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Bovine cytochrome c oxidase (CcO), a 420-kDa membrane protein, pumps protons using electrostatic repulsion be-
tween protons transferred through a water channel and net positive charges created by oxidation of heme a (Fe,) for
reduction of O, at heme a3 (Fe,3). For this process to function properly, timing is essential: The channel must be closed
after collection of the protons to be pumped and before Fe, oxidation. If the channel were to remain open, sponta-
neous backflow of the collected protons would occur. For elucidation of the channel closure mechanism, the opening
of the channel, which occurs upon release of CO from CcO, is investigated by newly developed time-resolved x-ray free-
electron laser and infrared techniques with nanosecond time resolution. The opening process indicates that Cug senses
completion of proton collection and binds O, before binding to Fe3 to close the water channel using a conformational
relay system, which includes Cug, heme as, and a transmembrane helix, to block backflow of the collected protons.

INTRODUCTION

Cytochrome c oxidase (CcO) is the terminal oxidase of cellular respira-
tion, which reduces O, coupled with a proton pumping process. Bovine
CcO is a large transmembrane protein, which is a 420-kDa dimer in
the crystalline state (Fig. 1A). Each monomer includes four redox
active metal sites [heme a (Fe,), heme a; (Fe,3), Cup, and Cu,]. The
O, reduction site contains Cug and Fe,; (Fig. 1B). O, is transiently
trapped at Cug before binding to Fe,; (I-3). To O, at Fe,; (not to O, at
Cug), four electrons are sequentially transferred from cytochrome c on
the P-side via Cu, and Fe,, and four protons are transferred from the
N-side (the P- and N-sides designate the outside and inside of the mito-
chondrial inner membrane, which are positively and negatively
charged in the cell, respectively). In addition, protons used for
pumping are actively transferred through the H-pathway, which is
composed of a water channel and a hydrogen bond network operating
in tandem (Fig. 1B). The hydrogen bond network is connected to a
proton storage site via a short hydrogen bond network (Fig. 1B). The
water channel in the H-pathway includes water cavities (Fig. 1C). Each
cavity contains at least one mobile water molecule, whereas the rest of
the water channel allows transfer of water molecules driven by thermal
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motion of the protein moiety. Thus, the water cavities promote overall
efficiency in proton transfer and water molecule exchange through the
water channel because the mobile water molecules in the cavities accel-
erate water exchange and thus proton transfer. The elimination of the
cavity efficiently decreases water (hydronium ion) exchange to block
backward flow of protons from the hydrogen bond network at least
on the physiologically relevant time scale.

The protons for pumping are transferred to the hydrogen bond
network through the water channel from the N-side as hydronium
ions. Heme a is located close to the hydrogen bond network (Fig. 1B)
(1-3). The driving force for the proton pumping process is provided
by electrostatic repulsion between the protons transferred from the
N-side to the hydrogen bond network and the net positive charges
created upon transfer of electrons from Fe,*" to the O, reduction site.
The directionality of the electrostatic repulsion process is induced by
closure of the water channel by the formation of a bulge at S382 in a
transmembrane helix (helix X), which eliminates the largest cavity
located near the upper end of the water channel (Fig. 1C). Extensive
x-ray structure analyses of various oxidation and ligand binding
states have indicated that the largest cavity is detectable only in
the ligand-free fully reduced state and that O, binding to Fe,; as well
as elevation of the oxidation state of Fe,s>" eliminate this cavity by
the bulge formation at S382 (Fig. 1C) (4). Thus, there are two differ-
ent structural species relating to the state of the water channel. The
species with the largest cavity is designated as the “open structure,”
and the species without the largest cavity is designated as the “closed
structure” (Fig. 1C) (2, 4). (The diversity in the proton pumping mech-
anism of CcO among organisms is described in text S1.)

It is necessary to close the water channel before oxidation of heme a,
which is triggered by O, binding to Fe,;. This is because binding of O, to
Fe,; triggers oxidation of heme g, which repels the protons to be pumped
without directionality, if the water channel is not closed. Furthermore,
because the water channel is open only in the ligand-free fully reduced
state as described above (4), in each catalytic cycle, four protons to be
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Fig. 1. The structure of the H-pathway. (A) Location of the H-pathway in the x-ray structure of bovine heart CcO, which is dimeric in the crystalline state (7). (B) Structure of the
H-pathway. The location of the water channel and the location of the hydrogen-bond network are indicated by the blue and red curves. The short hydrogen bond network
(indicated by the gray area) connects the hydrogen bond network of the H-pathway and the proton storage site (the blue area). Water molecule HOH10 in the proton storage site
forms a hydrogen bond to H291. (C) Structure of the water channel. Helix X structures of the closed structure with two bulges at S382 and M383 and the open structure with one
bulge at V380 are shown in the right and left panels. These bulges are indicated with red dotted lines. Water cavities represented by the brown cages were calculated with a probe
radius of 1.2 A using the VOIDOO program (34). The broken arrows indicate the location of the water channel, which includes the water cavities (brown cages). The channel
extends up to R38, which is located on the N-side end of the hydrogen bond network of the H-pathway, where it is hydrogen-bonded to the formyl group of heme a.

pumped must be collected in the proton storage site of the hydrogen
bond network between attainment of the ligand-free fully reduced
state and binding of O, to Fe,3 (4, 5). Closure of the water channel after
collection of these four protons and before heme a oxidation is critical
for effective proton pumping (that is, for attaining H'/e” = 1) (1). The
mechanism for facilitating timely closure of this water channel is one of
the most fundamental bioenergetics subjects to be elucidated.

