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At the onset of apoptosis, the peroxidation of cardiolipin at the
inner mitochondrial membrane by cytochrome c requires an open
coordination site on the heme. We report a 1.45-A resolution struc-
ture of yeast iso-1-cytochrome ¢ with the Met80 heme ligand
swung out of the heme crevice and replaced by a water molecule.
This conformational change requires modest adjustments to the
main chain of the heme crevice loop and is facilitated by a trime-
thyllysine 72-to-alanine mutation. This mutation also enhances
the peroxidase activity of iso-1-cytochrome c. The structure shows
a buried water channel capable of facilitating peroxide access to
the active site and of moving protons produced during peroxidase
activity to the protein surface. Alternate positions of the side chain
of Arg38 appear to mediate opening and closing of the buried
water channel. In addition, two buried water molecules can adopt
alternate positions that change the network of hydrogen bonds in
the buried water channel. Taken together, these observations sug-
gest that low and high proton conductivity states may mediate
peroxidase function. Comparison of yeast and mammalian cyto-
chrome c sequences, in the context of the steric factors that permit
opening of the heme crevice, suggests that higher organisms have
evolved to inhibit peroxidase activity, providing a more stringent
barrier to the onset of apoptosis.

Mitochondrial cytochrome ¢ (Cytc) plays a pivotal role in
energy storage in living organisms, providing a critical link
between complex III and complex IV of the electron transport
chain (1). More recently, the role of Cytc as an initiator of the
intrinsic pathway of apoptosis has been elucidated (2). Release
of Cytc from mitochondria into the cytoplasm is a conserved step
in apoptosis from yeast up through mammals (3). However,
subsequent assembly with Apaf-1 to form the apoptosome is
unique to metazoan animals (4, 5). Mitochondrial cytochromes ¢
contain a c-type heme with axial His18 and Met80 ligands (6).
However, when Cytc binds to the inner mitochondrial membrane
lipid cardiolipin (CL), Met80 ligation is lost (7, 8). In this state,
Cytc catalyzes CL peroxidation, which provides an early signal
for initiation of apoptosis (7).

Despite advances in our understanding of the role of Cytc in
apoptosis, our knowledge of the structural factors that facilitate
the peroxidase activity of Cytc remains rudimentary. In the
structure of a domain-swapped dimer of horse Cytc, Met80 is
replaced by water as a heme ligand (9), causing a fourfold in-
crease in peroxidase activity relative to monomeric Cytc (10).
However, evidence for dimerization of Cytc on CL vesicles is
lacking. Fluorescence methods provide evidence for an equilib-
rium between compact and extended conformers on the surface
of CL vesicles (11-13), with the extended conformer linked to
higher peroxidase activity (13). However, other studies suggest
that compact conformers of Cytc are also competent for perox-
idase activity (14).

The heme crevice loop of Cytc (residues 70-85) is the most
highly conserved segment of the primary structure of Cytc (15,
16). This surface loop contains the Met80 heme ligand and is
likely important for both electron transfer function in electron
transport and peroxidase activity in apoptosis. Our knowledge of
the sequence constraints operating in the heme crevice loop that
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modulate the dynamics necessary for peroxidase activity remains
sparse. We have shown recently that the dynamics of the heme
crevice loop are enhanced when lysine 72 of yeast iso-1-cytochrome
¢ (iso-1-Cytc) is mutated to alanine (17, 18). When synthesized in
its native host (Saccharomyces cerevisiae), but not in a heterolo-
gous Escherichia coli expression system, lysine 72 of iso-1-Cytc is
trimethylated (tmK72) (19). Structural studies on yeast-expressed
iso-1-Cytc (hereafter tmK72Cytc[Sc]) show that tmK72 lies across
the surface of the heme crevice loop (20). Here we show by high-
resolution X-ray crystallography that mutation of lysine 72 to
alanine produces a variant of iso-1-Cytc (hereafter K72ACytc
[Sc]) that permits ejection of Met80 from the heme-binding pocket
and its replacement by water. An extensive buried water channel
results, a feature required for substrate access to the heme active
site (14, 21) and for proton transport away from the active site
during catalysis. As anticipated from the crystal structure, we
show that mutation of residue 72 to alanine (K72ACytc[Sc] variant)
enhances peroxidase activity of iso-1-Cytc near physiological pH.

