxidation, mutations, and even fine changes in electrical fields lead to a variety
of conformational states that may be of biological relevance. The identification of these alternative conformations and the
elucidation of their functions in vivo continue to be a major challenge. Here, we unify the knowledge of the structural flexibility of
cyt ¢ that supports functional moonlighting and review biochemical and immunochemical evidence confirming that cyt ¢
undergoes conformational changes during normal and altered cellular homeostasis.

( : ytochrome ¢ (cyt c) is a globular hemoprotein composed essential for recognition by holo-cyt ¢ synthetase during protein

of 94—114 amino acid residues depending on the maturation.'°
species.l_3 During the early stages of evolution, anthropoid Only 15 amino acid residues, namely, Cys14, Cys17, His18,
cyt ¢ underwent accelerated changes in its primary sequence, Gly29, Pro30, Gly41, AsnS2, TrpS9, Tyr67, Leu68, Pro71,
and this was mirrored by mutations in the cyt ¢ binding site of Pro76, Thr78, Met80, and Phe82, have been conserved in
cyt ¢ oxidase.” These early changes in sequence optimized the evolution to support essential structural and functional roles.”""
rates of electron transfer to meet increased demands of cellular Residues Cys14 and Cys17 are necessary for thioether bonding
respiration.* Phylogenetic analysis showed that the rate of cyt ¢ with the heme moiety (Figure 1a)."” Residues His18 and
evolution has slowed steeply thereafter, and that more recent Met80 coordinate the heme axially, providing the appropriate
versions of the protein as seen in new world monkeys and redox potential for electron transfer to cyt ¢ oxidase in the
humans are markedly resistant to mutational change.l’4 Further, respiratory chain (E° = 260 mV)-B Tyr67 donates a hydrogen
a search for natural variants of human cyt ¢ revealed that the bond to the Fe—S bond, to further tune electron transfer
gene is essentially monomorphic.” In particular, a high degree reactions. As will be shown, early observations by Margoliash
of sequence conservation has been noted in the N- and C- and colleagues suggested that conserved residue Tyr67 survived
termini of cyt ¢, with presumptive roles in the early events of
protein folding and maturation.”” Amino acid residues Received: November 6, 2015
forming helical structures at the N-terminus of cyt ¢ are Published: December 31, 2015
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Figure 1. Structure of cyt c. (a) Active site of human cyt ¢ variant
G41S (PDB entry 3NWV) showing axial residues Met80 and His18,
thioether-linked Cys14 and -17, and residue Tyr67 forming a H-bond
with Fe—S-linked Met80. (b) Three-dimensional structure of human
cyt ¢ variant G41S (PDB entry 3NWV). The most flexible loop
comprising amino acid residues 70—85 is colored yellow. The
recognition site of mAb 1D3 comprising residues 40—54 is colored
magenta. (c) Amino acid composition of eukaryotic cyt ¢ proteins. The
numbers indicate the positions of conserved tyrosine residues
(reprinted from ref 11. Copyright 2011 Elsevier). The height of
each residue correlates with a greater level of conservation across
species.

mutational replacement to preserve molecular flexibility.'* With
the exception of Tyr67, all the residues anchoring the heme
moiety belong to highly mobile strands of amino acids termed
omega (Q) loops (Figure 1b). Residue AsnS2 constitutes one
of three putative sites (51tes A, C, and L) for the association of
cardiolipin (CL) to cyt c."> At physiological é)H, cyt ¢ possesses
an overall charge of +8 (pI = 10.2—10. 5).'® This facilitates its
interaction with negatively charged molecules, such as the

phospholipid CL. CL mediates the anchoring of cyt ¢ to the
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inner mitochondrial membrane for electron transfer during
respiration and also partakes in redox signaling in a step
preceding apoptosis.'” Specifically, oxidation of CL decreases
its affinity for cyt c; this enriches the pool of free cyt ¢ in the
intermembrane space, 7prlmmg its release into the cytosol prior
to caspase activation.

Cyt ¢ participates in the next to final step of cellular
respiration by transferring electrons to cyt ¢ omdase, which
reduces dioxygen to form water and, ultimately, ATP."* Native
cyt ¢ also participates in the mitochondrial oxidative pathway of
protem folding by receiving electrons from the Mia40-Ervl
pair.'® This pathway targets newly made proteins into the
1ntermembrane space for foldlng coupled to oxidation via
formation of disulfide bonds."®

Alkaline pH and certain biochemical and biophysical cellular
factors induce the so-called “alkaline transition”'”™*' to
alternative, non-native conformations of cyt ¢ whose biological
functions are a matter of intense investigation. In the alkaline
transition, rupture of Fe—Met ligation leads to replacement of
the Met ligand with an e-amino group from a Lys residue or
additional surrogate ligands, a reduction in midpoint potential,
gain-of-peroxidase activity, and ultimately the release of cyt ¢
from the mitochondrion to the cytosol. This process influences
cellular homeostasis and stress responses via the generation of
cyt ¢ species that can readily interact with CL and cellular
peroxides”** and facilitation of translocation of cyt ¢ into the
cytosol and nucleus,”* which can participate in cell signaling
events. Substitution of Met80 with Lys is thought to increase
the accessibility of hydrogen peroxide and other peroxides to
the heme center to support peroxidase activity. Factors that
trigger partial unfolding of cyt ¢ such as phospholipid binding,
pH, and ionic strength culminate in displacement of the Met
axial ligand, turning the protein into a peroxidase.”>™’
Mutations of neighboring nonaxial residues have also been
shown to increase the peroxidase activity of cyt ¢ by
destablhzm the Fe—Met bond, hence facilitating the alkaline
transition.”” Human cyt ¢ possesses five Tyr residues, Tyr46,
Tyr48, Tyr67, Tyr74, and Tyr97, four of which are highly
conserved across species (Figure 1c)."" Tyrosine residues serve
as substrates for post-translational modifications and tune the
redox properties and peroxidase activity of cyt c.”’ Nitration of
Tyr residues in cyt ¢ has been shown to induce an “early”
alkaline transition with a gain of peroxidase activity.”> Mouse
and human G41S variants of cyt ¢ display an increased
peroxidase activity without prior loss of the Fe—Met80 bond.”'
Replacement of Gly with Ser in position 41 alters the H-bond
network of the region comprising amino acid residues 40—57,
impairing its interactions with the heme center.’’ The
respective contributions of the G41S mutation and the
presence of bound cardiolipin were similar, and not additive,
suggesting a shared mechanism for the enhancement of
peroxidase activity. A second naturally occurring mutation of
the human cyt ¢ gene was identified (Y48H), resulting in
biological effects similar to those observed in patients carrying
the G41S mutation.”” The yeast iso-cyt ¢ variant Y48H was
reported to exhibit a decreased midpoint potential (apgrox—
imately —80 mV compared to wild-type iso-cyt c).”
complete biophysical characterization of human and yeast
counterparts of variant Y48H is required to fully comprehend
their behavior toward CL binding, electron transfer, and other
redox processes.

The peroxidase activity of cyt ¢ has been shown to be critical
for the release of this and other proteins from mitochondria
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Figure 2. Comparison of native and alkaline cyt c. (a) At neutral pH, the heme center of yeast iso-cyt ¢ is coordinated axially by His18 and Met80.
(b) An increase in pH leads to formation of an alkaline conformer Lys73—Fe—His18 that exhibits significant rearrangement of loop 70—8S. (c)
Alkaline cyt ¢ also exists at neutral pH. The structure is compact, although the heme ligating loop 70—85 rearranges to form a f-hairpin structure.
Panels d—f highlight the heme axial ligation, side chains, and loop 79—8S in each variant of yeast iso-cyt ¢ presented above. Lys73 is shown as red
sticks in native cyt ¢ (d), whereas displaced Met80 is shown as yellow sticks in the alkaline conformers (e and f). Panels g and h show a superposition
of native and alkaline conformers of yeast iso-cyt c¢. In both cases, substantial conformational change is observed for loop 70—85S. The alkaline
conformer obtained at high pH (g) presents a looser structure, a slightly different disposition of heme side chains, and a more marked distortion of
loop 40—57 compared to those of the alkaline conformer crystallized at neutral pH (h).

early in apoptosis.”* Studies performed with a recombinant
variant Met80Ala showed that this mutant cyt ¢ had an
increased peroxidase activity and translocated more readily into
the cytoplasm and nucleolus even under nonapoptotic
conditions.”* Disruption of the coordination environment by
heme nitrosylation occurs under apoptotic conditions.”
Nitrosylated cyt ¢ was recovered from cytosol extracts,
suggesting that this alternative conformation translocated
across the mitochondrial membrane.”® X-ray crystallographic
analysis of native yeast iso-1 cyt ¢ in comparison to its alkaline
transition state with acquisition of peroxidase activity shows a
dramatic change in conformation (Figure 2). Biochemical data
indicate that similar structural differences exist between the
native and alkaline transition states of mammalian cyts c. A
monoclonal antibody (mAb), mAb 1D3, specific for a non-
native form of mammalian cyt ¢ that recognizes the alkaline
transition state as well as phospholipid-bound cyt ¢ and does
not recognize native cyt ¢ has been shown to label
mitochondria in cells at an early stage of apoptosis prior to
the acquisition of characteristics that define the apoptotic
state.”® This indicates that a conformational change in cyt ¢,
likely indicative of the peroxidase-active conformation obtained
through its association with cardiolipin, does occur in cells. In
mammals, cyt ¢ released from the mitochondrion participates in
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the oligomerization of Apaf-1, which in turn leads to activation
of pro-caspase 9, a key enzyme activating apoptosis.37 Cyt cin
complex with Apaf-1 appears to be native, suggesting that the
conformational change occurring in mitochondria is reversible.
Cryo-electron microscopy studies at near atomic resolution
revealed that cyt ¢ releases the autoinhibition of Apaf-1 via
specific interaction with its WD40 repeats (also known as f-
transducin repeats).”® This study also showed that amino acid
residues GlyS6, Lys72, Pro76, and Ile81 of cyt c are critical for
its association with Apaf-1 via H-bonding interactions and that
assembly of the apoptosome requires the simultaneous
presence of cyt ¢, Apaf-1, and ATP.*

Other binding partners for cyt ¢ and putative functions have
been identified. These include binding of cyt ¢ to inositol 1,4,5-
triphosphate receptors in the endoplasmic reticulum to effect
calcium release,” interaction with cytosolic heat shock protein
27 to block apoptosis induction,*® and binding to extracellular
leucine-rich a-2-glycoprotein-1 to extend cell survival under
stress conditions.” It is not known if a gain of peroxidase
function through conformational alteration plays a role in these
functions. Further, it remains to be elucidated whether the
alternative conformations of cyt ¢ detected in vivo are related to
the alkaline transition or if they represent other structural
changes.
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Here we review the biochemical and structural basis for
changes in cyt ¢ conformation that lead to translocation to
different cellular compartments and allow for alternate
functions.