In order to investigate the channel closure mechanism, newly de-
veloped time-resolved XFEL [serial femtosecond rotational crystallog-

Shimada et al., Sci. Adv. 2017;3:e1603042 14 July 2017

raphy (SF-ROX) method (6) using many large single crystals] and
infrared (IR) techniques with the pump-probe method were applied
to examine the CO release process from CcO upon photolysis.
Carbon monoxide (CO) binds readily to Fe**-porphyrins (but not to
Fe’*-porphyrins) to form complexes that have quite distinctive spectral
properties of both the heme and the bound CO. Because it is reasonable
to assume that CO competes with O, for a common binding site, a
better understanding of CO binding is expected to provide insight into
O, binding. Thus, CO has been widely used as a probe of the active site
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of heme proteins. Beginning with the classical studies of Warburg et al.
[as presented in the study of Yoshikawa and Shimada (1)], whichled to
the discovery and early characterizations of CcO, CO has represented
an important inhibitory probe for CcO, which mimics O,.

The results of proton and charge translocation analysis for inves-
tigation of the proton pump of various CcO (I, 7-10) have been in-
terpreted without assuming that four protons are collected before
starting proton pumping as described above. However, these results
are essentially consistent with the four proton collection model as
described in text S2.

RESULTS

CO movements after pump laser irradiation

CO molecules in the O, reduction site without pump laser irradiation
(that is, the fully reduced state with CO at Fe,;) (abbreviated as “at

A Dark

20 ns after photolysis

dark” hereafter) and 20 ns and 100 ps after pump laser irradiation
were located in Fps-F.y- The occupancies of CO of three states were
determined by comparing their electron densities with those of two
reference waters as described in the “Structure determinations” sec-
tion in Materials and Methods. The Fy-F.,c maps of the O, reduc-
tion site (Fig. 2A) show CO migration to Cug at 20 ns and CO
release from Cug at 100 us. The CO movements are also obvious
in Fao ns or 100 us)—Fdark) difference electron density maps shown
in Fig. 2B and in the IR results (fig. S1). In F9 ns)—Fdark) difference
electron density map, a significant migration of Cup toward Fe,; is
detectable as a red cage above the Cug position in the figure. The CO
peak heights of the dark structure and the structures measured 20 ns
and 100 us after CO photolysis are 1.34, 0.99, and 0.22, respectively,
relative to the averaged reference peak height of the two water mol-
ecules (table S1). The weak peak at 100 ps does not appear in the
drawing at a o level identical to the dark structure and the structure

100 s after photolysis

Water 1
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C
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Fig. 2. Structures of the O, reduction site of the CO-bound fully reduced state at dark and 20 ns and 100 ps after photolysis. (A) Fops-Fcalc difference electron
density maps at 3.5¢ and structural models are illustrated. Purple spheres are iron ions, blue spheres are copper ions, and light blue spheres are oxygen atoms of water
molecules. Blue and red sticks indicate nitrogen and oxygen atoms, respectively. Red, green, and light blue sticks are the other atoms of the structures measured at dark
and 20 ns and 100 us after photolysis, respectively. CO, Water 1, and Water 2 were not included in the structure refinement. Significant electron density assignable to
the CO molecule between Feg; and Cug is not detectable in the 100 us structure at the o level in the figure. (B) The Fi2g ns or 100 us)—Fidark) difference electron density
maps at the +5.0/-5.0c level are shown as green/red mesh. The difference density maps show the directions of CO and Cug movements and are indicated by red and
blue arrows, respectively. (C) Geometries of CO in the O, reduction site in the structures measured at dark and 20 ns and 100 us after photolysis. The thick gray line at
the top of each structure shows a side view of the Cug coordination plane consisting of three imidazole nitrogen atoms.
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measured 20 ns after photolysis. The lower electron density
measured for the bound CO in the 20-ns structure relative to the
electron density of the dark structure corresponds to a higher tem-
perature factor of the CO at Cugp in the 20-ns structure, as the IR
results shown in fig. S1 suggest complete CO saturation at Cug at 20 ns
(details regarding the time-resolved IR analyses in the single crys-
talline state are included in text S3 and fig. S1). The electron density
peak of 0.22 near Cug, seen in the Fp-F.,c map measured 100 s
after photolysis, is consistent with the IR results provided in fig. S,
showing the presence of residual (24%) CO bound to Cug at 100 pis.
The CO ligand geometries are illustrated schematically in Fig. 2C.
The Cug position is indicated by the Fe,;-Cup distance and
displacement from the plane consisting of three imidazole nitrogen
atoms coordinating to Cuyp (designated as the Cup coordination
plane). The plane is parallel to the heme a3 plane. The direction
of CO binding (CO or OC) indicated in the figure is tentative.
Cug is sensitively influenced by the CO binding state, giving the
shortest Fe,3-Cugp distance and the largest displacement from the
Cug coordination plane 20 ns after photolysis in a tetragonal co-
ordination distorted from the trigonal planar coordination (table
S2). The Fe,3-Cup distances and the displacements from the Cugp
coordination plane in the structures at dark and 20 ns and 100 us
after photolysis are highly comparable to those of the static x-ray
structures of the CO-bound fully reduced CcOs at 280 K [Protein
Data Bank (PDB) ID, 3AG1] and at 100 K (PDB ID, 3AG2) and
of the ligand-free fully reduced CcO at 50 K (PDB ID, 5B1B), re-
spectively. In CO-bound fully reduced CcOs at 280 and 100 K, CO
is bound at Fe,;*" and Cug'", respectively (I1). A comparison for
these x-ray structures shown in table S2 strongly suggests that the
present time-resolved x-ray structure determinations for the O, re-
duction site and helix X are successful. Furthermore, consistent
with the static x-ray structural results, the present time-resolved
x-ray results show that the proton storage site includes a fixed
H,0 molecule (HOH10 in Fig. 1B) hydrogen-bonded to H291,
one of the Cug ligands (5).