Results and Discussion

Crystallization of K72ACytc[Sc]. The K72A variant of yeast iso-
1-Cyte, K72ACytc[Sc], was expressed from E. coli (19, 22).
This variant carries an additional C102S mutation to eliminate
disulfide dimerization (23). Crystals of oxidized (Fe**—heme)
K72ACytc[Sc] grown from 90% saturated ammonium sulfate at
pH 8.8 diffracted to 1.45 A. Refinement yielded a structural
model with Ryork/Riree = 0.145/0.156 (Table S1). Two mole-
cules of K72ACytc[Sc] (chains A and B) are contained in the
asymmetric unit of the crystal lattice. The rmsd between chains
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A and Bis 0.25 A. Heme proteins are susceptible to reduction to
the Fe(Il) state by synchrotron radiation (24). Therefore, we
cannot eliminate the possibility that some reduction of the
K72ACytc[Sc] heme occurs during data collection. However,
treatment of crystals with sodium dithionite leads to crystal
cracking, which is not observed following data collection. Also,
because the data were collected at 100 K, large structural rear-
rangements due to heme reduction should be minimal.

Structural Consequences of the Trimethyllysine 72-to-Alanine Substitution.
The structure of K72ACytc[Sc] superimposed on that of oxidized
tmK72Cytc[Sc] crystallized near pH 6.5 (20) shows that the two
proteins are quite similar (rmsd at C, positions: 0.64 A) (Fig. 1).
The key difference is that Met80 has swung out of the heme
crevice in K72ACytc[Sc] (Fig. 14). Most previous structures of
monomeric mitochondrial cytochromes ¢ have Met80 bound
to the heme iron (6). Exceptions include NMR structures of an
alkaline conformer of K79ACytc[Sc] obtained at pH 10 where
Met80 is displaced by Lys73 (25) and of horse Cytc and an M8OA
variant of iso-1-Cytc with exogenous ligands bound in place of
Met80 (26-28). In K72ACytc[Sc], water (W)113 (probably hy-
droxide at pH 8.8) is bound to the heme iron in place of Met80.
The Fe-O distance of 2.00 A is similar to that observed in the
oxidized (Fe *—heme) horse Cytc domain-swapped dimer and
trimer structures (~2.10 A) (9) and the 2.01-A Fe-O distance
observed for two Geobacter sulfurreducens chemotaxis protein
sensor domains (29). The presence of H,O/OH™ as the axial li-
gand in place of Met80 does not affect the Fe-N bond distance
(2.04 A) of the transaxial His18 ligand, and is similar to that of
tmK72Cytc[Sc] (Fig. S14) and to the Fe-N bond distance of 2.0—
2.1 A observed for c-type cytochromes with a water bound frans

to the histidine of an Fe**—heme (9, 29). The orientation
of the plane of the imidazole ring of His18 remains typical of
c-type cytochromes (30) and is indistinguishable from that in
tmK72Cytc[Sc] (Fig. S1A4). Three more buried water molecules
are located on the Met80-proximal side of the heme. Two of
these waters sit near positions occupied by the Cg and C, atoms
of Met80 in the tmK72Cytc[Sc] structure (Fig. 1B and Movie S1)
and have well-defined electron density (Fig. 1C).

