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Abstract

Cytochrome c oxidase (CcO) is an essential enzyme in mitochondrial and bacterial respiration. It
catalyzes the four-electron reduction of molecular oxygen to water and harnesses the chemical
energy to translocate four protons across biological membranes, thereby establishing the proton
gradient required for ATP synthesis®. The full turnover of the CcO reaction involves an oxidative
phase, in which the reduced enzyme (R) is oxidized by molecular oxygen to the metastable
oxidized Ow state, and a reductive phase, in which Ow is reduced back to the R state. During each
of the two phases, two protons are translocated across the membranes?. However, if On is allowed
to relax to the resting oxidized state (O), a redox equivalent to Ow, its subsequent reduction to R
is incapable of driving proton translocation®3. How the O state structurally differs from On
remains an enigma in modern bioenergetics. Here, with resonance Raman spectroscopy and serial
femtosecond X-ray crystallography (SFX)*, we show that the heme a3 iron and Cug in the active
site of the O state, like those in the On state>®, are coordinated by a hydroxide ion and a water
molecule, respectively. However, Y244, aresidue covalently linked to one of the three Cug ligands
and critical for the oxygen reduction chemistry, is in the neutral protonated form, which
distinguishes O from On, where Y244 is in the deprotonated tyrosinate form. These structural
characteristics of O provide new insights into the proton translocation mechanism of CcO.

Main

Mammalian CcO is a large integral membrane protein comprised of 13 subunits. It contains four
redox active centers, Cua, heme a, and a heme as/Cusg binuclear center (BNC) (Fig. 1A). Molecular
oxygen binds to the heme az iron in the BNC, where it is reduced to two water molecules by
accepting four electrons from cytochrome ¢ and four protons (the “substrate” protons) from the
negative side (N-side) of the mitochondrial membrane (Fig. 1A). The energy derived from the
oxygen reduction chemistry is used to drive the translocation of four protons (the “pumped”
protons) from the N-side to the positive side (P-side) of the membrane!’. Strong evidence suggests
that the substrate protons are delivered to the BNC via the D and K-channel (see Extended Data
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Fig. 1), while the pumped
protons are translocated via the
D-channel®° or the H-channel!
through a putative proton
loading site (PLS) located
between the heme az propionates
and a Mg?* center!?-15,

The oxygen reduction reaction
catalyzed by CcO has been well-

characterized®16-2°, As
illustrated in Fig. 1B, the
reaction is initiated by O

binding to the reduced enzyme,
R, to generate the primary Oo-
complex (A). Upon accepting 2
electrons and 2 substrate protons
into the BNC, A is converted to
the oxidized Ow state, via the P
and F intermediates. This
oxidative phase of the reaction is
followed by the reductive phase,
where Own is reduced back to R
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Fig. 1. Oxygen reduction reaction catalyzed by bCcO. (A) Schematic illustration
of the four redox active metal centers in bCcO and the electron and proton transfers
associated with the Oz reduction reaction. The entry of Oz and four substrate protons
into the BNC, as well as the release of the product water molecules out of it, are
indicated by the blue arrows. The associated entry of four electrons into the BNC
and the translocation of four pumped protons across the membrane are indicated by
the green and red arrows, respectively. The putative PLS between heme az and the
Mg center is highlighted by the light blue background. (B) The overall Oz reduction
reaction and the associated mechanism. The P intermediate is a general term for the
Pwm and Pr intermediates. The entry of the electrons and substrate protons into the
BNC and the release of the product water molecules are indicated in each step of the
reaction as described in the main text. The coupled proton translocation reactions are
indicated by the white arrows. If the On intermediate produced at the end of the

via the En intermediate, by
accepting two additional
electrons and 2 substrate protons
into the BNC. During the reaction cycle, each time an electron and a substrate proton enter the
BNC, a pumped proton is translocated across the mitochondrial membrane, as indicated by the
white arrows. Intriguingly, if the metastable Ow state is allowed to relax to the resting O state, its
reduction to R, unlike the Ox —R transition, does not drive proton translocation??, despite the fact
that O and Ow are redox equivalents.

oxidative phase is allowed to relax to the resting O state, its reduction to R does not
support proton translocation.