The time-resolved structural changes in the heme a; region
after CO photolysis compared with the redox-coupled
changes occurring in bacterial CcO

To monitor the time-resolved structural changes in the protein moiety
after CO photolysis, the structures of the CO-bound state at dark and
20 ns and 100 ps after photolysis were superimposed on the ligand-
free fully reduced state (the open structure; PDB ID, 5B1B) with least-
squares fitting of the main-chain atoms of subunit I (consisting of
514 amino acids) using the COOT (Crystallographic Object-Oriented
Toolkit) program (11), as shown in Fig. 3 (A and B). Upon CO re-
lease by photolysis, as illustrated by thin stick models, a segment of
helix X, including the residues 380 to 384, which is located close to
the vinyl group at the C-pyrrole ring (using the PDB ring naming
scheme), undergoes a significant conformational change in its main
chain, whereas only small translational shifts with no obvious con-
formational changes are detectable in helices VIII and IX surrounding
heme a3 (Fig. 3A). Upon complete reduction of the fully oxidized
bacterial CcO (12), a large translational shift is identified in helix
VIII, as well as a conformational transition in helix X. Similar struc-
tural changes in helices VIII and IX significantly greater than those
of bovine CcO are expected to occur upon CO release from bacterial
CcO because CO release induces conformational changes closely simi-
lar to those observed upon complete reduction of the fully oxidized

Shimada et al., Sci. Adv. 2017;3:e1603042 14 July 2017

Helix X

AR
Helix X

Fig. 3. Structural comparison of the heme a3 region in the structures
measured at dark and 20 ns and 100 ps after photolysis. (A) Each structure
is superposed on that of the fully reduced ligand-free state (PDB ID, 5B1B) by
least-squares fitting of the main-chain atoms of subunit I. The dark structure is
pink, the structure measured 20 ns after photolysis is green, the structure
measured 100 us after photolysis is light blue, and the structure in the ligand-free
fully reduced state is blue. Dark blue sticks and red spheres of heme as indicate
nitrogen atoms and iron ions, respectively. The light blue sphere denotes the
location of Water 2 shown in Fig. 2A. Amino acid side chains interacting with
the heme a3 by hydrogen bonds are drawn in thick stick models for the fully re-
duced state. These interactions are fully preserved in all of the time-resolved
structures. Labels, A, B, C, and D in the heme designate the PDB naming of the
pyrrole rings. “CAC” indicates one of the carbon atoms of the vinyl group covalently
bonded to the C-ring. (B) Close-up of the vinyl group regions in (A). The structures
of heme a5 and the Ca drawings of protein regions in the structures at dark and
measured 20 ns and 100 us after photolysis are illustrated using the same color code
as in (A). Helix X of the ligand-free fully reduced state (PDB ID, 5B1B) is indicated by
a thin stick model, where oxygen atoms are red and the other atoms are blue. The
distances between the B carbon of L381 and CAC in the dark structure (pink) and
the ligand-free fully reduced state structure (blue) are indicated by the digits with
corresponding dotted lines. Those in the 20-ns structure (green) and 100-us struc-
ture (blue) are given by the digits with corresponding arrows. (C) Heme as in the
structures measured 20 ns after photolysis. Helix X structure measured at dark is
indicated by a red stick model.
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A Dark

20 ns after photolysis

100 us after photolysis

I

Fig. 4. Fops-Fcalc difference electron density maps of the structures measured at dark and 20 ns and 100 pus after photolysis. The structure factors of F., . were
calculated from the closed and open structures of helix X with two bulges at $382 and M383 (A) and with one bulge at V380 (B), and the Fops-Fcaic difference electron
density maps were drawn at 3.5¢ together with the closed and open structures of helix X, respectively. The red circles mark the location of these bulges. (C) The Fqps-
Fealc difference electron density map of the structure measured 100 ps after photolysis, where the structure factors of F., were calculated with multiple structures of
helix X (55% closed structure with the two bulges and 45% open structure with the one bulge), is drawn at 3.5¢ together with the open and closed structures of helix X.
(D) Location of the cavity detectable in the ligand-free fully reduced state. The cavity is indicated with a brown cage together with the ligand-free fully reduced

structure of helix X.

bovine CcO. An x-ray structure of CO-bound bacterial CcO has not
yet been reported. Among the four pyrrole rings, the greatest move-
ment is detectable in the C-ring, and the least movement is detectable
in the A-ring (in PDB naming). This was identified previously in a
structural comparison of fully oxidized and fully reduced bacterial
CcOs (12, 13).

Five amino acid side chains are hydrogen-bonded to heme a;
peripheral groups of the ligand-free reduced CcO, as shown in thick
stick models, including Y244 covalently linked to one of the three

Shimada et al., Sci. Adv. 2017;3:e1603042 14 July 2017

imidazole groups ligated to Cup (Fig. 3A). No significant change
in these hydrogen bonding structures is induced by CO release. In
contrast, a bacterial CcO has a hydrogen bond between the tyrosine
and hydroxyfarnesylethyl groups, which is broken to receive a water
molecule to bridge the two groups upon complete reduction of the
fully oxidized CcO (PDB IDs, 2GMS and 3FYE) (12). As described
above, complete reduction of the fully oxidized CcO induces struc-
tural changes closely resembling those observed upon CO release in
bovine CcO. Thus, CO release in the bacterial CcO is likely to induce
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conformational changes closely similar to those upon complete re-
duction. The translational shift in heme a3 of bovine CcO upon
CO release is significantly smaller than the shift upon complete re-
duction of bacterial CcO. The magnitudes of the translational shifts
of one of the carbon atoms of the vinyl group covalently bonded to
the C-ring (which is designated CAC in the PDB naming scheme) and
the hydroxyfarnesylethyl OH group (O11 in the PDB naming scheme)
upon CO binding to bovine CcO are 0.54 and 0.34 A, respectively,
whereas the shifts that occur upon oxidation of the fully reduced bac-
terial CcO are 1.80 and 2.22 A, respectively.