Alternate Side-Chain Conformers and Buried Water Channels in
K72ACytc[Sc]. In oxidized tmK72Cytc[Sc], all residues are mod-
eled as single conformers (20). However, in K72ACytc[Sc], sev-
eral residues occupy two conformations (Table S2). Three of
these residues, Asn52, Met64, and Leu85, are fully buried and
pack against the heme (Fig. S2). Thus, invasion of water into the
heme crevice when Met80 ligation is lost creates disorder around
the heme. Both conformations of Asn52 can hydrogen-bond to
W119, which is also hydrogen-bonded to Tyr67 (Fig. S14). Two
waters, W111 and W116, near the heme also adopt alternate
high (~80%) and low (~20%) occupancy positions displaced
from each other by 0.67 A and 1.45 A, respectively (Fig. 1B and
Table S2). In their high occupancy positions, these two waters
form a hydrogen-bonded chain emanating from the axial HO/OH™
heme ligand (Fig. 24). In the low occupancy state, W116 breaks
this chain and forms alternative hydrogen bonds (Fig. 2B and
Movie S2). Thus, W111 and W116 could act as a transient proton
shuttle in general acid/base catalysis during peroxidative turn-
over catalyzed by the heme of the K72ACytc[Sc] conformation
reported here.

The position of water molecules on the Met80-proximal side
of the heme of tmK72Cytc[Sc] is sensitive to the redox state of

Fig. 1.

Comparison of the overall structures of K72ACytc[Sc] and tmK72Cytc[Sc]. (A) Alignment of K72ACytc[Sc] (green; chain A of PDB ID code 4MU8) with

tmK72Cytc[Sc] (gray; PDB ID code 2YCC; carries a C102T mutation). The heme and Met80 are shown as stick models. A close-up view of the heme and Met80 is
shown (Left). (B) Close-up view of the heme crevice showing waters (red spheres) in K72ACytc[Sc] in the space occupied by Met80 in tmK72Cytc[Sc]. Low
occupancy positions observed for two of the waters are shown in purple. (C) Heme crevice close-up view showing the 2|F,| — |F(| electron density map

contoured at 1.2c (blue wire) with the model used to fit the data.
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Fig. 2. Water structure around the heme of K72ACytc[Sc]. (A) Hydrogen-bond network of buried water molecules (red spheres) showing high occupancy
positions of W111 and W116 in the context of chain A. (B) Hydrogen-bond network of buried water molecules showing low occupancy positions (purple
spheres) of W111 and W116. In A and B, residues 41-50 are removed to enhance the view of the buried water network. The heme and selected side chains are
shown as stick models (labeled in A). (C) Section through the surface representation of chain B of K72ACytc[Sc] with Arg38 positioned to close the water
channel to the protein surface. (D) Section through the surface representation of chain A of K72ACytc[Sc] with Arg38 positioned to open the water channel to
the protein surface. In C and D, the heme and buried water molecules are shown with the 2|F,| — |F(| electron density (green wire). External waters and the
partially occupied waters, W136 and W149, in C are shown without electron density.

the heme (20). In particular, W166 in the native structure of iso-
1-Cytc (20) is 1.7 A closer to the iron of the oxidized compared
with the reduced heme. In the structure of K72ACytc[Sc], the
corresponding water, W119, occupies the same position as W166
in reduced tmK72Cytc[Sc] (Fig. S1B). This observation could be
taken as evidence for reduction of the heme by synchrotron ra-
diation. However, the water bound to the iron atom of the heme
is likely hydroxide at pH 8.8. Therefore, the oxidized form of
K72ACytc[Sc] has a heme with no net charge, like the reduced
form of tmK72Cytc[Sc] (31). We conclude that it is more likely
that the position of W119 in K72ACytc[Sc] reflects a neutral
heme rather than reduction of the heme during data collection.

