pISSN 2287-5123 - elSSN 2287-4445

A\ )
V4 N . .
e Jj\ 70 Applied Microscopy https://doi.org/10.9729/AM.2018.48.4.81

Korean Society of Microscopy

Review Article

Structural Studies of Respirasome by Cryo-Electron Microscopy

Tae Jin Jeon, Ho Min Kim®, Seong Eon Ryu*

Department of Bioengineering, College of Engineering, Hanyang University, Seoul 04763, Korea
‘Graduate School of Medical Science & Engineering, Korea Advanced Institute of Science and Technology (KAIST),
Daejeon 34141, Korea

The respiratory chain complex forms a supercomplex (SC) in the inner mitochondrial

membrane. This complex facilitates the process of electron transfer to produce the

proton gradient used to synthesize ATP. Understanding the precise structure of the
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All living organisms contain huge complex proteins called
respirasomes. Their functions not only include the genera-
tion of ATP but also the regulation of many other cellular
processes. The conversion of energy from nutrients into ATP
is mainly carried out by the oxidative phosphorylation sys-
tem (OXPHOS) within the inner mitochondrial membrane.
These are located on the inner membrane and organized by
five large enzymes, namely, complex I (NADH-ubiquinone
oxidoreductase, CI), complex II (succinate-quinone oxidore-
ductase, CII), complex III (cytochrome bcl complex, CIII),
complex IV (cytochrome ¢ oxidase, CIV), and complex V (ATP
synthase, CV) (Fowler & Richardson, 1963; Hatefi, 1985). All
the complexes, CI to CIV, play a role in oxidoreductase but
CV alone synthesizes ATP from ADT using the proton gradi-
ent energy produced by the electron transfer from CI to CIV
(Hatefi, 1985; Sazanov, 2015).

It has been reported that the formation of the SC may reduce
the production of reactive oxygen species (ROS) during the
electron transfer process (Lopez-Fabuel et al., 2016; Maran-
zana et al., 2013). Additionally, it can increase the efficiency
of the electron transfer of mobile electron carriers such as
ubiquinone (Q) and cytochrome ¢ (cyt ¢) (Bianchi et al,,

further research in the respiratory system.
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2004). However, the precise functional and structural role of
the SC has not yet been determined. The earlier Cryo-electron
microscopy (EM) structures of SCs revealed that there were
three minor complexes that comprise the F-shaped SC, i.e.,
[, +IIL,+1V,. However, these representations did not allow an
understanding of certain interactions between individual
complexes because of the architectural level of the EM den-
sity (Althoff et al., 2011; Dudkina et al., 2011). The current
Cryo-EM structures provide evidence that the SCs are mainly
formed via specific interactions through conserved subunits
(Letts et al., 2016; Sousa et al., 2016; Wu et al., 2016). The
Cryo-EM structure of SCs from four different species propose
an electron transfer mechanism based on the classical Q-cycle
model, which is still controversial, or an alternative model
(Guo et al., 2017; Letts & Sazanov, 2017; Letts et al., 2016;
Sousa et al., 2016; Wu et al., 2016). This review highlights the
major advances in our understanding of the SC structure by
Cryo-EM and discusses what was learnt from the Cryo-EM
structures obtained in recent studies with a focus on respira-
tory systems.

In most organisms, the CI, CIII, and CIV consist of closely as-
sociated macromolecules called supercomplexes (SCs), which
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facilitate cellular respiration (Althoff et al., 2011; Dudkina et
al.,, 2008, 2011). Other studies have suggested that CI and CIII
are preferentially associated, whereas the other respiratory
complexes (CII and CIV) function independently (Bianchi et
al., 2004). The current EM studies of eukaryotic repirasomes
(Table 1) show that the three minor complexes comprise the
F-shaped SC, i.e., I, +1IL,+IV, (Althoff et al., 2011; Gu et al.,
2016; Guo et al., 2017; Letts et al., 2016; Sousa et al., 2016;
Wu et al., 2016). The first part is an L-shaped segment cor-
responding to CI while the other two spherical segments cor-
responding to CIII and CIV are located nearby (Fig. 1A). The

