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Two independent structures of the proton-pumping, respiratory
cytochrome bo; ubiquinol oxidase (cyt bos) have been determined
by cryogenic electron microscopy (cryo-EM) in styrene-maleic acid
(SMA) copolymer nanodiscs and in membrane scaffold protein
(MSP) nanodiscs to 2.55- and 2.19-A resolution, respectively. The
structures include the metal redox centers (heme b, heme 03, and
Cug), the redox-active cross-linked histidine-tyrosine cofactor, and
the internal water molecules in the proton-conducting D channel.
Each structure also contains one equivalent of ubiquinone-8 (UQ8)
in the substrate binding site as well as several phospholipid mol-
ecules. The isoprene side chain of UQ8 is clamped within a hydro-
phobic groove in subunit | by transmembrane helix TMO, which is
only present in quinol oxidases and not in the closely related cy-
tochrome c oxidases. Both structures show carbonyl O1 of the UQ8
headgroup hydrogen bonded to D75' and R71'. In both structures,
residue H98' occupies two conformations. In conformation 1, H98'
forms a hydrogen bond with carbonyl O4 of the UQ8 headgroup,
but in conformation 2, the imidazole side chain of H98' has flipped
to form a hydrogen bond with E14' at the N-terminal end of TMO.
We propose that H98' dynamics facilitate proton transfer from
ubiquinol to the periplasmic aqueous phase during oxidation of
the substrate. Computational studies show that TMO creates a
channel, allowing access of water to the ubiquinol headgroup
and to H98'.

ubiquinone | heme—copper oxidoreductase | electron transport |
bioenergetics | proton pump

he proton-pumping heme—copper oxygen reductases serve as

the terminal enzymes in the aerobic respiratory chains of
most aerobic organisms and catalyze the four-electron reduction
of O, to water coupled to the generation of a proton motive
force. These transmembrane O, reductases are members of the
superfamily of heme—copper oxidoreductases (HCOs)' that also
includes nitric oxide reductases. There are three families of re-
spiratory heme—copper O, reductases (A, B, and C) with the
A-family, which includes the mitochondrial cyt ¢ oxidases, being
the largest and most extensively studied. Most of the A-family
HCOs use a ferrous cyt ¢ (cyt ¢,q) as a one-electron donor, with
four sequential one-electron reactions required to reduce O, to
2 H,0.

4cyte,, + O, + 8H;

n

24cytc, + 2H,0+ 4HY,.
Each electron delivered to the active site of the enzyme by the
oxidation of cyt ¢4 at a site on the outer (electrically positive)
side of the membrane results in the uptake of two protons from
the inside (electrically negative) surface of the membrane. One
proton (per electron) is consumed in generating H,O, whereas
the second proton is pumped electrogenically across the
membrane.
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A subfamily of A-family HCOs uses membrane-bound quinols
as the source of electrons in place of cyt ¢,y (1). The quinol
oxidases lack the docking site for cyt c,.4 as well as the Cun redox
center that is the initial site of entry of electrons in the cyt ¢
oxidases. In their place, the quinol oxidases have acquired a quinol
binding site exposed to the hydrophobic lipid bilayer which catalyzes
the two-electron oxidation of the quinol substrate, usually either
ubiquinol or menaquinol, near the outer surface of the membrane.
The natural substrate for Escherichia coli cyt bos is ubiquinol-8. The
oxidation of each quinol, therefore, releases two protons on the
outer, electrically positive side of the membrane (2-5).

20H, + O, + 8H;,220Q+2H,0+ 8H,,,.
As first reported by the Wikstrom group, the quinol oxidases also
generate a proton motive force and pump protons across the
membrane in the same way as do the cyt ¢ oxidases (6-8). Impor-
tantly, the quinol binding site stabilizes the one-electron-reduced
semiquinone state of the quinone, facilitating the oxidation of the
quinol in two one-electron steps. A major question has been to
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define the quinone binding site(s) that evolved to convert the cyt ¢
oxidase into a ubiquinol oxidase. There are several amino acid
residues that are conserved only in quinol oxidases as well as an
additional transmembrane helix in subunit I (TMO) that is only
present in quinol oxidases but not in the closely related cyt ¢ ox-
idases. Although many studies have been interpreted to indicate
that there are two ubiquinol binding sites, high affinity and low
affinity (9), recent data strongly suggests that there is only a single
binding site for ubiquinol in cyt bos (10, 11).

The structure of cyt bo; in 1% n-octyl-p-D-glucopyranoside
detergent was obtained by X-ray crystallography over 20 years
ago by Abramson et al. (12). Due to the presence of this harsh
detergent, phospholipids and ubiquinone are absent, and the
structure lacks about 25% of the total amino acid residues, in-
cluding TMO in subunit I. Resolution was limited to 3.5 A at best.
Nevertheless, the structure did reveal that several amino acid
residues that are conserved in ubiquinol oxidases were reasonable
candidates for interacting with the headgroup of the ubiquinol
substrate. This work was accompanied by extensive mutagenesis
studies.

Mutagenesis studies have confirmed the functional impor-
tance of R71" (superscript indicates subunit I), D75, and H98'
(12, 13). Subsequent spectroscopic techniques, particularly
pulsed EPR (electron paramagnetic resonance) analysis of the
ubisemiquinone radical stabilized at the binding site, have con-
firmed that these three residues interact with the UQS in addi-
tion to a fourth residue, Q101" that interacts very weakly with
the protein-bound ubisemiquinone (10, 14-18). The pulsed EPR
studies suggested that carbonyl O1 of the ublsemlqumone is
hydrogen bonded by both the carboxyl group of D75" and N; of
R71', whereas carbonyl O4 is hydrogen bonded to H98". Based
ona Q band ENDOR (electron nuclear double resonance) study
(14), the two hydrogen bonds to carbonyl O1 were predicted to
be out of the plane of the ubiquinone ring and on opposite sides.
This study also indicated that the hydrogen bond between D75"
and carbonyl O1 is far from optimal geometry, being perpen-
dicular to the ring of the quinone headgroup.

