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Abstract: Respiratory chain complexes convert energy by
coupling electron flow to transmembrane proton translocation.
Owing to a lack of atomic structures of cytochrome bc,
complex (Complex III) from thermophilic bacteria, little is
known about the adaptations of this macromolecular machine
to hyperthermophilic environments. In this study, we purified
the cytochrome bc; complex of Aquifex aeolicus, one of the
most extreme thermophilic bacteria known, and determined its
structure with and without an inhibitor at 3.3 A resolution.
Several residues unique for thermophilic bacteria were detected
that provide additional stabilization for the structure. An extra
transmembrane helix at the N-terminus of cyt. c; was found to
greatly enhance the interaction between cyt. b and cyt. ¢;, and to
bind a phospholipid molecule to stabilize the complex in the
membrane. These results provide the structural basis for the
hyperstability of the cytochrome bc; complex in an extreme
thermal environment.

Introduction

Cellular respiration complexes convert redox energy into
a transmembrane electrochemical proton gradient, which is
used to synthesize adenosine triphosphate (ATP) or to
transport various substances. In this process, the cytochro-
me bc, complex (also known as complex I1T) plays a key role
by catalyzing the electron transfer from quinols to cytochro-
me ¢ simultaneously transporting protons across the mem-
brane according to the “Q-cycle” mechanism.!!! At present,
various structures of cytochrome bc, complexes from verte-
brates,” yeast,” and a-proteobacteria® are available. They
have provided many details that have helped to understand
the structural arrangement and the catalytic mechanism of
these protein assemblies. The subunit composition of the
complex varies between species,”** I but three conserved
core subunits are always present, namely cytochrome b (cyt.
b) with the cofactor heme b; and heme by, cytochrome ¢; (cyt.
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¢;) with cofactor heme c;, and a Rieske iron-sulfur protein
(ISP) with a binuclear iron sulfur cluster (2Fe-2S).*% Each
cytochrome bc, complex contains two quinol/quinone binding
sites, the oxidation site Q, and the reduction site Q;, which are
the targets for natural and designed inhibitors.'*¢ All
cytochrome bc; complexes are nearly symmetric dimers.
Our knowledge of cytochrome bc; complex structures has
been so far limited to those from mesophilic species, so little
information is available on its structures from thermophiles,
which hinders our understanding of its unique thermal
stability allowing maintenance of the electron transfer
reaction under extreme conditions.

Aquifex aeolicus is a hyperthermophilic chemoautotro-
phic e-proteobacterium with adaptive growth temperatures in
the range of 85-95°C.I"" As one of the most hyperthermophilic
bacteria known, A. aeolicus is thought to be one of the oldest
bacterial species. It is distributed in hydrothermal environ-
ments on land and in oceans throughout the world, including
hot compost piles or deep gold mines. A. aeolicus is recog-
nized as the representative organism not only of the Aquifex
genus but also of the Agquificaceae family and the order
Aquificales.™ In order to live at extremely high temperature,
the proteins, nucleic acids, lipids, and other biomolecules of
the organism must be adapted. This feature makes of
A. aeolicus an ideal organism to study the structure and
function of thermophilic proteins.

A. aeolicus is a chemolithotrophic hydrogen oxidizer, so
its respiratory chain complexes usually use hydrogen as the
primary electron donor and oxygen as electron acceptor in
order to provide energy for metabolism. In particular, its
cytochrome bc, complex uses a naphthoquinone derivative, 2-
VI, VII-tetrahydromultiprenyl-1,4-naphthoquinone (NQ)
(23), as special substrate for electron transfer, with NQ being
reduced to NQH, by electrons from hydrogen oxidation in
previous reactions.”) Moreover, this complex has a signifi-
cantly increased stability at extremely high temperatures. In
the present study, using single-particle electron cryomicro-
scopy (cryo-EM), we determined the structure of the
cytochrome bc; complex from A. aeolicus without and with
an inhibitor at 3.3 A resolution. These structures not only
reveal the precise arrangement of the bc, core subunits but
also provide information about the causes for its thermo-
stability and suggest possible mechanisms by which electrons
are transferred in extreme thermal environments.