Table 1. Structures of respiratory supercomplex
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dimensions of the SC are 300 A in length and 190 A in height
(Fig. 1A). It has been considered that the NDUFA11 subunit
of CI may contribute to the formation of a SC with the CIII
dimer through direct side-chain interactions or through phos-
pholipid molecules such as cardiolipin in the space between
CI and CIII (Dudkina et al., 2011; Wu et al., 2016). These
results suggest that a specific conformation of SC is neces-
sary to facilitate the mitochondrial electron transport process.
Moreover, Cryo-EM structures from bovine, ovine, and por-
cine samples have reveal that the SC structure can be divided
into different states during 3D classification (Letts et al., 2016;

PDB code State Species Method Resolution (A) Author
2YBB LIILIV, Bovine EM 19.0 (Althoff etal., 2011)
5J]47 LIILIV, (tight) Ovine EM 5.8 (Letts et al., 2016)
5)7Y LIILIV, (loose) " " 6.7 "
5GPN LIILIV, Porcine EM 5.4 (Guetal., 2016)
5GUP LILIV, Porcine EM 4.0 (Wu etal., 2016)
5LUF LILIV, Bovine EM 9.1 (Sousa et al., 2016)
5XTH LIILIV, Human EM 3.9 (Guoetal,, 2017)
5XTI LIILIV, " " 17.4 "

EM, electron microscopy.
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Fig. 1. Cryo-electron microscopy (EM) structure of mammalian supercomplex (SC) LIILIV, and CI. (A) The Cryo-EM structure of the porcine SC L,IIL,IV,
(upper row, PDB code 5GUP) and the EM density map (bottom row, EMD-9539) (Wu et al., 2016). The map corresponding to porcine SC was generated
from the 4.0 A map at a contour level of 0.0412 using the UCSF chimera (Pettersen et al., 2004). Top views are from the matrix (left) and side views along
the membrane (right). CI, CIII, and CIV are colored in green, light blue, and light pink, respectively. The transmembrane region is indicated by two curved
lines. IM, inner membrane; IMS, intermembrane space; CI, complex [; CIII, complex III; CIV, complex IV. (B) Cartoon representation of tight (left, PDB
code 5J4Z) and loose SC (right, PDB code 5]J7Y) from ovine samples are shown viewed from the top view (Letts et al., 2016). CIV is shown in the red dashed
circle. (C) Cartoon representation of the 3.9 A resolution structure of the ovine CI (PDB code 5LNK). The core and extra subunits are colored (Fiedorczuk et
al., 2016). The 14 core-subunits and 31 supernumerary subunits are colored in light magenta and cyan, respectively.
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Sousa et al., 2016; Wu et al., 2016). In ovine SCs, the two dif-
ferent states of SC show distinct conformational flexibility
at CIV (Fig. 1B), which are referred to as the ‘tight’ or ‘loose’
respirasomes, indicating independent structural entities or
different stages of assembly or disassembly (Letts et al., 2016).
On the other hand, Cryo-EM studies of bovine and porcine
SCs reveal that the matrix arm of CI and the overall structure
of CIII show significant conformational changes (Sousa et al.,
2016; Wu et al., 2016). In porcine SCs, one state shows that
the matrix arms of CI and CIII move closer together to form
a tighter SC than the other state. The minor class of bovine
SC (class 2) revealed a rotational change of CIII based on the
central axis of dimeric CIII compared to the major class SC
(class 1) (Sousa et al., 2016). These results suggest that the
large conformational changes of CIII and the matrix arm in
CI strongly suggest an evidence of different conformational
states during the electron transfer process.