The structural properties of Ow, distinguishing it from the O state, have been elusive. Time-
resolved resonance Raman spectroscopic studies of bovine CcO (bCcO) revealed that the heme a3
iron in the BNC of the Own state is coordinated by a hydroxide ion>®, as evidenced by its
characteristic vre-on Stretching mode at 450 cm™. In contrast, a comparable vre.on band has never
been identified in the O state. As such, it has been thought that the inability of the O state to drive
proton translocation is at least a partial result of a unique BNC ligation state'®2%?1. The crystal
structure of On has not been determined, while those of O have been reported for various
homologues?>?* of CcO. It is clear that, in the O state, strong electron density associated with
exogeneous ligand(s) is present between heme as and Cug in the BNC,; its assignment, however,
is controversial. The BNC ligand was first assigned to a peroxide ion bridging the two metal
centers?>?°, but the best fitted O-O bond distance is much longer than that of a typical ferric
peroxide species (~1.48A). Furthermore, it is uncertain how the peroxide is formed and why it
is stable under the equilibrium conditions. Consequently, alternative assignments have been
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considered. Based on theoretical perspectives, the BNC ligand has been proposed to be a
dioxygen?® or a water molecule?’. In contrast, based on structural studies, the ligand in bCcO (PDB
ID: 7TIE)?® and R. sphaeroides CcO (PDB ID: 2GSM)?® has been assigned as a water and a
hydroxide coordinated to the heme az and Cus, respectively; although the O-O distance between
the two ligands (~1.9-2.0 A) is too close for a typical H-bond.

Recently, it was recognized that macromolecular crystallographic structures obtained with intense
synchrotron light sources at cryogenic temperatures often suffer from radiation damage problems,
in particular for proteins containing redox sensitive metal centers?®-L. It has been shown that, in
the O structure of bCcO acquired with a typical synchrotron light source, all the four redox active
metal centers were reduced, although its polypeptide scaffold remained in a native-like
conformation?®32, Accordingly, new approaches, such as SFX* have been developed and
employed to overcome the radiation damage problems. With SFX, the diffraction patterns of
randomly oriented microcrystals suspended in a solution jet are collected sequentially with an X-
ray free electron laser (XFEL) before they are destroyed by the intense femtosecond laser pulses.
As such, radiation damage-free structures can be obtained at room temperature. Using SFX,
Branden and coworkers obtained a radiation damage-free O structure of the baz oxidase from
Thermus thermophilus, based on which it was concluded that the electron density in the BNC was
best modeled by a ligand with a single oxygen atom, either a water or a hydroxide ion?*. Likewise,
we have used SFX to determine the radiation damage free O structure of bCcO33; however, we
found that it required two oxygen atoms to account for the ligand electron density in the BNC,
although the resolution (2.9 A) was insufficient to clarify the identity of the ligands. On the other
hand, Yoshikawa et al employed a different point-by-point scanning approach, using an XFEL as
a light source, to circumvent radiation damage problems, based on which the BNC ligands of the
O derivative of bCcO were assigned as two co-existing peroxide moieties®*. Despite these and
other efforts, no consensus on the ligand identity has been reached to date. Here, we sought to
clarify the structural properties of the O derivatives of bCcO by using a combination of resonance
Raman spectroscopy and SFX.

Identification of the heme az ligand by resonance Raman spectroscopy. To determine the identity
of the heme as iron ligand, we carried out resonance Raman spectroscopic studies in free soluton.
The 413.1 nm output from a krypton ion laser was selected as the excitiation light source to
selectively enhance the signals associated with heme as. We reasoned that if the heme asz iron
ligand is a water or a hydroxide ion, it should be able to be exchanged with the solvent water
molecules. Accordingly, we incubated the resting O derivative of bCcO in isotope-substituted
H'®0 buffer for 12 hours to ensure complete solvent exchange prior to the resonance Raman
measurements. To prevent photoreduction, the laser power was kept low (~5 mW) and the spectral
acquisition time was kept short (3 mins); in addition, the spectra from 6 fresh samples were
acquired and summed to improve the signal-to-noise ratio of the spectrum. As a comparison, the
spectrum of O in naturally abundant H2'®O buffer was obtained in the same fashion.