Results

Structure Determination and Overall Structure of Cytochrome
bc, Complex

The cytochrome bc, complex from A. aeolicus was solu-
bilized with dodecyl B-pD-maltoside from membranes. The
sample contains a mixture of complex III and complex IV as
identified by laser-induced liquid bead ion desorption (LIL-
BID) MS (Supporting Information, Figure S1).1! A. aeolicus
complex III contains all three core catalytic subunits: cyt.b
with heme b; and heme by, cyt.c, with heme ¢, and the ISP
with the binuclear Fe-S cluster (2Fe-2S).!"! The structure of
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complex III was determined after high-resolution refinement
with 93622 particles. The overall structure of the dimeric
cytochrome be, complex reaches a resolution of 3.3 A accord-
ing to the gold standard FSC,,,; (Fourier Shell Correlation)
criterion (Figures S2A-E and S3). It is the first structure of
a respiratory chain complex from A. aeolicus, as well as the
first of a 1,4-naphthoquinol oxidizing cytochrome bc; com-
plex. It has dimensions of ca. 87 A in height and 80 A in length
(Figure 1 A). In this map, models for the three core subunits
of cyt.b, cyt.c, and ISP, together with their cofactors (hemes
by, by, c;, 2Fe-2S cluster) and substrates (a 1,4-naphthoqui-
none), could be built (Figure 1B and Figure S4). All three
subunits form a C,-symmetric dimeric structure through the
interaction of a cyt.b dimer.
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Figure 1. Overall structure of the cytochrome bc, complex from Aquifex
aeolicus."! A) The protein structure (ribbon model) of the cytochro-
me bc, complex is shown in cartoon representation in two different
views. The subunits cyt. b, cyt.c, and ISP are colored in green, orange
and purple, respectively. The scales are indicated besides the model,
and the grey square represents the cell membrane. B) Location of the
cofactors and the substrates (1,4-naphthoquinone, NQ) of the cyto-
chrome be, complex is shown using cyan stick representation, while
the proteins are transparent. The edge-to-edge and center-to-center
distances between cofactors are provided. C) View into the Q; binding
site with NQ in the native structure. D) View into the Q; binding site
with antimycin A (AMY) in the inhibitory structure.
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1,4-Naphthoquinones Are Involved in the “Q-Cycle”

In the classic Q-cycle mechanism, a complete enzymatic
reaction of the cytochrome bc, complex involves two cycles,
in which two ubiquinols (UQH,) are oxidized in the Q, site.
The first UQH, delivers one electron to cytochrome c;
through the ISP, whereas the second electron is transferred
to a UQ in the Q; site leading to the formation of a semi-
quinone radical. The two protons from UQH, are released to
the external space. This process has to be repeated in order to
generate a stable doubly reduced and protonated UQ thus
yielding a UQH, in the Q; site, which is released immediately
and can be used as a substrate in the Q, site.'”) The
cytochrome bc, complex from A. aeolicus has been shown to
use a 1,4-naphthoquinone (NQ), as a special substrate, to
mediate electron transfer.’”” In our cryo-EM structure,
several NQ molecules can be clearly traced in both the Q
site and on the cytoplasmic side, but none are around the Q,
site. In particular, a well-defined density map for a NQ is
clearly visible in the Q; pocket formed by TMH1, TMH4 and
TMHS of the cyt. b (Figure 1 C). This observation makes good
sense because NQ is not a substrate, but a product at the Q,
site. Its tight binding might lead to product inhibition. The
edge-to-edge distance between heme by and NQ in the Q; site
is 6.1 A, this short distance ensures efficient electron transfer
from heme by to NQ.

We also determined the cryo-EM structure of the
cytochrome bc; complex from A. aeolicus with the Q; site
inhibitor antimycin A (AMY). Antimycin A was found to
block the electron transfer from the high spin heme by to the
quinone or semiquinone. The entire structure of the inhibited
enzyme complex is identical with the native structure, except
for the Q; site (Figure 1D). In the native state, a 14-
naphthoquinone molecule is located near heme by, but in
the structure with the inhibitor, it is replaced by AMY,
suggesting that this inhibitor competitively occupies the Q;
site and prevents the entry of the substrate NQ, thus blocking
the electron transport and the entire respiratory chain
reactions.

The Three Protein Subunits of the Cytochrome bc, Complex from
A. aeolicus

The cyt.b subunit of A. aeolicus has 409 amino acid
residues forming 13 helices, including eight transmembrane
helices (TMHs), which interact in the membrane with two
TMHs of cyt.c; and one TMH of the ISP (Figure 1 A). The
two cyt.b protomers bind to each other mainly through
TMH1 and TMH4 to form a stable dimer (Figure 2A). Its
overall conformation is basically the same as that of other
cyt. b subunits, with RMSD values around 2 A (Figure 2B).
The subunit cyt.c, of A. aeolicus contains 5 helices and one
heme ¢, as cofactor, which is held by the conserved CXXCH
motif with the residues Cys70, Cys73, and His74 (Figure 2C).
Several conserved hydrophobic residues, like Ile159, Met171,
Leul36 and Phel58, also interact with heme c¢;. Importantly,
the N-terminal TMH1 of cyt. ¢, forms a unique structure that
will be discussed later.
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Figure 2. Cyt.b, cyt.c,, and ISP of Aquifex aeolicus. A) The dimers
formed by two cyt.b subunits are shown in green as a cartoon
representation, indicating eight TMHs (1-8) and two protomers (with
or without white surface). B) The structure superposition of the cyt.b
subunits of Aquifex aeolicus (green) and Bos taurus (gray). C) The cyt.¢,
(orange) and ISP (blue-purple) subunits of Aquifex aeolicus shown as
cartoon representations, indicating cofactors and important residues.
D) Structure superposition of cyt.c; and ISP subunits of Aquifex
aeolicus (coloured) and Bos taurus (grey).