Structure, Alternative Conformations, and Folding of
Cyt c. The three-dimensional structure of horse cyt ¢ has been
well-characterized (PDB entry IHRC).”**~* High-resolution
crystal structure analysis of horse cyt ¢ containing 104 amino
acid residues showed that the protein is globular and consists of
five helical elements interconnected by Q loops*® (Figure 1b).
Aside from the loops and helices, horse cyt ¢ possesses only two
small regions of highly ordered secondary structure, namely,
residues 37—40 and 57—59, that form two-stranded antiparallel
P-sheet interactions supported by three interstrand hydrogen
bonds.” Overall, the composition of secondary structure
elements is very similar to that described in yeast iso-1 cyt
¢"” and variant G41S of human cyt ¢.** An exclusive
characteristic of yeast iso-l-cyt ¢ is the presence of free
Cys102 and a naturally trimethylated Lys72 residue.” Also, in
contrast with mammalian cyt ¢, yeast iso-cyt ¢ exhibits
significant differences in surface amino acid residues thought
to be important for interactions with other proteins and ligands
as well as for folding and holoprotein maturation.

The heme moiety of horse cyt c is largely buried within the
protein structure, with only 7.5% of its surface accessible to
interact with the solvent. The solvent-exposed edge of the
heme is surrounded by charged Arg and Lys residues that create
a hydrophilic microenvironment. These residues are thought to
support interactions with redox partners of cyt ¢ and to orient
the catalytic center for optimal electron transfer.””>"

While the propionate side chains of the heme are protected
from solvent exposure, this is somewhat compensated by
extensive hydrogen bonding interactions with adjacent polar
groups that create a hydrophilic local environment. Analysis of
primary sequence shows that amino acid residues involved in
heme propionate interactions are highly conserved in
eukaryotic cyts c.” One of these interactions involves one of
the two internal structural waters (Wat125, PDB entry 1HRC),
which bridges a charge interaction between the carboxyl group
of the propionate chain and the guanidinium group of Arg38.
The second structural water (Wat112, PDB entry 1HRC) is
located close to the heme group. A comparison of oxidized and
reduced cyt ¢ showed that the position of Wat112 is sensitive to
the oxidation state of the metal center.” This structural water is
0.9 A closer to the iron atom in ferric than in ferrous cyt c.”
Alongside shifts in water positioning, the side chains of Asn52
and Tyr67 are markedly sensitive to the oxidation state of the
heme in horse, yeast, tuna, and rice cyts c.” Replacement of
Tyr67 with Phe in rat cyt ¢ led to an increased stability of the
Fe—Met80 bond and increased the pK, of the alkaline
transition by 1.2 units.'* Further, Tyr67Phe mutant cyt ¢ is
more resistant to urea denaturation than and equally competent
for electron transfer as the wild-type native protein.'* A
consequence of the mutation is the reduced capacity to stabilize
the structural water that is held in the cavity via hydrogen
bonds from Tyr67, AsnS2, and Thr78.'* Under the optimal
prediction that a water molecule can be caged only when at
least three H-bonds are formed, the substitution of Tyr67 with
Phe could lead to a local increase in heme hydrophobicity."*
Thus, conservation of Tyr67 may represent an advantage in
terms of functional flexibility at the expense of protein
stability."* These structural water molecules were also identified
in the high-resolution structure of yeast iso-1-cyt ¢ variant
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Lys72Ala.* Residue Lys72 is trimethylated when iso-1-cyt c is
expressed in its natural host, and mutation to Ala permitted the
elucidation of a buried water channel in the active site that
facilitates access to H,0O,. Variant Lys72Ala exhibits increased
peroxidase activity at neutral pH.49

A combination of experimental and theoretical studies
showed that the redox properties of cyt ¢ are controlled by
changes in protein dynamics that alter the intramolecular
hydrogen bonding network.” The high level of conservation of
these structural elements across species highlights the
importance of hydrogen bonding interactions for cyt ¢ function.
More broadly, the extensive bonding network of the active site
in the family of c-type cyts, including the heme—thioeter
linkage, is thought to allow large conformational changes
without the detrimental effect of heme loss.'”>® While
preservation of respiration is ensured through a highly
conserved heme binding pocket, subtle differences in surface
amino acid residues are believed to govern the secondary
functions of cyt ¢.”*>> For example, human and yeast cyt ¢ have
70% identical amino acids.”” Major differences between these
proteins are found in surface amino acid residues implicated in
binding to CL, hydrogen bond formation, and modulation of
peroxidase activity.”” Thus, caution should be used when
comparing cyt ¢ conformational stability, peroxidase activity,
and their role in cellular homeostasis across species.

The overall folding dynamics of cyt ¢ follows the pattern
observed in proteins without cofactors; however, numerous
studies have shown that the heme moiety plays a critical role in
cyt ¢ folding.’*"” The heme center adds complexity to the
folding process in that it provides a hydrophobic surface and a
redox-active metal center for axial ligation. In silico models
based on the energy landscape theory™* utilizing the available
crystal structure at pH 7 indicate that the folding energy
landscapes of cyt ¢ are “perfectly funneled” (Figure 3), that is,
energetically guided toward the native state and primarily
driven by native contacts.”” These studies also showed that at
acidic and alkaline pHs alternative folding pathways exist. For
instance, at alkaline pH, Lys residues are deprotonated and
compete with Met80 for axial coordination to the heme.” It is
noteworthy that the pK, for the alkaline transition (pK, = 9.1)
is ~1 unit lower than the pH required for deprotonating Lys
residues (pK, = 10.5),”” unless intramolecular protein bonding
interactions facilitate Lys deprotonation at lower pHs. In
contrast to native conditions, these alternative folding modes
are not perfectly funneled and incorporate distinct structural
ensembles because of heterogeneously distributed charged
amino acid residues.”” A major advance in the detection of
various conformations within the ensemble has been achieved
with single-molecule labeling techniques and the employment
of photo-counting histogram (PCH) models.” Yeast iso-1-cyt ¢
was labeled via its unique free Cys residue with a fluorescent
probe that is sensitive to changes in conformation.”” Measure-
ment of brightness and abundance at different fluorophor-
e:protein labeling ratios and pHs permitted the %uantiﬁcation
of individual conformations within the ensemble.”” Shifting the
pH from 7.0 to 9.5 showed the coexistence of two distinct
conformational states, and their properties are consistent with
the two alkaline conformers, His—Fe—Lys73 and His—Fe—
Lys79, previously suggested using standard spectroscopic
techniques.”*> Further, PCH allowed resolution of the relative
abundance of different conformations of cyt ¢ while minimizing
the effect of the interference of unwanted doubly labeled
protein that occurs at high fluorophore:protein ratios.”’
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Figure 3. Funneled sequential mechanism of cyt ¢ folding. Folding
units fold in the following order: blue (residues 95, 96, 98, and 99),
green (residue 68), yellow (residues 60 and 64), red (residues 74 and
75), and gray (residues 43, 46, and 52). N depicts the native state. Q
represents the reaction coordinate, and the width of each line is
proportional to the number of unfolded residues in the ensemble. The
configurational entropy is proportional to the number of unfolded
residues in each folding state. The first unit to become structured is
foldon blue (1). A sequential mechanism comprising intermediate
folding states 2—4 leads to fully folded native cyt ¢ (5). Modified from
ref 57.

Hydrogen exchange measurements under native conditions
showed that the folding mechanism of cyt ¢ involves five
stabilized submolecular folding units or “foldons” that occur in
a sequential fashion.”*™®” These discrete foldons fold and
unfold dynamically even under native conditions.”® The first
foldon of the sequence comprises helices in the C- and N-
termini that exhibit high-density contacts to form a stable
structure.” The remaining foldons nucleate on the basis of
more structured regions that provide greater stability.
Mutations and solvent changes that alter the stability of
individual foldons cause deviations from the native folding
mechanism.’* Ultrarapid mixing techniques coupled with
nuclear magnetic resonance (NMR)-detected hydrogen—
deuterium exchange allowed for the observation of hydrogen
bond formation during the first 0.14 ms of the folding of horse
ferric cyt ¢.”” A pH dependence study showed that H-bonds of
amide chains in the N-terminal helices of cyt ¢ exchange
substantially during the first 0.1 ms of folding, whereas the C-
terminal half of the protein remains protected from H-bond
exchange during this time frame. Contacts between C- and N-
termini of the protein occur late in the folding process, after 3
ms.”” The marked variation in the exchange of amide chains in
different regions of the protein challenges the proposal that cyt
¢ acquires a compact intermediate structure by hydrophobic
collapse”® and supports the notion that the initial phase of
folding is a two-state event, involving hydrogen bonding
interactions on specific helical elements.”” Results from this
study do not exclude the possibility that faster hydrophobic
interactions occur with the heme center in the absence of
detectable amide protection. These presumptive clusters of
hydrophobic contacts with the heme center might be
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responsible for the residual structure observed in denatured
proteins such as lysozyme”" and help to explain the blue-shift in
the emission spectrum of Trp59 of cyt ¢ prior to the main
collapse phase of the protein.”” Likewise, the denaturation
pattern of cyt ¢ examined by paramagnetic NMR indicates the
existence of two stable non-native conformers of the protein.”
One of the folding intermediates that forms under partially
denaturing conditions was attributed to a Lys—Fe—His species,
in which one or more Lys residues serve as putative axial
ligands.”” The second conformer was detected under strongly
denaturing conditions and its formation was consistent with
transition to a bis-His heme species.”” It has been reported in
other studies that the bis-His conformer of cyt ¢ represents a
kinetic trap in the folding process.g’M_77 Nonetheless, the AG
measured by NMR for the formation of the bis-His species is
47 kJ/mol, which is similar to the AG for the global unfolding
reaction of cyt ¢ determined via hydrogen exchange measure-
ments (53.6 kJ/mol).” The increasing number of stable
conformations of cyt ¢ observed during folding, unfolding, and
denaturation strengthens the notion that the protein adopts
alternative conformations that may be naturally tailored to play
roles aside from electron transfer and apoptosis.