As shown in Fig. 2, an oxygen isotope sensitive band was identified at 451 cm™ in the H,*0
buffer, which shifted to 428 cm™ in the H2'80 buffer. The isotopic shift of 23 cm™ is consistent
with the theoretical shift of a Fe-OH- stretching mode (vre-on) (24 cm™), indicating that the heme
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az iron ligand of the resting O state is a hydroxide
ion. It should be noted that, this solvent isotope
sensitive mode was not detected in prior studies®,
possibly due to the complications resulting from laser
induced photodamage®®. The vee-on mode is identical
to that found in the Own state>®, suggesting that the
BNC ligands in O and Ow are the same, contrary to
the common belief that they are distinct.'®202% |t is
noteworthy that this Fe-OH" stretching frequency
(451 cm™) is remarkably low as compared to those of
other ferric heme species (~490-550 cm™)%,
indicating an unusually weak Fe-OH" coordination
bond. Hydroxide is generally a strong field ligand for
ferric heme iron, which is associated with a strong Lo, 2 Fesonance Raman specirym of the O state of
' cO in H20 (black) versus H2'®O (red). The H2*0O-
Fe-OH bond aqd a low spin electronic configuration. thi:]o giftfterenc_lg hspectrum (expa_l?[fjed bygfqldz r:s snol\gvg
However, previous resonance Raman® and electron %1 e The oo st e he o
paramagnetic  resonance (EPR)37 SPEectroscopIC  H,!80 sample is assigned to the vre-on mode.
studies revealed that the heme as in the O state, like
that in the Ow state, has an unusual high spin configuration. We attribute the weak Fe-OHbond
and unique high spin configuration of the heme as to a strong H-bond between the hydroxide ligand
and its surrounding environment, as that detected in a hemoglobin from M. tuberculosis, which
exhibits a similar low Fe-OH- stretching frequency (454 cm™) and a high spin electronic
configuration due to a H-bond between the hydroxide ligand and a nearby tyrosine residue®. The
presence of a strong H-bond to the hydroxide ligand in the BNC of bCcO is supported by the
structural data discussed below.

H,160-H,1%0
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Determination of the structure of the O state by SFX. For the SFX measurements, microcrystals
of bCcO were prepared in the resting O state using a previously reported protocol®. To ensure the
homogeneity of the O state, the microcrystals were reduced under anaerobic conditions and then
allowed to turn over by exposing to Oz and subsequently relax back to the O state by incubating
overnight in a stabilizing solution. The suspension of the microcrystals was loaded into a gas-tight
syringe and injected into the XFEL beam as a free solution jet with a single capillary MESH
injector®®4°. The XFEL beam, perpendicular to the solution jet, was directed into the tip of the
Taylor cone formed at the output of the MESH injector. X-ray diffraction was collected for
approximately 2 hours, from which 84,736 indexable diffraction patterns were selected for
structural analysis. The structure was solved and refined to a resolution of 2.38 A (Extended Data,
Table 1). The structural markers for the oxidation states of the four redox centers confirm that the
enzyme is in the fully oxidized O state (Extended Data Fig. 2).

Structural characterization of the BNC. In the Fo-Fc electron density map associated with the

SFX data (Fig. 3A), a large 2-lobe electron density is evident in the BNC, indicating the presence

of ligands coordinated to heme as iron and Cus. As guided by the resonance Raman data (Fig. 2),

we modeled the heme az ligand density with a OH™ ion (Fig. 3B). In addition, we modeled the Cug

ligand density with a water molecule, as the coexistence of two negatively charged hydroxide ions