The third subunit, the ISP, contains one TMH, and one
functional domain containing the [2Fe-2S] cluster, and an
interconnecting linker region. Around the 2Fe-2S cluster
a series of highly conserved coordinating residues can be
identified including His138, His113, Cys111, Cys135, Cysl116,
and Cys137 which bind and stabilize the 2Fe-2S cluster
(Figure 2C). In our structure, the 2Fe-2S cluster containing
domain is found near cytochrome c;, the edge-to-edge
distance between heme c¢; and the 2Fe-2S cluster is only
10 A. This result suggests that the electron transfer between
these two cofactors of A. aeolicus can be rapid and efficient.
Their relative positions and orientations are the same as in the
corresponding subunits of Bos taurus (Figure 2D).

The Sequence Characteristics of the Cytochromebc, Complex of
A. aeolicus

The overall structure of the cytochrome bc; complex of
A. aeolicus is similar to other reported cytochrome bc, com-
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plexes, such as those from Rhodobacter sphaeroides (PDB
entry: SKLI) and B. taurus (PDB entry: 1BE3) (Figure 3 A).
However, the hyperthermophilic life of A. aeolicus may
require adaptive changes of the amino acid sequences and
structural characteristics of its important protein complexes.
In order to study the adaptations of the cytochrome bc,
complex to hyperthermophilic life, the amino acid sequences
of the cytochrome bc, complex from different species, includ-
ing thermophilic bacteria (A. aeolicus, Hydrogenivirga sp,
Thermocrini salbus, Thermocrinis minervae, and Hydrogeno-
bacter thermophilus), other prokaryotes (R. sphaeroides and
Rhodobacter capsulatus) and eukaryotes (Saccharomyces
cerevisiae, Gallus gallus, Ovis aries, B.taurus and Homo
sapiens) were aligned and an evolutionary tree was con-
structed. The results show that all three protein subunits of
the cytochrome bc; complexes show obvious sequence differ-
ences between the three groups of species (Figure 3 A). The
amino acid sequences of the cytochrome bc, complex protein
subunits of all five thermophilic bacteria are closely related,
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Figure 3. The sequence characteristics of cytochrome bc, complex
from Aquifex aeolicus. A) The evolutionary tree of the three core
subunits of the cytochrome bc, complex from different species. Three
representative complex structures are shown as cartoons, while the
subunits cyt. b, cyt.c;, and ISP are colored differently. B) Sequence
alignment of cyt.b subunit from different species, indicating important
residues. C) Sequence alignment of the cyt.c, subunits from different
species, indicating important residues.
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suggesting that the same or similar changes of the amino acid
sequences occurred during the adaptation to their thermo-
philic environment. Alternatively, the thermophilic cytochro-
me bc; complexes might have been acquired by horizontal
gene transfer. The high sequence similarity of the TMHIs of
cyt.c, argues for this latter possibility.

According to the sequence alignment result, we have
identified several unique residues that are present in the
thermophilic bacteria but different in mesophilic species. In
the cyt.b subunit, the amino acid residues specific for the
thermophilic species include Tyr38, Tyr61, Phe83, and Arg222
(Figure 3B). In the cyt.c; subunit, the whole N-terminal
TMHI1 spanning 1-30 amino acids, is totally missing in all
mesophilic species (Figure 3 C). There are seven phenylala-
nine (Phell-12, 19-21, 25, 29) and two tryptophan residues
(Trp4, 24) located in this helix, forming a unique “WF-rich
motif”. Based on the cryo-EM structure of the cytochro-
me bc, complex from A. aeolicus, we were able to analyze the
important functions of these unique residues in thermophilic
bacteria.

Heme by, and 1,4-Naphthoquinone Binding are Further
Stabilized in A. aeolicus

In the cyt. b subunit of the cytochrome bc, complex from
A. aeolicus, heme by interacts with residues of TMH1, TMH?2,
and TMH4. The heme—Fe coordinating residues are identified
as the highly conserved His105 and His217 for heme by
(Figure 4 A). These interactions and the spatial conformation
of heme by are the same in all the cyt.b proteins from
different species, and serve to protect the electron transfer
reaction at the Q; site (Figure4B,C). However, in the
structure of the cytochrome bc; complex from A. aeolicus,
the carboxyl groups of heme by additionally interact with
Tyr38 and Argl19 (Figure 4 A) leading to a stabilization of
heme by binding. It is worth noting that the carbonyl oxygen
and phenyl-hydroxy group of Tyr38 bind to both carboxyl
groups of heme by. The tyrosine residue is highly conserved in
the thermophilic bacteria (Figure 3B) but replaced by
a tryptophan residue in the mesophilic species. In the
structure of the cytochrome bc, complex of R. sphaeroides
(PDB entry SKLI) or B. taurus (PDB entry 1BE3), Trp45 or
Trp31 interact with only one of the two carboxyl groups of
heme by. Thus, the additional interaction we observe
probably stabilizes heme by binding at high temperatures.

