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ABSTRACT: Cytochrome baj is a cytochrome c oxidase from the plasma membrane of Thermus thermophilus
and is the preferred terminal enzyme of cellular respiration at low dioxygen tensions. Using cytochrome
bas crystals pressurized at varying conditions under Xe or Kr gas, and X-ray data for six crystals, we
identify the relative affinities of Xe and Kr atoms for as many as seven distinct binding sites. These sites
track a continuous, Y-shaped channel, 18-20 A in length, lined by hydrophobic residues, which leads
from the surface of the protein where two entrance holes, representing the top of the Y, connect the
bilayer to the a3 —Cug center at the base of the Y. Considering the increased affinity of O, for hydrophobic
environments, the hydrophobic nature of the channel, its orientation within the bilayer, its connection to
the active site, its uniform diameter, its virtually complete occupation by Xe, and its isomorphous presence
in the native enzyme, we infer that the channel is a diffusion pathway for O, into the dinuclear center of
cytochrome bas. These observations provide a basis for analyzing similar channels in other oxidases of
known structure, and these structures are discussed in terms of mechanisms of O, transport in biological
systems, details of CO binding to and egress from the dinuclear center, the bifurcation of the oxygen-in
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and water-out pathways, and the possible role of the oxygen channel in aerobic thermophily.

Cytochrome ba; (bag)' is a divergent member of the
integral-membrane, heme—copper oxidase superfamily of
respiratory enzymes, which function as terminal oxidases for
aerobic metabolism. By reducing O, to H,O and maintaining
the proton gradient across the plasma membrane, these
enzymes contribute to the energy needs of the cell (/).
Thermus thermophilus HB8 grows in the range of 60 to ~85
°C (2) and, at oxygen concentrations of ~10 uM, utilizes
cytochrome baj as the preferred respiratory enzyme (3). The
overall reaction catalyzed is

deyt T 4+0,+8HY, —deyt T+ 2H,0+4HT (D)

where in and out refer to the internal space and the
periplasmic or intermenbrane space of the bacterial cell or
the mitochondrion, respectively.

X-ray crystal structures exist for bovine cytochrome aas
[Protein Data Bank (PDB) entry 10CC] (4), Paracoccus
denitrificans (Pd) aa; (PDB entry 1AR1) (5), Rhodobacter
sphaeroides (Rs) aas (PDB entries IM56 and 2GSM) (6, 7),
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and T. thermophilus HB8 (Tt) cytochrome bas (PDB entries
1EHK and 1XME) (8, 9), all of which are cytochrome ¢
oxidases, and Escherichia coli (Ec) bos which is a quinol
oxidase that lacks the Cu, center (PDB entry 1FFT) (10).
Combined with complementary spectroscopic studies over
the past several decades, it is well-established that a six-
coordinate heme is low-spin in both ferric and ferrous valence
states while a heme in the proximity of Cug is high-spin in
both ferric and ferrous valences. Electrons typically enter
the enzyme from a cytochrome c to the Cu, site and migrate
from there to the low-spin heme and subsequently to the
dinuclear center.

Dioxygen reduction occurs at the high-spin, heme a;—Cug
dinuclear center (dnc) (/7). The electron transfer steps and
the intermediates formed during dioxygen reduction have
been widely studied in several of the heme—Cu oxidases
(12). In contrast, rather little is known about pathway(s) via
which O, arrives at the heme a;—Cug center, which is deeply
buried within the transmembrane domain of these enzymes.

Cavities and packing defects are commonly observed in
the interiors of folded proteins (for relevant studies, see ref
13 and references therein). In these cases, hydrophobic
cavities have been identified using xenon gas as a probe,
pressurized protein crystals, and X-ray crystallography (/4).
As first applied to myoglobin, this technique revealed
multiple Xe atoms at variable occupancies within hydro-
phobic cavities and channels, proposed to function as
pathways for O, to the heme (/5). Krypton can also be used
for the same purpose, although it does have a lower affinity
for hydrophobic sites (/6). Properties of Xe and Kr make
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them particularly good analogues of O,; each gas favors
solubility in hydrophobic environments (/7), and the van der
Waals diameters of Xe (~4.3 A) and Kr (~4.0 A) (18) are
similar to that of O, (~4.2 A along the O—O bond) (19).
(When the atoms are treated as spheres, the van der Waals
surface areas of Xe, Kr, and O, are 58, 50, and 55 A2 and
the van der Waals volumes 42, 34, and 39 A3, respectively.)
Xe and Kr have also been used as heavy atoms in crystal-
lographic experiments (/4) where the inert gas atoms may
bind at adventitious sites or act as mimics of other gaseous
substrates (/6).