The Alkaline Transition at Physiological pH. At neutral
pH, the heme moiety in cyt ¢ exists in a low-spin configuration,
and the iron center is hexacoordinated by the pyrrolic nitrogens
of the porphyrin ring and by axial ligands Met80 and His18 of
the protein. For many years, it was assumed that the axial
ligands remain stably coordinated through the ferrous—ferric
redox cycle of cyt c. However, numerous spectroscopic studies
demonstrated that the coordination geometry of the heme
varies with pH, ionic strength, and temperature.”"”® At elevated
pH, ligand exchange reactions occur and involve conforma-
tional states of the protein harboring heme in both low- and
high-spin configurations as depicted in Figure 4. In the case of

Met
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Figure 4. Alkaline transition of cyt c. At neutral pH, cyt ¢ exists as a
hexacoordinated, low-spin heme protein, with His18 and Met80 as the
axial ligands of the heme center (a). An increase in pH leads to the
deprotonation of the proximal His ligand, weakening of the distal Fe—
Met bond with transient formation of species b and ¢ as suggested by
spectroscopic methods. Alkaline conformer d arises upon reprotona-
tion of the proximal His ligand and deprotonation of an incoming Lys
distal ligand. Adapted from ref 78.

horse cyt ¢, a conformational state that occurs at high pH with a
pK, of ~9.3 termed the “alkaline transition” has been studied in
great detail.'””®”” Increasing the pH from 1 to 13 gives rise to
five distinct conformations of cyt ¢, denominated conformers
-V, going from acid to alkaline pH, respectively.”' Conformer
III occurs at neutral pH, corresponds to the native form of the
: . 21
protein, and possesses a strong absorption band at 695 nm.
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Conversion of conformer III into conformers IV and V is the
alkaline transition.

The alkaline transition of cyt ¢ is a phenomenon whose
functional relevance has been for a long time endured as an
“intriguing curiosity”.”” While major progress has been made in
studying the alkaline and other alternative conformations of cyt
¢, the functional relevance of these conformers continues to be
elusive and intriguing. The observation that the midpoint
potential of cyt ¢ was affected by pH via a change in protein
conformation rather than a change at the heme per se was the
second biochemical discovery of that kind, only after the
elucidation of the effects of pH on the conformation and
catalytic activity of chymotrypsin.”” Conversion of native ferric
cyt ¢ to the alkaline form disrupts the axial coordination
environment by weakening the Fe—Met bond and allowing
substitution with a Lys residue to yield a low-spin, Lys—Fe—
His, alkaline conformer of the protein.”” Results of electron
paramagnetic resonance (EPR) and magnetic circular dichro-
ism (MCD) studies suggested that deprotonation of the
proximal His residue (pK, ~ 11) acts as a trigger of the alkaline
conformation of cyt ¢ by weakening the distal Fe—Met bond via
the trans effect, and by facilitating the deprotonation of the
incoming Lys group.”” Thus, the alkaline conformer of cyt ¢
exhibits a neutral proximal His ligand and a deprotonated Lys
residue occupying the distal position.””

The alkaline transition of ferric cyt ¢ occurs with formation of
transient low- and high-spin forms, as depicted in Figure 4.
Rapid kinetic measurements coupled to pH jump revealed that
the alkaline transition proceeds through the formation of two
rate-limiting structural changes that mimic the first two steps in
the reversible unfolding pathway of cyt ¢.%° Further, controlled
denaturation and mutagenesis studies showed that the ligand
exchange equilibrium that characterizes the alkaline transition is
governed by changes in one specific foldon [Q loop 70—85
(Figure 1)]* and confirmed Lys73 and Lys 79 as the primary
incoming ligands displacing Met80.”" Resonance Raman (RR)
measurements corroborated the role of Lys73 and Lys79 as
surrogate axial ligands in the alkaline conformers and suggested
that intramolecular contacts between these residues contribute
to the conformational transition at the heme pocket.*”
Nonetheless, these findings do not preclude the participation
of other axially ligated states during the alkaline transition such
as His—Fe—OH and His—Fe—His,”>** as will be discussed in
the next sections of this review.

To date, only two crystalline structures describing the
alkaline conformer of cyt ¢, namely, of yeast iso-l-cyt ¢,
obtained at alkaline pH®' and neutral pH have been
elucidated.” The alkaline conformer of iso-l-cyt ¢ (PDB
entry INWV) obtained at alkaline pH displays increased
mobility compared to the native conformer, with a dramatic
collapse of Q loop 70—85 (Figure 2).*" With the exception of
residue Lys73 coordinating the iron center, no other contacts
between € loop 70—8S and the rest of the protein could be
observed.®*' Indeed, combinatorial analysis of mutants of Lys72
(normally trimethylated under natural conditions), Lys73, and
Lys79 in yeast cyt c suggests that € loop 70—8S is substantially
autonomous with respect to the conformational changes that
accompany the alkaline transition.*> This conformational
change opened the heme crevice such that approximately
20% of the cofactor is accessible to the solvent.* This resulted
in greater destabilization of His—Fe—Lys73-ligated cyt ¢ by 10
kcal/mol compared to the native conformer.”’ Augmented
solvent exposure facilitates the entrance of water-soluble

412

ligands, such as H,0,, to prime the peroxidase activity of cyt
c. Significant changes in other regions of the protein were also
observed, as depicted for Q loop 40—57 (Figure 2g) harboring
antigenic region 40—54 in mammalian cyts c. Analysis of the
alkaline conformer of yeast iso-cyt ¢ obtained at neutral pH
(PDB entry 4QSP) revealed that the structure is rather
comé)act, in contrast with its counterpart obtained at alkaline
pH.** The study showed that a change in axial coordination
from Met80 to Lys73 is marked by alterations of the heme
binding site that involves hydrogen bond rearrangement and
refolding of the heme coordinating loop 70—85 harboring
conserved residues Pro76 and Gly77 to form a p-hairpin
(Figure 2).** At neutral pH, the Lys73—Fe alkaline conformer
could be observed only in crystalline form.** A mimic of this
conformer in solution was generated by derivatization of
artificially introduced Cys78 with maleimide and showed that
the Lys73—Fe alkaline conformer at neutral pH has an
increased peroxidase activity.”* The occurrence of alkaline
conformations of cyt ¢ at neutral pH underlies the importance
of its evolutionarily conserved structural flexibiliy to support
noncanonical functions. We posit that this feature of cyt ¢
enables functional moonlighting.

A mutant variant Ala81His in yeast iso-1-cyt ¢ was employed
to simultaneously probe €2 loop 70—85 dynamics by providing
a His ligand for the alkaline state near neutral pH and the effect
of increasing steric size to mimic the evolutionarily important
replacement of Ala in yeast iso-l-cyt ¢ to Ile in higher
eukaryotes.*® The study revealed that an increase in steric size
at position 81 inhibits rupture of the Fe—Met80 bond.*® The
mutation retarded the alkaline transition by stabilizing the
native state without affecting the stability of the alkaline
conformer.*® Interestingly, the stability of the alkaline con-
former of variant Ala81His was comparable to that of the
alkaline conformers in variants Lys73His and Lys79His, where
His73 or His79 serve as the axial ligand upon substitution of
Met80.% The results also showed that increasing the steric bulk
of amino acids at position 81 as observed in higher eukaryotes
reduced the opening of the heme crevice required for stable
Fe—Met80 bonding, and this structural constraint provides
greater control of peroxidase activity.*® Several studies have
independently shown that structural changes such as mutations
or post-translational modifications facilitate the transition to
alternative conformers of cyt ¢ at neutral pH, which has
important implications in terms of biological function. Also, the
predominance of alternative conformations seems to vary
across species.”> While yeast iso-1-cyt ¢ exhibits a significant
population of intermediate conformational states under native
conditions, human cyt ¢ requires the presence of additional
factors to trigger conformational transitions and peroxidase
activity, such as CL binding and post-translational modifica-
tions.” Furthermore, even within species, the conformational
changes associated with the usage of Lys73 versus Lys79 as the
incoming axial ligand in the alkaline transition are significantly
different, yet both occur under physiological conditions. This
implies that different triggers may exist, leading to different
alkaline conformers in response to cellular needs. Identifying
the nature and mechanism of action of those triggers is
warranted in the coming years.

Cardiolipin and Phospholipid-Induced Conformation-
al Changes. Cytochrome c¢ displays a high affinity for acidic
phospholipids, a feature allowing its association with the inner
mitochondrial membrane.”” The interaction of cyt ¢ with
authentic and in vitro models of the mitochondrial membrane is
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influenced by ionic strength, pH,">***” and the composition of

acidic phospholipids.””~"> Three discrete sites have been
described for the interaction of cyt ¢ with lipidic structures,
namely, sites A, C, and L> (Figure S). In general, the structural

Figure S. Phospholipid binding sites in horse cyt c. (a) Cartoon
representation of horse cyt ¢ (PDB entry 1HRC) depicting
phospholipid binding sites A, C, and L. Site A (magenta) comprises
residues Lys72, Lys73, Lys86, and Lys87; site C (cyan) consists of key
amino acid residue AsnS2, and site L (yellow) incorporates amino acid
residues Lys22, Lys25, Lys27, His26, and His33. Sites A and L interact
with lipid structures mainly via electrostatic interactions, whereas site
C does so through hydrogen bonding contacts. (b) Surface map
representation of horse cyt ¢ illustrating solvent accessibility and
geometry of the phospholipid binding sites.

determinants that support cyt c—phospholipid interactions are
(a) the presence of negatively charged groups that could
interact with positively charged surface Lys residues in cyt ¢ and

(b) a nonpolar structure to access the hydrophobic active site
of cyt ¢.”¥”° It has been postulated that cyt ¢ interacts with
phospholipids via a general mechanism known as “extended-
lipid anchorage” whereby one of the phospholipid acyl chains
juts out of the biological membrane and intrudes into a
hydrophobic channel in cyt ¢.** The other acyl chain of the
phospholipid remains anchored in the bilayer, bridging the
protein—membrane association. cyt ¢ binds to deprotonated
phosphatidylglycerol (PG) via site A by means of electrostatic
interactions, and this is reversed by ATP; on the other hand,
binding to protonated PG occurs at site C, in a manner
independent of ATP, and involves hydrogen bonds.”® Apart
from sites A and C, cyt ¢ possesses one more site, known as site
L, which has a preference for acidic phospholipids and is
markedly sensitive to pH."® Electrostatic interactions with site
A involve amino acid residues Lys72, Lys73, Lys86, and Lys87,
whereas site C operates via hydrogen bonding with residue
Asn52.”* Lipid interactions with site L are governed by
electrostatic interactions with residues Lys22, Lys25, Lys27,
His26, and His33 with a pK, of ~7.0'”* (Figure 5). The amino
acid composition of site L and the observed sensitivity to pH
suggested that interactions at this site could be influenced
heavily by acidification of the mitochondrial intermembrane
space, an event that occurs naturally upon transport of protons
coupled to electron transfer in the respiratory chain.