Recently, we reported (19) the crystal structure of the cyt aa;-
600 menaquinol oxidase from Bacillus subtilis, a close homolog of
E. coli cyt bos. The X-ray structure was determined using protein
in the presence of the relatively mild detergent n-dodecyl-p-D-
maltoside (DDM). The structure of cyt aa3-600 has similar res-
olution as the previously reported structure of cyt bosz, but the
equivalent portions of the protein missing in the cyt bo; structure
are present. In addition, menaquinone-7 is present but poorly
resolved. Of particular importance, subunit I TMO, unique to
quinol oxidases, is shown to form part of the quinone binding
site.

While preparing this manuscript, a cryogenic electron mi-
croscopy (cryo-EM) methods publication demonstrated that the
cyt boz structure could be codetermined together with other
proteins in the E. coli membrane using the “build and retrieve”
approach (20). The structure confirmed the previous biochemi-
cal prediction of the single UQS8 binding site (10, 14). However,
due to the poor density in the region of the UQS8 binding site,
details of how UQS8 interacts with its surrounding are not clear.
The resolution of the UQS8 binding site of the current two
structures provide detailed structural information of the protein
in two different states and, furthermore, resolve a number of
internal water molecules within the protein as well as detailed
protein-lipid interactions.

One structure (2.55-A resolution) in the current work was
determined using protein embedded in styrene-maleic acid co-
polymer (SMA) nanodiscs (21-25). The protein was extracted
from native E. coli membranes and purified in SMA rather than
traditional detergents. The second structure (2.19-A resolution)
reported here was determined using protein extracted from na-
tive E. coli membranes using the detergent DDM and then
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reconstituted with membrane scaffold protein (MSP) nanodiscs
(26-28) in a bilayer of POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-
(phospho-rac-(1- glycerol))) The structure of c;t bo; in MSP
nanodiscs was determined in the presence of Zn“" and reveals a
zinc binding site composed of four methionine residues con-
tributed by three different subunits. The third structure (2.20-A
resolution) reported by Su et al. (20) was also determined using
protein extracted from E. coli membranes using the detergent
DDM and reconstituted in MSP nanodiscs using extracted
E. coli lipids.

Both of the structures reported in the current work contain all
the expected features of an A-family HCO (i.e., a water-filled,
proton-conducting D channel, K channel, a low-spin heme, and
the heme—copper binuclear center. In each structure, the head-
group of the bound UQS is tucked in a pocket in subunit I be-
tween TMO, TM1, TM2, and TM3, with the hydrophobic tail
clamped by TMO to a hydrophobic groove formed by TM1 and
TM3, making clear the functional importance of this additional
transmembrane helix (TMO), which is only present in the quinol
oxidases. Computational studies confirm that the presence of
TMO hinders dissociation of the quinone from the protein but
also shows conformational flexibility of TMO that might facilitate
dissociation of the oxidized product on a longer msec timeframe
consistent with catalytic turnover. The two structures show that
H98' can form a hydrogen bond to carbonyl 04 of UQS in one
conformation and a hydrogen bond with E14' when its side chain
is flipped away. It is suggested that H98 dynamics serve to
shuttle protons from ubiquinol-8 via E14 to the bulk aqueous
phase upon oxidation of the substrate. Computational studies
reveal that the presence of TMO creates an aqueous channel
allowing hydration of the region around the ubiquinol head-
group. Water molecules are essential to allow proton diffusion
from the quinol headgroup to the bulk aqueous phase.

Results

A Layer of Structured Lipids Is Observed in the SMA-Purified cyt bo;.
Cyt bos was isolated using SMA, which extracts the protein in a
patch of native cell membrane. A set of 209,984 particles were
used to rebuild a map at 2.64- A resolution that best resolved a
thin layer of lipids around the protein. The lipids adjacent to the
protein are highly structured, as indicated by the well-defined
density of lipid acyl tails. The acyl tails are not strictly perpen-
dicular to the membrane interface but follow the protein contour
to interact with the hydrophobic sidechains of the protein (Fig.
1 A and B). A layer of lipids was also resolved in the cyt bos
solubilized using the detergent DDM and reconstituted into
MSP nanodiscs, and the layer is almost identical to that of the
SMA-purified protein. In each protein preparation, all four
subunits of the enzyme are resolved and are essentially in the
same conformation (Fig. 1 C and D).

Protein-Bound Phospholipids Observed in Both SMA-Purified and MSP
Nanodisc-Reconstituted cyt bo;. Both enzyme preparations revealed
well-resolved individual phospholipid molecules. Five PE (phos-
phatidylethanolamine) molecules are well resolved and modeled
in the SMA-purified cyt bos. Two PE molecules are in the groove
formed by TM0, TM1, and TM2 on the cytoplasmic side of the
protein below the binding site for UQS8. Three PE molecules are
buried in the crevice between subunit I and III, near TM13 and
TM14. These are shown in Fig. 24.

In the MSP nanodisc-reconstituted cyt boz, 12 phospholipid
molecules were resolved including 5 in approximately the same
locations as those resolved in the SMA-purified preparation of
the protein (Fig. 2B). The nanodiscs were reconstituted with POPG,
and all the phospholipids were modeled as phosphatidylglycerols in
cases where the headgroup could not be unambiguously identified.
Two PE molecules and a cardiolipin molecule, presumably carried
through from native E. coli lipids, are also observed.
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SMA-purified

Fig. 1. Overall structure of cyt bos. Side view (A) and top view (B) of SMA-purified cyt bos surrounded by a layer of native membrane lipids. The four subunits
are color-coded: subunit I (white), Il (blue), lll (green), and IV (wheat). Purple EM densities represent the structured lipids bound to the protein. Side view (C)
and top view (D) of cryo-EM structure of cyt boz in MSP nanodiscs. The four subunits are color coded: subunit | (white), Il (purple), Il (green), and IV (wheat). In

panel (C), the membrane is represented in gray.

Two Conformations of H98'. Residue H98' exhibits two confor-
mations in the structure of the SMA-purified cyt bos (Fig. 3C). In
conformation 1, H98' is hydrogen bonded to carbonyl O4 of
UQ8 (N, 2.4 A; Table 1), whereas in conformation 2, the im-
idazole sidechain has flipped and forms a hydrogen bond with
the carboxyl of E14' (N, 3.1 A; Table 1).

