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Crystal structures of bovine heart cytochrome ¢ oxidase in the fully oxidized, fully
reduced, azide-bound, and carbon monoxide-bound states were determined at 2.30,
2.35, 2.9, and 2.8 angstrom resolution, respectively. An aspartate residue apart from the
O, reduction site exchanges its effective accessibility to the matrix agueous phase for
one to the cytosolic phase concomitantly with a significant decrease in the pK of its
carboxyl group, on reduction of the metal sites. The movement indicates the aspartate
as the proton pumping site. A tyrosine acidified by a covalently linked imidazole nitrogen
is a possible proton donor for the O, reduction by the enzyme.

Cytochrome ¢ oxidase, a key enzyme in
cell respiration, catalyzes the reduction of
O, to water at the site involving heme a,
and Cup (heme a;—Cuy site hereafter) by
means of protons extracted from the matrix
side of the inner mitochondrial membrane
and electrons from cytochrome ¢, in a re-
action that is coupled with proton pumping
(1). The crystal structures of a eukaryotic
and a prokaryotic cytochrome c oxidase
previously reported at 2.8 A resolution ush-
ered in a new era for cytochrome ¢ oxidase
research (2—4).

For the proton pumping function of cy-
tochrome c oxidase driven by the O, reduc-
tion, an acidic group in the protein must be
accessible only to one of the two bulk water
phases on both sides of the mitochondrial
membrane in a certain oxidation state of
the enzyme, and the accessible side must be
switched to the other side by a change in
the oxidation state, concomitantly with a
significant change in the pK of the acidic
group. The changes in accessibility and pK
can be induced by very small conformation-
al changes in the protein. Thus, careful
comparison of the crystal structure in vari-
ous oxidation and ligand-binding states at
high resolution is indispensable for under-
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standing the mechanism of proton pumping
by this enzyme.

Crystallization conditions have been im-
proved to provide crystals that diffract x-
rays up to 1.9 A resolution (5). Crystals of
the fully oxidized, fully reduced, fully re-
duced CO-bound, and fully oxidized azide-
bound forms were prepared from the crystals
of the fully oxidized form (5). Intensity data
and phase determinations of these states are
summarized in Table 1. The crystal struc-
tures were refined with the program
XPLOR (6). The statistics of the structural
refinement of these crystals are given in
Table 2.

Structure of the heme a,~Cuy site. The
electron density for His?*® and Tyr** of
subunit [ given as an (F, — F_) difference
Fourier map (7) at 2.3 A resolution in-
dicates the presence of a covalent bond
between Ng, of His**® imidazole group and
Ce, of Tyr** phenol group (Fig. 1A). This
covalent linkage is also apparent in the
electron density distribution of the fully
reduced enzyme at 2.35 A resolution and is
consistent with the electron density maps of
the fully reduced CO-bound form and the
fully oxidized azide-bound form. The cova-
lent linkage has been proposed also for the
fully oxidized Paracoccus cytochrome ¢ ox-
idase at 2.7 A resolution (8). The covalent
linkage suggests that the pK of the TyrOH
is significantly lower than that of free
TyrOH. Thus, a significant fraction of OH
group of Tyr?** may be in the deprotonated
form even in the physiological pH.

The (F, — F_) difference Fourier map
(7) of the ox1d1zed form (Fig. 1A) shows
also a residual density between heme a, iron

(Fe,;) and Cug. The refined model for the

residual electron density in the heme a;—
Cuy site of the fully oxidized form (Fig. 1A
and Table 3) is a peroxide ligand bridging
the two metals (9). The Fe_;~O distance is
significantly longer than that found in
Fe?*—~OH™ compounds and is consistent
with the high-spin heme a; present on the
oxidized form (10). The O-O bond length
(1.62 A) is slightly longer than that of
H,0O,. One hydroxide ion and one water
have been proposed for the ligands of the
heme a;,—Cuy site in the fully oxidized bac-
terial cytochrome ¢ oxidase at 2.7 A reso-
lution (8). However, this model provides
significantly higher residual density in an
(F, — F_) difference map than the peroxide
model, that is, the bridging peroxide fits the
electron density at 2.3 A resolution signif-
icantly better than the hydroxide/water
model.

