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1) Molecular mechanism of -barrel protein folding by a mitochondrial outer membrane 
translocator, the SAM complex.
Eukaryotic cells are highly compartmentalized into membrane-bounded organelles with distinct 
functions.  Mitochondria are essential organelles that fulfill central functions in cellular energetics, 
metabolism and signaling.  We are studying the molecular mechanisms of biogenesis and quality 
control of mitochondria and other organelles from the viewpoint of protein and lipid trafficking.
The mitochondrial outer membrane houses membrane proteins characterized by barrel-like structures, 

known as -barrel membrane proteins. These proteins, such as porins and Tom40, play a crucial role 
in facilitating the passage of small molecules and proteins, thereby contributing to mitochondrial 
function. The SAM complex in the mitochondrial outer membrane is a translocator responsible for the 
formation of the -barrel structure of these proteins and their incorporation into the outer membrane.  
We have previously determined the high-resolution structures of the two forms of the SAM complex, 
each of which contains different subunit proteins, and revealed a novel mechanism ( -barrel switch 
model) in which the SAM complex switches its subunits with the -barrel protein substrate to promote 
its formation of the -barrel structure and its insertion into the outer membrane.  (Takeda et al., Nature
2021).  Nonetheless, it still remained unclear how the substrate folds the -sheet and assembles it 
into a precise barrel structure, closing the sheet. In this study, we determined the cryo-EM structure 
of the SAM complex with a folding intermediate of the substrate Tom40 at a spatial resolution of 2.8 Å 
(Takeda et al., Nat. Struct. Mol. Biol. 2023).  Furthermore, we established an experimental system to 
monitor -sheet formation of the substrate and its transient interaction with Sam50 as well as within 
Tom40 during -barrel formation in vivo, using disulfide bond formation as an indicator for analysis of 
barrel structure formation. In summary, the structurally correct formation of the substrate's -barrel 
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requires the growth of the -sheet from the C-terminal side, significant bending of the sheet during 
barrel formation, and the involvement of the N-terminal -segment inside the forming barrel, ultimately 
leading to the closure of the barrel.  This mechanism differs entirely from the process by which 
bacterial BAM complexes form -barrel proteins. The evolutionary acquisition of this mechanism is an 
intriguing aspect worth exploring further.  
 
2) Molecular mechanism of re-transport of mislocalized organelle proteins. 
For eukaryotic cell organelles to function properly, the proteins responsible for the function of each 
organelle must be correctly delivered to the organelle. It has been believed that organelle proteins are 
precisely transported, and that mislocalized proteins are quickly degraded.  However, we have 
recently found that intracellular transport of proteins is not always precise and that mislocalization can 
occur stochastically, but that there exists a system that detects such mislocalized proteins and not only 
degrades them but also re-transport them, so to speak, by "proofreading of protein transport" to finally 
achieve correct protein localization (Matsumoto and Endo, J. Biochem. 2023).  Msp1, an AAA-ATPase 
in the mitochondrial outer membrane, detects and extracts mislocalized membrane proteins from the 
mitochondrial outer membrane, which are then transported to the ER membrane for degradation or re-
transport  (Matsumoto, Ono et al., JCB, 2022).  Then, an important question is if such proofreading 
of protein transport could operate in other organelles. In this study, we investigated the possibility that 
the ER P-type ATPase Spf1 is involved in the quality control and extraction of mitochondrial outer 
membrane proteins mislocalized to the ER from the ER membrane.  First, we found that mitochondrial 
outer membrane tail-anchored (TA) proteins and some N-anchored proteins are mislocalized to the ER 
in Spf1-deficient yeast cells.  We also found that when Spf1 expression was induced after the 
expression of the mislocalized substrates was turned off, the mislocalized mitochondrial outer 
membrane proteins decreased from the ER and their localization to mitochondria was restored. We 
confirmed that these changes in localization were not due to secondary effects of Spf1 deficiency-
induced ER stress or changes in the inter-organelle ergosterol distribution.  These results strongly 
suggest that Spf1 is involved in achieving correct localization of membrane proteins between 
mitochondria and the ER. 

Matsumoto S, Ono S, Shinoda S, Kakuta C, Okada S, Ito T, Numata T, Endo T, GET pathway mediates 
transfer of mislocalized tail-anchored proteins from mitochondria to the ER. J. Cell Biol. 221, 
e202104076 (2022) . 