The association of cyt ¢ with phospholipids leads to
conformational changes that affect its function. One of the
most remarkable examples is the association of cyt ¢ with CL, a
phospholipid that is specifically found in the inner mitochon-
drial membrane and in the cellular membranes of prokaryotes.

s SO

".f | ~

€ - W
@1‘ ys86 Lysa7

OH -ligated WT"

c

Cardiolipin*

Figure 6. Structural transition from Met80—Fe to Lys73—Fe in cyt ¢ and its impact on CL binding. (a) A model for the transition from Met- to Lys-
bound heme was built using mutants that represent several intermediate conformers, including a hydroxide-bound heme. The global conformational
changes that accompany the initial and final ligated states are shown with arrows. (b) Proposed CL binding sites A and C are shown with dotted
circles. Critical surface residues required for hydrogen bonding and acyl insertion are indicated. (c) A suggested CL binding pocket based on positive
electron density in the F, — F. map was generated using Coot. Reproduced from ref 84. Copyright 2015 American Chemical Society.
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Figure 7. Alternative conformations of cyt ¢ bound to cardiolipin. The reversible association of cyt ¢ with CL has been probed via single-labeling
techniques. Fluorescent dyes placed in each of four highly flexible folding units (positions 4, 39, 66, and 92) reported on conformational changes that
occur upon binding to CL. In the presence of CL, cyt ¢ undergoes the transition from the native state to two alternative conformers that differ in
their degrees of compactness. The cyt c—CL complex is sensitive to high ionic strength and oxidation of CL, leading to dissociation from the lipid
structure. Reproduced from ref 112. Copyright 2012 National Academy of Sciences.

Binding of CL to cyt ¢ has dual effects. CL anchors cyt ¢ to the
membrane to enable electron transfer in the respiratory chain;
however, it can also switch cyt ¢ into a peroxidase, and the
subsequent oxidation of CL by this activity, together with the
translocation of oxidized CL from the inner to the outer
mitochondrial membrane, mediates the induction of apopto-
sis.”” The general association of cyt ¢ with mitochondrial
membranes and a role for lipoperoxidation in this process were
introduced more than two decades ago,”*™'*’ yet the molecular
basis for the partition of cyt ¢—CL between respiration and
other routes such as apoptosis remains unresolved. Cardiolipin
binds to cyt ¢ such that its two aliphatic side chains interact with
sites A and C. Cyt ¢—CL interactions at site A are displaced by
ATP and involve electrostatic interactions with residues Lys72,
Lys78, and Lys86.°>”" Site C involves a hydrophobic cleft that
intrudes from the surface into the heme crevice of cyt c. Within
this site, the second acyl side chain of protonated CL is
stabilized via H-bonding interactions with AsnS2 with the
concomitant breaka§e of the H-bond between adjacent residues
His26 and Pro44.'"" Placement of CL into site C changes the
conformation of cyt ¢ into an alternative, more open state that
disrupts Fe—Met80 coordination, enhancing peroxidase
activity.'”"'*> The crystal structure of the alkaline Lys73—
Fe—His18 conformer of yeast iso-cyt ¢ obtained at neutral pH
indicated that the transition of Fe—Met80 to Fe—Lys73 led to
an increase in the volume of the heme pocket that would alow
insertion of an acyl moiety of CL interacting with residue
AsnS2 (Figure 6).** This is consistent with the extended-lipid
anchorage proposal.”

However, evidence exists that loss of Fe—Met80 axial ligation
alone is not sufficient to account for the CL-dependent increase
in peroxidase activity.'””'** A more complex mechanism has
been postulated whereby peroxidation and subsequent
dissociation of CL precede the release of cyt ¢ from
mitochondria in response to an apoptotic stimulus.”* Indeed,
no peroxidation of CL could be detected in cyt c-knockout
cells,’” and cells deficient in CL are resistant to apoptotic
stimuli.'®® Peroxidation of CL leads to a transient increase in
the amount of free cyt ¢ available in the intermembrane space,
favoring its translocation across the outer mitochondrial
membrane during apoptosis. Further, time-resolved experi-
ments demonstrated that CL peroxidation precedes the release
of cyt ¢ and caspase activation.”>'** A study conducted with the
natural variant G41S of human and mouse cyt ¢ showed that
mutation of Gly41 to Ser, Ala, or Thr increased the peroxidase
activity of native free cyt ¢, but not that of CL-bound cyt c.*!
The study identified no differences between the extent and
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rates of release of native versus Gly41 variants of cyt ¢ from
mitochondria under conditions that stimulate apoptosis.”’ A
possible explanation for this effect is that binding to CL
perturbs the conformation of loop 40—57 in cyt ¢, which could
be the dominant pathway at work for enhancing peroxidase
activity. %6107

Mechanistic studies have shed light on the specific sites in cyt
¢ that are responsible for the peroxidation of CL. Site-directed
mutagenesis of each of the four Tyr residues present in horse
cyt ¢ and comprehensive biophysical analysis of individual
mutant proteins led to the conclusion that Tyr67 is the primary
site for CL and other lipid oxygenation, being superior to the
other Tyr residues.'’ The role of tyrosyl radicals in the
peroxidation of lipids is well-established.'”*'%” The cyt ¢—CL
ensemble is very heterogeneous in nature,''”'"" hampering
characterization by means of traditional structural biology
approaches. To overcome this hurdle, one study utilized time-
resolved fluorescence resonance energy transfer (FRET)
measurements to investigate the folding states of cyt ¢ bound
to CL using a dansyl probe placed at artificially introduced Cys
residues at positions 4, 39, 66, and 92 of horse cyt ¢''? These
positions lie in four regions of the protein that exhibit distinct
stability.”> The dansyl moieties (donors) are quenched by
FRET to the heme center (acceptor) in cyt c. The study
showed that the peroxidase activity of cyt ¢ increases with CL-
induced conformational changes to a more extended, open
structure at different ionic strengths.''> Addition of CL
increased the dansyl fluorescence intensity for all individually
labeled variants. On average, the predominant conformational
state of cyt ¢ bound to CL is looser than in the native structure
but more compact than in fully denatured cyt ¢ (Figure 7). The
largest shifts in fluorescence wavelength maxima were seen for
individually labeled variants at positions 66 and 92, suggesting a
more hydrophobic environment.''” A high salt concentration
weakened the interaction of positively charged cyt ¢ with
negatively charged CL, culminating in the dissociation of the
protein from CL-containing liposomes.''” At high salt
concentrations, the composition of the ensemble shifted
toward more compact, nativelike conformations. Populations
of extended conformations of cyt ¢ were observed for variants
of residues 92 and 4, located at the C- and N-termini,
respectively.''* Residue 92 is close to phospholipid binding site
A of cyt c. Therefore, the structural loosening upon CL binding
further confirms the marked affinity of site A for anionic
phospholipids.”””*

The presence of extended structures in regions comprising
target residues 4 and 92 implies that stabilizing bonding

DOI: 10.1021/acs.biochem.5b01385
Biochemistry 2016, 55, 407—428


http://dx.doi.org/10.1021/acs.biochem.5b01385
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.biochem.5b01385&iName=master.img-007.jpg&w=400&h=97

Biochemistry

M80 ftt.:ﬁﬁ?. K73,79 OH

Fe Fe_ ) Fe_

H18 H18 H18

Nitration of Y74, pH 7 Sulfoxidation of M80, pH 7]
Alkaline
transition
IpKa=9.3 CL
K?S 79 H26/H33
Fe ' F_e' ke Fe
H 18 H18 H18

Figure 8. Cytochrome c—cardiolipin interactions. Different axial coordination conformers of cyt ¢ can be produced by alkalinization, tyrosine
nitration, or methionine sulfoxidation. Upon binding to CL-containing liposomes, all conformations converge to a spectrally common bis-His form
that presents high peroxidase activity and is in equilibrium with small amounts of pentacoordinated species.

interactions between N- and C-termini helices have been
disrupted for some of the protein conformers, leading to the
formation of extended and open structures in the ensemble. An
important region that underwent extension is that of target
residue 39. This suggests unfolding next to Pro44” ¢ and agrees
with structural rearrangement of the loop region comprising
residues 37—61.""% Of note, region 40—54 of conformationally
altered cyt ¢ (see below) displays antigenicity recognized by a
mAb (1D3),”° which provides a unique opportunity to detect
CL-induced alternative conformations of cyt ¢ at the cellular
level. In summary, these studies demonstrated the existence of
compact and extended conformations of cyt ¢, which are
triggered by CL binding and factors affecting cyt ¢—CL
interactions such as ionic strength.''”

In line with these findings, an examination of the surface
interactions of cyt ¢ with CL-containing liposomes revealed two
distinct b1nd1r1§ sites on the protein that cause different extents
of unfolding."™ The results showed the coexistence of two
distinct conformations of ferric cyt ¢, namely, one that
resembles the native structure and a second, partially unfolded
non-native conformation.''* Site 1 is unaffected by ionic
strength, whereas site 2 exhibits a greater population of protein
in the native state in the presence of NaCl. The latter site likely
reflects an equilibrium of highly unfolded proteins bound via
electrostatic interactions and less unfolded proteins supported
by H- bondlng interactions with Lys side chains or hydrophobic
contacts.""* Importantly, sites 1 and 2 in this work do not
represent site A, C, or L previously discussed herein, but
instead a new two-binding site model to describe the
interactions of cyt ¢ with CL. Site 1 is a high-affinity site
postulated to support the nativelike state of cyt c that is suitable
for electron transfer in the inner mitochondrial membrane.'"*
Binding site 2 represents a conformation of cyt ¢ bound to CL
in which the axial Fe—Met80 bond is dlsrupted impeding
electron transfer reactions for cellular respiration.''* Binding of
CL to cyt ¢ may occur at different sites and exhibit distinct
effects. For example, results from one NMR study utilizing
reverse micelle encapsulation described an additional CL
binding site in cyt ¢, denominated site “N”, that does not
overlap with previously described sites A, C, and L.'"> In
contrast to the results obtained by several groups, these studies
documented no effect of CL binding on cyt ¢ conformation and
no signs of protein unfolding.''> These findings agree well with
a multidimensional magic angle spinning (MAS) solid-state
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NMR study that examined the interaction of uniformly C-
and '“N-labeled horse cyt ¢ with CL-containing lipid bilayers.''®
Results from this study showed that binding of cyt ¢ to
membranes led to an increase in peroxidase activity but was
without effect on protein conformation or membrane
penetration.''® Under these experimental conditions, cyt ¢
interacts with CL at the membrane—cytoplasm interface, where
it undergoes an increase in peroxidase activity but without
significant unfolding.''®

Interpretation of these contrasting findings is limited by the
use of different model systems that aim to mimic the
mitochondrial compartment. In the absence of crystal
structures of CL-bound cyt ¢, the precise site of CL binding
shall remain open to further investigation.