in the BNC is expected to be energetically unfavorable. The occupancy of the ligands is confirmed
4
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by the polder maps shown in Fig. 3C. The Fe-OH", Cug-H20 and Fe-Cug bond lengths, which were
unrestrained during the refinement, are determined to be 1.90, 2.14 and 4.74 A, respectively. The
0-0 distance between the two oxygen ligands is 2.53A, which is shorter than a typical H-bond,
but is consistent with a strong low-barrier H-bond*'#2, This strong H-bond between the two ligands

plausibly weakens the ligand field
strength of the hydroxide and \
destabilizes the Fe-OH™ bond, A
thereby accounting for the high spin
electronic configuration and the low
Fe-OH stretching  frequency
revealed by the spectroscopic
studies. Taken together our data
demonstrate for the first time that
the heme as iron and Cug in the O
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Fig. 3. Electron density maps of the BNC in the O state of bCcO. (A) The
Fo-Fc electron density map (contoured at 7.0 o) showing clear 2-lobe electron

state, like those in the On state, are density associated with the BNC ligands. (B) The 2Fo-Fc electron density map
coordinated by a hyd roxide ion and (contoured at 2.5 o) obtained with the electron density modeled with a hydroxide

) ion coordinated to the heme as iron and a water molecule coordinated to Cus.
a water molecule, respectively. (C) The Polder map (contoured at 7.0 c) associated with the BNC ligands.

Protonation state of Y244. Cug in the BNC is coordinated by three histidine ligands, one of which
(H240) forms a covalent bond with Y244 by a posttranslational modification (Fig. 4). It is well-
established that, during the catalytic reaction, Y244 temporarily donates an electron and a proton

to the heme az bound O to promote the O-O bond scission,

by forming a tyrosyl radical*, and that

its re-reduction to a tyrosinate and re-protonation back to its neutral protonated form are tightly
coupled to the ensuing electron and proton transfer processes%:4344,

Previously, with time-resolved SFX, we showed that, in the Pr intermediate, Y244 is in the
tyrosinate form*3. Next to the Y244, there is a water molecule within a H-bonding distance from
the oxygen atom of the tyrosinate (indicated as W2 in Fig. 4A), which is not present in the reduced
R state (PDB IDs: 6NMF and 7THU) or the CO complex (PDB ID: 5W97, a structural analog of

(A) IIPR" X H240/// (B) lloll \ H240 //
Y244Q Cu, H291 v244 Y=/ Cug H291
( - 7 =
1316 o0 f ® 316 & .0 H290
Oo-@ == 7 = QWL o N aS

Farnesyl Farnesyl

Fig. 4. Protonation state of Y244 in the Pr (A) and O (B) states. The post
translationally modified Y244 forms a H-bonding network with the OH group
of the farnesyl side chain of heme as, a water molecule (W) and T316. In the
Pr state, an additional water, W?, is recruited into the BNC to stabilize the
tyrosinate configuration of Y244. This water is absent in the O state reported
here, as evident in the 2Fo-Fc electron density map (contoured at 1.0 ¢) shown
in the lower inset, signifying that Y244 is in the neutral protonated state. For
clarity the BNC ligands are not shown. The oxygen atom and hydrogen atoms
are shown as red and white spheres.

5

the A state), where Y244 is in the
neutral protonated form. It suggests
that, in the Pr state, W? is recruited
into the BNC to stabilize the
tyrosinate configuration of Y244,
similar to the water rearrangement
induced by tyrosine deprotonation
found in a photosynthetic reaction
center from B. viridis*. Intriguingly,
our current work reveals that W2 is not
present in the O state (Fig. 4B),
signifying that Y244 is in the neutral
protonated form. Although the
structures of the F and Own
intermediates  have not  been
determined, infrared spectroscopic
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studies demonstrate that Y244 in both F and Ow, like that in the Pr intermediate, is deprotonated*,
indicating that during the Pr—F—Om transition, Y244 remains in the tyrosinate configuration.
This scenario is in good agreement with recent structural data showing the presence of W2 in the
mixed oxygen intermediates of bCcO?**6. Our current data further demonstrate that the On—O
transition is associated with the protonation of the tyrosinate (Y244).