Kakimoto-Takeda Y, Kojima R, Shiino H, Shinmyo M, Korokawa K, Nakano A, Endo T, Tamura Y, 
Dissociation of ERMES clusters plays a key role in attenuating the endoplasmic reticulum stress. 
iScience 25(11):105362 (2022). 

Takeda H, Busto JV, Lindau C, Tsutsumi A, Tomii K, Imai K, Yamamori Y, Hirokawa T, Motono C, 
Ganesan I, Wenz, L-S, Becker T, Kikkawa M, Pfanner N, Wiedemann N, Endo T, A multipoint guidance 
mechanism for -barrel folding on the SAM complex. Nat Struct Mol Biol 30, 176-187 (2023).  

Akabane S, Watanabe K, Kosako H, Yamashita S-I, Nishino K, Kato M, Sekine S, Kanki T, Matsuda N, 
Endo T, Oka T, TIM23 facilitates PINK1 activation by safeguarding against OMA1-mediated 
degradation in damaged mitochondria. Cell Rep. 42, 11254 (2023). 
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Hirashima T and Endo T (News and Views), A protein entry path into chloroplasts. Nature 615, 222-
224 (2023). 

Araiso Y and Endo T (Review), Structural overview of the translocase of the mitochondrial outer 
membrane complex. Biophys. Physiol. e190022 (2022). 

Araiso Y, Imai K, Endo T (Review), Role of the TOM complex in protein import into mitochondria: 
structural views. Ann. Rev. Biochem. 91, 679-703 (2022). 

Matsumoto S and Endo T (Review), Proofreading of protein localization mediated by a mitochondrial 
AAA-ATPase Msp1. J. Biochem. 173, 265-271 (2023). 
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We have been focusing our research on the productive folding of nascent polypeptides by molecular 
chaperones and protein quality control mechanisms for misfolded proteins within the cells. Particularly, 
we have devoted our activity to the following two major research projects: 

Maintenance of ER homeostasis through the crosstalk among Protein Quality Control, Redox 
regulation, and Ca2+ flux. We identified ERdj5 as a disulfide-reductase in the endoplasmic reticulum 
(ER). ERdj5 forms the supramolecular complex with EDEM and BiP and activates the degradation of 
proteins misfolded in the ER by cleaving the disulfide bonds of misfolded proteins and facilitating the 
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retrograde transport of these proteins from the ER lumen into the cytosol, where they are degraded by 
the ubiquitin-proteasome system, which is called as ERAD(R. Ushioda et al., Science 2008; M. 
Hagiwara et al. Mol. Cell 2011; R.Ushioda et al. Mol. Biol. Cell 2013). 
  We found that ERdj5 cleaves the disulfide bond of SERCA2b, a Ca2+ pump on the ER membrane, 
and regulates its function. Additionally, ERdj5 senses the Ca2+ concentration in the ER and regulates 
the interaction with SERCA2b. It suggests that the redox activity of ERdj5 is involved not only in protein 
quality control but also in Ca2+ homeostasis in the ER (R. Ushioda et al., Proc. Natl. Acad. Sci. U S A. 
2016). Furthermore, the Inaba group (Tohoku Univ.) and we elucidated the structure of SERCA2b 
(Inoue et al. Cell Rep. 2019). This information may help to understand the activation mechanism of the 
SERCA2b pump through ERdj5. On the other hand, we have revealed the mechanism of the electron 
transfer to ERdj5 from the nascent chain. Furthermore, we summarized our previous works as a review 
of the redox-dependent endoplasmic reticulum homeostatic mechanism. 

Here, we focused on the control of the Ca2+ pump and channel by the redox regulation in the ER. 
Here, we obtained the structural information of SERCA2b for understanding how ERdj5 promotes the 
influx of Ca2+ by SERCA2b. Then, we found that the reductase ERdj5 affects the Ca2+ release activity 
of the IP3R S. Fujii et al., Proc. Natl. Acad. Sci. U S A. in press . Additionally, we found that ERdj5 
deficiency causes mitochondrial fragmentation due to Ca2+ homeostatic disruption R. Yaamashita et 
al., Sci. Rep. 2021 . It was clarified that redox regulation by ERdj5 is involved in the uptake and 
release of calcium ions in the ER. 