Known to be one of the largest proteins, the mitochondrial
CI consists of almost 45 subunits in eukaryotes (Carroll et al.,
2003, 2006) and 14 subunits in bacteria (Walker, 1992). The
Cryo-EM studies of this macromolecule shown in Table 2
have revealed the “L” shaped density map consisting of hydro-
philic and hydrophobic domains contained in 14 core sub-
units (Baradaran et al., 2013) and an extra 30 supernumerary
subunits (Fiedorczuk et al., 2016; Vinothkumar et al., 2014;
Zickermann et al., 2015) (Fig. 1C). The role of the supernu-
merary subunits was suggested to be one of protection and
stabilization since they envelope the core subunit (Angerer et
al., 2011). However, some subunits were considered to have a
functional role (Hirst et al., 2003). Recently, the mechanism
of the two states (A form and D form) of CI was reported
by x-ray and Cryo-EM studies (Agip et al., 2018; Blaza et al.,
2018; Fiedorczuk et al., 2016; Parey et al.,, 2018; Zhu et al.,
2016; Zickermann et al., 2015). The loop B1-p2 in 49 kDa and
TMHI1-2 in the ND3 subunit make a cavity during electron
transfer which causes conformational changes (Wirth et al.,

Table 2. Structures of respiratory complex I
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2016; Zhu et al., 2016). These two states were also revealed in
certain disease such as ischemia-reperfusion which cause rap-
id ROS production. In addition, it is known to be protected
by the S-nitrosation of the cysteine switch (Chouchani et al.,
2013). Other studies have reported that the 49 kDa and PSST
subunit make an inhibitor binding pocket (Darrouzet et al.,
1998; Tocilescu et al., 2010) and points mutation of these sub-
units appear to associate with CI activity and the IC,; value
of inhibitors such as rotenone, 2-decyl-4-quinazolinylamine
(DQA), and C,E; (Grgic et al., 2004; Kashani-Poor et al.,
2001; Tocilescu et al., 2007). These inhibitors were regarded as
therapeutic reagents (Ai et al., 2014; Alam & Schmidt, 2004;
Watabe & Nakaki, 2008).

Most cells consume ATP for cell signaling, proliferation, and
death. This energy is produced from proton pumping en-
zymes known as CI, CIII, and CIV (Bonora et al., 2012; Wal-
lace, 2012). They facilitate intra-electron transfer by multiple
redox cofactors. On the other hand, complex to complex
electron transport is induced by carrier proteins such as
ubiquinone and cytochrome c¢ (Sarewicz & Osyczka, 2015;
Sazanov, 2015). This electron transport chain consists of an
electron donor and acceptor that generate a proton gradi-
ent which is used as an energy source to produce ATP in CV
(Jonckheere et al., 2012). The enzymatic assay analysis shows
that the assembly of SC limits the production of ROS from CI
(Maranzana et al., 2013). These results reveal that CI has to to
be assembled with CIII, thus resulting in high mitochondrial
respiration and low ROS production. The previous Q-cycle
model assumes that the Q; and Q, sites of CIII can play a role
in the acceptance of ubiquinone and ubiquinol, respectively,
and that only one electron of ubiquinol can be delivered to
cytochrome ¢ (Mitchell, 1975a, 1975b; Pietras et al., 2016).
In order to transfer electrons to cl, the iron-sulfur protein
(ISP) has to move on a hinge by almost 15 A (Iwata et al.,
1998). Additionally, recent studies have revealed that the ac-
tive monomer of the dimeric CIII near the disordered ISP is