In our structure, there are two 1,4-naphthoquinone
molecules in each Q; site (Figure 7A), one of them being
located close to the heme by molecule with an edge-to-edge
distance of 6.1 A, allowing fast electron transfer. The plane of
the NQ head-group is almost perpendicular to the porphyrin
plane of heme by. Interestingly, the binding of this active NQ
is stabilized by interactions with Glu254 of TMHS and Arg222
from TMH4 of cyt. b. Importantly, Arg222 residue is replaced
by a histidine in R. sphaeroides and B. taurus (Figure 3B).
Compared with the short histidine residue, the positively
charged side chain of Arg222 is closer to the oxygen atom of
NQ. Thus, in the proteins from the hyperthermophilic species,
Arg222 could stabilize the binding of the substrate NQ at the
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A Cyt. b of Aquifex aeolicus

TMHS

Figure 4. Structure comparison of the heme by, sites in the cyt.b
subunits of A) Aquifex aeolicus, B) Rhodobacter sphaeroides and C) Bos
taurus. The proteins are shown as cartoon representations, while
important residues and ligands are indicated and shown as stick
models.

center Q; site, to orient NQ favourably and optimize the
distance to heme by.

More Stable TMHs and Increased Affinity with the Q-pool in
A. aeolicus

In the dimeric structure of the cytochrome bc, complex of
A. aeolicus, two cyt.b protomers bind to each other, mainly
through their TMH regions. We find that a residue unique to
the thermophiles, Tyr61 of cyt.b, is involved in this dimer
interaction. The phenyl-hydroxy of Tyr61 in TMHI1 of one
protomer binds to the nitrogen atom of Argl97 in TMH4 of
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another protomer enhancing the interactions between the two
cyt. b protomers (Figure 5 A). Moreover, Tyr61 is also close to
the carbonyl oxygen of Val31 in TMHI1 of the ISP subunit,
which enhances the interactions between these two subunits
in the complex. In the structure of cytochrome bc; complex
from R. sphaeroides and B. taurus, this tyrosine residue is
replaced by a histidine residue (His68 or His54), which cannot
interact with the adjacent arginine residue in TMH4 of the
other protomer (Figure 5B,C). Tyr61 is highly conserved in all
thermophilic bacteria (Figure 3B). Consequently, Tyr61 of
cyt.b helps to stabilize the TMH region in the complex.
Interestingly, in our complex structure, there is a 1,4-
naphthoquinone molecule buried in a hydrophobic pocket
formed by TMH?2 of cyt.h, TMH1 of the ISP and TMH?2 of
cyt.c; (Figure 5 A). This pocket is located away from both the
Q; and Q, site but close to the phospholipid layer around the
complex (Figure 7B). This NQ molecule remained tightly
bound to the cytochrome bc; complex of A. aeolicus through-
out the protein purification process, and likely originates from
the Q-pool in the phospholipid layer. This type of quinone

A Cyt. be, of Aquifex aeolicus
N -

cyt. b
protomer2

B

His68

cyt.b His54

Figure 5. Structure comparison around TMH1 of ISP subunits of

A) Aquifex aeolicus, B) Rhodobacter sphaeroides and C) Bos taurus. The
proteins are shown as cartoon representations, while important
residues and ligands are indicated and shown as sticks.
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binding has not been found in other cytochrome bc; structures
(Figure 5B,C). In the cytochrome bc; complex of A. aeolicus
Glu204 and Lys207 of TMH?2 of the cyt. ¢; subunit bind to one
carbonyl oxygen of NQ, while Arg30 and Tyr26 from TMH1
of the ISP subunit bind to the other carbonyl oxygen of NQ.
The Phe83 on TMH?2 of the cyt. b subunit and Met211 of the
cyt.c; subunit interact with the benzene ring of NQ. Among
these residues, Phe83 of cyt.b, a highly conserved residue in
the thermophilic bacteria (Figure 3B). In the complex
structures of R. sphaeroides or B. taurus, this phenylalanine
residue is replaced by a glycine or a tyrosine residue,
respectively, and the internal chemical environment of this
pocket has also changed a lot. Therefore, no quinone
molecules have been found inside these pockets in their
structures. This observation suggests that Phe83 of cyt.bh
enhances the binding of NQ to the cytochrome bc, complex.

TMH1 of cyt.c, Improves the Stability of the Complex in the
Membrane

The cyt. ¢, subunit of A. aeolicus possesses two TMHs, an
N-terminal one and a C-terminal one. On the contrary, in all
other known cytochrome bc; structures, the cyt.c; subunit
possesses only the C-terminally located TMH (Figure 6 A).
The sequence alignment shows that, this N-terminal TMH1 of
the cyt.c, subunit of A. aeolicus contains a phenylalanine/
tryptophan rich (WF-rich) motif, which is found in all
investigated thermophilic bacteria but is missing in the
mesophilic species (Figure 3C). In our structure, this WF-
rich TMH1 binds to the hydrophobic surface of the TMH
region of the complex in the phospholipid layer (Figure 6B).
Importantly, this kind of interaction leads to the formation of
a deep hydrophobic groove, which traps a phospholipid
molecule. The hydrophilic head group binds to the positively
charged region of the complex through its phosphate moiety,
while its long hydrophobic tail is buried by a series of
hydrophobic residues on TMH1 of cyt.c; subunit, including
Phell, Leul7, Phel9, and Phe20. Other hydrophobic residues
of TMHI1 bind to the hydrophobic surface of cyt. b to stabilize
this pocket, including Tyr4, Phel2, Leu23, Tyr24 and Phe25
(Figure 6 C). By calculating the surface area of the protein
complex, we found that the addition of this TMHI1 motif
increases the interface between cyt.b and cyt.c; subunits by
60%, from 1560 A? to 2494 A2 Therefore, the unique N-
terminal TMH1 of cyt.c; not only enhances the subunit
interactions inside the cytochrome bc, complex but also
sequesters a phospholipid molecule inside the complex. This
feature may lead to an additional stabilization of the complex
in the membrane.