Shohei Fujii, Ryo Ushioda* and Kazuhiro Nagata*. Redox states in the endoplasmic reticulum directly 
regulate the activity of calcium channel inositol 1,4,5-trisphosphate receptors. Proc Natl Acad Sci 
USA. in press 

Hiroki Tanemura, Kenji Masuda, Takeshi Okumura, Eri Takagi, Daisuke Kajihara, Hirofumi Kakihara, 
Koichi Nonaka, Ryo Ushioda*: Development of a stable antibody production system utilizing an Hspa5 
promoter in CHO cells, Scientific Reports. 12, Article number: 7239 (2022) 
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Since our discovery of Bacillus subtilis MifM, which monitors the activity of the YidC-mediated 
membrane insertion pathway, we have been interested in and studying this class of proteins called 
‘regulatory nascent chains’, which function while they are still in the midst of the process of biosynthesis 
on the ribosome. A remarkable property of this class of gene products is that they interact 
cotranslationally with components of the ribosome including those comprising the polypeptide exit 
tunnel, and thereby arrest their own translation elongation.  The arrested state of translation 
elongation affects translation of the downstream target gene either positively (in the case of MifM) or 
negatively. Importantly, these regulatory nascent chains serve as a co-translational substrate of the 
protein localization pathway to be monitored, such that the arrest can be stabilized or canceled in 
response to changes in the effectiveness of the localization machinery under given conditions of the 
cell.  Thus, these nascent chains represent unique biological sensors that enable real-time feedback 
regulation of the target machinery. In the MifM regulatory system, its translation arrest is released when 
the nascent MifM chain, as a monitoring substrate of YidC (the regulatory target), engages in the YidC-
mediated insertion into the membrane.  The regulated elongation arrest of MifM enables cells to 
maintain the capacity of membrane protein biogenesis.  As introduced above, our interests are also 
focused more generally on the mechanisms of protein localization and biogenesis, the biological 
processes where nascent substrates undergo dynamic interactions with the machineries of translation, 
targeting and translocation. We envision that our research activities should ultimately lead to the 
development of a new research area that might be called “nascent chain biology”, which aims at 
understanding the still hidden principle of the central dogma of gene expression, where nascent chains 
are likely to play key roles. 

1) Systematic search for B. subtilis YidC substrates 
In bacteria, protein membrane insertion is mediated mainly by two pathways: the Sec and YidC 
pathways. The Sec pathway utilizes the SecYEG membrane protein complex as a protein-conducting 
channel to translocate polypeptides across the membrane. In contrast, YidC has a functionally crucial 
membrane-embedded hydrophilic groove instead of a channel. However, the molecular mechanism of 
how YidC mediates membrane protein insertion remains to be largely unknown. To understand the 
interaction between YidC and substrate membrane proteins, it is important to identify many substrates. 
However, particularly in Gram-positive bacteria, only a limited number of substrates have been currently 
identified. Therefore, to identify novel B. subtilis YidC substrates, we now constructed a unique 
membrane insertion assay system using MifM an arrest peptide and examined the YidC-dependence 
of membrane insertion for various membrane proteins derived from Bacillus subtilis. We then identified 
a total of eight novel membrane proteins that are likely to be novel YidC substrates. Subsequent 
analysis using these proteins demonstrated the universal importance of arginine in the membrane-
embedded groove of YidC. 
 
2) Identification and characterization of novel translation arrest peptides 
 Three of the translation arrest peptides previously found in eubacteria (SecM, MifM, and 
VemP) are encoded upstream of genes encoding components of the protein localization machinery. 
Based on common features shared by these arrest peptides, we have previously investigated more 
than 30,000 eubacterial genomes and then identified more than 10 putative novel arrest peptides. Using 
E. coli and B. subtilis systems, we currently demonstrated that they indeed induce translation arrest in 
either one or both of these bacteria. We also demonstrated that at least some of the highly conserved 
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residues are crucial for the arrest. Our toeprinting analysis determined the arrest sites of these arrest 
peptides. Interestingly, many arrest peptides contained RAPP-like sequences, while some were found 
to possess novel arrest-inducing sequences. Our analyses suggests that a wide variety of bacteria 
encode arrest peptides upstream of the sec/yidC genes, highlighting the universality of regulation of 
protein localization machinery by an essentially shared mechanism involving regulated translation 
arrest of the upstream gene. 

Takada H., Mandell Z., Yakhnin H., Glazyrina A., Chiba S., Kurata T., Wu K., Tresco B., Myers A., 
Atkinson G., Babitzke P., Hauryliuk V.; Expression of Bacillus subtilis ABCF antibiotic resistance 
factor VmlR is regulated by RNA polymerase pausing, transcription attenuation, translation 
attenuation and (p)ppGpp. (2022) Nucleic Acids Res. 50, 6174-6189. 