The fully oxidized form given here is the
enzyme preparation as purified from the
tissue under aerobic conditions. In analogy
to hemerythrin, in which the peroxide form
is the stable oxygenated form (11), the
bridging peroxide structure is consistent
with the stability of the fully oxidized en-
zyme (12). The effect of x-ray irradiation
under the present experimental conditions
is negligible (13). The enzyme form is char-
acterized by much slower reduction of heme
a; {14) and much slower cyanide binding,
compared with the enzyme under turnover
conditions (15). Thus, the form may not
directly participate in the catalytic turnover
(16) and is called alternatively the resting
oxidized form (17). The fully oxidized form
directly involved in the catalytic turnover is
called the oxygen pulsed form (18).

No ligand is detectable between Fe 5 and
Cug in the multiple isomorphous replace-
ment and density modification (MIR/DM)
map and the (F, — F_) difference map of
the fully reduced form at 2.35 A resolution
(not shown). The three histidine imidazoles
form a triangle with the Cug on the triangle
plane. Such a Cu!'™" coordination is usually
very stable (19). Thus, the Cug'™" is likely
to be a poor ligand acceptor as well as a
poor electron donor. This property may in-
hibit rapid formation of bridging O, be-
tween Fe_; and Cup (Fe 32" ~O=0-Cuy' "),
as has been proposed (1).

Inspection of interatomic contacts of the
O, within the O, reduction site of the fully
reduced enzyme shows that the hydroxyl
group of Tyr?** is located close enough to
form a hydrogen bond to the bound O, at
Fe;2* (not shown). This hydrogen bond
would stabilize the oxygenated form. Fur-
thermore, Tyr’*, acidified by the covalent
linkage to the imidazole nitrogen, donates,
effectively, protons to the dioxygen reduc-
tion site through the hydrogen bond net-
work connecting Tyr** with the matrix
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surface (4). The proximity of heme a to
heme a3, shown in the crystal structures of
bovine heart and bacterial enzymes, sug-
gests that heme a serves as an effective
electron donor to heme as, consistent with
a resonance Raman result (20) confirmed
by the absorption spectral change (21).
Thus, reduction of O, at heme a3, which is
hydrogen-bonded to Tyr**4, may be trig-

Table 1. Intensity data and statistics of phase determination for the fully
oxidized, fully reduced, fully reduced CO-bound, and fully oxidized azide-

gered by electron transfer from heme a to
heme a; to produce a hydroperoxo adduct
bound at Fe_;** (Fig. 1B).

After formation of the hydroperoxo spe-
cies (Fig. 1B), the third electron from Cuy,
via His?*=Tyr** linkage, and the second
proton from the matrix side, via Tyr**, may
be donated effectively to the bound hy-
droperoxide to form a ferryloxo species

placement (MIR) (37).

(Fe*™=0) and a water. However, the stable
Cug!™, as described above, may not donate
the electron equivalent to the hydroperoxo
adduct, but to Fe’"=0 formed after H,O is
released from the hydroperoxo adduct as
suggested (22). In either mechanism, the
life time of this hydroperoxo intermediate
could be too short to detect consistently
with the resonance Raman results (22). Ad-