Native and Alternative Conformations of Cyt ¢
Converge to Bis-histidine Ligation upon Binding of CL.
The multiple spectroscopic studies reported for complexes of
cyt ¢ with CL and other model systems do not afford a uniform
picture of the partition of cyt ¢ between electron transfer and
peroxidatic activities. For example, RR spectroscopy reveals that
the interactions of cyt ¢ with DOPG vesicles induce the
formation of alternative hexa- and pentacoordinated species
such as His/His, H,O/His, and Fe-His, depending on the
relative protein/lipid concentration.''” For cyt ¢—SDS
complexes, the main axial coordination has been determined
as His/His by means of NMR spectroscopy.''* MCD studies of
cyt ¢—CL complexes, on the other hand, suggest that the
coordination of the ferric protein at neutral pH is Lys/His and
OH ™ /His,*” while RR studies on similar systems suggest the
coexistence of Lys/His and pentacoordinated Fe—His
species.“9

The coordination of cyt ¢ in complexes with unilamellar and
multilammelar CL liposomes has been recently revisited
employing RR and UV—vis spectroscopies.”” The studies
comprise the WT protein, double and triple mutants, and
variants with specific post-translational modifications such as
Met80 oxidation and mononitration at tyrosines 74 and 97.
The different variants have the peculiarity of stabilizing (or
preventing) different axial coordinations such as Met/His, Lys/
His, OH™/His, and pentacoordinated Fe—His and, therefore,
constitute a valuable toolbox for obtaining reliable spectral
components. On the basis of these studies, it is possible to
conclude that the interaction of native (Met/His) cyt ¢ with CL
liposomes leads to a His/His axial coordination as the main
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spectral component in the complexes.”> Moreover, cyt ¢
variants with alternative coordinations, particularly OH™/His
and Lys/His, exhibit similar behavior, indicating that all the
alternative conformations tend to converge to a common His/
His axial ligation upon binding of CL (Figure 8).>?

Role of CL on the Intracellular Transit of Cyt c. A
fluorescence correlation spectroscopy (FCS) study of the effect
of CL on the peroxidase activity of yeast and human cyts ¢
identified two important components of the conformational
event: (a) a transition from a close, compact structure to a
more open, extended conformation of the active site under
native conditions and (b) the formation of oligomers induced
by CL.>® The peroxidase activity correlated well with a
predominance of an open state under native conditions,
which preceded the formation of oligomers. The data showed
substantial formation of oligomers in yeast iso-cyt ¢ upon
interaction with CL, whereas the contribution of CL to
oligomer formation in human cyt ¢ was very small.” It was
concluded that oligomer formation plays a major role in the
peroxidase activity of yeast iso-cyt ¢, and the effect was ascribed
to subtle differences in surface amino acid residues that dictate
different outcomes upon CL binding in this organism.>

Despite organism-specific differences, it is clear that the
interaction of CL with cyt ¢ changes its conformation. In a
recent study, it was proposed that this event may aid in the
translocation of cyt ¢ across the inner mitochondrial
membrane.'”’ Cytochrome ¢ interacted strongly with CL
embedded in membrane vesicles, and this was accompanied by
bursts of leakage of cyt ¢ through the lipid structure.'”’
Recruitment of cyt ¢ by CL in the vesicles was followed by
leakage of cyt ¢ across the membrane over a period of 1-2
min."*” Imaging analysis showed that cyt ¢ translocated through
newly formed pores that remained open to all molecules of a
certain cutoff size and eventually closed, indicating the
reversibility of pore formation."*’ The addition of ATP reduced
the rate and extent of cyt c translocation, suggesting a
competitive process and/or weaker cyt ¢—CL interactions at
high ATP concentrations.'”” Further, in another study, it was
shown that the peroxidase activity of CL-bound cyt ¢ stimulated
leakage of chemical probes carboxyfluorescein, sulforhodamine
B, and 3 kDa fluoresent dextran from liposomes.121 This
leakage exhibited selectivity toward the pore size, as 10 kDa
fluorescent dextran was unable to cross the liposomal
membrane.'”'

Altogether, the knowledge accumulated thus far indicates
that alternative conformations of cyt ¢ that arise via the
interaction with CL might be essential for membrane
permeation and subsequent translocation of this and other
proteins for downstream cellular signaling in the cytosol and
other compartments.

Indeed, a new route for intracellular trafficking of cyt ¢,
namely, the translocation of cyt ¢ into the nucleus in response
to DNA damage, has been observed.'*” Transit of cyt ¢ from
the mitochondrion to the nucleus was not initiated by
stimulation of the death receptor or stress-induced pathways.
Once in the nucleolus, cyt ¢ blocked histone chaperones SET/
TAF-If impeding nucleosome assembly. In doing so, cyt ¢
performs a dual function by triggering apoptosis and by
blocking cell survival at the fundamental level of DNA
biosynthesis.'**The protein conformation, the presumptive
role of phospholipid interactions, and the mechanism of
entrance of cyt ¢ into the nucleus remain to be established.
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Post-translational Modifications That Alter Cyt ¢
Structure and Function. Among the better studied post-
translational modifications (Table 1), the nitration of cyt ¢ by
peroxynitrite and other nitric oxide-derived oxidants has
received an increasing amount of attention, largely because of
its potential role in human diseases accompanied by oxidative
stress.””'** Of the four conserved Tyr residues of human cyt ¢,
Tyr74 and Tyr97 are exposed to the solvent whereas Tyr67 and
Tyr48 are buried within the protein matrix (Figure 9). Mono-
and dinitrated variants of cyt ¢ can be prepared in vitro using
slow fluxes of peroxynitrite near physiological conditions and
purified to homogeneity (Figure 10)."**'** Nitration of Tyr
residues occurs in vivo and alters the functions of
proteins.'>*~"*” Endogenously formed nitrated cyt ¢ has been
detected in cultured cells and in disease models characterized
by nitroxidative stress.'”*~"*" In terms of function, nitration of
cyt ¢ impairs its ability to activate caspase-9, a crucial step in
apoptosis.'>""** Nitration of Tyr residues reduces the pK, of
the phenolic -OH group by approximately 3 units and
incorporates a steric bulk of 45 Da (Figure 9ab). Nitration
of individual Tyr residues destabilizes the axial Fe—Met80
bond, facilitating the alkaline transition to form alternative
conformers of cyt c. This change in heme configuration leads to
a reduction of its midpoint potential, impeding electron transfer
in the mitochondrial respiratory chain.””"*>"** Indeed,
mononitrated and mono-Tyr mutants of cyt ¢ exhibit a
midpoint potential lower than that of the native counterpart.'*
Physicochemical studies have shown that perturbations of the
heme environment due to Tyr nitration and local electric fields
operate by distinct mechanisms."*> Studies of the role of nitro
groups in 3-NO,-Tyr residues in terms of bonding interactions
have led to some controversy in the field. Individual nitration of
solvent-exposed Tyr74 resulted in a more facile, early alkaline
transition, with a pK, value of 7.1.°° cyt ¢ nitrated in position
Tyr74 adopted the alkaline conformation at neutral pH with
the expected rupture of Fe—Met80 axial ligation and
substitution of a Lys residue to form a low-spin hexacoordi-
nated complex.’”® Mutation of Tyr residues to Phe was
employed to probe the effect of nitration and bonding
interactions in the relevant € loops in the alternative
conformations of nitrated cyt c. Results of the study indicated
that nitration of Tyr74 influences heme geometry by steric
perturbation of highly flexible € loop 70—8S, an effect that is
conveyed to the heme center via Tyr67 located in the vicinity.*’
Replacement of Tyr67 with Phe increased the pK, of the
alkaline transition to 11, which antagonized the effect of
nitration at Tyr74, i.e.,, induction of an early alkaline transition.
This supports the postulate that a hydrogen bond interaction
between Tyr67 and the sulfur atom of Met80 mediates the
observed long-range effect via a conformationally contiguous
Tyr74-Glu66-Tyr67-Met80-Fe network.”® Tyr67 is the only
residue restricted within a helical structure, in the proximity of
the heme site, unlike the remaining tyrosine residues that are all
located in flexible Q loops (Figure 9¢c,d). Substitution of Tyr67
with Arg in human cyt ¢ led to rupture of the Fe—Met80 bond,
weak distal ligation by Arg, and an 8-fold increase in peroxidase
activity,"*® a behavior comparable to that of the Tyr67Arg
variant of yeast iso-cyt ¢."*” In contrast, substitution of Tyr67
with His in human cyt ¢ was without effect on peroxidase
activity or Fe—Met80 ligation,"*® whereas the yeast counterpart
exhibited an increased peroxidase activity.'>” This suggests that
subtle structural differences in the H-bond network of these cyt

DOI: 10.1021/acs.biochem.5b01385
Biochemistry 2016, 55, 407—428


http://dx.doi.org/10.1021/acs.biochem.5b01385

Biochemistry

Table 1. Chemical Modifications That Alter Cyt ¢ Function

refs

86

chemical modification effect

Ala81His

organism

alkaline conformer less stable
than native conformer

yeast

alkaline conformer more stable 86

than native conformer

Lys79His yeast

acetylation of Lys mouse reduction in positive charge 145,

146
increased hydrophobicity

lengthening of the side chain,
steric effects

disrupted Fe—Met80 axial bond
higher peroxidase activity

trimethylLys72Ala yeast 49

Gly41Ser human increased level of apoptosis 28, 48,
142,

143

increased spin density on pyr-
role ring C and a faster
electron self-exchange rate

higher peroxidase activity
stabilization of protein radicals

Tyr48His human increased level of apoptosis 32

decreased level of respiration

Tyr48His yeast lower heme midpoint potential

(~80 mV)
higher peroxidase activity com- 31
pared to that of native cyt ¢

Gly41Ser

human

Gly41Thr mouse  no changes in peroxidase activ-
ity compared to that of cyt ¢

bound to cardiolipin
Gly41Ala

nitration of Tyr46 human  rearrangement of H-bond net-

work

140,
194

high-spin heme

facile alkaline transition
defective apoptosome
protein degradation

human 140,

194

nitration of Tyr48 rearrangement of H-bond net-

work
high-spin heme
facile alkaline transition
defective apoptosome
degradation
nitration of Tyr74 human  increased peroxidase activity 138
disrupted interaction with cas-
pase-9, inhibition of apoptosis
nitration of Tyr74 horse lower pK, for alkaline transition 157
lower midpoint potential
deprotonation of Tyr74
high peroxidase activity
141

phosphomimetic Tyr48- human

Glu

lower heme midpoint potential
(~80 mV)

lower pK, alkaline transition

disrupted Apaf-1-mediated cas-
pase activation

disrupted interaction with car-
diolipin
141

phosphomimetic Tyr97- human

Glu

individual nitration of
Tyr46, Tyr48, Tyr67,
Tyr74, and Tyr97

less stable than native protein

human  lower midpoint potential 134,

135

nitration effects are additive

lower affinity for Apaf-1

disrupted caspase activation
horse 144

sulfoxidation of Met80 high-spin heme

high peroxidase activity
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¢ variants have a profound impact in their reactivity toward
hydrogen peroxide."”’