Obana, N., Takada, H., Crowe-McAuliffe, C., Iwamoto, M., Egorov, A.A., Wu, K.J.Y., Chiba, S., Murina, 
V., Paternoga, H., Tresco, B.I.C., Nomura, N., Myers, A.G., Atkinson, G.C., Wilson, D.N., Hauryliuk, 
V.; Genome-encoded ABCF factors implicated in intrinsic antibiotic resistance in Gram-positive 
bacteria: VmlR2, Ard1 and CplR. (2023) Nucleic Acids Res. in press 

Shiota N., Shimokawa-Chiba, N., Fujiwara, K. Chiba S.: Identification of Bacillus subtilis YidC 
substrates using a MifM-instructed translation arrest-based reporter. (2023) J. Mol. Biol. in press 

 
 

Chiba, S., Fujiwara, K., Chadani, Y., Taguchi, H.; Nascent chain-mediated translation regulation in 
bacteria: translation arrest and intrinsic ribosome destabilization. (2023) J. Biochem. 173, 227-236. 
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We have been focusing our research on the structural biology of infectious disease. Especially our 
focus is macromolecular complexes, and we would like to reveal the interaction between the 
infectious factor protein and human protein. These basic researches were expected to find a novel 
drug in infectious disease.  
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 (1) The iota toxin produced by Clostridium perfringens type E, is a binary toxin comprising two 
independent polypeptides: Ia, an ADP-ribosyltransferase, and Ib, which is involved in binding to the 
cell and translocation of Ia across the cell membrane. We have reported the cryo-EM structures of 
the translocation channel Ib-pore and its complex with Ia (Nat Struct & Mol Biol., 2020)
Furthermore, this year, we reported binary CDT (CDTa and CDTb) toxin complex from the most 
clinically important bacterium Clostridioides difficile (formerly Clostridium) ( Nature communications, 
2022). CDTb has been proposed to be a di-heptamer, but its physiological heptameric structure has 
not yet been reported. Here, we report the cryo-EM structure of CDTa bound to the CDTb-pore, which 
reveals that CDTa binding induces partial unfolding and ti -helix. In the CDTb-
pore, an NSS-loop exists in 'in' and 'out' conformations, suggesting its involvement in substrate 
translocation. Finally, 3D variability analysis revealed CDTa movements from a folded to an unfolded 
state. These dynamic structural information provide insights into drug design against hypervirulent C. 
difficile strains. 
 
(2) Recently, outbreaks of food poisoning in Japan were reported in which Clostridium perfringens 
was strongly suspected to be the cause based on epidemiological information and fingerprinting of 
isolates. The isolated strains lack the typical C. perfringens enterotoxin (CPE) but secrete a new 
binary toxin consisting of two components: C. perfringens iota-like enterotoxin-a (CPILE-a), which 
acts as an actin ADP-ribosyltransferase, and CPILE-b, a membrane-binding and protein-translocation 
component. We are studying the difference of the pore in CPILE-b compared with Ib-pore and 
CDTb-pore. 
 
(3) We are interested in the specificity of ADP-ribosyltransferase (ART). We have revealed the 
complex structures of Ia-actin, C3-RhoA and ScARP-guanine for the last ten years. From these 
structures, we understood they all use the ARTT-loop in common. Furthermore, we consider that this 
is a common substrate recognition mechanism for all ARTs, all protein/amino acid-target and 
DNA/base-target ARTs. However, it is still an open question of the specificity of human PARPs, which 
belongs to a different group of ART. Thus, we are trying to reveal the structures of PARP in order to 
understand the specificity. 
 
(4) We are studing the two component toxin from Pomacea canaliculata. We purified the binary toxin 
from red egg of Pomacea canaliculata and ought to reveal the pore forming mechanism and function. 

 
 Kawamoto A., Yamada T., Yoshida T., Sato Y., Kato T., and Tsuge H. (2022)   Cryo-EM structures of 
the translocational binary toxin complex CDTa-bound CDTb-pore from Clostridioides difficile.       