On the basis of their crystal structures, O, pathways have
been suggested in bovine heart, Pd, Rs, and Tt cytochrome
c oxidases (4, 5, 20) and in Ec bos (10). Experiments with
Pd aas; and Ec bos, using biochemical techniques and
mutagenesis, have shown the proposed pathways are indeed
functional channels for O, diffusion (27). At present, only
the Rs enzyme has been probed with noble gas pressurization.
In the latter case, two hydrophobic Xe binding sites were
identified, defining part of a possible track from the
membrane-facing protein surface to the active site (7), and
following a somewhat different course than originally
proposed (20). In this paper, we present crystallographic
evidence for the presence of a continuous, hydrophobic
channel from two entrances within the lipid bilayer to the
heme a;—Cug center in bas, using the method of noble gas
pressurization. The analysis provides insight into the mech-
anism of O, transport, diffusion, and consumption in cyto-
chrome ¢ oxidases.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization. Robust crystals
of baj are necessary to survive the noble gas pressurization
procedure. The double mutant (I-K258R and II-E4Q) of bas
reproducibly forms large single crystals within 1-3 days (22).
The protein was expressed and purified as previously
described (23) and exchanged into the crystallization buffer
[10 mM bis-Tris (pH 7.0), 100 mM KCl, and 13 mM nonyl
[B-D-glucopyranoside] using the procedure developed by
Hunsicker-Wang and colleagues (8). Three days prior to
available beam time at the Stanford Synchrotron Radiation
Laboratory (SSRL), crystallization experiments were set up
at SSRL using the vapor diffusion method and reservoir
solutions containing 12—17% PEG 2000 and 15-60 mM bis-
Tris (pH 7.0) (8, 9). Incubation overnight at 297 K yielded
large single crystals of basz with properties previously
described (22).

Noble Gas Pressurization. Xenon and krypton derivatives
were produced at room temperature by pressurizing crystals
of bas using the SSRL pressurization cell developed and used
by Soltis and co-workers (/4). For Xe or Kr gas pressuriza-
tion, a crystal was mounted in a nylon loop from the mother
liquor, dipped through cryoprotectant (100% paraffin oil),
and placed in the pressure vessel. Following incubation (5-20
min), the pressure was released (5-10 s) and the crystal was
flash-frozen by being plunged into liquid nitrogen. Multiple
pressures (100-300 psi) were tested in combination with the
range of incubation times; approximately 30 crystals were
individually screened for diffraction. Eleven complete data
sets were collected, and six were used for analyses of Xe
and Kr positions (Table 1).
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Data Collection and Structure Determination. All data sets
were collected on SSRL beam line 9-1 using A = 0.979 A
or 1 = 0.865 A radiation (Table 1). Data were recorded with
an ADSC Q315 CCD detector, integrated with MOSFLM
(24), and scaled using SCALA (24, 25). Molecular replace-
ment was conducted with MOLREP (25) using the wild-
type recombinant structure of bas (PDB entry 1XME) as a
search model. Model rebuilding and refinement were con-
ducted using COOT (26) and REFMACS (27), respectively.
TLS motion (translation, libration, screw) describes flexibility
in protein structures in terms of motions of groups of residues
or domains. Parameters for TLS refinement of bas in the
Xe- and Kr-pressurized crystals were derived from the
higher-resolution (2.4 A) structure (PDB entry 1XME) using
the TLSMD server (28). The TLS groups were used in
REFMACS protein refinement to derive an overall B value
for the Xe- and Kr-pressurized crystals, which were subse-
quently used for heavy atom occupancy refinement (below).
Following rigid body refinement of the 1XME protein model
against each data set, Xe or Kr sites were identified using
2IF,l — IF| and |IF,| — IF,l electron density maps. Atomic
coordinates of the Xe and Kr atoms were then refined against
the largest anomalous differences [>6.00(AF), where AF
= |F*l — IF~1] for each data set using CNS (29). Fe and Cu
atoms were included but were fixed at the coordinates derived
from protein refinement. Anomalous scattering factors for
Kr were determined from X-ray absorption scans recorded
at beam line 9-1 using Blu-ice hutch control software (30);
anomalous scattering factors for Fe, Cu, and Xe were taken
from tables for the wavelengths that were used. Finally, with
Xe and Kr positional coordinates refined, the occupancies
of the Xe and Kr sites were refined against the complete
anomalous difference data sets using CNS. In these calcula-
tions, Fe and Cu occupancies were fixed at 1.0, and the
protein model was treated as a rigid body. Data collection
and refinement statistics are summarized in Table 1.

Computational Analyses. Primary sequence alignment was
done using CLUSTALW (31); secondary structure alignment
was done using SEQUOIA (32). VOIDOO (33) was used to
define the channels (cavities) in each of the four cytochrome
c oxidase structures that was analyzed, and to calculate cavity
volumes (grid size, 0.50 A; probe sizes, 0.75-1.4 A). FLOOD
(33) was used to assess the maximum number of Xe atoms
able to occupy the hydrophobic channels.