bound forms. Each structure was determined by multiple isomorphous re-

. Native Derivative
O?‘odr'éed Refgfn‘fd CO form Aéﬁf I1Cly() IrClg(l CHaHgCl
Resolution 100-2.3 100-2.35 100-2.8 100-2.9 100-3.0 100-3.0 100-3.0
(A (2.38-2.30) (2.46-2.35) (2.9-2.8) (3.0-2.9) (8.2-3.0) (3.14-3.00) (8.11-3.00)
Observed 973,307 1,184,694 1,656,746 561,728 319,358 381,828 328,484
reflections (90,077) (55,541) (49,385) (30,449) (18,599) (28,410) (16,186)
Independent 284,634 270,061 173,384 133,932 125,036 133,245 127,548
reflections (28,157) (28,814) (14,954) (10,287) (11,545) (14,008) (9,396)
Vo) 30.9 144 14.7 10.0 10.0 21.3 12.4
(4.1) (2.0) (8.5) 2.1 (1.4) 2.7) (1.5)
Averaged 3.3 4.4 9.5 4.2 2.6 2.9 2.6
redundancyt 3.1) (1.9) (8.3) (8.0 (1.6) 2.0) (1.6)
Completenesst 0.2 89.2 97.5 85.7 86.3 93.0 88.3
(89.9) (72.0) (85.0) (66.3) (64.5) (79.1) 65.7)
Rmerged 6.1 6.2 6.2 7.8 9.0 6.2 8.5
(25.1) (32.0) (32.0) (31.7) (29.6) (23.4) (28.4)
Oxidized form
Risoll 0.220 0.167 0.256
(0.541) (0.318) (0.531)
ReunisT 0.85 0.87 0.90
(0.90) (0.94) (0.95)
Phasing power# 0.85 0.85 0.74
0.57) (0.62) (0.44)
Reduced form
Risoll 0.216 0.149 0.241
(0.439) (0.249) (0.448)
ReunisT 0.86 0.86 0.93
(0.96) (0.95) (0.96)
Phasing power# 0.89 0.81 0.69
(0.56) (0.43) (0.49)
CO form
Risol 0.192 0.144 0.237
(0.395) (0.264) (0.393)
ReunisT 0.92 0.85 0.85
(0.98) (1.00) (0.97)
Phasing powers 0.68 0.72 1.00
0.26) (0.32) (0.43)
Azide form
Ricoll 0.118 0.154 0.205
(0.243) (0.377) 0.378)
RounisT 0.92 0.92 0.85
(1.00) (0.98) 0.97)
Phasing powers 0.72 0.63 1.00
(0.32) (0.26) (0.43)
*Numbers in parentheses are given for the highest resolution shells. tRedundancy is the number of observed reflections for each independent reflection. FCompleteness

in a percentage of independent reflections observed.

is the corresponding mean value of /(h) for all i measurements; the summation is over the reflections with //g;, larger than 1.0.
the derivative and the native structure factor amplitudes, respectively.
factor. The summation is over the centric reflections only.
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$Rmerge: SE 0N =N 7242,00,0), where I(h,i) is the intensity value of the ith measurement of h and ()

1Riso: 2| Fry — Frl/2Fa, where Fay and Fp are

JReuis: 21 1oy — Fiol — FCalc)| /3| Fs — Fol, where F{(Calc) is the calculated heavy-atom structure

#Phasing power is rms isomorphous difference divided by rms residual lack of closure.
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dition of another three equivalents of elec-
trons and protons to the hydroperoxo spe-
cies drives the catalytic process, including
the oxygen pulsed state (18), to reproduce
the original reduced species (Fig. 1B).
The fully oxidized resting form may be
formed from the enzyme species with Tyr?#
in the deprotonated state as described
above. The deprotonated tyrosine cannot

form a hydrogen bond to the bound O,. In
this case, the bound O, may form a bridging
O, between Fe;** and Cug!* to form
Fe_;>*—O-O—Cug’* (Fig. 1B) as the resting
oxidized form. A possible physiological role
of the fully oxidized resting form is to pre-
vent the potentially very reactive O, reduc-
tion site from producing radical species with
accidental contacts of O, to the site in the

Table 2. Statistics of structural refinements of oxidized, reduced, CO-bound, and azide-bound forms.
Each structure was refined by simulated annealing followed by positional and B factor refinements with

XPLOR (6).

State Oxidized Reduced CO-bound Azide-bound
Resolution (A) 16.0-2.3 16.0-2.35 7.0-2.8 7.0-29
R 0.220 0.211 0.213 0.193
Rieet 0.253 0.251 0.255 0.255
Toond A& 0.015 0.015 0.014 0.016
Tangle gjegrees) 2.1 2.1 2.1 2.1
msi (A) 0.30 0.30 0.32 0.33

*Ris a conventional crystallographic R factor, 3|F, — F_|/2|F,|, where F, and F_ are the observed and a calculated

structure factor, respectively. 1Ry00 iS a free R factor of
that are excluded from the refinement.
Luzatti plots (38).

XPLOR refinement (36) evaluated for the 5% of reflections

$rms is a root mean square error of atomic coordinates estimated by the

Fig. 1. Crystal structure of Fe,,- B

Cug site of the fully oxidized format ~ iv

2.3 A resolution and a possible role “0-
of Tyr®44 in the mechanism of O,
reduction. (A) The (F, — F_) differ-
ence Fourier map of the oxidized
form calculated by omitting His24°,
Tyr?44, and any ligand between
Fe,; and Cug from the F_ calcula-
tion. Contours are drawn at 7« level
(1o = 0.0456 e /A”). (B) A possible
mechanism for formations of the

hydroperoxide intermediate and of pe

the resting oxidized form. Protons
(H*) are from the hydrogen bond
network and electrons (g~) from '
heme a. Only the O, reduction site i I
is shown. OH and O~ denote Tyr?**
and its deprotonated form.

fully oxidized
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absence of sufficient amount of reducing
equivalent in the enzyme molecule.