Time-resolved structural changes in the heme a3 vinyl group
Figure 3B is a magnified view of the heme a3 vinyl group region,
which includes the structure of helix X near L381 in the ligand-free
fully reduced state as a reference, where oxygen atoms are red and
the other atoms are blue. The distances between the B-carbon atom
of L381 of helix X in the ligand-free fully reduced state and the CAC
in the dark structure, the structure measured at 20 ns and 100 ps, and
the ligand-free fully reduced structures are 3.06, 3.13, 3.37, and 3.37 A,
respectively (table S2). Collectively, these results indicate unidirec-
tional movement of the vinyl group along with CO migration and
release after photolysis. Movement of the plane of heme a5 is essen-
tially concerted with CO migration and release. The vinyl groups of
the dark structure and the structure measured 20 ns after photolysis
(the red and green structures in Fig. 3B) are located too close to L381
in the ligand-free reduced state to be stable. The significant van der
Waals interaction changes that occur upon the vinyl group migra-
tion are likely to induce conformational changes in L381. A hypo-
thetical structure in which heme a3 in the structure measured 20 ns
after photolysis is superimposed on the static helix X structure near
L1381 at dark (Fig. 3C) (which was obtained from a structural analysis
of helix X, as described in the next paragraph) shows that L381 at
dark is located quite far from the vinyl group. The Cg and C, atoms
of the side chain are 5.62 and 4.34 A from the vinyl CAC atom, as
illustrated in Fig. 3C. Thus, it appears that L381 senses the confor-
mational changes of the vinyl group.

Time-resolved conformational changes in helix X

Both the Fps-F.ac maps in the helix X region measured at dark and
20 ns after photolysis, calculated using the structure, which includes
two bulges at S382 and M383 that define the closed conformation, in-
dicate no significant residual density (see Fig. 4A). On the other hand,
the Fps-Fcac maps calculated using the structure with only one bulge
at V380 (the open structure) have large positive (green) and negative
(red) residual densities, as shown in Fig. 4B. The location of the pos-
itive electron density in Fig. 4B in both the dark structure and the
structure measured 20 ns after photolysis is essentially identical to that
of the water cavity of the water channel of the H-pathway (Fig. 4D).
These results indicate that helix X in the dark structure and in the
structure measured 20 ns after photolysis adopts the closed structure.
The closed and open structures both provide significant residual den-
sities for the Fps-Fqc maps in the structure measured 100 ps after
photolysis, as shown in Fig. 4, A and B, respectively. The refinement
of the structure composed of 55% closed structure and 45% open
structure converges to almost the same averaged B-factors of helix X
and significantly reduced residual electron density (Fig. 4C). Conse-
quently, the occupancies of two structures in the multiple conforma-
tions were estimated to be 55% closed and 45% open. Thus, at 100 s,
the closed-to-open structural transition is detectable only for 45% of

Shimada et al., Sci. Adv. 2017;3:e1603042 14 July 2017

the structure, although 76% of CO has been released from Cusg, as in-
dicated by both x-ray and IR data (more detailed descriptions of these
x-ray structure determinations are provided in the “Structure determi-
nations” section in Materials and Methods, and the accuracy of the
structure determination is described in table S3). Therefore, CO release

A B

Helix X

Fig. 5. Proposed water channel closure process upon CO binding to the O,
reduction site. Hemes a and as, CO, and residues 380 to 386 of the helix X are
drawn as stick models. The purple, green, and pink structures denote the ligand-
free (open) and CO-bound states at Cug (closed) and at Feys (closed), which are
detectable in the ligand-free fully reduced state, 20 ns after photolysis, and at dark,
respectively. Nitrogen, oxygen, and sulfur atoms are indicated by blue, red, and
yellow colors, respectively. Fe, and Fe,s are indicated as red spheres, and Cug is
shown as a blue sphere. Side chains of residues 380, 385, and 386 are excluded
from the models to preserve clarity. The location of the water channel in each panel
is marked by the dotted arrow and the brown cage. (A) Structure of the reduced
state, where the water channel is open as indicated by the cage. (B) Predicted struc-
ture constructed by introducing the heme as structure 20 ns after photolysis (in
which CO is bound to Cug) into the arrangement in the ligand-free fully reduced
state. This predicted structure suggests that CO binding to Cug induces a significant
shift of the vinyl group of heme a5 toward L381. (C) X-ray structure experimentally
obtained 20 ns after photolysis, showing significant conformational changes in
L381 and bulge formation at $S382 and M383, as indicated by red circles. (D) Dark
structure. After closure of the channel, CO migrates to Fe,3 from Cug without
inducing any conformational change in helix X.
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from Cug and conversion to the open conformation are not complete-
ly concerted.