The oxygen reaction cycle. With the clarification of the O structure, we propose a complete
reaction cycle of CcO as illustrated in Fig. 5. The reduced R state first binds O, to form the primary
oxy intermediate A, with a Fe**-O% electronic configuration*’. By accepting an electron and a
proton from Y244, the O-O bond in A is heterolytically cleaved, leading to the formation of the
putative Pm intermediate, where one oxygen remains on the heme as iron, in a ferryl (Fe**=0%)
configuration, and the other oxygen is coordinated to Cug as a hydroxide, while Y244 is converted
to a neutral tyrosyl radical. The entry of one electron into the BNC leads to the conversion of Pwm
to Pr, where the tyrosyl radical is reduced to a tyrosinate. The Pm—Pr transition is associated
with the entry of a new water (W2, not shown in Fig. 5 for clarity), which stabilizes the tyrosinate
configuration of Y244%. The subsequent entry of a substrate proton into the BNC further
transforms Pr to F, where the hydroxide ligand of Cus is protonated to a water, which strengthens
the iron-oxygen bond as evidenced by the shift of the frequency of the Fe**=0? stretching mode
from 785 to 804 cm™.* Finally, the entry of an additional electron and a substrate proton into the
BNC converts F to On, where the Fe**=0? moiety is reduced to the Fe**-OH" species>®“, During
this oxidative phase, one pumped proton is translocated during each of the Pr—F and F—On
transitions (as indicated by the

white arrows) and, throughout the el N el

Pr—>F—Ou transformation, Y244 6” -

. . . A
remains in the tyrosinate form. $ o

>C\u/az* \YZM
In the ensuing reductive phase, an kz,..z °”»'(|,sz°' P,
additional electron and a substrate . \ Feos™
proton enter the BNC, leading to the e - m i
conversion of On to EnH, where Cug N / 2 \ e /””“\

is reduced from the cupric to

02'
cuprous state and the hydroxide @n £@
7~100 ps

H240

ligand of the heme as is protonated

to a water. At the same time, the T>3os

water ligand of Cug is released out i "”‘"‘S (.\UB““"

of the BNC. The entry of another Y we s HOH o—F
electron and a substrate proto_n into /:l\':H OZ_M Qﬂ}
the BNC leads to the conversion of ?H‘ 0,

En to R, where the heme az iron is Few™

reduced from the 1_‘err|c _tO ferrous Fig. 5. Hypothesized ligand transformation in the BNC during the CcO
state and its water ligand is released reaction cycle. The oxidative and reductive phase of the reaction cycle are

out of the BNC: at the same time the highlighted with green and blue backgrounds, respectively. The white arrows
’ indicate the proton translocation reactions associated with the reaction cycle.

tyrosinate is protonated back to its The Jifetimes associated with the Pr—sF, F—On and On—O transitions are
neutral form. During this reductive indicated in red.


https://doi.org/10.1101/2023.03.20.530986
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.530986; this version posted March 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

phase, one additional pumped proton is translocated during each of the On—EHn and EHn—R
transitions. Under electron deficient conditions, the On intermediate produced at the end of the
oxidative phase can spontaneously and slowly relax to the resting O state®. Our current data
revealed that during the On—O transition, the tyrosinate ('Y244) is protonated to the neutral form,
leading to the dissociation of the W? that stabilizes the tyrosinate, while the BNC ligands remain
unchanged.

Implications on proton translocation. It has been shown that the entry of the first two substrate
protons into the BNC, associated with the Pr—F and F—Ow transitions, is mediated by the D-
channel and occurs rapidly (within ~100 ps and 1.5 ms, respectively) *. Similarly, the entry of the
other two substrate protons into the BNC, associated with the On—En and En—R transitions, also
takes place quickly (on the submillisecond time scale), although it is mediated by a different
channel, the K-channel®. In sharp contrast, the off-pathway Ox—O transition is sluggish and does
not reach completion until ~30 s, suggesting that the tyrosinate (Y244) is likely protonated by an
adventitious proton from its surrounding environment, rather than a substrate proton from the K-
channel.