Discussion

The structural and functional studies of respiratory
complexes have continued for many years.’***3] However,
there has been a lack of atomic structures of the complexes
from thermophilic bacteria apart from the respiratory com-
plex I and the cytochrome bas from Thermus thermophilus.™
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Cyt. be, of Bos taurus

\ phisphullpld

Figure 6. The extra N-terminal TMH (TMH1) of the cyt.c, subunits
from Aquifex aeolicus. A) The cytochrome be, complex from Aquifex
aeolicus, Rhodobacter sphaeroides, and Bos taurus are shown as cartoon
representations, indicating the location of the extra TMH of cyt.c;

from Aquifex aeolicus. B) The cytochrome be, complex from three
species is shown as electrostatic surface except for the TMH1 of cyt.c,.
C) Interaction details between TMHT of cyt. ¢, with the complex and
the phospholipid ligand.

In the present study, we purified the cytochrome bc; complex
from A. aeolicus and determined its structure at 3.3 A
resolution using single-particle cryo-EM. This structure
reveals the conformations of the three core subunits, namely
cyt. b, cyt.c; and the ISP, as well as the mode of binding of the
cofactors and of the 1,4-naphthoquinone substrate (Fig-
ure 1 A). The relative locations and distances among hemes,
the 2Fe-2S center and 1,4-naphthoquinones support the
existence of a Q cycle reaction mechanism in the respiratory
chain of A. aeolicus (Figure 1B). Using this structure, we have
identified several sequences and structural characteristics for
thermophilic bacteria, which are not found in other structures
and could protect the structure and catalytic activity of the
complex at extremely high temperature.

On one hand, the cytochrome bc, complex from A. aeo-
licus has enhanced overall stability in the membrane. Tyr61 of
cyt. b interacts with both the ISP and another cyt.b protomer
to form a tighter complex (Figure 5 A). A NQ substrate from
the Q-pool is trapped inside a hydrophobic pocket and binds
to a series of hydrophobic and hydrophilic residues in the
three subunits of the cytochrome bc, complex (Figure 5A).
Moreover, there is an extra TMH at the N-terminus of cyt.cy,
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which strongly binds to cyt.b and traps a phospholipid
molecule inside the complex. Therefore, the cytochrome bc;
complex from A. aeolicus is able to grab a 1,4-naphthoqui-
none from the Q-pool and to sequester a phospholipid in the
membrane (Figure 7B), thus forming a more stable confor-
mation at high temperature and providing a suitable environ-
ment for the internal electron transfer reaction.

embedded
naphthoquinone

Figure 7. The potential 1,4-naphthoquinone channel around the Q; site
of cyt. b of Aquifex aeolicus. A) Two NQ molecules are located in the Q,
site of cyt. b subunit of Aquifex aeolicus. The cytochrome bc, complex
from Aquifex aeolicus is shown as cartoon representation, while Arg222
and the ligands are indicated and shown as stick models. B) The
potential 1,4-naphthoquinone channel around the Q; site, with the
embedded naphthoquinone and the phospholipid. The cytochrome bc,
complex from Aquifex aeolicus is shown as electrostatic surface, while
the ligands are indicated and shown as stick models.

On the other hand, the electron transport pathway within
the cytochrome bc; complex from A. aeolicus appears to be
stabilized by enhanced binding of the prosthetic groups. In the
cyt. b subunit of A. aeolicus, Tyr38 and Argl19 bind to the two
carboxyl groups of the cofactor heme by, then Glu254 and
Arg22?2 bind to the two carbonyl groups of the 1,4-naphtho-
quinone substrate. Thus, both cofactor and substrate in the Q;
reaction site are more stabilized in the cytochrome bc;
complex of A. aeolicus, compared to the complexes from
other species. At high temperatures, the thermal motions of
molecules are enhanced, so their relative positions and
distances change quickly, which might reduce the electron
transfer efficiency between them.
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In a previous study, the crystal structure of cytochrome cs;s;s
from A. aeolicus was determined at 1.15 A resolution."
Interestingly, there is also a unique 14-residue long extra
helix in this structure, which strongly binds to the core
structure of csss. This helix motif is demonstrated to contrib-
ute to the hyperstability of the csss5, and to help A. aeolicus to
adapt to the hyperthermophilic environment. In our structure,
the N-terminal extra helix TMH1 of cyt.c; is much longer
than that of css5, and the various hydrophobic residues of
TMHI1 increase the interface between the cyt.b and cyt.c,
subunits by 60 % (Figure 6). This additional interaction could
also contribute to the hyperstability of the overall complex.
More importantly, TMHI1 of cyt.c; fixes a phospholipid
molecule in a unique hydrophobic groove. This kind of
conformation has not been found in other mesophilic species,
which could help A. aeolicus to adapt to the hyperthermo-
philic environment.