RESULTS

When the method of Xe gas pressurization was applied
to cytochrome bas crystals, up to seven Xe binding sites are
observed (Figure 1A,B). Five data sets were used for
occupancy refinement of Xe positions, and one was used
for Kr positions, reflecting varying incubation times and
pressures (Table 1). Five sites are major, being present in
all data sets, while two additional minor sites are observed
for the 3.37 A resolution data set. The degree of uncertainty
from occupancy refinement is difficult to assess, but the
generally consistent ranking in five refinements suggests it
is approximately £10%. The top two sites are the most
occupied in four of five Xe data sets. Kr, with its smaller
van der Waals diameter, shares five of seven Xe sites, but
overall, Kr binds less well under comparable pressurization
conditions.
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Table 1: Crystallographic Statistics
Condition
noble gas Xe Xe Xe Xe Xe Kr
pressure (psi) 100 200 200 200 300 300
time (min) 5 5 10 20 10 10
Data Collection
wavelength SA) 0.979 0.979 0.979 0.979 0.979 0.865
resolution (A) 3.37 3.90 4.04 3.69 3.40 3.28
no. of measured reflections 74282 28192 31170 30249 41409 69644
no. of unique reflections 16341 10269 8880 11633 14216 14810
redundancy 4.5 2.7 3.5 2.6 2.9 4.7
completeness (%) 99.7 (100.0)¢ 96.8 (91.3)“ 97.1 (97.6)° 96.7 (98.1)¢ 90.7 (77.8)" 85.7 (63.5)"
(DKo 9.2 (1.8)" 8.5 (1.5)¢ 6.6 (1.6)° 7.9 (2.3)° 10.0 (L.4)* 15.3 (1.9)¢
Ruerge 0.068 (0.463)“ 0.092 (0.435)" 0.094 (0.328)“ 0.060 (0.248)“ 0.074 (0.565)" 0.065 (0.601)“

Crystals and Unit Cells

Space group P41212 P4]2]2 P41212 P41212 P4]2]2 P41212

unit cell parameters

a=bA) 119.73 120.61 118.74 118.85 120.55 120.40

¢ (A) 153.53 151.13 149.28 151.55 150.56 149.84

o= =y (deg) 90.00 90.00 90.00 90.00 90.00 90.00
Refinement

Rwork 0.292 0.281 0.300 0.302 0.290 0.259

Riree” 0.335 0.346 0.355 0.333 0.357 0.299

rmsd for bond lengths (A) 0.009 0.011 0.011 0.010 0.009 0.008

rmsd for bond angles (deg) 1.304 1.527 1.580 1.457 1.331 1.319
Occupancy

site 1 0.96 0.59 0.71 0.74 1.00 0.61

site 2 0.80 0.82 0.98 0.68 0.89 0.39

site 3 0.73 0.70 0.78 0.58 0.69 0.53

site 4 0.61 0.64 0.86 0.52 0.69 0.56

site 5 0.60 0.46 0.41 0.56 0.55 -

site 6 0.27 - - - - 0.36

site 7 0.32 - - - - -

“ Values in parentheses apply to the highest-resolution shell. ? Riree 18 the Rpeor based on 5% of the data excluded from refinement.

The locations of the Xe binding sites describe a continuous,
bifurcated channel that opens from two points on the protein
exterior, converges within subunit I, and leads directly to
Cug of the dnc (Figure 1C,D). The entrance points face the
bilayer 16 A from the periplasmic side of the transmembrane
domain, which is approximately one-third of the membrane
thickness. The Y shape of the channel lies roughly parallel
with the plane of the bilayer with its base opening directly
into the heme a;—Cug active site; Cug is ~8 A from Xel.
One arm of the Y terminates at Xe2 ~20 A from Cug, and
the other arm terminates at Xe4, which is slightly recessed
from the protein surface and ~18 A from Cug. In terms of
relative occupancy, the highest-affinity site is at the base of
the Y nearest the active site (Xel); two of the next most
occupied sites lie at the ends of the arms (Xe2 and Xe4),
while Xe3, Xe5, and Xe7 are interior and roughly define
the fork of the Y. Within the channel, the Xe sites are
contiguous, i.e., although Xe—Xe interatomic distances are
slightly greater than van der Waals contacts (range of
4.69-8.28 A, except for one minor site at 3.27 A), but there
is insufficient space for any intervening sites. The channel
is therefore defined by a series of proximate binding sites.