The structure of the MSP nanodisc-reconstituted cyt bo; is
similar to the SMA-purified cyt bos: in conformaion 1, H98' is
hydrogen bonded to carbonyl 04 of UQ8 (N, 2.3 A; Table 1),
whereas in conformation 2, the imidazole sidechain has flipped
and is 4.0 A from the carboxyl of E14' (Table 1 and Fig. 3C).

Both Structures Contain a Single Molecule of UQ8.

The hydrophobic quinone tail and TMO. Both the cryo-EM structures
reveal a groove formed by TMO, TM1, and TM2 that contains
one molecule of UQS at the periplasmic side and two phos-
pholipids bound at the cytoplasmic side (Fig. 34). In the SMA-
purified preparation of the enzyme, only five of the eight iso-
prene units in the hydrophobic tail are resolved. In the MSP
nanodisc-reconstituted cyt bos, the entire quinone tail is resolved.
The first five isoprene units of UQS8 in the MSP nanodisc—
reconstituted enzyme roughly overlap with those observed in the
SMA-purified enzyme preparation (Fig. 3C). Whereas the first
several isoprene units after the headgroup are directed perpen-
dicular to the plane of the membrane, the tail turns and runs
parallel to the plane of the membrane as it wraps around TM0 and
finally turns back toward the periplasmic surface. TMO largely
buries most of UQS (Fig. 3B). The hydrophobic tail of the UQ8
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wraps around and is clamped to the protein by TMO. The last
portion of the UQ8 tail sticks out of the protein and protrudes into
the membrane bilayer. Although two ordered PE lipids are bound
at the cytoplasmic side of the protein just below the UQS, there is
no direct contact between the bound UQS8 and bound PE on the
enzyme surface.

Both structures suggest that the binding of the substrate,
ubiquinol-8, and dissociation of the oxidized product, UQS,
would be facilitated by movement of TMO to release the ap-
parent clamp. Indeed, there is little direct interaction between
TMO and the rest of the protein that would serve to keep TMO in
place. The key interaction appears to be a likely hydrogen bond
formed between E14' and His98' that is observed in both the
MSP nanodisc-reconstituted and SMA-purified proteins (Fig. 3C).
The quinone headgroup. The quinone headgroup is located ~14 A
(center to center) from heme b, the electron acceptor for the two
one-electron oxidation steps to fully oxidize ubiquinol-8. Fig. 44
shows the relative positions in the SMA-purified cyt bo; of the
bound UQS8, heme b, and four residues that are known to in-
teract with the headgroup of the one-electron-reduced semi-
quinone state, R71%, D75, H98Y, and Q101" Comparing the two
structures of cyt bos, there are small but significant differences in
the position of the UQS8 headgroup and its hydrogen bonding
interactions with nearby residues (Table 1). Fig. 4 B and C show
the position of the quinone headgroup for the SMA-purified and
MSP nanodisc-reconstituted preparations of cyt bosz. In conforma-
tion 1 of the SMA-purified enzyme, UQS8 carbonyl O1 is near both
D75' (3.5 A) and R71" (N, 2.7 A and N,, 3.1 A), whereas H98' (N,)
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SMA-purified

MSP nanodisc-reconstituted

A .

@

Fig. 2. Each structure contains one equivalent of well-resolved UQ8 in the
substrate binding site as well as several phospholipid molecules. (A) Five
tightly bound PE molecules (red) that “glue” TMO, TM13, and TM14 to the
enzyme. (B) Comparison of lipids between those in the cyt bos EM structure in
MSP nanodisc (in red POPG, in brown PE, and in orange CDL) and those in the
structure in SMA-purified cyt bos (in blue PE). UQ8 is depicted in yellow for cyt
bo;s reconstituted in MSP nanodisc and in magenta for SMA-purified cyt bos.

is2.4 A from O4 of the UQS. The sidechain nitrogen of Q101" is 6.5
A from O4 of UQS, too distant to form a hydrogen bond. In ad-
dition, E14' is 4.4 A from H98' (N,) of conformation 1.

In the structure of the MSP nanodisc-reconstituted enzyme,
uaQs carbon}ll Ol is clearly hydrogen bonded to both D75 (3.4
A) and R71" (N,, 2.7 A and N, 3.0 A), while carbonyl O4 is
hydrogen bonded to H98' (N, 2.3 A) in conformation 1. How-
ever, as shown in Figs. 3C and 4C and Table 1, in conformation 2
of both enzymes, the orientation of the imidazole sidechain of
H98' precludes a hydrogen bond to O4 of UQ8 (7.7 A in MSP
nanodisc-reconstituted protein and 7.3 A in SMA-purified pro-
tein, respectively, from the imidazole N;). In conformation 2, a
hydrogen bond is plausible between the sidechain of E14' and N
of H98" (4.0 A in MSP nanodisc-reconstituted Iprotein and3.1 A
in SMA-purified protein). The sidechain Q101" is far from O4 of
UQS8 (7.2 A in MSP nanodisc-reconstituted protein and 6.5 A in
SMA-purified protein) in both structures.

Suggested Dynamics of the Transmembrane Helices at the UQS8
Binding Site. In addition to the different conformational states
of H98', there are some data suggesting larger conformational
flexibility of the helices comprising the UQS8 binding site. Four
maps rebuilt with four different three-dimensional (3D) classes
revealed significant conformational changes around the UQS8
binding site. The map rebuilt with the majority of the particles
(57%) has well-defined density of the bound UQS (SI Appendix,
Fig. S64) along with the nearby lipids and amino acid residues.
The other three maps display different degrees of low-density
region around the UQS8 binding site (SI Appendix, Fig. S6 B-D).
Together, low density in the alternate maps of the region of the
protein at the UQS binding site suggests that this region of the
protein has multiple conformations and may indicate dynamics of
the protein required to facilitate rapid binding and dissociation of
the quinone substrate/product at this site.