The distance between Fe_; and Cuy in
the refined crystal structure is 4.9 A in the
fully oxidized state, 5.2 A in the fully re-
duced state, 5.3 A in the fully oxidized
azide-bound state, and 5.3 A in the fully
reduced CO-bound state. These four crystal
structures indicate that the position of Cug
depends on either the oxidation state of the
metal sites or ligand binding to Fe,,, where-
as Fe_; is fixed. Fe ;2" in the fully reduced
form without any ligand (in a five-coordi-
nated ferrous high-spin state) is significant-
ly closer to the porphyrin plane of heme a;
than in the case of deoxy myoglobins (23).

CO coordinates to Fe_; in a bent end-on
manner (Fig. 2A and Table 3). The oxygen
atom of CO is 2.5 A away from Cug and
forms a distorted trigonal pyramid with the
three imidazole nitrogen atoms in the base
and the oxygen at the apex. This long bond
length as a coordination bond suggests a
very weak interaction between Cug and the
CO bound at Fe_;, which is consistent with
the infrared results (24). The refined struc-
ture of the azide-bound form at 2.9 A reso-
lution shows that azide forms a bridge be-
tween Fe_; and Cug (Fig. 2B). One end of
the azide and three histidine imidazoles pro-
vide a distorted square planar coordination
to Cug in a manner similar to the peroxide
binding in the fully oxidized form. The
coordination structure of Cup, which in-
cludes three imidazole ligands, is in contrast
to the reported structure of the azide-bound
form of the bacterial enzyme in which one
of the histidine imidazoles is missing (3).

Other metal sites. An electron density
peak with a trigonal bipyramidal coordina-
tion that includes peptide carbonyls of
Glu®, Glu*?, and Ser**!, a water, and the
side chain carboxyl of Glu* (a counterion)
is reasonably assigned to a Na™* site (Fig.
2C). The thermal factor for the metal site as
a Na* site supports this assignment (25).
However, Ca?* ion can be accommodated
at the site by a small conformational change
in the ligands nearby. This finding is con-
sistent with the recent report for competi-
tion between Na* and Ca?* for binding to
a common site (26). The metal site is ap-
parent in all the crystal structures presented
here. A corresponding metal site in the
bacterial cytochrome ¢ oxidase involves
two counter ion ligands out of five ligands
(8). The structure difference between bo-
vine and bacterial enzymes could induce
the dependency of the Ca?* effect on the
biological species, recently reported (26).

The difference maps at 2.3 A resolution
show a structure of Mg?** coordinated by
Glu'®® of subunit 11, His*®® and Asp®®® of
subunit I, and three water molecules (Fig.
2D). Two out of three water molecules were
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Fig. 2. Crystal structures
of the Fe,;—Cug site in
the fully reduced CO-
bound and fully oxidized
azide-bound states and
those of the Na*/Ca?*
and Mg?* sites. (F, — F)
difference Fourier maps
for CO bound at Fe,, at
3o level (A) and azide
bridging between Fe_,
and Cug at 220 level
(B) are given where the
bound ligands and fixed
waters are not included
in the F_ calculation. The
difference electron den-
sity maps at 4o level (1o
= 0.0436e7/A3) for the
Na*/Ca?* site (C) and
for the Mg?™ site (D). Vi-
olet, purple, and blue
balls are the positions of
Na*, Mg2*, and water,
respectively. The colors
of the electron densities
denote the crystals from
which the densities are
obtained: purple (A),
from CO derivative crys-
tal at 2.8 A resolution;
cyan (B), from azide de-

rivative crystal at 2.9 A resolution: and green (C and D), from the fully oxidized form crystal at 2.3 A resolution.

not shown in the crystal structures previ-
ously reported at 2.8 A resolution (2).
Neither the ligand binding nor oxidation
states induced any detectable conformation-
al change in the Na*/Ca?* and Mg?* sites.