Based on the electroneutrality principle proposed by Rich et al*®!, during the catalytic reaction,
the entry of each electron into the BNC (see the green arrows in Fig. 6A) is charge-compensated

by the entry of one substrate proton
Cytc

from the D or K-channel (blue (A o H* (B) - W
arrows). The redox energy thereby ) ) 4
derived is then used to drive the pside . v pside , Amg N 124
release of a pumped proton into the f os” ca ‘g _Y' ( c ;’& Y
P-side of the membrane (I’Ed Heme a —p Hen?e 03Y Heme aF_’tS' Helrjrl\;e ag,YH

arrows) from the PLS, which is BNC
preloaded with the pumped / V \ / V \
proton(s) via the D or H-channel. . B P

As illustrated in Fig. 5, Y244 in all ) ( ( )
the intermediate states active in N-Side N-Side "

R H+ H*/ H* H* H* H*/H*
proton translocation (Pr, F, O, / /

P Fig. 6. Functional role of Y244 during the CcO reaction cycle. (A) During the
and EH) is in the deprptonated active turnover, Y244 cycles between the neutral form (YH), tyrosyl radical form
tyrosinate form, suggesting that (Y*)and deprotonated tyrosinate form (Y-) as depicted by the blue cycle. In all
the premature protonation of the the intermediate states active in proton translocation, Y244 is in the Y~ form (in

. . red), which ensures the tight coupling of electron transfer (green arrows) and

tyrosinate (Y244) during the substrate proton transfer (blue arrows), via the D and K-channel into the BNC, to

ransition. with h drive the proton translocation (red arrows) via the D or H channel from the N to

_OH_>O transition, . thout  the P-side of the membrane. (B) The protonation of the tyrosinate to the YH form
input of any electron into the BNC,  (red) in the O state disables the proton translocation upon its reduction to R.

perturbs the charge balance in the

BNC of the O state, thereby disabling its ability to release pumped protons out of the PLS upon its
reduction (Fig. 6B). This scenario aligns well with recent computational studies demonstrating the
importance of deprotonated forms of Y244 in modulating the energy landscape of the CcO reaction
to promote the coupling of the oxygen reduction chemistry to proton translocation®?.
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Conclusions. Previous studies reveal that O and On are redox equivalents, but only the latter, not
the former, is capable of translocating protons upon reduction. With a combination of resonance
Raman spectroscopy and SFX, we now clarify that the heme az iron and Cug in the BNC of the O
state, like those in the On state, are coordinated by a hydroxide ion and water, respectively; in
addition, we show that the post-translationally modified Y244 is in the neutral protonated form,
which distinguishes the O state from the Own state, where Y244 is in the deprotonated tyrosinate
form. Our data underscore the pivotal role of the deprotonated form of Y244, a residue fully
conserved in the CcO family of enzymes, in energizing the enzyme for proton translocation, as
supported by reported computational studies®.

Materials and Methods

Protein sample preparation. Bovine CcO was isolated from bovine hearts by a standard
procedure®***, In the final step of the purification, the enzyme was crystallized by concentration
on an Amicon concentrator equipped with a 200 kDa molecular cutoff filter. The crude crystals
were harvested and redissolved in 40 mM pH 6.8 phosphate buffer containing 0.2% decylmaltoside
to generate the protein stock for the resonance Raman measurements and microcrystal preparation
for the SFX studies.

Resonance Raman measurements. To prepare the sample in H2!0, a concentrated bCcO sample
(in 40 mM pH 7.4 phosphate buffer containing 0.2% decylmaltoside) was diluted by 10-fold with
H2'80 containing the same buffer and then incubated overnight prior to the resonance Raman
measurements. The final protein concentration was 30 uM. An equivalent sample in H2'0 was
prepared in the same fashion as a comparison. Resonance Raman spectra were obtained by using
413.1 nm excitation from a Kr ion laser (Spectra Physics, Mountain View, CA). The laser beam
was focused to a ~30 um spot on the spinning quartz cell rotating at ~1000 rpm. The scattered
light, collected at right angle to the incident laser beam, was focused on the 100 pum wide entrance
slit of a 1.25 m Spex spectrometer equipped with a 1200 grooves/mm grating (Horiba Jobin Yvon,
Edison, NJ), where it was dispersed and then detected by a liquid-nitrogen cooled CCD detector
(Princeton Instruments, Trenton, NJ). A holographic notch filter (Kaiser, Ann Arbor, MI) was used
to remove the laser scattering. The Raman shift was calibrated by using indene (Sigma).