PDB code State Species Method Resolution (A) Author
3M9S N/A Thermus thermophilus X-ray 4.5 (Efremov et al., 2010)
4HEA N/A T. thermophilus X-ray 3.3 (Baradaran et al., 2013)
4UQ8 N/A Bovine EM 4.95 (Vinothkumar et al., 2014)
AWZ7 Deactive Yarrowia lipolytica X-ray 3.6 (Zickermann et al., 2015)
5LC5 Active Bovine EM 4.35 (Zhu et al., 2016)
5LDW Deactive " " 4.27 "
5LDX N/A " " 5.6 "
5LNK Deactive Ovine EM 3.9 (Fiedorczuk et al., 2016)
5031 Deactive Bovine EM 4.13 (Blaza et al., 2018)
6G2J] Active Mouse EM 3.3 (Agip et al., 2018)
6G72 Deactive " " 3.9 "
6GCS Deactive Y. lipolytica EM 4.32 (Parey et al., 2018)

N/A, not applicable; EM, electron microscopy.
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Fig. 2. Two proposed mechanisms of electron transfer. Symmetric (A) and asymmetric electron flow (B) through CIII are shown. Ubiquinol trail from CI to
CIII is shown as a black thick line. The electron trail and transport of protons are shown as a black line. The hemes and FeS clusters are shown as spheres
and the ubiquinol molecule are shown as sticks in the red oval. The ubiquinone binding site is shown in the blue dashed circle. The transmembrane re-
gion is indicated by two curved lines. The proximal and distal domains of CIII are colored in cyan and yellow, respectively. The CI and CIV are colored in

magenta and grey, respectively. CI, complex I; CIII, complex III; CIV, complex IV.

surrounded by CI and CIV as well as the distal CIII monomer
for asymmetric electron flow (Letts & Sazanov, 2017; Letts et
al,, 2016; Sousa et al., 2016) (Fig. 2B). Interestingly, the human
megacomplex revealed a 17 A resolution of circular architec-
ture with an arrangement consisting of L +1IL,+IV, (Guo et
al., 2017). Unlike the previous Q-cycle model, Guo et al. (2017)
suggested that the ubiquinol released from CI can only bind
to the Q; sites in the CIII dimer. Additionally, it can deliver
two electrons to two cytochrome c at once for symmetric
electron flow (Fig. 2A).

The structural studies of SC described by Cryo-EM at a reso-
lution of 5 to 9 A did not allow the resolution of the biological
mechanism at the atomic level. Although 40 years have passed
since the Q-cycle model was proposed (Mitchell, 1975a,
1975b), a structure in which the native ubiquinone is bound
to Q site has not yet reported (Gao et al., 2003). Thus far, it is
difficult to explain how ubiquinol released from a CI can be
inserted into the Q, or Q, site of CIII. Letts et al. (2016) dem-
onstrate that there is no protein-mediated substrate channel
connecting the Q binding sites of CI and CIII. However, met-
abolic control analysis revealed that the formation of SC in-
creases the efficiency of electron transport through substrate
channeling between CI and CIII (Bianchi et al., 2003, 2004).
In addition, the diffusion issue of ubiquinol released from
CI by which it can easily diffuse into the membrane during
the electron transfer process may be accelerated without sub-
strate channeling. However, the details remain controversial
(Blaza et al., 2014; Enriquez, 2016; Letts et al., 2016; Wu et al.,
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2016). An understanding of the precise mechanism of elec-
tron transfer from CI to CIII is important to verify the cause
of ROS production. Thus, protein research at the molecular
level is urgently required. Therefore, the atomic structure of
the respirasome must be determined to understand protein
interactions are mediated by lipids, cofactors, and ligands.
Recently, innovative advances in Cryo-EM technology have
revealed the possibilities of obtaining near atomic detail from
giant membrane protein. However, unlike many structures
resolved above 3 A resolution, many macromolecules includ-
ing the respirasome still pose some difficulties in structural
studies due to their flexibility. Hopefully, there will be many
opportunities in the Cryo-EM field to facilitate research in the
future, including more advanced technologies. For example, a
section of cells analyzed by in situ structural biology involving
a Cryo-electron tomography and sub-tomogram averaging
may lead to the next revolution in macromolecular biology
(Chung & Jung, 2018; Chung & Kim, 2017).
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