Nature communications,  13(1):6119. doi: 10.1038/s41467-022-33888-4.  
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Energy is essential for the sustenance of life, and bioenergetics is a crucial scientific field that aims 
to understand how living organisms convert energy into usable forms and how it is utilized. ATP, the 
energy currency of life, is synthesized by ATP synthase, present in the mitochondria or bacterial plasma 
membranes. This produced ATP is used in various biological processes, including muscle contraction, 
and biomolecule synthesis and degradation. The vacuolar proton ATPase (V-ATPase) uses ATP to 
transport ions into vesicles, which is responsible for different physiological phenomena by acidification.
The mechanism of how tiny protein-based molecular machines convert ATP energy into transport and 
motion is a fascinating and important question that needs to be answered in the life sciences. To 
comprehend this mechanism, it is crucial to study the movement and shape of these molecular 
machines. To achieve this goal, we have utilized single-molecule rotation observation and structural 
biology with cryo-electron microscopy.

Our ultimate aim is to understand and explain how living organisms transform and utilize energy to 
sustain life. On the other hand, the process by which life utilizes energy is likely related to aging and 
age-related diseases. Several enzymes involved in energy metabolism are reported to be involved in 
life-span altering genes, and the amount of energy intake itself determines lifespan. We have started 
to study the relationship between the intracellular concentration of ATP, the energy currency, and 
lifespan using molecular imaging techniques. The results revealed a close relationship between aging, 
anesthetic effects, and metabolic control and ATP levels in the individual. Thus, we are addressing the 
issues of aging, lifespan and disease from the perspective of bioenergetics.
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Based on these points, we have carried out three themes;  
1. Molecular mechanism of rotary ATPase/synthases, V-ATPase and FoF1. 
2. ATP homeostais in living cells 
3. Structural biology of membrane proteins involved in ATP homeostasis using Cryo-electron 

microscopy  
 
Achievements in 2022 
1) Structural basis of unisite catalysis of bacterial FoF1-ATPase 
ATP synthases (FoF1-ATPase) are crucial for all aerobic organisms. F1, a water-soluble domain, can 
catalyze both the synthesis and hydrolysis of ATP with the rotation of the central rotor inside a 
cylinder made of 3 3 in three different conformations (referred to as E, TP, and DP). In this study, we 
determined multiple cryo-electron microscopy structures of bacterial FoF1 exposed to different reaction 
conditions. The structures of nucleotide-depleted FoF1 indicate that the subunit directly forces TP to 
adopt a closed form independent of the nucleotide binding to TP. The structure of FoF1 under conditions 
that permit only a single catalytic subunit per enzyme to bind ATP is referred to as unisite catalysis 
and reveals that ATP hydrolysis unexpectedly occurs on TP instead of DP, where ATP hydrolysis 
proceeds in the steady-state catalysis of FoF1. This indicates that the unisite catalysis of bacterial FoF1 
significantly differs from the kinetics of steady-state turnover with continuous rotation of the shaft. 
 
2) Structural transition of the ground-state structure to steady-state structures by sequential binding of 
ATP to V/A-ATPase 
Vacuolar/archaeal-type ATPase (V/A-ATPase) is a rotary ATPase that shares a common rotary catalytic 
mechanism with FoF1 ATP synthase. Structural images of V/A-ATPase obtained by single-particle cryo-
electron microscopy (cryo-EM) during ATP hydrolysis identified several intermediates, revealing the 
rotary mechanism under steady-state conditions. Here, we identified the cryo-EM structures of V/A-
ATPase corresponding to short-lived initial intermediates during the activation of the ground state 
structure by time-resolving snapshot analysis. These intermediate structures provide insights into how 
the ground-state structure changes to the active, steady state through the sequential binding of ATP to 
its three catalytic sites. All the intermediate structures of V/A-ATPase adopt the same asymmetric 
structure, whereas the three catalytic dimers adopt different conformations. This is significantly different 
from the initial activation process of FoF1, where the overall structure of the F1 domain changes during 
the transition from a pseudo-symmetric to a canonical asymmetric structure (PNAS NEXUS, pgac116, 
2022).

1. Cryo-EM analysis of V/A-ATPase intermediates reveals the transition of the ground-state structure 
to steady-state structures by sequential ATP binding. Nakanishi, A., Kishikawa, J.I., Mitsuoka, K., 
Yokoyama, K. J Biol Chem 299: 102884-102884 (2023) 
 

2. Structural basis of unisite catalysis of bacterial F0F1-ATPase.  Nakano A, Kishikawa J, Nakanishi 
A, Mitsuoka K, and *Yokoyama K.  PNAS Nexus volume 1, pgac116 (2022) 
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