Histidine-Tyrosine Cross-Link and Internal Water Molecules. Both cyt
bojs structures have structural features that are found in struc-
tures of other A-family heme—copper oxygen reductases. All
heme—copper oxygen reductases contain a unique cross-linked
histidine—tyrosine cofactor at the active site. This is also observed
in all the cryo-EM structures of c]yt bos. SI Appendix, Fig. STA
shows the cross-link between H284" and Y288" in the structure of
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the SMA-purified cyt bo; superimposed on the structure of from
the aas-type cyt ¢ oxidase from Rhodobacter sphaeroides.

The A-family heme—copper oxygen reductases all contain a
proton-conducting D channel that contains a string of structur-
ally resolved internal water molecules that act as a proton wire
connecting the entrance of the D channel, D135 in cyt bos to the
branchpoint (E286" in cyt bo3). Beyond E286", protons taken up
by the D channel are directed either to the active site (chemical
protons) or to the proton loading site (pumped protons). The
cryo-EM structure from both enzyme preparations contains nu-
merous structurally resolved water molecules that include those
that help form the proton wire in the D channel. As in previous
structures of A-family heme—copper oxygen reductases, there is a
gap in the chain of water molecules at the so-called “neck” of the
D channel between N142" and N124'. The water chain within the
D channel from the MSP nanodisc-reconstituted preparation is
shown in SI Appendix, Fig. S7B.

A New Zn** Binding Site Is Shared by Subunits I, 1I, and IV. The
structure of the MSP nanodisc-reconstituted cyt boz was deter-
mined in the presence of Zn>*. This has revealed a Zn>* binding
site at the periplasmic surface of the protein that is not observed
in the SMA-solubilized enzyme. SI Appendix, Fig. S84 shows the
Zn** bound to four methionines—two from subunit IT and one
each from subunit I and subunit IV. Although no Zn** is present
in the structure of the SMA-solubilized protein, the four me-
thionines are present in the same location. SI Appendix, Fig. S§B
is a superposition of the structure of the SMA-purified enzyme

Fig. 3. Ubiquinone binding site. (A) A UQ8 in cyt bo; EM structure in MSP
nanodisc is bound in the groove formed by TMO, TM1, and TM2. The head
group of the ubiquinone is hydrogen bonded with residues R71' and D75'".
(B) Surface representation of a UQ8 molecule bound in the groove formed
by TMO, TM1, and TM2. (C) Superposition of the cyt boz EM structure in MSP
nanodiscs (yellow) and in SMA (green). In both cyt bo; structures, the density
of H98' indicates dual conformations, and “conformation 2" of H98' is likely
to form hydrogen bond with E14',
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Table 1.

Distances between key residues and between these residues and UQ8

MSP nanodisc- reconstituted
enzyme (conf. 2)

MSP nanodisc- reconstituted
enzyme (conf. 1)

SMA-purified SMA-purified
enzyme (conf. 1) enzyme (conf. 2)
H98' (N,) E14' 44 A 3.1A
H98' (N,) uQs (04) 24A 73A
R71' (N,) uQs (01) 2.7A
R71' (N,) uQs (01) 3.1A
D75' uQs (01) 35A
Q1o1' uQs (04) 6.5 A

8.6 A 4.0 A
23A 7.7 A
27A
30A
34A
72 A

Bold font indicates possible hydrogen bond.

on the Zn**
cyt b03.

binding site from the MSP nanodisc-reconstituted

Computational Studies Indicate That TMO Facilitates Hydration to
Protonatable Residues That Interact with UQ8. TMO, TM1, and
TM2 form a groove in which UQS binds to cyt bo; (Fi . 34) and
can hydrogen bond to residues R71%, D75', and H98" (Fig. 4 B
and C). Likely functional roles for these residues are to facilitate
the deprotonation of the ubiquinol-8 that must accompany its ox-
idation and to stabilize the ubisemiquinone intermediate as well as
to participate in the transfer of these protons to the bulk solution
surrounding the protein. The access of this region to water from
the bulk solution was explored using computational methods.
Molecular dynamics (MD) simulations of cyt boz and its mu-
tant ATMO, where TMO is removed, show that the mean number
of water molecules found along the groove, from HI8' to R71%, is
consistently higher for the wild-type enzyme than for the mutant
ATMO in which TMO has been removed (Fig 5A). Our simula-
tion results match the measurement us1n% Caver (29), which
shows that the size of the groove from H98' to R71" is larger in
the wild-type cyt bo; than in ATMO (Fig. 5C). The groove in the

A H98

heme b

heme o,

MSP nanodisc

- B SMA-purified C

ubiguinone

Fig. 4. UQ8 and key residues. (A) The UQ8 resides close to R71', D75', H98',
and Q101". The distance between the UQ8 headgroup and heme b is ~14 A
(center to center). (B) In the SMA-purified enzyme, H98' has two confor-
mations. The UQ8 is hydrogen bonded with R71', D75, and H98' (“confor-
mation 1”, N&). Q101" is 6.5 A from 04 of UQ8. H98' (“conformation 2”, Ng) is
hydrogen bonded with E14'. (C) In the MSP nanodisc structure, the UQ8
is hydrogen bonded with R71', D75', and H98' (“conformation 1“, Ng). Q101"
is 7.2 A from 04 of UQ8. H98' (“conformation 2", Ne) is 4.0 A from E14".
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vicinity of H98! serves as an entrance for water molecules from
the bulk solution. In the wild type, the radius for the groove near
H98' is around 0.65 A, which is much larger than 0.07 A found
for the ATMO mutant. One reason for this is that, in the absence
of TMO, phospholipid molecules from the surrounding bilayer
invade this region and greatly reduce the hydration in the vicinity of
the quinol headgroup. Thus, the MD simulations and Caver mea-
surements both suggest that the presence of TMO enhances the
hydration of the groove, particularly around H98' and the head-
group of the ubiquinol. This enhanced hydration is likely to facili-
tate the essential proton transfer from the ubiquinol-8 headgroup to
the bulk solution that accompanies oxidation of the quinol.