K72ACytc[Sc] harbors four buried waters on the His18-
proximal side of the heme of chain A compared with two for
tmK72Cytc[Sc] (6) (Fig. 24 and Fig. S14). These buried waters,
together with those located at positions vacated by the ejected
Met80, occupy a channel that leads from the hydroxide-bound
heme to the protein surface (Fig. 2 A and B and Movie S2),
permitting them to exchange with bulk water. This water channel
is similar to one identified by molecular dynamics (MD) simu-
lations on iso-1-Cytc (21). Near the entrance of this channel in
chain B of the asymmetric unit, Arg38 assumes multiple states.
In an ordered, but partially occupied, state (60% occupancy)
similar to that observed in tmK72Cytc[Sc] (Fig. S14) (20), the
side chain of Arg38 fully blocks the channel opening at the protein
surface (Fig. 2C, Fig. S3, and Table S2). In chain B, but not in
chain A, a partially occupied water, W126 (48% occupancy), is
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observed near the position of W168 in tmK72Cytc[Sc] within
hydrogen-bonding distance of Arg38 (Fig. 2C and Fig. S14). In
an alternative, fully disordered state, Arg38 in chain B is replaced
by W136 and W149, which also have counterparts in chain A (Fig.
2 C and D). In chain A, Arg38, stabilized by its interaction with
a sulfate ion, adopts a single conformation in which the channel is
open to bulk solvent (Fig. 2D and Fig. S3). In an X-ray structure of
iso-1-Cytc with an R38A mutation, a similar water channel with
a much larger opening at the protein surface is observed (32).
Thus, it appears that the side chain of Arg38 can act as a confor-
mational switch that gates access of buried waters in K72ACytc[Sc]
to bulk water at the protein surface (Movie S3). By contrast, MD
simulations suggested that access to buried water channels is me-
diated by main-chain, not side-chain, motions (21). This buried
water channel (Fig. 2, Fig. S14, and Movie S2) could afford sub-
strate access to the heme active site and shuttle protons to the
surface during Cytc-mediated peroxidation activity. Due to fluc-
tuations in the conformations of Arg38, Asn52, and the positions
of buried water molecules, the channel would be expected to
flicker between low and high conductivity states. Previous work
suggests that Arg38 plays a role in regulating heme redox po-
tential (33), and thus this conserved residue may play a role in
both functions of mitochondrial Cytc.

Arg38 is also unusual in that it is part of a short segment of
tmK72Cytc[Sc] that becomes more rigid, rather than less rigid, in
the oxidized state versus the reduced state of the protein (20).
The thermal factors for residues near Arg38 are lower for chain
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A versus chain B (Fig. S4), and the pattern of variation of
thermal factors near Arg38 is similar to oxidized tmK72Cytc[Sc]
for chain A and similar to reduced tmK72Cytc[Sc] for chain B
(20). This difference is likely attributable to the presence of
sulfate ion interactions with Arg38 in chain A, which are absent
in chain B.

Structural Constraints Mediating Ejection of Met80 from the Heme
Crevice of Iso-1-Cytc. Relatively small backbone adjustments are
sufficient to permit Met80 to swing out of the heme crevice of
Cytc (Figs. 1 and 3 and Movie S4). Large displacements occur
between the K72ACytc[Sc] and tmK72Cytc[Sc] structures at
Met80 (C, rmsd 3.59 A) and Ala81 (C, rmsd 2.18 A), and to
a lesser extent at Gly83 (C, rmsd 1.26 X) in the heme crevice
loop (Fig. 3 4 and B). Otherwise, C, rmsd values for alignment
of the two structures are mostly <1 A (Fig. S5). The deviation of
the main chain observed here for the heme crevice loop is con-
siderably smaller than when Met80 is expelled from the heme
crevice by exogenous ligands such as cyanide (28) and imid-
azole (27).