A structural study performed with yeast iso-1-cyt ¢ provided
evidence that the geometry of Tyr67 near the iron center is
such that it could serve as a weak axial ligand replacing Met80
in the alkaline conformer.®’ Molecular dynamics calculations
performed on mamalian cyt ¢ found no evidence of H-bonding
between residue Tyr67 and axial ligand Met80 but suggested
instead the presence of a hydrogen bond between Tyr67 and
Thr78, the latter residue belonging in the same foldon.*® A
more recent combined experimental and computational study
that, in contrast to the previous one, implemented optimized
parameters for H-bonds with a S atom as acceptor revealed the
existence of a weak Tyr67—Met80 H-bond that modulates
electron transfer kinetics trough flexible Q loops 20—30 and
70—87."%" Foldon Q loop 70—85 was also shown to be the
major contributor to the ligand exchange reaction that
accompanies the alkaline transition.”” While the dynamics of
H-bond formation via residue Tyr67 may be promiscuous in
nature, consensus about the importance of far-reaching effects
in controlling heme electronics and, therefore, the peroxidase
activity of cyt ¢ exists. Individual, successive replacement of Tyr
with Phe leads to additive effects in reducing the midpoint
potential of cyt ¢, even though no correlation could be
established between the previously reported values of
peroxidase activity'*>"** and the relative contribution of each
non-native coordination state.'*> This lack of correlation is not
surprising per se, as RR measurements do not report on the
conformational changes that accompany the different coordi-
nation states within the alkaline ensemble. Nonetheless, an
important conclusion from these spectroscopic studies is that
modification of Tyr74 and Tyr67 is detrimental to the activity
of cyt ¢ in both cellular respiration and apoptosis, through a
molecular mechanism whereby nitration precipitates the
alkaline transition and the formation of alternative conformers.

This proposal was substantiated by the finding that a
conformer of cyt ¢ in which the Fe—Met80 bond was disrupted
by substitution of Met80 with Ala had increased peroxidase
activity and translocated spontaneously from mitochondria to
the cytoplasm and nucleolus in the absence of apoptosis.”* The
release of Met80Ala cyt ¢ from mitochondria was dependent on
peroxidase activity, with oxidation targets that are yet to be
identified.”* High-spin variants not seen in nitrated cyt ¢ were
also observed, and these exhibited the highest peroxidase
activity and were reactive with mAb 1D3.”* Because nitrated
wild-type cyt ¢ also undergoes translocation to extramitochon-
drial compartments, variant Met80Ala represents one model of
endogenously formed alternative conformations of cyt ¢. In a
separate study, individual nitration of residues Tyr46 and Tyr48
of human cyt ¢ induced the specific degradation of the protein
upon its transition to a high-spin state.'** Thus, nitration of
specific Tyr residues leading to a variety of alternative
conformations of cyt ¢ may be exploited in vivo to elicit select
cellular responses, creating an additional layer of functional
diversity.

Apart from nitration, cyt ¢ is also a target for phosphorylation
of its Tyr residues, especially at sites Tyr48 and Tyr97."*!
Biophysical characterization of phosphomimetic mutants
Tyr48Glu and Tyr97Glu suggested that phosphorylation at
these sites may be a physiologically relevant process. Mutant cyt
¢ Tyr97 exhibited stability significantly lower than that of the
native protein, whereas Tyr48Glu displayed an even more
interesting phenotype characterized by a lower pK, for the
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Figure 9. Reaction and substrates of nitration in cyt c. (a) Tyrosine residues are present in 3—4% abundance in both buried and solvent-exposed
areas of proteins. Deprotonation of the alcohol has a pK, of 10.5. Tyrosine oxidation to tyrosyl radical and subsequent reaction with *NO, to
produce 3-nitrotyrosine increases the acidity of the phenolic group, rendering it more prone to deprotonation under physiological conditions (pK, =
7.1). (b) Representation of human cyt ¢ variant G41S (PDB entry 3NWV) nitrated at residue Tyr74. The nitro group is shown as spheres. A mesh
representation of the surface highlights the steric bulk associated with the conversion of Tyr74 to NO,Tyr74. (c) Spatial arrangement of flexible Q
loops (blue for residues 12—28, orange for residues 29—40, red for residues 41—57, and yellow for residues 70—85) in human cyt ¢ variant G41S. (d)
Topology of tyrosine residues shown within a surface representation of human cyt c. Tyr46 and Tyr48 contained in loop 41—57 are shown as red
sticks. Tyr 74 within loop 70—85 is shown as yellows sticks. Tyr67, which does not belong in any of the flexible loops, is represented as cyan sticks.
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Figure 10. Preparation of nitrocyt c. Slow fluxes of peroxynitrite lead to the time-dependent formation of mono-, di-, and polynitrated variants of cyt
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Tyr74 and Tyr97 are the preferred targets of nitration under these experimental conditions, suggesting that reaction selectivity is strongly influenced
by solvent accessibility. Adapted from ref 123.
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Table 2. Redox Midpoint Potential and Peroxidase Activities of the Different Axial Coordination Conformers

axial coordination Met/His Lys/His

protein variant N02~Cyt74157

E° (mV) 261162 —100 to —200157:195
relative peroxidase activity 1 7157

OH ™ /His His/His H,O/His®
SO-Cyt'** cyt c—CL>

1351 —80 to —143%%1% <—150
710" 5300222106 50—10002'%8

alkaline transition, a reduced midpoint redox potential, and an
antagonistic behavior toward Apaf-1-mediated caspase activa-
tion, a crucial event for apoptosis.141 On the basis of these
findings, the authors postulated that cyt ¢ naturally phosphory-
lated at position Tyr48 may act as an anti-apoptotic switch in
vivo."*" Tt is noteworthy that phosphorylation occurs at Tyr
residues that are less preferred substrates for nitration, allowing
both mechanisms to coexist under physiological conditions.

Additional studies continue to emerge showing that other
naturally occurring modifications of cyt ¢ such as mutant
Gly41Ser in humans,”***'**'*} sulfoxidation of Met80 in
horse,"** and the acetylation of Lys residues as observed in
murine cyt ¢'*'*® modulate the peroxidase activity, charge, and
hydrophobicity of cyt c. This, in turn, could conceivably alter
the capacity of cyt ¢ to sense and respond to environmental
signals, including those associated with cellular compartmen-
talization, allowing new functions.

Zwitterionic Lipids Activate Specific Sulfoxidation of
Met80 by Hydrogen Peroxide. In addition to CL,
mitochondrial membranes are rich in zwitterionic phospholi-
pids such as phosphatidylcholine (PC) and phophatidylethanol-
amine (PE), which comprise >70% of the total lipid content
and have a quaternary ammonium and a primary amine bound
to the phosphate group, respectively.'*” Surface plasmon
resonance'** and resonance energy transfer'*’ studies have
shown that cyt ¢ presents no significant electrostatic affinity for
such lipids. Recent surface-enhanced resonance Raman (SERR)
and RR investigations, on the other hand, demonstrated high-
affinity binding of cyt ¢ to model systems containing amino and
ammonium functional groups'*”'>" and to PE/PC-containing
liposomes,"** which is specifically mediated by inorganic and
organic phosphate anions at millimolar levels."””'>" Interest-
ingly, under these conditions, the adsorbed protein reacts
efficiently with H,O, at submillimolar concentrations.'** The
reaction does not lead to the bleaching (destruction of the
porphyrin chromophore) of the heme group but is restricted to
sulfur oxidation of the axial ligand Met80, thus leading to its
detachment from the heme iron, to form a OH™/His
coordinated species. This ligand exchange leads to an increase
in the peroxidase activity by 1 order of magnitude, accompanied
by an even higher increment in the electrocatalytic activity
toward hydrogen peroxide, comparable to an iso-cyt ¢ variant
holding similar axial coordination.”” The oxidation of Met80
results in a 125 mV downshift of the reduction potential,"**
hence implying the loss of its electron shuttling ability. The
fraction of oxidized protein exhibits a strong linear dependence
with pH that is consistent with the uptake of one proton per
incoming electron, similar to bona fide peroxidases.'>*">*

These findings suggest a possible additional pathway for
membrane permeabilization.'** Specifically, the rise of hydro-
gen peroxide concentration to submillimolar levels that
characterizes the initiation of apoptosis'>* appears to be
sufficient to chemically modify a fraction of the cyt ¢ molecules
that interact (via phosphate anions) with the PE and PC
membrane components. The modified protein is a stable
peroxidase that could later bind CL and catalyze its oxidation,

419

thus facilitating the liberation of pro-apoptotic factors, including
unmodified cyt c.