With respect to the fold of subunit I, the channel is
bounded by transmembrane helices I-1-1-6, heme a3, and
heme b (Figure 1C,D). The branches of the Y are separated
by the tightly packed pair of helices I-3 and I-4; the greater
spacing of helices I-1 and I-2, and I-5 and I-6, on either
side of this pair creates the arms and the stem of the Y. The

upper surface of the Y is defined by the loop linking helices
I-3 and I-4, which isolates the channel from the periplasmic
facing surface of subunit I. The amino acid side chains lining
the channel and surrounding the Xe binding sites are
hydrophobic, as observed in other Xe- and Kr-derivatized
proteins (/6). All residues with van der Waals contacts to
Xe atoms (<5 A) are listed in Table 1S of the Supporting
Information. When sites are compared, there is no preference
for specific amino acids or side chain type (aliphatic or
aromatic), nor does the number of contacts at each site
correlate with Xe occupancy. Nevertheless, it is interesting
to note that Xel, closest to the dnc cavity between Fe,; and
Cug, has van der Waals contacts with [-Tyr133, I-Phe228,
I-Trp229, I-Trp239, I-11e235, and one atom of the heme a3
macrocycle (see Table 1S of the Supporting Information).

Difference Fourier maps following rigid body refinement
revealed no significant backbone or side chain movements
observed upon binding Xe or Kr atoms, suggesting that the
cavity is relatively inflexible upon occupation by a noble
gas. Indeed, if the van der Waals diameter of Xe is taken
into account, each Xe atom fits snugly into its binding site.
In other words, the Xe-pressurized and the native proteins
are isomorphous, so an important characteristic of the
hydrophobic channel is its presence in the native enzyme.
Consequently, we rendered the channel boundaries of the
Xe-bound structure using VOIDOO (33) (Figure 1C,D). With
respect to the Xe-occupied protein, the channel has a volume
of ~390 A3, slightly smaller than the combined volume of
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FIGURE 1: Xenon and channel locations. (A) Colored green is the
F, — F. map (60) of the baj; crystal pressurized for 5 min at 100
psi. Overlaid in red is the F* — F~ map (50) of the same crystal
confirming the presence and locations of Fe, Cu, and Xe. (B)
Locations of the major (teal) and minor (light teal) Xe sites
following refinement against the data set in panel A. Sites were
numbered from highest to lowest occupancy in the 3.37 A resolution
data set (Table 1). (C) Transmembrane view of bas illustrating the
location of the computationally derived oxygen channel (yellow).
(D) Top view of bas showing the Y shape of the channel. Helix 4
of subunit I bisects the two arms of the channel.
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T. thermophilus R. sphaeroides

Cavity volume = 390 A3 Cavity volume = 409 A3

P. dentrificans Bovine heart

Cavity volume = 140 A3 Cavity volume = 87 A3

FIGURE 2: Hydrophobic channels and volumes of cytochrome ¢
oxidases with known structures. Cytochrome bas oxidase from 7.
thermophilus (yellow surface in all panels) is the only channel with
a Y shape. The structure of each cytochrome c¢ oxidase was
superimposed onto bas to allow comparison of channels. Each
channel (wire rendition) was then overlaid on the bas channel.
Although the R. sphaeroides cytochrome ¢ oxidase channel has a
larger volume than bas, it only has one entry point. Channels from
P. denitrificans and bovine heart cytochrome c¢ oxidase have
significantly smaller volumes and do not bridge their respective
enzymatic centers to the outside of each protein. All four channels
appear to share the volume occupied by site 3 (Figure 1B). The
orange sphere is Cug in each panel.

seven Xe atoms (406 A3); a calculation with FLOOD (33)
shows that no more than eight Xe atoms can fit into this
volume, which is roughly consistent with eight Xe atoms
that have a combined volume of 464 A3,

Cavities were assessed within the three other cytochrome
c oxidases with available structures: Rs (PDB entry 1M56)
(7), Pd (PDB entry 1AR1) (5), and bovine heart (PDB entry
10CC) (4). The computed voids were superimposed onto
the cytochrome bas channel via superposition of the protein
structures, illustrating that the putative O, pathway is a
conserved feature, albeit with greatly varying geometry
(Figure 2). The channel in Rs has a larger volume (409 A3)
than ba; but only one entry point; this channel also
encompasses the two observed Xe sites (7). In contrast, the
cavities within the Pd and bovine heart structures are
truncated and not connected to the protein surface, although
the partial channel in Pd adjoins the enzymatic center having
a potential site similar to that of Xel in bas. Because the
channels or cavities superpose, we performed secondary
structure-based sequence alignment (32) (Figure 3). The
residues and helices lining the channels exhibit marked
sequence and structural similarity in all four cytochrome ¢
oxidases, even though ba; is a divergent member of the
family (34). This alignment supports the coincidence of
channels and cavities (Figure 2) in sequence space.