It has been shown that high laser power can induce photoreduction linked artifacts in the resonance
Raman spectra of bCcO%, which prevented identification of the Fe-OH stretching mode in a prior
study®. As such, we kept the laser power low (~5 mW at the sample) and limited the laser exposure
time to 3 minutes for each sample to avoid photoreduction and photodamage. A total of 6 spectra
were acquired from fresh samples and averaged to improve the signal to noise ratio of the
spectrum. To assure that artifacts were not present, spectra of the H,'°0 and H,'®0 buffers alone
were obtained. It was confirmed that no isotopic differences in the 400 — 450 cm™ window were
detected.

Microcrystal preparation. The microcrystals were prepared with a previously reported method®.
The crystal growth was initiated by mixing the protein stock with the precipitant solution (0.2%
decylmaltoside and 2.5% PEG4000 in 40 mM pH 6.8 phosphate buffer) and a seeding solution
(prepared by crushing and sonicating large crystals in the mother solution). The microcrystals were
allowed to grow at 4° C for ~36 hours before they were harvested and characterized by polarized
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optical microscopy. The microcrystals have a planar shape with approximate dimensions of ~20 x
20 x 4 um. To obtain a homogeneous sample of the oxidized O crystals for the SFX measurements,
the microcrystals were reduced anaerobically by a minimum amount of dithionite in a glove box
and then thoroughly washed with the mother solution to remove excess dithionite and its oxidized
products. The reduced microcrystals were then exposed to O to initiate the enzyme turnover. They
were allowed to relax in a stabilizing solution (0.2 % decylmaltoside and 6.25% PEG-4000 in 40
mM pH 6.8 sodium phosphate solution) at 4 °C for ~24 hours prior to the SFX measurements.

SFX data acquisition and structural analysis. The SFX measurements were conducted at the
Macromolecular Femtosecond Crystallography (MFX) end station of the Linac Coherent Light
Source (LCLS) at the SLAC National Accelerator Laboratory. A bCcO microcrystal slurry was
loaded into a gas tight syringe and driven by a HPLC pump into a 100 um diameter capillary of a
Microfluidic Electrokinetic Sample Holder (MESH) injector,34% which has recently been
developed as a useful and reliable technique for delivering microcrystal slurries into the XFEL
beam®°. A high voltage (~+2500 V) was applied to the sample at the entrance of the capillary
against a grounded waste collector. It was used to electro-focus the microcrystal jet down to a
Taylor cone at the capillary output. The 10 keV / 30 fs pulses from the X-ray free electron laser
(XFEL) intersected the microcrystal slurry at the tip of the Taylor cone prior to its development
into a thin jet, as the jet was too unstable for data collection, while the thick region of the cone
gave too many multiple hits and a high background. The diameter of the XFEL beam was ~3 um.
The sample flow rate was set to ~3 pl/min. A series of diffraction patterns from randomly
orientated microcrystals were collected with a Rayonix MX340-XFEL CCD detector at a 30 Hz
rep rate.

The quality and hit rate of the SFX data were monitored in real time using OM®. The data were
collected for approximately 2 hours. Psocake®:®? was used to determine the initial diffraction
geometry and find crystal hits. CrystFEL’s indexing program was used to index the crystal hits®®%,
A total of 84,736 crystals were indexed. The initial structure was solved with molecular
replacement with Phaser-MR through the CCP4 program suite®® using a 1.9 A resolution structure
of bCcO (PDB ID: 7TIE) as the search model. Waters and BNC ligands were excluded from the
search model. Further model building was performed using Coot®®. Structure refinements were
done using Refmac5 and PDB-Redo®. The final structure was refined to a resolution of 2.38 A
(see Extended Data Table 1) (PDB ID: 8GCQ).
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