Computational Studies Indicate That Removal of TMO Facilitates UQ8
Exit from cyt bo;. Cyt bo; oxidizes ubiquinol-8 and pumps protons
across the membrane. For this process to run continuously, ox-
idized UQS needs to be released from cyt bos to the membrane.
The UQS8 binding pocket in cyt bo; can then be occupied by a
reduced ubiquinol-8 for the next round of electron transfer and
proton translocation.

MD simulations on the wild-type cyt bo; and its mutant,
ATMO, show that the presence of TM0 impacts UQS exit from
cyt bos. Our simulations show that the separation of UQS8
headgroup from cyt bo; in ATMO is, for most of the time, greater
than that in the wild type (Fig. 5D). Consistent with this obser-
vation, in ATMO, the distribution of the RMSD of the UQS8
headgroup with respect to its position in the UQS8 binding pocket
skews toward values higher than for the wild type (Fig. SE). The
mean RMSD measured for ATMO is 6.25 A, with a SD of 1.86 A
whereas the mean RMSD measured for the wild type is 3.60 A,
with a SD of 2.03 A. Thus, the peak of the RMSD distribution for
ATMO and that for the wild type, which both resemble a Gaussian
distribution, separate from one another for at least 1 SD. There-
fore, UQS is more mobile in ATMO than in the wild type.

The impact of TMO on UQS exist is also revealed by the
UQ8-protein interaction. Our MD simulations show that the
time evolution of the number of contacts between UQS8 and cyt
bos in ATMO is very different from that in the wild type. In
ATMO, the number of contacts between UQS and cyt bos slowly
decreases as UQS8 departs from the protein (SI Appendix, Fig.
S11A). In contrast, the number of contacts between UQS8 and cyt
bo; increases in the wild type (SI Appendix, Fig. S114). A
breakdown shows that the number of contacts between UQS8 and
cyt bos, excluding those made with TMO, stably fluctuates around
20 over the time of our simulation, whereas the number of
contacts between UQS8 and TMO increases over time (SI Ap-
pendix, Fig. S11B). This increase correlates with the slight in-
crease in the separation between the headgroup of UQS8 and cyt
bo; (Fig. 5D) and suggests that UQS is physically blocked by
TMO as it attempts to leave the groove region of cyt bo;.

Molecular visualizations (Fig. 5F) of the positions of UQS8
headgroups across MD simulations show that UQS8 slowly sep-
arates from wild-type cyt bo; and remains trapped in the groove
region with its headgroup increasingly pressed toward TMO. In
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Fig. 5. Impacts of TMO on the function of cyt bos. (A) The number of water molecules observed in the groove region of cyt bos and its mutant, ATMO,
averaged over respective MD trajectories. (B) Molecular visualizations of water molecules in the groove region of cyt boz and its mutant. The groove region
for the wild-type cyt bos is defined as the space formed among TMO (solid red), TM1 (solid orange), and TM2 (solid cyan). For ATMO, this region corresponds to
the water permeable space right outside TM1 and TM2. (C) Sizes of the groove regions measured by Caver. Caver uses beads with various sizes to probe the
dimension of any water permeable cavity, such as the groove region of cyt bos here. The maximum radius found among used beads along the groove region
for the wild type and that for ATMO are shown here as a metric for the size of the respective groove regions. (D) Separation of the headgroup of UQ8 from cyt
bos. The separation was being measured from the center of mass of TM1. Vertical separations parallel to the membrane normal was discarded. (E) Distri-
butions for RMSD of the headgroup of UQ8. (F) Molecular visualizations for the positions of the headgroup of UQ8. Here, snapshots along MD simulations are
overlaid on one another with the coloring follows the color bar below. For clarity, only the benzene ring of UQ8 is shown.
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contrast, a clear movement of the UQS8 headgroup away from cyt
bo; is observed for ATMO0. TMO impedes the exit of UQS8 from
cyt bos and hence could serve to stabilize the binding of the
reduced ubiquinol-8 substrate to cyt bos. Furthermore, the mo-
lecular simulations show that TMO is flexible and can tilt with
different angles with respect to the membrane normal (SI Ap-
pendix, Fig. S11 C and D). Thus, it is possible that, upon con-
formational changes of TMO, the oxidized UQS8 product of the
reaction can leave cyt boz within the timeframe of around 5 ms
for each catalytic turnover of cyt bo; with ubiquinol-8.

Discussion

The cyt bo; ubiquinol-8 oxidase from E. coli is a member of the A
family of proton-pumping heme—copper oxygen reductases. Most
enzymes in this large family of enzymes utilize reduced cyt ¢ to
provide electrons required to reduce O, to H,O. However, cyt
bos uses membrane-bound quinol as an electron source and
cannot use cyt c¢. The A-family quinol oxidases, including cyt bos,
evolved from the much larger group of cyt ¢ oxidases. The quinol
oxidases have “lost” the cyt ¢ docking site on subunit II as well as
the redox-active Cuy, in subunit II that shuttles electrons from cyt
¢ to the enzyme active site where O, is reduced. The quinol
oxidases have also gained the ability to directly oxidize reduced
quinol within the membrane bilayer. Cyt bos, for example, can
oxidize at least 200 ubiquinol-8 per second.

For many years it was thought that cyt bo; contained two
separate quinone binding sites, a high-affinity and low-affinity site.
However, recent biochemical studies indicate only one site (10), a
conclusion fully consistent with the structural data presented in
the current work. Previous work has demonstrated the following.

1. Interactions between cyt bo; and bound UQS stabilize the
one-electron-reduced ubisemiquinone state of UQS. The un-
paired electron in the semiquinone has been used to probe
hydrogen bonding between the ubisemiquinone and the
surrounding protein.

2. Mutations of R71%, D75", H98", and Q101" can eliminate en-
zyme activity and alter or eliminate the stabilization of the
semiquinone (9, 10, 12, 13). Spectroscopic studies (14-16)
indicate that the O1 carbonyl of the ubisemiquinone is h¥dro-
gen bonded to the sidechain of D75! and to N, of R71! and
that the O4 carbonyl is hydrogen bonded to N, of H98". The
interaction of Q101" with the ubisemiquinone is much
weaker, suggesting proximity but not direct hydrogen bond-
ing (15). The h¥dr0gen bonds between the O1 carbonyl to D75"
and N; of R71" are both out of the plane of the quinone ring
and are on ogposite sides of the ring (14). The hydrogen bond
between D75" and the O1 carbonyl is close to perpendicular to
the plane of the UQS ring.