Fig. 3. Redox-coupled conformational change in the segment from Gly“® to Asn®®. The conformation of
the segment in the fully oxidized form is stereoscopically shown in red, and that in the fully reduced form
in green. The yellow structure denotes subunit |l with no redox-coupled conformational change. The
accessible surface for the fully oxidized state (35) is indicated by dots.

Redox-coupled conformational change
in the protein moiety. A segment from Gly*
to Asn’> moves toward the cytosolic surface
by about 4.5 A at the position of the carbox-
yl group of Asp®' on reduction of the fully

oxidized enzyme (Fig. 3). One of the amino
acid residues in the segment, Asp’', in the
fully oxidized state is completely buried in-
side the protein (Fig. 3). One of the oxygen
atoms of the carboxyl group of Asp®!, which
is completely buried inside the protein in the
fully oxidized state and does not contribute
to the accessible surface calculated with a 1.4
A probe, contributes to the accessible surface
in the fully reduced state (Fig. 3) (27). No
other significant conformational change is
detectable in the electron density distribu-
tion of the protein moiety.

Asp’l, in the fully oxidized state, is con-
nected with the matrix surface by a network
that includes a peptide unit, hydrogen
bonds, a cavity, and a water path (Fig. 4A).
The pepride bond connecting Asp’! and
Tyr>* with hydrogen bonds on both ends
can act as a unidirectional proton transfer
path from Tyr>* to Asp®!, because it is in an
equilibrium state between the two tau-
tomers, —CO-NH- and -C(OH)=N-,
where the former is much more abundant
than the latter. Tyr>*, a propionate group of
heme a, Tyr>"}, a fixed water, and Arg*® are
connected by hydrogen bonds. Arg®® is on
the boundary of a large cavity that lacks any
detectable electron density but is large
enough to contain randomly oriented or
mobile water molecules. The cavity is con-
nected with the matrix surface by a water
path, which includes some hydrophilic ami-
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system and a possible function of AspS' in the proton pumping by cyto-
chrome ¢ oxidase. (A) The hydrogen bond network from Asp®' to the matrix
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water path with its hydroxyl group hydrogen bonded to Ser€' and Thr424

no acid side chains of helices XI and XII of
subunit I (4) and the hydrophobic farnesyl
group of heme a. The diameter of the tube
at the narrowest point is approximately
three-quarters the size of water. However,
molecular dynamics calculations have
shown that small molecules can travel
through spaces much smaller than their row
radii in static models (28). Thus, Asp®! in
the fully oxidized state can take up protons
only from the matrix side but is inaccessible
to the cytosolic side. The above hydrogen
bond network was not described in (2),
because Asp®! at the cytosolic end of the

network is inaccessible to the bulk water
without movement of the peptide backbone
(29). This network interacts with heme a at
several points (Fig. 4A), suggesting a func-
tion of the network under redox control.
On reduction of this enzyme, the hydro-
gen bond between the peptide amide of
Ser**! and the carboxyl group of Asp®! is
broken, and Asp®! loses its accessibility to
the matrix side through the hydrogen bond
network. The conformation of the segment
from Gly*’ to Asn® seems to be determined
only by the oxidation state of the metal
sites, because the fully oxidized azide-bound

Table 3. Structures of the O, reduction site in four different states. Positional and B-factor refinement
was applied for each structure determination of O, reduction site with the program XPLOR (6, 39).

°

Distance (A)*

State BF‘C’Q‘”Q
ligand
Fe,;-Cug Fe o Xt Cug-Yi
[Feso", Cug?™]
Fully oxidized 0,2~ 4.91 2.52
Azide bound N;~ 5.30 1.97
[Fe %", Cug™]
Fully reduced 5.19
CO bound CO 5.27 1.90 2.47

*Averaged distances of two independent molecules in the crystal are given.

+A short interatomic distance between

Fe,; and a ligand atom and Fthat between Cug and another ligand atom.

www.sciencemag.org ¢ SCIENCE ¢ VOL. 280 ¢ 12 JUNE 1998

via a water fixed on the boundary of the cavity. The porphyrin plane is a part
of the boundary of the cavity. The formyl group is hydrogen-bonded to Arg®8,
and one of the propionate groups is hydrogen-bonded to Tyr3"" and Tyr%4,
The Na™ site is also shown. (B) A possible mechanism for a unidirectional
proton transfer by Asp®'. Dotted lines denote hydrogen bonds. Direction of
the movement of Asp®' side chain is shown by arrows. Deprotonated car-
boxyl groups are shown by broken lines.

form shows the conformation identical to
that of the fully oxidized form, and the fully
reduced CO-bound form provides the con-
formation of the fully reduced form. These
properties strongly suggest that Cug does
not control the conformation of Asp”! and
that the conformation of the Asp®! segment
of the resting oxidized form, which is not
involved in the catalytic turnover (16, 17),
is identical to that of the oxygen pulsed
state, which is active under turnover con-
ditions (18).