Mutation of tmK72—Ala facilitates expulsion of Met80. In
tmK72Cytc[Sc], tmK72 sterically blocks movement of Ala81,
inhibiting release of Met80 from the heme (Fig. 34 and Movie
S3). In horse Cytc, where Lys72 is not trimethylated, a similar
situation exists. Lys72 lies across the heme crevice loop, forming
hydrogen bonds to the carbonyls of Met80 and Phe82 (34). In
K72ACytc[Sc], Ala81 is free to move toward Ala72 as Met80
swings out of the heme crevice (Fig. 3B and Movie S3). Our
structural data demonstrate that the more than twofold increase
we observe in the dynamics of the His79-mediated alkaline
conformational transition of iso-1-Cytc in the presence of the
tmK72—Ala mutation (18) results from relaxation of steric
constraints in the heme crevice loop.

The most highly conserved portion of the Cytc sequence is the
heme crevice loop. It encompasses both tmK72 and the mobile
heme ligand, Met80 (15). Within this loop, yeast and mammals
differ at positions 81 and 83 (Fig. 3C), two residues that move
significantly when Met80 is displaced from the heme crevice. At
both positions, more sterically demanding side chains are present
in mammalian Cytc than in its yeast counterpart. Phylogenetic
analysis shows that ancestral mitochondrial Cytc has alanine at

position 81, as in yeast (35). Moving up the phylogenetic tree
from yeast to mammals, position 81 first mutates to Val and then
Ile (15, 16). These observations suggest that the heme crevice
loop in mammals has evolved to more stringently minimize ac-
cess to Cytc conformers capable of peroxidase activity than
in yeast.

Peroxidase Activity of tmK72Cytc[Sc] Versus K72ACytc[Sc]. To test
the effect of the tmK72— Ala mutation on the peroxidase activity
of is0-1-Cytc, we compared the rate of oxidation of guaiacol to
tetraguaiacol (10, 36, 37) for tmK72Cytc[Sc] versus K72ACytc[Sc]
(Fig. S6). At pH 7.5 (Fig. 44), k., for peroxidase activity is 35%
greater for K72ACytc[Sc] than for tmK72Cytc[Sc]. The pH de-
pendence of k., shows that peroxidase activity is similar at pH 6
and 6.5 for both proteins (Fig. 4B and Table S3). At these lower pH
values, peroxidase activity is expected to be suppressed by the need
to deprotonate H,O, (36, 38, 39). However, from pH 7 to 8§,
kear for K72ACytc[Sc] increases and remains high, whereas it
declines for tmK72Cytc[Sc]. The pH dependence of the peroxi-
dase activity of the yeast-expressed iso-1-Cytc, tmK72Cytc[Sc],
mirrors that of horse Cytc (36), relatively constant below
about pH 7 and then decreasing at higher pH. The similarity in
the pH dependence of yeast and horse cytochromes ¢ likely
reflects the similar ordering of substructure stabilities for the
two proteins (22, 40, 41).

At pH 8§, the tmK72— Ala mutation leads to an enhancement
of k., by twofold (Fig. 4B). Furthermore, we observe that crys-
tals of K72ACytc[Sc] crack and dissolve below pH 7, also sug-
gesting that the Cytc conformer observed in the K72ACytc[Sc]
structure is less stable at lower pH. Accordingly, the tmK72— Ala
mutation favors a Cytc conformer with higher peroxidase activity
above pH 6.5.

In mitochondria, the fatty acid chains of CL, which are subject
to peroxidation, are believed to bind near Asn52 (site C) and
lysines 72, 73, and 86 (site A) (42, 43). The channel of waters that
fill the void left when Met80 is expelled could readily be dis-
placed by a fatty acid chain entering from either site A or site C.
The side chains of Asn52, Met64, and Leu85 also occupy two
rotamers, indicating conformational plasticity on the Met80-
proximal side of the heme that could facilitate binding of CL
near the heme iron.

NPEKYIPGTKMAFGGL

K72A: NPAKYIPGTKMAFGGL
human: NPKKYIPGTKMIFVGI
horse: NPEKYIPGTKMIFAGI

Fig. 3.