3. Whereas mutations of R71Y, D75%, and H98! can eliminate
or reduce catalytic function and eliminate or alter the EPR
signal from the ubisemiquinone state, these mutations do not
result in dissociation of the bound UQS (10).

4. The quinone-analog inhibitor HONO binds stoichiometrically
to cyt bos at the same site as the headgroup of UQS8 and elim-
inates both catalytic activity and stabilization of the ubisemiqui-
none radical but does not displace the bound quinone (9).

The current structures provide explanations for the biochem-
ical and spectroscopic observations.

1. Both of the cryo-EM structures show a single UQS8 bound to
cyt bos. This is also the case for the structure recently reported
by Su et al. (20). There is no indication of the existence of a
second binding site for UQS as previously proposed (9, 11).

2. In both structures (Table 1), carbonyl O1 of the UQS8 head-
group is close to the carboxyl of D75" as well as the guanidi-
nium sidechain of R71" (both N, and N,)), consistent with the
hydrogen bonds between D75" and R71' (N,) to the bound
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ubisemiquinone carbonyl O1 indicated by spectroscopic stud-
ies. The hydrogen bonds to carbonyl O1 are out of the plane
of the quinone ring and are on opposite sides of the ring. As
predicted by ENDOR spectroscopy, the hydrogen bond be-
tween D75 and carbonyl O1 is nearly perpendicular to the
quinone ring, which is consistent with the structure from the
MSP-nanodisc preparation (14).

3. Inboth the cryo-EM structures, UQS is fully oxidized, and the
metal centers of the enzyme are also oxidized. The anionic
ubisemiquinone could and likely does interact differently with
the surrounding protein residues than either the fully oxidized
or fully reduced UQS8. The current work indicates, however,
that the structural changes that occur upon changing the re-
dox state of the quinone and/or protein are relatively small
and do not involve major changes in quinone location.

4. The hydrophobic isoprene sidechain of bound UQS is clamped
to the protein by TMO on one side and TM1 and TM3 on the
other side. As a result, mutations that eliminate the hydrogen
bonds between the protein and carbonyls O1 and O4 of the
UQ8 headgroup do not cause the dissociation of UQS from the
protein although function is eliminated (10).

5. The TMO clamp on the hydrophobic tail of UQS also explains
how inhibitors such as HONO can displace the headgroup of
UQ8 while the UQS8 remains bound to the protein (9). The
recently reported structure of the cyt bo; homolog B. subtilis
cyt aa3-600 bound to iodo-HQNO shows that this small molecule
inhibitor forms hydrogen bonds to the same residues that hydro-
gen bond to the quinone headgroup (19). The TMO clamp holds
the hydrophobic tail of UQS to the protein, preventing dissoci-
ation under the conditions of these experiments. This clamp-like
function of TMO is supported by computational studies.

6. The turnover of cyt bo; with ubiquinol-8 requires that the
reduced substrate must bind to the enzyme, get oxidized, and
dissociate as the oxidized product at least once every 5 ms.
From the structures reported here, it seems likely that the
substrate/product exchange would be facilitated by protein dy-
namics to open and close the protein clamp formed by TM1,
TM3, and most critically TMO0. Although not definitive, the
data from alternate cryo-EM maps suggest multiple conforma-
tions of this region of the protein, consistent with this proposal.
This suggestion is supported by MD studies that show confor-
mational flexibility of TMO in particular.

7. A Zn** binding site consisting of four methionines, M273",
M186", M189™, and M106", is located at the periplasmic sur-
face of the protein. M273%, M186", and M189™ are conserved in
the cyt aa3-600 menaquinol oxidase from B. subtilis, but none of
the methionines are conserved in cyt ¢ oxidases. Zn>* has been
shown to inhibit cyt ¢ oxidases as well as cyt bo; (30, 31). At low
concentrations, Zn>* is thought to inhibit enzyme reduction by
quinol or the coupled release of protons (from quinol oxidation)
but not affect proton uptake (32, 33). The structure suggests that
the Zn** may block the proton-exiting pathway in cyt bos.

8. Two intriguing findings in the current work are 1) the differ-
ent conformational states of H98' and 2) the likely hydrogen
bond between E14' and H98" when H98" is flipped away from
the bound quinone. E14' and H98' are located at the peri-
plasmic ends of TMO and TM2, respectively, and a hydrogen
bond between them might serve to tether the TMO clamp to
the rest of the protein, locking in the bound quinone.

We would like to speculate, however, that the mobile H98!
along with E14" may assist in the transfer of the protons from
ubiquinol-8 to the periplasmic bulk solution upon oxidation of
the quinol. H98' in conformation 1 is in position to take a proton
from the HO-4 hydroxyl of ubiquinol-8. In conformation 2, the
protonated imidazole of H98' could transfer its proton to the
carboxyl of E14' as part of a shuttle mechanism to facilitate
the release of protons to the bulk solution.
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A previous fourier transform infrared spectroscopy study
demonstrated that D75" becomes protonated upon full reduction
of the cyt bo; (17), consistent with proton transfer to D75" from
reduced ubiquinol-8 upon binding of the substrate to the protein.
According to this scenario, one-electron oxidation of anionic
ubiquinol-8 would be accompanied by transfer of the second
proton from ubiquinol-8 to H98', forming the anionic semi-
quinone which is stabilized by the cationic R71". As a result,
formation of the anionic ubisemiquinone upon the one-electron
oxidation of ubiquinol-8 results in the protonation of both D75
and H98". Transfer of the second electron from the bound quinol
forms the fully oxidized UQS8 product, which then dissociates
from the protein. The protons bound to both D75' and H98!
must be released to the solution before the next round of quinol
oxidation is initiated. This sequence of electron and proton
transfer is summarized below and also in SI Appendix, Fig. S10.