The above results suggest the following
redox-coupled proton pumping mechanism
(Fig. 4B). Asp!, in the fully oxidized state,
is hydrogen-bonded with Ser®® of subunit
II and Ser**! of subunit I each at both its
hydroxyl group and its peptide amide. The
protonated carboxyl group (~COOH) of
Asp®! in the fully oxidized state become
accessible to the bulk water to release pro-
tons on reduction. Meanwhile, the carboxyl
group breaks three hydrogen bonds out of
four, leaving the one to the hydroxyl of
Ser**l. A water molecule is fixed with hy-
drogen bonds to Ser?® at both its hydroxyl
and peptide amide and to the peptide car-
bonyl of Ser?®?. On reoxidation of the en-
zyme, the fixed water is replaced by the
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deprotonated carboxyl group (~COO™) of
Asp®l. The -COO~ extracts a proton of the
peptide amide and creates a deprotonated
peptide. The peptide is reprotonated readily
by Tyr’#, which is hydrogen bonded to the
carbonyl group of the peptide providing the
—C(OH)=N—form. Transition to the stable
tautomer of the peptide and reprotonation
of Tyr’* by means of a proton from the
matrix side give the original structure of the
fully oxidized state (Fig. 4B).

The redox transition of heme a, which
interacts with the hydrogen bond network
between Asp®! and the matrix surface as
described -above, is likely to contribute to
driving the active transport of protons. The
mechanism by which protons are released
on oxidation of the enzyme, in contrast to
the one presented in Fig. 4B, is also possible
(30), consistent with biochemical results
(31).

The present results suggest a proton
pumping site apart from the heme a;—Cuy
site, in contrast to the direct coupling
mechanism for the proton pumping in
which one of the histidines liganded to Cug
serves as a proton carrier (32). The latter
mechanism is supported by the crystal struc-
ture of the azide-inhibited bacterial enzyme
that lacks the electron density of one of the
histidines coordinated to Cuy (3). Iwata
and colleagues proposed a possible proton
transfer path to the proton pumping site,
His?™ (in the numbering of bovine heart
enzyme), from Asp®! via Glu?#? (3). On the
other hand, the crystal structure of bovine
heart enzyme shows the electron density
distribution for His?*® even in the azide-
bound fully oxidized form as described
above. In any forms of bovine heart enzyme,
the hydrogen bond network from Asp”!
ends at Glu?*2. No possible proton transfer
path is detectable from Glu?*? to His**® in
the crystal structures of bovine heart en-
zyme. Furthermore, no fixed water connect-
ing the two amino acids is detectable even
in the crystal structures of bovine heart
cytochrome ¢ oxidase at 2.30 to 2.35 A
resolution. Thus, any crystal structure of
bovine heart cytochrome c¢ oxidase avail-
able at present does not support the propos-
al (33) for the proton transfer from Glu?#?
to His?® or to His?"L.

Glu**? is hydrogen bonded to the sulfur
atoms of Met”, Sy-O distance of 3.2 A, in
any crystal structure given here, indicating
that the carbonyl group is in COOH form,
regardless of the oxidation and ligand-bind-
ing states, which is consistent with the re-
cent infrared investigation (33).

If the proton pumping pathway includes
the O, reduction site (the heme a,~Cuy
site), protons to be pumped must be sorted
effectively from those for making water as
suggested (32, 34). Otherwise, the protons
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to be pumped are used for making H,O at
the O, reduction site. However, the crystal
structure of bovine enzyme shows no struc-
ture suggesting such a function.

All the amino acids in the network con-
nected to Asp®! in bovine heart enzyme are
conserved in animals from human to sea
urchin. However, Asp®! and Tyr’* are not
conserved in plant and bacterial enzymes.
These differences suggest an evolution in
the proton pumping pathway.
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