DISCUSSION

The coexistence of the closed and open conformations at 100 us indi-
cates that CO release from Cug drives the transition of the closed struc-
ture to the open structure by elimination of the two bulges at $382 and
M383, which are located adjacent to L381. As described above, migra-
tion of the heme a3 vinyl group driven by CO controls the conforma-
tion of L381. These results strongly suggest that a relay system that
includes Cug, the vinyl group of heme a;, L381, and S382 exists. Thus,
during CO binding to the O, reduction site (CcO + CO — CcO-CO),
CO binding to Cug is most likely to induce the formation of the
closed structure using the relay system, as follows: When Cug re-
ceives CO transferred from outside of the CcO molecule (Fig. 5, A
and B), the vinyl group of heme aj shifts to change the conformation
of L381, which in turn induces the formation of the bulge structures
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of $382 and M383 (Fig. 5C), which then induce the conformational
change in S382 to eliminate the water cavity (illustrated by the
change of the brown cage from Fig. 5B to Fig. 5C). After closing
the channel, CO migrates to Fe,; from Cug without inducing any
additional conformational change in the helix X (Fig. 5, C and D).
The present time-resolved x-ray structure analyses showed that
consistent to the decrease in the Fe,;-Cup distance upon CO binding
to Cug in the structure measured 20 ns after photolysis, CO binds to
Cug in a tetragonal coordination distorted from the trigonal planar
coordination (Fig. 2C and table S2). As described in Fig. 1B, one of
the Cug ligand, H291, is hydrogen-bonded to a water molecule
(HOH10) in the Mg-containing water cluster (5). The above experi-
mental results suggest that Cug has enough flexibility to sense the pro-
ton saturation in the Mg-containing water cluster. Protonation of
HOH10 upon proton saturation of the Mg-containing cluster appears
to induce some distortion of the essentially equilateral trigonal planar
coordination of the three imidazoles to Cug'* ion, as shown in Fig, 2, to
increase the ligand binding affinity of Cug'". High-resolution analyses
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Fig. 6. A schematic representation of a proposal for the water channel closure mechanism. (A) The O, reduction site composed of Cug and Fe,s is in the fully
reduced state under turnover conditions. The Mg-containing H,O cluster is the H* storage site, which is connected to Cug via H291 and a fixed water molecule (HOH10 in
Fig. 1) in the storage site. The heme as vinyl group is in van der Waals contact with L381. Protons are transferred by H;O" through the open water channel. (B) Increase in
the O, affinity of Cug'* caused by distortion of the regular trigonal coordination of Cug'*, which is induced by protonation of the fixed water upon full protonation of the
Mg-containing H,O cluster. (C) Closure of the water channel upon O, binding to Cug as follows: (i) migration of the plane of heme as, (ii) structural change of L381, and
(iii) formation of the bulge at 5382 to close the channel. (D) Proton pump after the channel closure. After migration of O, to Fey3?*, Fe,>" is oxidized to pump protons.
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of pH effects on the Cug structure are necessary for obtaining exper-
imental confirmation of the Cup function responding to the protona-
tion of HOH10, as proposed here.

These structural features have led us to propose a mechanism for
closure of the water channel, which is shown schematically in Fig. 6.
In Fig. 6A, the O, reduction site is in the fully reduced state, with
both of its metals (Cug and Fe,3) in the reduced state, under turnover
conditions. The channel is opened and heme a is likely to be in the
oxidized state. Protons are transferred from the N-side (as hydronium
ions) to the Mg-containing water cluster. When proton saturation is
attained in the cluster, the protonated HOH10 perturbs the coordina-
tion structure of Cug to increase O, affinity (Fig. 6B). Once O, is
trapped at Cug, the water channel closure is induced through the con-
formational relay system shown in Fig. 5, as follows (Fig. 6C): (i) The
plane of heme a; migrates; (ii) van der Waals interactions are altered
between the vinyl group of heme a5 and L381; and (iii) a bulge forms
at S382 when L381 moves to close the water channel. This process is
followed by O, transfer to Fe,3 (I-3), giving Fe,;>"-0, ", which read-
ily extracts electrons from heme a when it is reduced (Fig. 6D). The
heme a oxidation induces electrostatic repulsion against protons in
the storage site (Fig. 6D). This causes obligatory pumping of protons
to the P-side because the water channel is closed.

The present time-resolved analyses show that CO release from
Cug is not completely concerted with formation of the open structure.
Thus, the reverse process (CO binding to Cug) is unlikely to be tightly
coupled with formation of the closed structure. This is also the case
with respect to CO (and thus O,) binding to Fe,; because the relay
system including heme a;-L381-5382 is critical for coupling between
O, binding to Fe,; and the S382 structural change as in the case of the
coupling between O, binding to Cug and the S382 structural change.
The weak coupling between O, binding to Fe,; and S382 structural
change is likely to allow heme a oxidation to be initiated before
closure of the water channel, whereas binding of O, to Cug does
not induce heme a oxidation (I). Thus, although Cup/S382 coupling
is not completely tight, closure of the water channel by binding of O,
to Cug, before O, binding to Fe,; as in Fig. 6, provides effective block-
age against the backflow of protons for pumping.

Note that direct observation of the water channel structural
change process by the time-resolved x-ray structure analysis at high
resolution, which is enabled only by the present SF-ROX method (6)
using many large single crystals, shows the overall water channel
closure process of CcO starting from Cug migration to the bulge for-
mation at S382 as a time-resolved atomic event. The weak coupling
between Cup and S382 could not be identified by other methods
presently available than the time-resolved x-ray structure analysis
by XFEL.

MATERIALS AND METHODS

Experimental design

A newly developed SF-ROX method (6) using many large single
crystals was used in the present project because our previous static
x-ray structure analyses (5) strongly suggest that time-resolved x-ray
structure analyses at high resolution is prerequisite for understand-
ing the water channel closure mechanism of CcO. Furthermore,
because protein crystal packing is likely to influence the physiological
process in the protein, the time-resolved IR technique is applied for
monitoring the CO movements in CcO in the crystals under the
conditions of the time-resolved x-ray structure analyses.
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In contrast to various photoreactions of excitable chromophores,
such as p-coumaric acid (in photoactive yellow protein) and retinal (in
bacteriorhodopsin), spontaneous reversal of photolysis of heme Fe-CO
is essentially absent. Therefore, the quantum yield of the photolysis is
close to unity (14). Complete photolysis can be attained by increasing
the pump-pulse energy. The pump-pulse energy required for
complete photolysis was evaluated by visible absorption spectroscopy
of heme, which can quantitatively evaluate the photolysis of Fe,3-CO,
as described in the Supplementary Materials.