The large voids in these proteins contain no bound H,O
molecules in high-resolution structures of the native enzymes
(PDB entries 1XME, 1EHK, and 2GSM). Hydrophobic
cavities in water soluble proteins, surrounded by ~55 M
water, have been shown to contain fixed water molecules at
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Helix 2
T. thermophilus 64 —-———————v syyocLTLHG MnaBFTon 83
R. sphaeroides 84 avenctpNGH LWNVMITGHG FEVVIP 113
P. dentrificans 76 asaectpNGH LWNVMITYHG VLMMFEVVIP 105
Bovine 50 —-=-==——- DDQ IYNVVVTAHA FVMIFFMVMP 72
Clustal consensus : e
Helix 3
T. thermophilus 111 WMAFIGIVVI ALPLLAne-- —--- ATV IYPPL ————— 139
R. sphaeroides 144 WLYVAGTSLE vasllFaPggn gqLGSGI YPPLST--S 181
P. dentrificans 136 WMYVCGVALG VASLLAPggn dgMGSGV LYPPLST--T 173
Bovine 103 WLLPPSFLLL LASSMVE--- --— AGAGTGWT VYPPLAGnlA 137
Clustal consensus *: .o .ot : JHEEE
Helix 4
T. thermophilus 140 -kgh--wAFN LCEEVEMILST WvsIYIVLDL 166
R. sphaeroides 182 ESGYSTDLAI FAMHLSGASS ILGAINMITT 211
P. dentrificans 174 EAGYSMDLAI FAVHVSGASS ILGAINIITT 203
Bovine 138 HAGASVDLTI FSLHLAGVSS ILGAINFITT 167
Clustal consensus * T, : * T, .t
Helix 5
T. thermophilus 196 ASLGBL]E;IV 1FlLPWs gl ve------ gv 219
R. sphaeroides 242 ALPVEAGAMT -MLLTDRNFG TTFFQPSGGG 270
P. dentrificans 234 SLPVLAGAIT -MLLMDRNFG TQFFDPAGGG 262
Bovine 198 SLPVLAAGIT -MLLTDRNLN TTFFDPAGGG 226
Clustal consensus *. Haad *
Helix 6
T. thermophilus 220 DPLVARTL. HPIVYFI LLPAYAIIYT 249
R. sphaeroides 271 DPVLYQHILW HPEVYII VLPAFGIVSH 300
P. dentrificans 263 DPVLYQHILW HPEVYII ILPGFGIISH 292
Bovine 227 DPILYQHLFW HPEVYIL ILPGFGMISH 256

Clustal consensus

KK e . .. e KKk k kkoe

ek k.

FIGURE 3: Structure and sequence homology. Shown are selected stretches of residues from a structure-based alignment of the four cytochrome
¢ oxidases. In capital letters are residues that share similar atomic coordinates when the cytochrome ¢ oxidases are superposed. The consensus
line shows sequence homology as follows: asterisk, fully conserved; colon, strong group conservation; and period, conserved weak groups
as defined in ClustalW. Colored yellow are all the residues that line the putative oxygen channels (Figure 2), and colored green are the
residues that have been shown to be in contact with xenon atoms where these experiments have been conducted, e.g., Table 1S. All the
residues highlighted in green were also found in the computational channel search. Highlighted in the red boxes are the residues that form
the constriction point found in all cytochrome ¢ oxidases that were investigated, except bas (see the text) (cyan bars, secondary structure

elements).

high pressures (35). The amino acid residues within the
interior of proteins are thought to be packed like crystals of
small organic molecules (36). The presence of a large void
in a protein, presumably supporting a vacuum, is generally
thought to lower its thermodynamic stability (37).

The Xe-derivatized structure of cytochrome ¢ oxidase from
Rs also revealed a possible oxygen pathway (7) (Figure 2).
On the basis of these studies, a single mutation of Gly to
Val (I-283, Rs) was shown to obstruct the passageway of
oxygen and render the enzyme inactive (38). The oxygen
channel in Ec bos; was deduced by visualization, and a
mutation (Val287 to 11e287, Ec) decreased the rate of O,
consumption by raising Ky ap, 10—15-fold (27). Examinations
of the cytochrome ¢ oxidases from Pd and bovine heart do
not reveal clearly distinguishable hydrophobic channels to
their respective dncs (Figure 2). However, kinetic data
presented by Riistima et al. suggest that oxygen approaches
the enzymatic center of Pd cytochrome c oxidase without
hindrance from protein residues (2/), suggesting that side
chain mobility may also be important in O, uptake.