Steric stabilization of the native conformer of Cytc by the residue at position 72. (A) Overlay of the structures of K72ACytc[Sc] (green, yellow labels)

and tmK72Cytc[Sc] (gray, red labels) with residues 72, 80, and 81 shown as space-filling models. The portion of the backbone corresponding to Gly83 is
indicated with a black label. (B) Overlay of K72ACytc[Sc] and tmK72Cytc[Sc] showing the movement of Ala81 toward Ala72 when Met80 swings out of the
heme crevice. (C) Alignment of yeast and mammalian Cytc sequences for the highly conserved heme crevice loop (residues 70-85). Residues 81 and 83 are

marked with black arrows.
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a function of guaiacol concentration at 25 °C and pH 7.5 in 50 mM potassium
phosphate buffer. Cytc concentration was 1 1M, and H,0, concentration was
50 mM. (B) Plot of k.t (average of three independent experiments with SD)
versus pH for K72ACytc[Sc] and tmK72Cytc[Sc].

The peroxidase activity enhancement we observe compares
well in magnitude to the increase in the dynamics of the His79-
mediated alkaline conformational transition resulting from the
tmK72— Ala mutation (18). Thus, residue 72 in the heme crevice
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loop significantly impacts the heme crevice dynamics necessary
for peroxidase activity. Notably, k., for the peroxidase activity of
horse Cytc at pH 7 (10) determined under identical conditions is
20-fold and 27-fold less than for tmK72Cytc[Sc] and K72ACytc[Sc],
respectively (Table S3). The additional steric congestion at positions
81 and 83 (Fig. 3C), in addition to the hydrogen-bond contacts
that Lys72 makes with the Met80 and Phe82 carbonyls in mam-
malian Cytc (34), appears to diminish the heme crevice dynamics
needed for peroxidase activity for mammalian versus yeast Cytc.
We suggest that Cytc in higher organisms has evolved to limit
peroxidase activity, leading to stress-induced release of Cytc
from mitochondria, thereby imposing a more stringent barrier
to the onset of apoptosis.

Methods

Protein Expression and Purification. Expression of tmKCytc[Sc] was from
S. cerevisiae GM-3C-2 cells (44) carrying the pRS425/CYC1 shuttle vector (45).
K72ACytc[Sc] was expressed from E. coli BL21(DE3) cells carrying the
pRbs_BTR1 vector (22), as described previously (18). Both proteins carry
a C102S mutation to prevent disulfide dimerization during physical studies
(23). K72ACytc[Sc] and tmKCytc[Sc] were purified as previously described (18,
46, 47). The procedures are outlined in brief in S/ Methods.

Crystallization, Structure Determination, and Refinement. A 1:1 mixture of
oxidized K72ACytc[Sc] iso-1-Cytc at ~6 mg/mL in 75% aqueous ammonium
sulfate and a reservoir solution of 90% ammonium sulfate, 0.1 M Tris-HCl
(pH 8.8), and 4% tert-butanol was crystallized at 20 °C by vapor diffusion
from sitting drops. Diffraction data were collected at the Stanford Syn-
chrotron Radiation Lightsource. The structure was solved by molecular re-
placement and refined to 1.45-A resolution. The coordinates and structure
factors for K72ACytc[Sc] iso-1-Cytc at pH 8.8 have been deposited in the
Protein Data Bank (PDB) (www.pdb.org) under ID code 4MU8. A more
complete description of procedures may be found in S/ Methods.

Guaiacol Assay of Peroxidase Activity. Guaiacol assays were performed at
25 °C with an Applied Photophysics SX20 stopped-flow spectrophotometer.
Peroxidase activity was monitored as the formation of tetraguaiacol at 470 nm.
The rate of change of absorbance at 470 nm was converted to micro-
moles guaiacol consumed per second using an absorption coefficient of
26.6 mM~" cm™" for tetraguaiacol (36, 37). Michaelis-Menten plots were
then used to extract k.,¢ and K, for guaiacol from the data. Additional
details on experimental procedures are provided in S/ Methods.
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