In the structure, we found density for two 1,4-naphtho-
quinone substrates in the Q; site of cyt.b, around Arg222

Table 1: Statistics of data collection, image processing, and model
building.

Sample native cytochrome bc,  Inhibited cytochrome
complex b, complex

Data collection

Microscope FEI Titan Krios

Voltage [kV] 300

Detector Gatan Bioquantum K2

Energy filter 20 eV

Pixel size [A/pixel)] 1.04

Electron dose [e” A7 60

Defocus range [um] —1.5t0 =25

Reconstruction

Software RELION 3.0-beta/ RELION 2.0
Number of used par- 93622 81350
ticles
Accuracy of rotation 1.748
Accuracy of transla- 0.697
tions (pixel)
Symmetry c2
Map sharpening B- —140 —56
factor [A%]
Final resolution [A] 3.28 3.22
Model building

Software Coot

Model refinement
Software PHENIX
Map CC (whole unit 0.76 0.77
cell)
Map CC (around 0.73 0.74
atoms)
Rmsd (bonds) [A] 0.008 0.009
Rmsd (angle) [] 1.181 1.249

Model composition
Protein residues 1530
Heme groups 6
[2Fe-2S] clusters 2

Validation

Ramachandran plot
Outliers [%] 0.26 0.40
Allowed [%] 9.67 8.74
Favored [%] 90.07 90.86
Rotamer outliers [%] 0.77 1.23
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residues on TMH4 (Figure 7 A). The tail of the 1,4-naphtho-
quinone stretches towards the membrane core outside of the
binding pocket without interacting with cyt.b. However, the
tail of the ubiquinone identified in previous structures
stretches towards heme by.% In addition, the entire anti-
mycin A inhibitor was found in the Q; pocket and shows
a strong interaction with Glu254. There are five hydrogen
bonds seen between antimycin A and cyt.h. In contrast,
previously only the head group of this inhibitor was reported
to be bound to the Q; site."“*1I Tt is possible that this location
represents the NQ channel from the Q-pool, in which the
substrates are transferred into or out of the catalytic center
(Figure 7B). The unique Arg222 residue helps to stabilize the
substrate binding and may help the substrates to reach their
binding site close to heme by in the hyperthermophilic
environment. Data collection and structure determination
details are summarized in Table 1.

Conclusion

In summary, we solved the 3.3 A structure of respiratory
complex III from the hyperthermophilic chemoautotrophic e-
proteobacterium Aquifex aeolicus and revealed the structural
basis for the hyperstability of proteins in an extreme thermal
environment. It is the first 1,4-naphthoquinone structure in
the Q; sites. Several residues unique for thermophilic bacteria
were detected that provide additional stabilization for ligand
binding and for the structure of the whole complex. It was
able to grab 1,4-naphthoquinones and to sequester phospho-
lipids in the membrane, thus forming a more stable con-
formation at high temperature and providing a suitable
environment for the internal electron transfer reaction. These
results provide structural basis for the hyperstability of the
cytochrome bc; complex in an extreme thermal environment.

Acknowledgements

We would also like to thank Ping Shan and Ruigang Su (F.S.
lab) for their assistance in lab management. The materials
were prepared at the Max Planck Institute of Biophysics
whereas the cryo-EM work was performed at the Center for
Biological Imaging (CBI, http://cbi.ibp.ac.cn), Institute of
Biophysics, Chinese Academy of Sciences. We thank Ulrich
Ermler for his advice on data analysis. This work was
supported by grants from National Natural Science Founda-
tion of China (31830020), the National Key Research and
Development Program of China (2017YFA0504700 and
2018YFA0901102), the Max-Planck-Gesellschaft and the
Deutsche Forschungsgemeinschaft (Cluster of Excellence
Macromolecular Complexes).

Conflict of interest

The authors declare no conflict of interest.

Angew. Chem. Int. Ed. 2020, 59, 343 —351


http://cbi.ibp.ac.cn
http://www.angewandte.org

GDCh
~~

Keywords: cytochrome bc, complex - enzyme catalysis -
hyperthermophilic species - protein structures - protein—
protein interactions

How to cite: Angew. Chem. Int. Ed. 2020, 59, 343-351
Angew. Chem. 2020, 132, 2—-359