As with all heme copper oxidases, one function of baj is
proton translocation. Data from enzymes of the A1 type have
converged to reveal that one proton is pumped out for each
electron received from cytochrome ¢, and bajs is likely not

to differ in this respect.” In Al-type enzymes (34), both
electron transfer and proton pumping activities have been
shown to be strongly dependent on the conserved Glu
(Glu286 in Rs and Ec, Glu278 in Pd, and Glu242 in bovine
heart) (see ref 4/ and references therein). Interestingly, the
isopositional residue in Tt bas is I-11e235; this also holds for
the A2-type enzymes, e.g., caas from Tt. The methyl group
(CG2) of I-11e235 in bas is close to Xel, 3.96 A, and the
torsion angles of the side chain appear optimized to make
this group part of the surface of the O, channel. In the
structures of the Al-type enzymes, the carboxyl group of
this glutamate points away from the O, channel, while atoms
CB and CG (corresponding to the CB and CG atoms of
I-Tle235, respectively) form part of the surface of the O,
channel in this region. Our structures support a claim for a
role of the Glu residue at this position in maintaining the O,
channel (9).

2 Kaant et al. (39) reported in 1998 that the number of protons
pumped per electron transferred to O, from cytochrome ¢ (H/e™) by
Tt cytochrome bas is 0.5, and Konstantinov et al. (40) have rationalized
their mechanistic results with this number in mind. However, almost
certainly this value is low. M. Wikstrom (unpublished personal
communication), working with protein obtained from this laboratory,
found an H*/e™ value of 0.7, and one can expect this ratio to approach
the canonical value of 1 as more experience is gained with the enzyme.
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DISCUSSION

The structures presented here are relevant to the rate and
mechanism via which atmospheric O, gains access to the
Fe(I),;3—Cug(I) dnc of cytochrome ¢ oxidases, interaction
of CO with bas, pathways via which O, enters and H,O
leaves the dnc, and the role of the oxygen channel in the
thermophilicity of T. thermophilus.

Rate and Mechanism of O, Binding. The interaction of
O, with heme a3 has been the object of physiological studies
for many years. In general, oxygen consumption by various
aerobic tissues is kinetically zero-order in oxygen down to
very low O, concentrations, whereupon apparent Michaelis—
Menten kinetics prevail (42). Typical values of Ky app,
obtained from V., (O, consumed per az per second)/k;[a3] o
are on the order of 50 x 107° M O,. Here k; corresponds to
the observed second-order rate constant for the reaction of
aqueous O, with reduced heme a3, and [a3] corresponds to
the molar concentration of enzyme. Notably, k; shows little
variation with different types of tissues, being ~108 M™!
s~!, indicating that the reaction is diffusion-controlled.

Uptake of oxygen by the dnc has been widely studied by
rapid-kinetic, flow-flash experiments at ambient temperature
(see ref 43 for a review), and at sub-zero temperatures using
“triple trap” (44), and the results are relevant to the
interpretation of our structures. The first observable inter-
mediate in the catalytic cycle is an oxy complex, Fe, >t —0,.
The actual affinity of O, for heme a3, however, is quite weak,
~1073 M. The extremely low Ky is thus likely due to
electron transfer from the low-spin heme to the dnc, resulting
in the irreversible binding of O, (44, 45). In discussing this
phenomenon in Ec bos, Riistama et al. (21) suggest that K app
will vary proportionally with the rate of O, diffusion,
provided that the rate of O, trapping by electron transfer is
faster than the off-rate from the oxy complex. These authors
suggest a modified expression for K app = ~ke/kiKp, Where
ke 1s the rate constant for electron transfer from the low-
spin heme to the dnc, thereby trapping O,; Kp is the true
dissociation constant for the reaction between O, and the
high-spin heme (o3 in the case of the homologous Ec bos)
in which there is no trapping reaction; and k; is, as described
above, the diffusion-controlled rate constant for the reaction
of the high-spin heme with O,. Hence, the value of k;
contains information about the processes via which O,
reaches the dnc.

Relevant to this work is the generally held belief that
diffusion of O, through tissues occurs to a significant extent
within lipid bilayers. One foundation of this idea is that
oxygen concentrates within the hydrophobic interior of fluid
lipid membranes because it is more soluble in organic
solvents than in water; for example, a reasonable distribution
of O, from water into biological membranes is ~4—5 (46).
It is also generally held that solubilization of O, requires
the presence of either fixed or dynamic “holes” where the
O, molecule can insert itself. This was elegantly demon-
strated for hydrophobic materials by Kimmich and Peters
(47), who showed that samples of crystalline paraffins, e.g.,
n-CioHyo, contain no O,. However, when warmed, oxygen
penetrates the paraffins. Similar observations have been made
with fluid and ordered or frozen bilayer preparations (48). It
is therefore reasonable to think of the individual Xe-binding
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sites in bas’s oxygen channel as rigid holes within which
oxygen molecules may momentarily collect prior to entering
the dnc.