Setup for time-resolved IR spectroscopy on crystals
Time-resolved IR spectroscopy measurement on crystals was performed
at 4°C using a system developed based on a femtosecond IR laser (15).
Briefly, a femtosecond IR pulse was used as the light source, generated by
difference frequency generation with an optical parametric amplifier,
which was pumped at 1 kHz by the output of a Ti:sapphire oscillator/
regenerative amplifier system (Micra-5/Legend-Elite-HE+USP-III/
TOPAS-Prime-Plus, Coherent). IR spectra were recorded at 200 Hz
using a spectrograph (TRIAX 190, HORIBA Jobin Yvon) coupled to
a multichannel MCT (mercury cadmium telluride) detector array
and a boxcar integrator system (FPAS-0144-2424, Infrared Systems
Development). CO photolysis was induced (from one direction) by
the 4-ns, 532-nm output from a Nd:YAG (yttrium aluminum garnet)
laser (Minilite-II, Continuum) at 2 Hz, with a low energy of ~20 uJ
(<60% photolysis) to avoid photodegradation of the sample. At the
sample point, the pump beam diameter was ca. 300 um, and the probe
beam diameter was ca. 130 pm. The pump polarization was adjusted
to maximize the excitation efficiency. The pump-probe delay times
were controlled by a pulse generator (DG645, Stanford Research
Systems) with a timing jitter of +0.5 ns.

The spectra in the region from 1930 to 2090 cm™"' were mea-
sured on the {010} face of a P2;2,2; CcO crystal mounted in the
flow cell with a taper-shaped channel. To stabilize the CO-bound
form during data accumulation, the CO-saturated mother liquor
[40 mM sodium phosphate buffer (pH 5.7), containing 0.2% (w/v)
n-decyl-p-p-maltoside, 40% (v/v) ethylene glycol, and 8% (w/v)
polyethylene glycol 4000, supplemented with 7.5 mM sodium dithi-
onite, 5 mM glucose, 1 uM glucose oxidase, and 0.5 uM catalase]
was continuously flowed. The experimental results are given in fig.
S1. The machine accuracy was 6 cm™" for the determination of the
peak frequencies.

Setup for time-resolved visible absorption spectroscopy

on crystals

CO photolysis was induced (from one direction) by the 4-ns, 532-nm
pump pulse from a Nd:YAG laser (Minilite-II, Continuum) at 2 Hz,
whereas time-resolved spectra were measured at 20 Hz using a fiber-
coupled spectrometer (USB2000+, Ocean Optics) with a microsecond
white-light pulse from a Xe flash lamp (L7684, Hamamatsu Photonics).
The delay times were adjusted by a pulse generator (DG645, Stanford
Research Systems) with a timing jitter of 40 ns. The pump beam diam-
eter focused on the crystal was ca. 220 um, and the probe beam diam-
eter focused on the crystal was ca. 100 um. The pump polarization was
adjusted to minimize the excitation efficiency to gain insight into the
excitation efficiency under the challenging pump conditions.

The excitation efficiency was estimated by |AAgyo — AAsg| in the
time-resolved difference spectrum, compared with the value measured
from the static difference spectrum of the fully reduced form minus
the CO-bound form. The static spectra were measured during the
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preparation of the CO-bound CcO crystal, as follows: The resting
oxidized CcO crystal was first mounted in the flow cell with solution
1 [40 mM sodium phosphate buffer (pH 5.7), containing 0.2% (w/v)
n-decyl-B-p-maltoside, 40% (v/v) ethylene glycol, and 8% (w/v) poly-
ethylene glycol 4000]. [The resting oxidized CcO was prepared from
bovine heart muscle and crystallized as described previously (16).]
Then, solution 1 supplemented with 8.0 mM sodium dithionite, 5 mM
glucose, 1 M glucose oxidase, and 0.5 uM catalase (solution 2) was
flowed to generate the fully reduced form. After measurement of the
static spectrum of the fully reduced form, the CO-saturated solution 2
(solution 3) was flowed to generate the CO-bound form, and its static
spectrum was measured. The CO-bound CcO crystal was kept under
continuous flow of solution 3 during the time-resolved measurement.
Time-resolved visible absorption difference spectra of the heme in
CcO 50 ps after CO photolysis in the crystalline phase at 4°C with
various pump energies obtained under the above conditions are
shown in fig. S2.

Setup for time-resolved x-ray crystallography

The 4-ns, 532-nm output from a Nd:YAG laser (Minilite-I, Con-
tinuum) was used as the pump pulse for CO photolysis. The laser
(10 Hz) was synchronized with XFEL (10 Hz) through a pulse
generator (DG645, Stanford Research Systems) with a timing jitter
of £0.5 ns. An optical beam shutter (SHO05, Thorlabs) was placed in
the pump beam path and synchronized with the x-ray beam shutter,
both of which were opened by a trigger from the beamline control
software BSS (Beamline Scheduling Software) (17) when a diffraction
image was collected (“pump-on” data). During diffraction data col-
lection on the CO-bound form (“pump-off” data), the optical shutter
was kept closed.