Tuning Heme Midpoint Potential and Heme Axial
Ligation To Swap Electron Transfer and Peroxidase
Activity. The alternative axial coordinations of cyt ¢ are all
characterized by significant downshifts of the reduction
potentials compared to that of the native protein and, therefore,
are not capable of exerting efficient electron shuttling in the
respiratory chain. This loss of function is paralleled by the gain
of peroxidatic, pseudoperoxidatic, and myoglobin-like activity
(Table 2). While native cyt ¢ behaves as a weak peroxidase,' >
Met80 detachment leads to a significant increment of activity
that is often ascribed to the presence of small amounts of
pentacoordinated high-spin species” with distinct magnetic
properties,'* a drastically lowered reduction potential, and
high solvent accessibility to the heme iron."*®

Notably, high activities have also been attained in the
absence of detectable high-spin species. This is, for example, the
case of the cyt ¢ nitrated at Tyr74, which exhibits an early
alkaline transition.”® Parallel acid—base RR titrations and
peroxidatic activity determinations of this variant showed
excellent correlations between the measured enzymatic activity
and the concentration of the alkaline conformer.'”” Further-
more, titrations with CL of the different cyt ¢ variants described
in the previous sections also showed increasing overall
peroxidatic activities that can be quantitatively correlated with
the relative concentrations of the different alternative
conformations determined by RR and their intrinsic enzymatic
activities.”> Nonetheless, these findings do not imply that the
enzymatically active species are indeed the alternative six-
coordinated low-spin forms, but most likely, they suggest that
these alternative forms are prone to undergoing the required
subsequent conformational changes in the presence of the
electron donor and hydrogen peroxide. Although it is clear that
low-spin to high-spin transitions of different heme proteins
result in significant increments of the peroxidase activities, ** it
has also been argued that weakening (without breakage) of the
Met80/Fe bond is sufficient to induce activity.”*

Cyt c as an Electron Shuttle in a Complex Electrostatic
Environment. Cyt ¢ shuttles electrons from complex III to
complex IV in a highly anisotropic environment. At the inner
mitochondrial membrane, protons are pumped across the
membrane to generate an electrochemical gradient, adding to
the effects of the surface and dipole potentials to yield a strong
interfacial electric field.">® At biological membranes, the local
interfacial electric fields arise from contributions of (i) the
transmembrane potential, which is generated by the differences
in anion and cation concentrations of the two bulk phases
separated by the membrane; (ii) the surface potential, due to
the interaction of the charged headgroups and solution
electrolytes at the interface; and (iii) the dipole potential that
originated in the alignment of the dipolar residues of the
membrane and the interfacial water molecules.'*’ Altogether,
these contributions result in an interfacial electric field of 10°—
10°Vm™.
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Figure 11. Schematic representation of the gated electron transfer mechanism. Cytochrome ¢ forms an initial electrostatic complex with cyt ¢ oxidase
that is not optimized in terms of donor—acceptor electronic coupling, Hp,, and reorganization energy, A. Before electron transfer can proceed, cyt ¢
needs to reorient to achieve a sufficiently high H,p,. The new orientation favors the disruption of the Tyr67—Met80 H-bond, thus lowering A and
providing a complex optimized for efficient electron transfer. Both steps, reorientation and conformational switching, are strongly modulated by the

interfacial electric field.

The artificial metal electrode—self-assembled monolayer
(SAM)—solution interfaces reproduce some essential character-
istics of the biological solution—lipid bilayer—solution inter-
faces, including the presence and magnitude of strong local
electric fields. In the metal electrode, they originate in the
potential drop across the SAM, and its magnitude is determined
by the potential of zero charge of the metal, the applied
potential, the tail group and chain length of the SAMs, and the
electrolyte composition. This high field as well as electrostatic
contacts with partner redox proteins and lipids may affect the
structure and dynamics of cyt ¢ in a way that is not necessarily
deleterious for the different functions. On the contrary, the
interfacial field may favor alternative conformations that
optimize electron transfer kinetics or, eventually, induce
alternative conformations with new functions.

Long-range protein electron transfer reactions can be
rationalized in terms of Marcus’ theory (equation below),
which states that the ET rate constant (kgy) is determined,
among other factors, by the reorganization energy A and the
donor/acceptor (D/A) electronic coupling Hp,.'*”'®" The
reorganization energy is closely related to the free energy of
activation, AG¥, and represents the (hypothetical) change in
free energy if the reactant state were to distort to the
equilibrium nuclear configuration of the product state without
actual transfer of the electron. Meanwhile, Hp, can be
rationalized in terms of the overlap of the molecular orbitals
of the donor and acceptor, which in the case of protein ET is
mediated by the protein matrix and water molecules acting as a
“molecular wire” between both redox centers. As a rule of
thumb, high Hp, values and low A values result in a high kg

P AR B _(AG + 2y
TR N ek T L kT

Before the electron transfer reaction proceeds, cyt ¢ establishes
transient redox complexes with its natural redox partners, which
are stabilized mainly by electrostatic interactions. The following
sections discuss how these contacts and the interfacial electric
field may modulate the kinetic parameters, in particular Hp,
and A. The studies described employ a biomimetic setup
consisting of nanostructured electrodes coated with self-
assembled monolayers of carboxyl- or phosphate-terminated
alkanethiols. This allows reproduction of essential features of
protein—protein and protein—lipid interactions under simulta-
neous electrochemical and spectroscopic control of the
adsorbed protein by means of time-resolved surface-enhanced
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RR spectroelectrochemistry.®*~'** This methodology provides

simultaneous information about cyt ¢ reorientation, axial
coordination, electron exchange, and spin state along the
redox reaction over a broad time window. Furthermore, the
setup allows for fine-tuning of the interfacial electric field by
manipulation of (i) the solution pH, (ii) the electrode potential,
(iii) the thickness and composition of the biomimetic film, and
(iv) the ionic strength.

Low Electric Fields: Alternative Complex Conforma-
tions. At physiological pH, cyt ¢ presents net positive charge
determined by a ring of protonated lysine residues surrounding
the partially exposed heme edge. This positive patch establishes
electrostatic contacts with negative counterparts in natural and
biomimetic complexes, thus determining the coarse protein
orientation. In addition, the large dipole moment, ~340 D,
interacts with the local fields influencing the orientation and
rotational dynamics of the protein. A combination of theoretical
and experimental results shows that there is no complex
conformation that concurrently yields both an optimal binding
free energy and maximal Hpa ' The average Hp, value
depends not only on the coarse protein orientation but also on
the disposition of the side chains and water molecules that
mediate complex formation. In turn, the average protein
orientation results from the interplay between the specific
electrostatic contacts and the interaction between the interfacial
field with the protein dipole moment. Moderate fields result in
suboptimal Hp, values and hinder protein dynamics. The
electron transfer reaction is then governed by the rate of the
reorientation process that allows cyt ¢ to achieve orientations
that result in high Hp, values. Therefore, in this regime, the
redox reaction is a gated process (Figure 11). On the other
hand, at very low electric fields, protein reorientation is fast and
thus conformational sampling and electron tunneling are
uncoupled 14167169

This hypothesis was experimentally corroborated by design-
ing a surface mutant, Lys87Cys, which according to theoretical
predictions abolishes contacts that stabilize low electronic
coupling orientations.'”® Further verification of the gated
electron transfer mechanism arises from the negative kinetic
impact of hindering protein dynamics, either through covalent
immobilization of cyt ¢ or by increasing solvent viscosity.'®’
Altogether, these studies demonstrated that the electronic
coupling of cyt ¢ is strongly modulated by large and small
amplitude dynamics of the protein and interfacial water
molecules in the electrostatic complexes. Both types of
fluctuations are influenced by local electric fields of biologically
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relevant magnitude and contribute to the modulation of the
electron transfer kinetics.

Moderately High Electric Fields: Alternative Second-
Sphere Conformations. There has been some debate about
whether residues Met80 and Tyr67 are hydrogen-
bonded,"#**"**!7'~17% a5 this interaction would render Tyr67
a second-sphere ligand of the heme Fe that could participate in
fine-tuning of the electronic properties. Analysis of the Tyr67—
Met80 interaction using molecular dynamics simulations and a
search algorithm that implements specific parameters for S
atom acceptors'’* shows that, although through a relatively
weak and fluctuating interaction, Tyr67 and Met80 can be
regarded as H-bonded."* Indeed, Tyr67 has been proposed to
be crucial in controlling cyt ¢ structure and function through an
extended H-bonding network."”” To assess the importance of
the H-bond interaction, the Tyr67Phe variant was studied.'*”
Computational and experimental results showed that disruption
of the Tyr67—Met80 bond trough mutation affects the
protein’s secondary structure. Strikingly, these minor structural
variations are similar to those observed for the wild-type
protein in biomimetic electrostatic complexes and involve €
loops 20—30 and 70—8S, respectively. Thus, as sufficiently high
electric fields, the Tyr67—Met80 bond may act as a relay
between the protein matrix and the redox center."”” Indeed,
under the influence of low interfacial electric fields, the electron
transfer reorganization energy of cyt ¢ is ~0.6 eV. This value
drops by a factor of 2 upon disruption of the Tyr67—Met80
bond, by either application of moderately high electric fields or
the Tyr67Phe mutation, thus indicating that the Tyr67—Met80
H-bond is a key element of the conformational switch between
high- and low-A forms of native cyt c. The transition arises from
the collective perturbation of the dynamics and average
position of the amino acid residues and nearby water structural
molecules, and this dynamical change can be achieved through
the disruption of the Tyr67—Met80 bond."*”

The conformational change between the high- and low-4
forms is activated by deformations of the flexible Q loops that
contain most of the lysine residues that constitute the protein
binding site for biomimetic systems and natural redox
partners,'©”"%1757 1 7 thyg suggesting that a similar mechanism
of electron transfer optimization may be triggered upon
interactions of cyt ¢ with complexes III and IV (Figure 11).

High Electric Fields: Alternative First-Sphere Con-
formations. The axial coordination of the cyt ¢ state is
susceptible to the presence of homogeneous electric fields and
to the formation of specific electrostatic contacts. Recent
experimental studies allow for disentanglement of both
contributions to the apparition of the alternative first-sphere
coordinations, as the biomimetic model systems can be tailored
to yield fields of varying magnitudes without affecting contact
formation.

Increasing the interfacial electric field elicits detachment of
Met80, leading to a coordination equilibrium between different
substrates, in which the sixth coordination site of the heme
remains vacant, leading to a five-coordinated high-spin
configuration, or is occupied by different alternative ligands,
including a water molecule, hydrox;rl, lysine, or histidine,
depending on the specific conditions.'”® At high electric fields,
the alternative forms of cyt ¢ can account for more than 75% of
total adsorbed protein.'”'®® This effect has been attained not
only on biomimetic electrodes but also on other model systems
such as polyelectrolytes,"”” phospholipid vesicles,""”'** and
even the electrostatic complex with cyt ¢ oxidase.'®" Theoretical
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studies show that the applied electric field exerts no appreciable
effect on the strength of the Met80—Fe bond."®* Instead, the
interaction between the field and the dipole moments of the
different segments of the a-helices elicits structural rearrange-
ments that yield the alternative first-sphere conformations.">®

The effect of the specific interaction between cyt ¢ and
cardiolipin differs from that of homogeneous electric fields. In
this case, establishment of specific contacts exerts similar effects
on all cyt ¢ molecules as they all converge to a common bis-His
form (see above).” Notably, all alternative axial conformations
present very negative redox potentials that render cyt ¢
unsuitable for participating in the electron transport, but they
exhibit enhanced peroxidatic activities.