Direct evidence that O, enters the lipid bilayer and diffuses
therein was obtained by Vanderkooi and co-workers (46, 49).
Magnetic resonance methods have been described (50) that
measure the diffusion solubility product, D1[O;], in mem-
branes, where Dy is the diffusion constant of O, at a given
temperature (centimeters per square second) and [O;] is the
molar O, concentration in the neighborhood of the probe
molecule (Dr[O,] is termed the oxygen permeation coef-
ficient). Position-specific, spin-labeled fatty acid nitroxides
have made it possible to measure this coefficient at unique
positions along the normal to the lipid bilayer. These
studies (48, 50, 51) reveal a Gaussian sigmoidal shape of
Dr[O;] versus position on the normal that is called the
oxygen permeation profile. The value of Dy[O;] is lowest
near the periphery and has its maximum at the center of the
bilayer. Transport of O, to the dnc thus depends on the values
of DtH20[0,], D'"P9[05], and D1"™e[O,] from which the
importance of both Dr and local [O;] is evident. Notably,
the entryways to the O, channel in cytochrome bas and those
of other oxidases are located approximately two-thirds of
the distance from the outer surface to the center of the
membrane, thereby placing them near the point of most
efficient oxygen delivery. By contrast, the permeation profile
of water is the opposite of that of oxygen, being lowest at
the center of the bilayer (52) and thereby reflecting water’s
greater polarity and offering an at least partial explanation
for the crystallographic absence of water in oxygen
channels (4-9).

Interaction of CO with bas. As shown in Figure 2, the
oxygen channels of bovine aas; and ba; overlap to some
degree, but that of the bovine enzyme is ~4.5-fold smaller
in volume and extends neither into the bilayer space nor into
the dnc. The details of O, transport by the bovine enzyme
must differ greatly from those for bas. Indeed, these structural
differences may cause their disparate CO binding properties.
Carbon monoxide has long been recognized as an appropriate
analogue for the study of O, binding to heme proteins (53).
CO has the desirable properties of binding to heme Fe, but
generally not undergoing further reactions, as does Fe-bound
0,, and CO possesses infrared absorption properties that
permit spectroscopic probing of its immediate environment
(see below).

There have been numerous, detailed comparisons of the
interactions of CO with bovine aas; and bas (54-56) [see
Table 1 of Woodruff (56)]. The data are generally treated
(ignoring photochemical events) by two linked equilibria

CO+ {Fe032+, Cu, "} — {Fe%H, Cu,"—CO} —

Ky K>

{Fe,?"—CO, Cuy"}

where K| = k;[CO)/k.y M™Y) and K, = ko/k_,. There are
two remarkable differences between these enzymes. First,
the affinity constant, K;, of bas is ~115-fold greater than
the K, for the bovine enzyme, a difference that may be
reasonably associated with a higher local CO concentration
available to the dnc in bas. Second, the affinity constant,
K>, of bas is ~3000-fold smaller than the K5 for the bovine
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0, (Xe) in

H,0 out

FIGURE 4: Hydrophobic—hydrophilic boundary around the dinuclear center (left and right images are 180° rotations of each other). Surface
renditions of the pocket encompassing the dinuclear center are primarily hydrophobic (gray). Shown on the left, Trp229 and His283 impede
direct access from the Xel site (slate) to the Cug (orange) of the dinuclear center (purple arrow). This primarily hydrophobic trajectory is
ideal for oxygen access (left panel). We hypothesize that after the conversion of O, to H,O, the H,O exits the dinuclear center through a
region occupied by hydrophilic amino acids (surface representation colored blue) between the propionates of heme a3 (orange arrow, right
panel). Although not present in our structures, ordered waters (red) found at the heme a3 propionates based on a higher-resolution baj;

structure (PDB entry 1XME) are depicted.

enzyme, a difference that is unlikely related to differences
in the two oxygen channels.

Varotsis and co-workers (57, 58) have expanded the scope
of CO—bas interactions by utilizing the technique of time-
resolved, step-scan FTIR spectroscopy with samples at
ambient temperature. These reveal changes in the vibrational
properties of both the protein itself and those of protein-
bound CO. To briefly summarize, flash photolysis of fully
reduced, carbonylated bas results in direct conversion from
Fe,,2*—CO to Cug"—CO in ~80% of the enzyme molecules.
In the remaining ~20% of the photolyzed Fe,>*—CO
molecules, CO migrates to a nonmetal site and vCO appears
instantaneously at 2131 cm™! (58). The residence time of
CO in this position is ~60 us, from which it returns to neither
Fe,>t nor Cug™ but becomes spectroscopically silent.
Concomitant with the immediate appearance and disappear-
ance over ~60 us of the 2131 cm™! band is the return of a
carbonyl (C=0) stretching band, following photolysis, at
1702 cm™! to the relaxed C=0 band at 1708 cm™!. Two
critical assignments are made in the interpretation of these
observations. (a) The non-Cu-bound CO is close to the heme
(58), and (b) the changes in the 1702—1708 cm ™' range arise
from the perturbation of the C=O0 stretching of a propio-
nate carbonyl, specifically that on ring A of heme as.