To induce CO photolysis with a high yield close to unity in a large
crystal, the pump beam was divided into two beams using a 50:50 beam
splitter and focused onto the crystal from two directions (from the
front and back sides of the crystal) nearly along the x-ray axis (only
2° off). This pump geometry provided a high pump-photon density at
the pump-x-ray interaction volume in the crystal and was found to
enhance the excitation efficiency. A novel portable optical system,
coupled to a diffractometer, was used for the pump illumination.
The details of the optical system have been reported (18).

The same optical system was also used for on-line visible absorp-
tion spectroscopy by introducing a visible white light (from one direc-
tion) on-axis with the pump beam using a dichroic mirror. Static
visible absorption spectra were measured for all the crystals mounted
to the diffractometer, and only the diffraction data on the crystals
exhibiting the spectrum of CO-bound form, both before and after
the diffraction data collection, were used for structural analysis. The
pump and white light beams were focused on the crystal with ca.
200 and 100 um diameter, respectively. The pump energy was 200 uJ
(100 pJ from each direction) at the crystal, which produces 100% CO
photolysis efficiency.

The diffraction images were collected with and without pump laser
irradiation at 4°C. The diffractometer with some modifications from
its previously reported version was set up in EH4c/BL3 at SACLA
(SPring-8 Angstrom Compact free electron LAser) (18). As the mod-
ifications to accommodate the pump-probe experiment at 4°C, the
optical system described above was placed in the space surrounding
the crystal sample, and the cryostat was replaced with a crystal hu-
midity controller for the HAG (humid air and glue-coating) method
described below. The x-ray pulse parameters for the dark or the 100 ps
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and for the 20 ns were as follows: photon count at the sample po-
sition: 8.9 x 10'° photons, 9.3 x 10'° photons; pulse frequency: 10 Hz,
10 Hz; photon energy: 10.0013 keV, 9.9967 keV; photon energy
bandwidth: 0.4% [full width at half maximum (FWHM)] (43 eV),
0.4% (FWHM) (40 eV); beam size at the sample position: 4.8 (H) x
4.0 (V) um?, 4.2 (H) x 3.0 (V) um? shot-to-shot variation in pho-
ton energy: 0.1% (SD) (10 eV), 0.1% (SD) (10 eV); and shot-to-shot
variation in intensity at BM1: 14% (SD) (75 wuJ/530 uJ), 13% (SD)
(71 wJ/550 pJ). The data collection procedure was the same as de-
scribed for the previous XFEL experiment for damage-free crystal-
lography (6). The distance between each irradiation point was set to
50 um in the horizontal direction for any rotation angle. The ver-
tical step size was varied depending on the rotation angle to maintain
a 50-um distance between two neighboring beam footprints. The delay
times between irradiation of the pump laser and the XFEL pulses
were 20 ns and 100 us. Each set of pump-probe measurements was
conducted at <1 Hz so that photoproducts were not accumulated
during each measurement. During the diffraction data collection, the
crystal was maintained at 4.5° to 5°C and 98% relative humidity by
using the HAG method (19). The crystal was coated with 5% (w/v)
polyvinyl alcohol aqueous solution (an average polymerization de-
gree of 8000) containing 2% (w/v) ethylene glycol and 1% (w/v)
polyethylene glycol 4000. The diffraction data obtained without the
pump laser irradiation and at 20 ns and 100 us after the pump laser
irradiation were collected from 40, 24, and 43 crystals (0.5 mm in the
largest dimension), respectively.

XFEL data processing

Charge-coupled device (CCD) detector images without diffraction
patterns were identified using the DISTL program (20) and removed
before data processing. Bragg peak intensity integration, postrefinement,
and merging were performed using the cctbx.xfel program suite (21)
and the prime program (22), which are both included in the CCTBX
library (23). We modified some lines of code to suit our purposes as
described below (the modified version is available at https://github.com/
keitaroyam/cctbx_fork/tree/for_sacla_sfrox). Before integration, image
files were converted to pickle format using the modified version of
cxi.image2pickle, which marks the pixels belonging to instrumental
shadows for exclusion from integration. The mask of the shadows
was defined using XDS (24) with a manually specified area and XDS
functionality to detect beamstop shadows. The beam center coordinates
were prerefined by performing a grid search (dark and 100 ps) or by
using CrystFEL (25) (20 ns). For the dark and the 100 ps data, the beam
center coordinates and camera distance were optimized using the first
crystal by grid search by minimizing averaged root mean square devia-
tions between predicted and observed spot positions using the cxi.index
program. For the 20-ns data, beam center coordinates were optimized
using CrystFEL suite version 0.6.1. Randomly selected 100 images were
given to indexamajig with the indexing program of MOSFLM (26).
Geometric parameters including beam center coordinates were refined
by geoptimiser by minimizing the discrepancies between predicted spot
positions and observed ones. Peak search, indexing, and integration
were performed using cxiindex with maximum likelihood refinement
of mosaicity and mosaic block size (27). By-pattern resolution cutoff
was determined with criteria of I/(I) > 2.0, 2.0, and 1.5 for the dark,
the 100-s, and the 20-ns data, respectively (the program was modified
to accept user-defined resolution limit criteria). The known unit cell
dimensions and crystal symmetry were given to the program. All suc-
cessfully integrated intensities were given to prime.postrefine, which
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performed postrefinement and merged intensities by applying
calculated partialities. Polarization correction in prime was modified
to match our geometric setup. Because the prime program scales inten-
sities in each pattern by applying the estimated Wilson B-factor so that
all patterns have zero Wilson B values during postrefinement when no
external reference data were given, the merged intensities were scaled
using the averaged Wilson B value. B-corrected merged intensities after
the second (20 ns) or third (dark and 100 ps) macrocycle were used in
downstream structural analyses.