[1] a) A.R. Crofts, E. A. Berry, Curr. Opin. Struct. Biol. 1998, 8,
501-509; b) E. A. Berry, M. Guergova-Kuras, L.S. Huang,
A.R. Crofts, Annu. Rev. Biochem. 2000, 69, 1005-1075; c) D.
Xia, L. Esser, W. K. Tang, F. Zhou, Y. H. Zhou, L. D. Yu, C. A.
Yu, Biochim. Biophys. Acta Bioenerg. 2013, 1827, 1278 -1294;
d) Z. L. Zhang, L. S. Huang, V. M. Shulmeister, Y. I. Chi, K. K.
Kim, L. W. Hung, A. R. Crofts, E. A. Berry, S. H. Kim, Nature
1998, 392, 677 -684.
a) D. Xia, C. A. Yu, H. Kim, J. Z. Xia, A. M. Kachurin, L. Zhang,
L. Yu, J. Deisenhofer, Science 1997, 277, 60-66; b) G. F. Hao, F.
Wang, H. Li, X. L. Zhu, W. C. Yang, L. S. Huang, J. W. Wu, E. A.
Berry, G. F. Yang, J. Am. Chem. Soc. 2012, 134, 11168-11176;
¢) L. S. Huang, D. Cobessi, E. Y. Tung, E. A. Berry, J. Mol. Biol.
2005, 351, 573-597; d) S. Iwata, J. W. Lee, K. Okada, J. K. Lee,
M. Iwata, B. Rasmussen, T. A. Link, S. Ramaswamy, B. K. Jap,
Science 1998, 281, 64-71; ¢) R. Guo, S. Zong, M. Wu, J. Gu, M.
Yang, Cell 2017, 170, 12471257 e1212.
a) C. Hunte, J. Koepke, C. Lange, T. Rossmanith, H. Michel,
Structure 2000, 8, 669-684; b) C. Lange, J. H. Nett, B.L.
Trumpower, C. Hunte, EMBO J. 2001, 20, 6591 -6600; c) C. R.
Lancaster, C. Hunte, J. Kelley 3rd, B. L. Trumpower, R. Ditch-
field, J. Mol. Biol. 2007, 368, 197-208; d) A. M. Hartley, N.
Lukoyanova, Y. Zhang, A. Cabrera-Orefice, S. Arnold, B.
Meunier, N. Pinotsis, A. Marechal, Nat. Struct. Mol. Biol. 2019,
26, 78 -83.
a) L. Esser, X. Gong, S. Yang, L. Yu, C. A. Yu, D. Xia, Proc. Natl.
Acad. Sci. USA 2006, 103, 13045-13050; b) D. Xia, L. Esser,
C.A. Yu, FASEB J. 2008, 22, 1649; c) T. Kleinschroth, M.
Castellani, C. H. Trinh, N. Morgner, B. Brutschy, B. Ludwig, C.
Hunte, Biochim. Biophys. Acta Bioenerg. 2011, 1807, 1606—
1615; d) E. A. Berry, L. S. Huang, L. K. Saechao, N. G. Pon, M.
Valkova-Valchanova, F. Daldal, Photosynth. Res. 2004, 81, 251 -
275.
[5] X.H. Yang, B. L. Trumpower, J. Biol. Chem. 1986, 261, 2282 —
2289.
[6] H. Kim, D. Xia, C.-A. Yu, J.-Z. Xia, A. M. Kachurin, L. Zhang,
L. Yu, J. Deisenhofer, Proc. Natl. Acad. Sci. USA 1998, 95, 8026 —
8033.

2

—

3

[

[4

—_—

Research Articles

Internati

[7] G. Deckert, P. V. Warren, T. Gaasterland, W. G. Young, A. L.
Lenox, D. E. Graham, R. Overbeek, M. A. Snead, M. Keller, M.
Aujay, Nature 1998, 392, 353.

[8] M. Guiral, L. Prunetti, C. Aussignargues, A. Ciaccafava, P.
Infossi, M. Ilbert, E. Lojou, M. T. Giudici-Orticoni, Adv. Microb.
Physiol. 2012, 61, 125-194.

[9] a) P. Infossi, E. Lojou, J. P. Chauvin, G. Herbette, M. Brugna,
M. T. Giudici-Orticoni, Int. J. Hydrogen Energy 2010, 35, 10778 -
10789; b) M. Guiral, C. Aubert, M. T. Giudici-Orticoni, Bio-
chem. Soc. Trans. 2005, 33, 22-24.

[10] Y. Gao, B. Meyer, L. Sokolova, K. Zwicker, M. Karas, B.
Brutschy, G. Peng, H. Michel, Proc. Natl. Acad. Sci. USA 2012,
109, 3275 -3280.

[11] a) M. Schiitz, B. Schoepp-Cothenet, E. Lojou, M. Woodstra, D.
Lexa, P. Tron, A. Dolla, M.C. Durand, K.O. Stetter, F.
Baymann, Biochemistry 2003, 42, 10800—10808; b) L. Prunetti,
P. Infossi, M. Brugna, C. Ebel, M. T. Giudici-Orticoni, M. Guiral,
J. Biol. Chem. 2010, 285, 41815 -41826.

[12] a) U. Brandt, Biochim. Biophys. Acta Bioenerg. 1996, 1275, 41—
46;b) M. Sarewicz, A. Osyczka, Physiol. Rev. 2015, 95,219 -243.