Our structural observations of the Xel site suggest that
that portion of the activated CO that does not bind to Cug
finds its way to the Xel site where it may interact weakly
with the heme methyl group on ring A and with the CBA
atom of the propionate side chain of ring A, resulting in a
perturbation of the propionate C=O stretch. These groups
are, respectively, 5.1 and 4.9 A from the Xel atom in our
structures. Migration of this CO molecule farther into the
channel would likely result in loss of spectroscopic signature.
Similar ideas might be applied to the studies of the Varotsis
group of oxygen-linked interactions of CO with baz (59).

Entrance and Exit Pathways for O, and H>O. On the basis
of its location, the Xel site serves as the portal into the dnc
for O,. Previous studies have suggested that CO and O,
initially bind to Cug before being transferred to heme a3 (60).
However, there is no evidence for the thermal population of
a Cug—CO species. Moreover, there is no straight-line access

from the Xel site to Cug; Trp229 and His283 form a “wall”
which O, needs to circumvent before entering the dnc (Figure
4). This environment, where connected to the channel, is
primarily hydrophobic and lined by the following residues:
Trp229, Gly232, His233, 1le235, Val236, Trp239, Phe281,
His282, His283, and Phe285. Although O, favors this
hydrophobic environment, during enzymatic turnover, the
H,0O produced does not. Further, H,O must leave the dnc
before O, can enter. We hypothesize that the newly formed
H,0 molecules are repelled by the hydrophobic surface of
the O, channel but attracted to the hydrophilic area around
the heme a3 propionates where they exit the dnc (Figure 4).
This hydrophilic “vent” is composed of the following:
Arg225, GIn284, Asp287, Asp372, Asn377, Argd49, and
Arg350. Although they are not present in our Xe-derivatized
structures, the high-resolution structures of ba; (PDB entries
IXME and 1EHK) reveal ordered waters at the heme a3
propionates (8, 9). These waters lead to a pool of waters
between subunit I and the periplasmic domain of subunit II
and are highly conserved in other cytochrome c¢ oxidase
structures (4-9). Partitioning of O, and H,O between the
two environments surrounding the dnc is consistent with
diffusion of CO back into the Xel site, as noted above.
Further, spatially separated vectorial transfer from substrate
(Oy) to product (H,0O) cavities during turnover would increase
the overall rate of the reaction.

Access to the Dinuclear Center in Other Cytochrome c
Oxidases. If we consider the dimensions of both the ba;
channel and molecular oxygen, O, would have no obstruction
to accessing the a;—Cug center. In comparison, the other
cytochrome ¢ oxidases with known structures do not have
this feature. The Rs aas; has a hydrophobic channel (Figure
2), but it has a constriction point, which reduces the channel
diameter. This occurs at Trp172 and Phe282 (Rs numbering),
where the surface-to-surface distance of these residues
reduces the diameter of the channel to 1.7 A, which would
restrict passage of an O, molecule (Figure 5). The residues
forming this constriction point in Rs are conserved in both
Pd and bovine heart (Figure 3). Presumably in these oxidases,
some protein motion or rearrangement needs to occur for
oxygen to have access to their respective enzymatic centers.



4664  Biochemistry, Vol. 47, No. 16, 2008

T. thermophilus
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Phe282

R. sphaeroides

FIGURE 5: Oxygen access to the enzymatic center. For R. sphaeroides, P. denitrificans, and bovine heart cytochrome ¢ oxidases (only R.
sphaeroides is shown), there is a constriction point where the channel narrows and does not allow access to the enzymatic center without
some conformational change occurring. These residues are conserved (refer to Figure 3), except in the case of bas. The channel of ba; does

not share this narrowing feature.

On the other hand, ba; does not share these conserved
residues, containing the smaller Tyr133 and Thr231 residues
instead (Figures 3 and 5), and therefore lacks a channel
narrowing (Figure 4).

Thermus Physiology. The optimum growth temperature of
T. thermophilus HB8 (2) is 70 °C, where air-saturated water
contains approximately half the amount of O, as water at
25 °C. In light of the above discussion regarding the
mechanisms for transport of O, from the atmosphere into
the dnc of bas and by virtue of its extreme hydrophobic and
rigid binding sites for Xe (O,) molecules, it is reasonable to
speculate that the continuous, Y-shaped oxygen channel of
bas actively facilitates transfer of O, from the membrane
into the dnc, and that it was sculpted by and remains subject
to the forces of natural selection. Our structures are a
springboard for elucidating further details of ligand migration
within a cytochrome ¢ oxidase.
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