ubiquinol binding
1. D75'-COO™ + UQH, 2 D75"-COOH + UQH"
first electron transfer and formation of ubisemiquinone
2. Fejt ., + D75'-COOH + H98"-N, + UQH =2Fe;! .,
+D75!-COOH + H98.-N.H* + UQ™*
second electron transfer
+UQ ™" 2Fe ., +UQ
proton shuttle
4. H98'-N,H" + E14'-COO~ 2 H98"-N, + E14'-COOH
5. E14'-COOH + H,O(bulk water) 2 E14'-COO~
+H;0"(bulk water)

3. FeX*

heme b

proton transfer
6. D75'-COOH + H98"-N,2D75'-COO~ + H98'-N.H*
7. repeat steps 4 and 5

The flipping of H98' and proton transfer to E14' and subse-
quently to bulk solution is suggested as a proton shuttle mecha-
nism to facilitate release of protons to the periplasmic bulk
aqueous phase. Transfer of the proton from D75" to H98! for
subsequent transfer to the bulk solution (via E14") would require
water to enter between D75' and H98' to complete the pathway
for proton transfer. Computational studies show that water from
the bulk solution can access the region of the protein around the
quinone headgroup, which is essential for proton transfer to the
bulk accompanying oxidation of the quinol. TMO prevents phos-
pholipids from blocking the access of water to this region and
effectively helps form a water channel between the bulk and the
quinol headgroup. Both D75" and H98' are located on the same
side of the ubiquinone ring, so a water-mediated pathway from
proton diffusion between these residues appears reasonable. The
role of dynamics at the quinone site, both for substrate binding/
product dissociation as well as for proton transfer will require
further experimental and computational work to clarify.

Finally, a few remarks are justified in comparing structures of
the same membrane protein using two different biochemical ap-
proaches. The SMA copolymer avoids the use of traditional deter-
gents and results in a nanodisc containing the protein and associated
endogenous lipids. The MSP nanodisc-reconstituted protein is first
isolated using a traditional detergent. The choice of detergent de-
termines the extent of removal of endogenous lipids. The purified
protein is then reconstituted using exogenous phospholipids in
nanodiscs stabilized by the MSP protein. Both approaches yielded
structures with resolution of at least 2.55 A. The protein structures
are essentially the same using the two approaches.

It is also noteworthy that both structures contain numerous
bound phospholipids. The five PE molecules resolved in the
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SMA-purified cyt bos have corresponding bound phospholipids
in the structure of the MSP nanodisc-reconstituted protein.

Materials and Methods

Part I: For the SMA-Purified cyt bos,
Bacterial strain and growth conditions. Cyt bos is abundant in E. coli and nat-
urally has an affinity to Ni-NTA (nickel-nitrilotriacetic acid) resin. The enzyme
was expressed natively in the E. coli strain C43 (DE3). The cells were grown in
Luria broth medium at 25 °C under high aerobic conditions (2-L cultures in
6-L flasks). Cells grown overnight and were harvested by centrifugation at
5,000 x g for 10 min at 4 °C.
Membrane preparation and protein purification. Harvested cells were resus-
pended in a buffer containing 50 mM KH,PO,4 pH 8.0, 1 mM EDTA ( ethyl-
enediaminetetraacetic acid), and 1% protease inhibitor mixture (Sigma).
This suspension was passed five times through a microfluidizer at a pressure
of 15,000 psi to disrupt the cells. The cell extract was centrifuged at 48,000 x
g for 20 min to remove cell debris. Membranes were obtained after centri-
fugation at 180,000 x g for 4 h and stored at —80 °C. On the day of purifi-
cation, the membrane pellet was solubilized using the SMA copolymer SMA
3000HNA (styrene maleic acid copolymer ca. 3:1 molar ratio of styr-
ene:maleic acid) kindly provided by Cray Valley USA LLC (now Total Petro-
chemicals & Refining USA, Inc.). The SMA solution was added drop wise to a
final concentration of 1.0% (wt/vol) with gentle stirring. After incubation for
2 h at room temperature, the solution was centrifuged at 180,000 x g for
20 min to remove insoluble material. The supernatant was mixed with 2 mL
Nuvia IMAC Ni-Charged Resin (Bio-Rad) and incubated overnight at 4 °C with
gentle agitation. Following packing through a column, the resin was washed
twice with 30 mL buffer containing 50 mM Tris-HCl pH 8.0, 500 mM NaCl to
remove loosely bound protein. After elution with 50 mM Tris-HC| pH 8.0,
300 mM Nacl, and 200 mM imidazole, the peak fractions were pooled,
concentrated, and loaded onto an ENrich SEC 650 10 x 300 Column (Bio-Rad)
equilibrated with a buffer containing 20 mM Tris-HCl pH 7.5, 50 mM Nacl.
The purest and the most-concentrated fractions of cyt bos were concen-
trated to 7.5 mg/mL using a Millipore 100-kDa cutoff concentrator and used
immediately for cryo-EM grid preparation.
Cryo-EM grid preparation and data collection. Purified samples (3 pL) were applied
to a freshly glow-discharged 300 mesh Quantifoil R 2/1 gold grid and blotted
for 2.5 to 4 s using a blotting force of —5 at 8 °C and 100% humidity in a FEI
Vitrobot Mark IV (Thermo Fisher). Grids were plunge frozen in liquid ethane
and stored in liquid nitrogen. Data were collected at the West Campus Cryo-
EM Core at Yale University on a 300 keV FEI Titan Krios microscope. A Gatan
K3 summit camera with energy filter was used in counting mode, and 9,060
micrograph images were collected. Data collection was performed using a
dose of 65 e /A2 across 50 frames (60 ms per frame) at a dose rate of 15.1 7/
pix/s using a set defocus range of —1.2 to —2.0 um. A 100-um objective aperture
was used. Automated data collection was performed using SerialEM (34).
Data processing. Beam-induced movement of each micrograph was corrected
using MotionCor2 (35), and contrast transfer function (CTF) estimation was
calculated using Gctf (36). Initial 71,627 particles were picked from 1,000 mi-
crographs using autopicking and generated initial two-dimensional (2D) class
averages by RELION (37) as the templates for automatic particle picking of
the entire dataset by Gautomatch (https:/Avww.mrc-Imb.cam.ac.uk/kzhang/).
Finally, 2,961,445 particles were picked from 9,060 micrographs. Subsequent
data processing was carried out in cryoSPARC (38). An initial map of cyt bos
was obtained by ab initio 3D classification and used as a reference for the
multirefine procedure in cryoSPARC (38), producing intermediate maps of the
cyt bos structures. A total of 562,676 particles were used to refine the cyt bos
to 2.56-A resolution. Subsequently, two classes of particles were separated
from the 562,676 particles to construct maps to better resolve water molecules
in the proton conducting channel (Map 1) and bound lipids (Map 2) at 2.55-
and 2.64-A resolution, respectively. To study different states of the UQ8, the
separation of 562,676 particles was done again by focused classification on the
UQ8 region. Another round of 3D classification without an alignment was
used to generate four maps of different states of bound UQ8 (Map 3 to 6), as
shown in S/ Appendix, Fig. S1.
Model building, refinement, and validation. First, the 3.5-A crystal structure of cyt
bo;s from E. coli (1FFT.pdb) (12) was fitted into the map using University of
California, San Francisco Chimera version 1.13.1 (39), then side chains of the
model were manually adjusted using Coot according to the map. UQ8, lipids,
and waters were added manually and the model was refined with phe-
nix.real_space_refine (15) with geometric constraints.