[13] a) H. Gong, J. Li, A. Xu, Y. Tang, W. Ji, R. Gao, S. Wang, L. Yu,
C. Tian, J. Li, H. Y. Yen, S. Man Lam, G. Shui, X. Yang, Y. Sun,
X. Li, M. Jia, C. Yang, B. Jiang, Z. Lou, C. V. Robinson, L. L.
Wong, L. W. Guddat, F. Sun, Q. Wang, Z. Rao, Science 2018, 362,
eaat8923; b) S. Rathore, J. Berndtsson, L. Marin-Buera, J.
Conrad, M. Carroni, P. Brzezinski, M. Ott, Nat. Struct. Mol.
Biol. 2019, 26, 50-57; ¢) H. Yu, C. H. Wu, G.J. Schut, D. K.
Haja, G. Zhao, J. W. Peters, M. W. W. Adams, H. Li, Cell 2018,
173, 1636-1649 el616.

[14] T. Soulimane, G. Buse, G.P. Bourenkov, H. D. Bartunik, R.
Huber, M. E. Than, EMBO J. 2000, 19, 1766 -1776.

[15] M. Obuchi, K. Kawahara, D. Motooka, S. Nakamura, M.
Yamanaka, T. Takeda, S. Uchiyama, Y. Kobayashi, T. Ohkubo,
Y. Sambongi, Acta Crystallogr. Sect. D 2009, 65, 804—813.

[16] X. Gao, X. Wen, L. Esser, B. Quinn, L. Yu, C. A. Yu, D. Xia,
Biochemistry 2003, 42, 9067 —9080.

[17] The atomic coordinates of the cytochrome be, complex of A.
aeolicus reported in this paper have been deposited into
Worldwide Protein Data Bank (PDB) (http://www.rcsb.org)
with the accession codes 6KLS for the apo structure and 6KLV
for the inhibitor structure. Their corresponding maps have been
deposited into Electron Microscope Data Bank (EMDB) (http://
emdatabank.org) with the accession codes EMD-0716 for the
apo structure, EMD-0719 for the inhibitor structure.

Manuscript received: September 9, 2019
Revised manuscript received: November 6, 2019
Version of record online: November 28, 2019

Angew. Chem. Int. Ed. 2020, 59, 343 —351

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

An dte

Chemie

351


https://doi.org/10.1016/S0959-440X(98)80129-2
https://doi.org/10.1016/S0959-440X(98)80129-2
https://doi.org/10.1146/annurev.biochem.69.1.1005
https://doi.org/10.1016/j.bbabio.2012.11.008
https://doi.org/10.1038/33612
https://doi.org/10.1038/33612
https://doi.org/10.1126/science.277.5322.60
https://doi.org/10.1021/ja3001908
https://doi.org/10.1016/j.jmb.2005.05.053
https://doi.org/10.1016/j.jmb.2005.05.053
https://doi.org/10.1126/science.281.5373.64
https://doi.org/10.1016/j.cell.2017.07.050
https://doi.org/10.1016/S0969-2126(00)00152-0
https://doi.org/10.1093/emboj/20.23.6591
https://doi.org/10.1016/j.jmb.2007.02.013
https://doi.org/10.1038/s41594-018-0172-z
https://doi.org/10.1038/s41594-018-0172-z
https://doi.org/10.1073/pnas.0601149103
https://doi.org/10.1073/pnas.0601149103
https://doi.org/10.1096/fj.07-090571
https://doi.org/10.1016/j.bbabio.2011.09.017
https://doi.org/10.1016/j.bbabio.2011.09.017
https://doi.org/10.1073/pnas.95.14.8026
https://doi.org/10.1073/pnas.95.14.8026
https://doi.org/10.1038/32831
https://doi.org/10.1016/B978-0-12-394423-8.00004-4
https://doi.org/10.1016/B978-0-12-394423-8.00004-4
https://doi.org/10.1016/j.ijhydene.2010.02.054
https://doi.org/10.1016/j.ijhydene.2010.02.054
https://doi.org/10.1042/BST0330022
https://doi.org/10.1042/BST0330022
https://doi.org/10.1073/pnas.1121040109
https://doi.org/10.1073/pnas.1121040109
https://doi.org/10.1021/bi034452a
https://doi.org/10.1074/jbc.M110.167841
https://doi.org/10.1016/0005-2728(96)00048-5
https://doi.org/10.1016/0005-2728(96)00048-5
https://doi.org/10.1152/physrev.00006.2014
https://doi.org/10.1126/science.aat8923
https://doi.org/10.1126/science.aat8923
https://doi.org/10.1038/s41594-018-0169-7
https://doi.org/10.1038/s41594-018-0169-7
https://doi.org/10.1016/j.cell.2018.03.071
https://doi.org/10.1016/j.cell.2018.03.071
https://doi.org/10.1093/emboj/19.8.1766
https://doi.org/10.1107/S0907444909017314
https://doi.org/10.1021/bi0341814
http://www.rcsb.org
http://emdatabank.org
http://emdatabank.org
http://www.angewandte.org