Structure determinations

Structure determinations of the three states were initiated by the
molecular replacement (MR) method (28). Initial phase angles of
structure factors up to 5.0 A resolution for each state were obtained
by using the fully oxidized structure previously determined at 1.5 A
resolution (PDB ID, 5B1A). The phases were extended to each highest
resolution by the density modification (DM) method (29) coupled
with noncrystallographic symmetry averaging (30, 3I) using the
CCP4 program DM (32). The resultant phase angles (0nr/pyv) Were
used to calculate the electron-density map (MR/DM map) with
Fourier coefficients |Fops| exp(ioyr/pm), Where |Fqp| is the observed
structure amplitude. Inspecting the electron density maps around
Asp®" of subunit T and the hydroxyfarnesylethyl group of heme a,
where the oxidized and the reduced CcOs have different conforma-
tions, it was confirmed that the phase extension procedure removed
the model bias from the map. The structural models built in the MR/
DM maps were refined using the REFMAC program. Bulk solvent
correction and anisotropic scaling of the observed and calculated struc-
tural amplitudes and Translation/Libration/Screw (TLS) parameters
were incorporated into the refinement calculation. Because two
monomers in the asymmetric unit show different bulk motion (33),
each monomer was defined as a separate TLS group in the refine-
ment calculation. The individual anisotropic temperature factors
for the iron, copper, and zinc atoms were imposed on the calculated
structure factors. In the refinement, CO bond length was constrained
without restraint being imposed on the distances between CO and
two metals of Fe,; and Cug. Statistics of the structure refinements are
listed in table S3.

Two water molecules (Water 1 and Water 2 in Fig. 2A) near the O,
reduction site that are highly stable in any bovine CcO crystal have
been successfully used as internal standards for quantifying the elec-
tron densities of the metal ligands in the O, reduction site (5). These
two water molecules were excluded from the initial stage of refinement
calculation to estimate the reliability of electron density of the Fyps-Feaic
map. Figure 2A shows Fops-Fac electron density maps drawn at the
3.0 level for the structures measured at dark and the 20-ns and
100-ps structures after CO photolysis. Peak heights of the Fp,s-Fqc elec-
tron density maps are listed in table S1. The electron density close to
heme a5 is assigned as CO bonding to Fe,; with a C-Fe distance of
1.88 A, and the distance between Fe,; and Cug is 5.32 A in the structure
measured at dark. The structure of the O, reduction site is essentially
identical to that of CO-bound reduced CcO at 280 K (PDB ID, 3AG1),
of which C-Fe,; and Fe,3-Cug distances are 1.85 and 5.37 A, respec-
tively. The electron density map of the 20-ns structure indicates that
CO is coordinated to Cug in a side-on fashion, and Fe,;-Cug distance
is 5.00 A. The lower electron density of the bound CO in the 20-ns
structure compared with that of the structure measured at dark
corresponds to a higher temperature factor of the bound CO in
the 20-ns structure relative to that of the structure determined at
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dark because the IR results given in fig. S1 strongly suggest complete
CO saturation at Cug at 20 ns. The electron density between Fea; and
Cug decreases to 1.56 in the 100-us crystal. The peak height is 99% of
the averaged peak height of the reference water molecules in the 20-ns
crystal, whereas that in the 100-us crystal is 22% of the averaged peak
height of the reference water molecules. The observation of electron
density of the 100-us structure with 23% CO occupancy of that in
the 20-ns structure is consistent with the IR results shown in fig. S1,
suggesting 24% occupancy of CO in the 100-us structure after photol-
ysis. Structure refinement with 30% occupancy of CO close to the Cug
site converged to an averaged B-factor of CO to 40 A% which is 1.5-fold
higher than that of Cug, as is that of the 20-ns crystal. The CO presence
of 24% estimated from the IR data is consistent with the x-ray analysis
of the 100-ps crystal.

Structures of the helix X (residues 371 to 400 of subunit I) of the
dark and 20-ns structures were converged to that of the fully oxidized
CcO, whereas that of the 100-us structure had multiple conformations
consisting of the closed and open structures. The residues S382 and
M383 of the dark and 20-ns structure are in an o-bulge structural
feature, which is also visible in the resting oxidized CcO and the
CO-bound reduced CcO at 280 K. V380 of the ligand-free fully re-
duced CcO is in the a-bulge structure. Fops-Fy difference electron
density maps for the 100-ps crystal calculated with the helix X
structures of S382, M383-bulge type (closed) or V380-bulge type
(open), have significant electron densities corresponding to the helix
X structures of the open or the closed type, respectively (Fig. 4).
Imposing mixed structures on the residues from 380 to 384 of helix
X with different ratios of the open and closed conformations, we con-
ducted structure refinements under constraining of the structures of
residues 380 to 384. The averaged B-factors of these residues are listed
in table S4 for the different ratios of the open and closed structures.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/7/e1603042/DC1

text S1. A proton pumping mechanism proposed for bacterial CcOs.

text S2. Comparisons of the proton pump mechanism of CcO proposed by x-ray structure
analyses with the proton pump mechanism proposed on the basis of charge and proton
translocation analyses.

text S3. Time-resolved IR analyses in the single crystalline state.

fig. S1. CO ligand dynamics initiated upon CO photolysis of CcO in the crystalline phase at 4°C.
fig. S2. Time-resolved visible absorption difference spectra of the heme in CcO 50 ps after CO
photolysis in the crystalline phase at 4°C with various pump energies.

table S1. The peak height of CO molecule at O, reduction site.

table S2. Structural comparison for heme as and Cug.

table S3. Statistics of intensity data collection and structure refinement.

table S4. Averaged B-factors of the residues from V380 to G384.
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