Figures were generated using UCSF ChimeraX (40) and Pymol (The PyMOL
Molecular Graphics System, Schrédinger, LLC).
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Part II: For cyt bo; Prepared in MSP Nanodiscs.

Protein purification. E. coli BL21 Star (DE3) strain was grown at 20 °C in 2xYT
media after induction with 1 mM isopropylthio-p-galactoside. Bacteria were
collected and resuspended in 20 mM Hepes pH 7.5, 150 mM NadCl, and a
tablet of complete (EDTA-free) protease inhibitor (Roche). Cells were dis-
rupted by sonication, followed by a 20-min centrifugation at 18,000 x g. The
pellet was resuspended and incubated in cold 0.1 M Na,COs pH 11.0 for
30 min on ice, followed by a 30-min centrifugation at 100,000 x g. The
membrane pellet was solubilized in 20 mM Hepes pH 7.5, 150 mM Nadl,
20 mM imidazole, and 1% (wt/vol) DDM for 1 h at 4 °C. Insoluble material
was removed by centrifugation at 100,000 x g for 30 min. The solubilized
fraction was loaded onto a Ni-NTA column (Qiagen) preequilibrated with
20 mM Hepes pH 7.5, 150 mM NacCl, and 0.02% DDM. Proteins were eluted
with 150 mM imidazole in the same buffer.

The eluted proteins were incorporated into lipid nanodiscs with a 1:250:5
molar ratio of protein: POPG: membrane scaffold protein 1D1 (MSP1D1) and
1 mM ZnCl,. This mixture was incubated at 4 °C for 2 h with gentle agitation.
Reconstitution was initiated by removing detergent by incubating with Bio-
beads (Bio-Rad) at 4 °C overnight with constant rotation. Bio-beads were
removed, and the nanodisc reconstitution mixture was bound again to Ni-
NTA resin at 4 °C for 2 h to remove free nanodiscs. The protein was eluted
with 150 mM imidazole. The eluted protein was further purified by loading
on a Superdex 200 Increase 10/300 GL size-exclusion column (GE Healthcare
Life Sciences) in gel filtration buffer (20 mM Hepes pH 7.0 and 150 mM Nacl).

Purified protein nanodiscs were concentrated to 2.6 mg/mL using a

100-kDa concentrator (Amicon). A total of 3 uL of sample was added to a
glow discharged (PELCO easiGlow) 0.6/1-um holey gold grid (Quantifoil
UltrAuFoil) and blotted for 4 s using the Vitrobot system (Thermo Fisher)
before plunging immediately into liquid ethane for vitrification. The
plunger was operating at 4 °C with 100% humidity. Images were collected
on a Titan Krios electron microscope (FEI) equipped with a K3 direct electron
detector (Gatan) operating at 0.832 A per pixel in counting mode using the
Leginon software package. Data collection was performed using a dose of
58 e /A2 across 50 frames (50 ms per frame) at a dose rate of 16 e /pix/s,
using a set defocus range of —0.5 to —1.5 pm. A 100-pm objective aperture
was used. A total of 3,446 micrographs were collected.
Data processing. Movie frames of 3,446 micrographs were aligned using the
MotionCor2 algorithm as implemented in RELION3 (41). The motion-
corrected averages were denoised using JANNI, then particles were picked
from the denoised micrographs using CrYOLO. The resulting coordinates
were imported into cryoSPARC version 3.1 along with the motion corrected
averages. CTF estimation was performed using Patch CTF as implemented in
CryoSPARC version 3.1 (38) on RELION motion-corrected averages.

The initial set of 544,868 particle coordinates were imported into cryoSPARC
for extraction, 2D classification, ab initio reconstruction, and heterogeneous
refinement, which resulted in 195,000 particles. Subsequent homogeneous
refinement of the selected particles resulted a map at 2.72 A. Bayesian pol-
ishing of this particle set in RELION 3.1 (37) followed by refinement using
CryoSPARC resulted in a 2.52-A reconstruction. The same set of particles was
subjected to a second round of Bayesian polishing, import of this class into
cryoSPARC, followed by nonuniform refinement including per particle defocus
refinement and refinement of higher-order CTF parameters, gave a map at
2.26-A reconstruction. Hetero refinement with five identical models resulted in
one major high-resolution class with 110,000 particles. The subset of 95,000
particles from a second round of hetero refinement with only two classes (one
filtered at 20 A) was used for nonuniform refinement. Nonuniform refinement
including per particle defocus refinement and refinement of higher-order CTF
parameters gave the final map, a 2.19-A reconstruction. This is shown in S/
Appendix, Fig. S2. An atomic model of the protein was built in Coot (42)
starting from a cyt bos model (Protein Data Bank code: 1FFT) as a starting
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