In summary, the strength of the electric field produces
varying effects on the conformation of cyt c. Low fields act on
the complex formation affecting protein (re)orientation, thus
modulating Hp,. The field may also affect the protein structure
at the level of the second-sphere ligand Tyr67, thus lowering
the reorganization energy, while even higher fields affect first-
sphere ligands.

Antibody Probes of Altered Cyt ¢ Conformation. By
the late 1960s, it had already been established that antibody
recognition of globular proteins, ie., those with hydrophobic
interiors and hydrophilic exteriors, is sensitive to the
conformation of those antigens.'®> There was a flurry of
activity in the mid to late 1980s attempting to use peptides to
mimic epitopes on globular proteins for application in vaccine
development. Although this was at odds with the established
concept that antibody recognition of globular proteins is
conformationally restricted, initially there appeared to be
encouraging data in support of this effort. However, an artifact
in the assays employed that had not been previously
appreciated was shown to be responsible for false positive
results; ie., antibodies reactive with non-native forms of the
protein antigens had been confused for antibodies to the native
forms in assays in which antigens were adsorbed to a solid
support.lm’185 For example, conformational variants of cyt ¢
arise when coupling the protein to a carrier and/or emulsifying
cyt ¢ in mineral oil to enhance immunogenicity, and these
forms elicit antibodies that cannot be distinguished from
antibodies to native cyt ¢ in direct solid phase immunoassays
because some antigen molecules are denatured when adsorbed
to a solid support.

Distinction between monoclonal antibodies (mAbs) specific
for native versus non-native forms of an antigen can be
obtained by testing the ability of the native protein antigen in
solution to inhibit binding of the antibody to the antigen in the
solid phase.'®"'®> Employing this approach, it is possible to
identify antibodies reactive with both native and non-native
forms of a protein antigen that may have different applications
in research. For example, a mAb specific for the native form
may be useful for immunofluorescence studies to determine
expression and location of an antigen in situ and for
immunoprecipitation as, for example, to isolate binding
partners, whereas a mAb specific for a non-native form may
be useful for Western blotting where the protein is usually
denatured prior to electrophoresis.

In addition to numerous mAbs shown to bind native cyt ¢,
several mAbs that bound cyt ¢ adsorbed to immunoassay plates
and could not be inhibited by the presence of native cyt ¢ in the
solution phase were, thus, determined to be reactive with non-
native forms of cyt. One such antibody, mAb 7HS8, shown to
bind the carboxyl terminus of cyt ¢ (residues 93—104), was
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found to be useful for detection of cyt ¢ in Western blots. This
provided the proof, by comparison of cytosolic and
mitochondrial extracts, that cyt translocates to the cytosol in
apoptotic cells.'"®® None of several mAbs specific for the native
conformation of cyt ¢ were able to detect the antigen in
Western blots. However, these mAbs did show redistribution of
cyt ¢ to the cytoplasm by immunofluorescence analysis.

Another mAb that bound a non-native form of cyt ¢, mAb
1D3, did not react with cyt ¢ in Western blots but did label cyt ¢
in cells very early in apoptosis at a stage when bona fide
indicators of apoptosis are not yet apparent.’® The particular
conformation that mAb 1D3 recognizes also occurs when cyt ¢
is bound to phospholipids. This suggests that mAb 1D3 may
recognize cyt ¢ bound to CL at a step leading to its
translocation from the mitochondrial intermembrane space.””
The conformation of cyt ¢ in this context is not globally
denatured because mAbs such as mAb 7HS8 that bind well to
short peptides did not label cyt ¢ in apoptotic cells. Cytochrome
¢ extracted from the apoptotic cells with detergent could not be
immunoprecipitated with mAb 1D3, indicating that the altered
cyt ¢ conformation was dependent on detergent-sensitive
binding of cyt ¢ to some other component, possibly CL.*®

On the basis of binding to cyts ¢ from various species and
comparison of their amino acid sequences, the region of the cyt
¢ polypeptide chain recognized by mAb 1D3 was shown to
involve residue Pro44 (Figure 1b). In addition, a peptide
containing residues 40—54 was able to inhibit the binding of
mAb 1D3 to cyt c-coated immunoassay plates, albeit at
relatively high concentrations. Longer peptides, including
cyanogen bromide-cleaved peptides 1—65 and 1—80, showed
more effective inhibition with increasing peptide lengths,
suggesting that the conformation of cyt ¢ recognized by mAb
1D3 is nativelike but not actually native. Unlike mAb 1D3, a
mADb specific for the region around residue 44 on native cyt ¢
failed to bind even the long cyanogen bromide-cleaved peptides
and was shown to involve discontinuous segments, including
residues 26 and 27 as well as the segment around residue
Pro44.""” These two segments are H-bonded in native cyt ¢
where the imidazole nitrogen of His26 is H-bonded to the
carbonyl oxygen of residue Pro44. This H-bond is lost in the
alkaline conformation of cyt ¢, a form that mAb 1D3 has also
been shown to bind.***® In Figure 2g, the 40—57 segment in
the model of yeast iso-1-cyt ¢ is displaced at alkaline pH,
consistent with an altered epitope in this region of the
polypeptide chain.

The altered conformation of cyt ¢ recognized by mAb 1D3
arises in multiple contexts. In addition to resulting from the
effects of bound phospholipids and alkaline pH, it has been
shown to occur as a consequence of covalent modification by
nitration at certain tyrosine residues and dislocation of the
Met80—heme ligation due to amino acid substitution.”* It
seems likely that in these various contexts epitopes other than
that recognized by mAb 1D3 become exposed. Indeed, distinct
cellular locations have been observed in two of these contexts,
suggesting exposure of unique determinants for cellular
localization. Thus, CL-bound cyt is localized to mitochondria,
whereas loss of the Met80—heme ligation due to amino acid
substitution results in nuclear and cytoplasmic localization of
cyt ¢****° While positive immunostaining with mAb 1D3
alone cannot define the insult leading to the conformational
change in cyt ¢, in conjunction with the pattern of staining
defining the cellular localization, mAb 1D3 immunostaining
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may provide insights into the context for the conformational
change.

B CONCLUSIONS AND PERSPECTIVES

A growing body of evidence indicates that the structural
flexibility of cyt ¢, partly conferred by evolutionary conservation
of Tyr67, permits switching between native and alternative
conformations. Some biological functions of these alternative
conformations have been elucidated, while others await further
investigation. The biosynthesis and maturation of cyt ¢ involve
transient axial ligation of its heme by holo-cyt ¢ synthetase,
changes in oxidation state, and a perfectly funneled energy
landscape during folding that jointly ensure adoption of the
native conformation. Aside from electron transfer, mature cyt ¢
responds to cellular stressors via changes in coordination,
geometry, and redox properties of its heme center as well as
conformational changes of the protein matrix to form
alternative conformers. Some of these alternative conformers
of cyt ¢ have been shown to reside outside the mitochondrion,
at least transiently.

One aspect that is open for investigation concerns the
association of native and alternative conformations of cyt ¢ with
other protein partners in the cell. Not less enigmatic is the role
of the peroxidase activity of cyt ¢ in apoptosis and other
pathways. Structural studies comparing yeast and mammalian
cyts ¢ suggest that both steric factors near the active site and the
opening of the heme crevice itself are unique features that
evolved in higher organisms to limit peroxidase activity and
finely tune the onset of apoptosis.*” The recent identification of
drugs that could selectively inhibit the peroxidase activity of cyt
¢ may helg distinguish between its canonical and secondary
functions.'®

In general, ancestral proteins involved in apoptosis carry
substantial intrinsic plasticity to meet the demands of different
organisms and biological niches."®® For example, the release of
cyt ¢ into the cytosol has been well-documented in both yeast
and mammals; however, yeast iso-cyt ¢ does not activate
caspases.'”” In mammals, imbalances in nitric oxide homeo-
stasis that are favorable for Tyr nitration would stimulate cyt ¢
peroxidase activity whereas heme nitrosylation has the opposite
effect.’”® Because native cyt ¢ is essentially inert toward heme
axial ligand substitution, a conformational change that weakens
the coordination sphere of the heme must precede nitric oxide
binding. CL has been shown to enhance the reactivity of cyt ¢
toward NO, making it a plausible biological partner for the pro-
apoptotic effects of nitrosylated cyt c."”" It is currently unclear
whether the pro-apoptotic effects of nitrosylated cyt ¢ are
triggered by alternative conformations anteceding heme
nitrosylation, by heme nitrosylation per se, or by downstream
conformational modifications that promote apoptosome
assembly. The biogenesis of cyt ¢ takes place in the cytosol
and the mitochondrion, two compartments with distinct redox
properties, which may have shaped its ability to sense the
environment, swap functions, and develop self-reliant means for
cellular transit. While the pool of free intracellular cyt ¢ has
been estimated to be approximately 10—15%,">'** it is notable
that its alternative conformers translocate more readily across
compartments, raising the possibility that these species may act
at the forefront of cellular decisions. On the basis of its tunable
peroxidase activity, sensitivity to electric fields, and trans-
location across cellular compartments, we posit that cyt ¢ is
well-suited to operate as a redox sensor. Overall, the data
presented herein clearly support the idea that molecular
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flexibility in cyt ¢ maintained through evolution allows this
heme protein to play a wide range of functions in addition to its
well-defined respiratory and apoptotic activities. Fluctuations in
the physicochemical properties of the cellular environment as
well as modifications in the protein moiety can lead to
conformational changes that ultimately affect the heme
microenvironment. Structural biology and immunochemical
studies are assisting in the characterization and identification,
both in vitro and in vivo, of a collection of biologically relevant
conformations of cyt c. Further research is needed to reveal the
occurrence, timing, and implications of alternative conforma-
tions of cyt ¢ in human physiology and pathophysiology, in
particular in the context of processes associated with changes in
mitochondrial and cellular redox homeostasis.
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