
306

1.   Experimental modification  in thermal stability 
of oligomers by alanine substitution and site 
saturation mutagenesis of interfacial residues

Hoya M, Matsunaga R, Nagatoishi S, Tsumoto K.

For certain industrial applications, the stability of 
protein oligomers is important. In this study, we 
demonstrated an efficient method to improve the 
thermal stability of oligomers using the trimeric pro-
tein chloramphenicol acetyltransferase (CAT) as the 
model. We substituted all interfacial residues of CAT 
with alanine to detect residues critical for oligomer 
stability. Mutation of six of the forty-nine interfacial 
residues enhanced oligomer thermal stability. Site 
saturation mutagenesis was performed on these six 
residues to optimize the side chains. About 15% of 
mutations enhanced thermal stability by more than 
0.5 °C and most did not disrupt activity of CAT. Cer-
tain combinations of mutations further improved 
thermal stability and resistance against heat treat-

ment. The quadruple mutant, H17V/N34S/F134A/
D157C, retained the same activity as the wild-type 
after heat treatment at 9 °C higher temperature than 
the wild-type CAT. Furthermore, combinations with 
only alanine substitutions also improved thermal sta-
bility, suggesting the method we developed can be 
used for rapid modification of industrially important 
proteins.

2.  IL-6 Reduces Spheroid Sizes of Osteophytic 
Cells Derived from Osteoarthritis Knee Joint 
via Induction of Apoptosis

Negishi Y, Adili Arepati, Susana de Vega, Momoeda 
M, Kaneko H, Mehmet Zeynel Cilek, Yoshinaga C, 
Takafuji K, Otsuka Y, Shimoda M, Negishi-Koga T, 
Ishijima M, Okada Y

Osteophytes in osteoarthritis (OA) joints contrib-
ute to restriction of joint movement, joint pain, and 
OA progression, but little is known about osteophyte 
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Various types of antibodies have been approved for therapeutic use and are 
currently being examined in clinical trials. In the later years, the development of 
new technologies for the discovery and optimization of high-potency antibodies has 
led to the ability to design specific and stable antibodies with desired biological 
properties. Biophysical analyses of therapeutic antibodies, particularly those of 
prote in interact ion and stabi l i ty,  are cr i t ica l  for  the development of 
biopharmaceuticals, and an essential step to design next-generation antibodies. 
The development of analytical methods with quantitative and high-sensitive 
detection of antigen interaction, protein stability, and biological function of an 
antibody, therefore, has been challenging for pharmaceutical companies. In this 
division, we study the biophysical properties of various antibodies to propose a new 
strategy for the development of highly efficient next-generation antibodies.
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regulators. Examination of gene expression related to 
cartilage extracellular matrix, endochondral ossifica-
tion, and growth factor signaling in articular cartilage 
and osteophytes obtained from OA knee joints 
showed that several genes such as COL1A1, VCAN, 
BGLAP, BMP8B, RUNX2, and SOST were overex-
pressed in osteophytes compared with articular carti-
lage. Ratios of mesenchymal stem/progenitor cells, 
which were characterized by co-expression of CD105 
and CD166, were significantly higher in osteophytic 
cells than articular cells. A three-dimensional culture 
method for cartilage and osteophyte cells was devel-
oped by modification of cultures of self-assembled 
spheroid cell organoids (spheroids). These spheroids 
cultured in the media for mesenchymal stem cells 
containing transforming growth factor-β3 showed 
characteristic morphologies and gene expression pro-
files of articular cartilage and osteophytes, respective-
ly. The effects of IL-1β, tumor necrosis factor-α, and 
IL-6 on the spheroids of articular and osteophytic 
cells were studied. To the best of our knowledge, they 
provide the first evidence that IL-6 suppresses the 
spheroid size of osteophytic cells by inducing apopto-
sis and reducing extracellular matrix molecules. 
These data show that IL-6 is the suppressor of osteo-
phyte growth and suggest that IL-6 expression and/or 
activity are implicated in the regulation of osteophyte 
formation in pathologic joints.

3.  Generation of antibodies to an extracellular re-
gion of the transporters Glut1/Glut4 by immu-
nization with a designed antigen

Sumikawa T, Nakakido M, Matsunaga R, Kuroda 
D, Nagatoishi S, Tsumoto K.

Monoclonal antibodies are one of the fastest grow-
ing class of drugs. Nevertheless, relatively few biolog-
ics target multispanning membrane proteins because 
of technical challenges. To target relatively small ex-
tracellular regions of multiple membrane-spanning 
proteins, synthetic peptides, which are composed of 
amino acids corresponding to an extracellular region 
of a membrane protein, are often utilized in antibody 
discovery. However, antibodies to these peptides of-
ten do not recognize parental membrane proteins. In 
this study, we designed fusion proteins in which an 
extracellular helix of the membrane protein glucose 
transporter 1 (Glut1) was grafted onto the scaffold 
protein Adhiron. In the initial design, the grafted 
fragment did not form a helical conformation. Molec-
ular dynamics simulations of full-length Glut1 sug-
gested the importance of intramolecular interactions 
formed by surrounding residues in the formation of 
the helical conformation. A fusion protein designed to 
maintain such intramolecular interactions did form 
the desired helical conformation in the grafted region. 
We then immunized an alpaca with the designed fu-
sion protein and obtained VHH (variable region of 

heavy-chain antibodies) using the phage display 
method. The binding of these VHH antibodies to the 
recombinant Glut1 protein was evaluated by surface 
plasmon resonance, and their binding to Glut1 on the 
cell membrane was further validated by flow cytome-
try. Furthermore, we also succeeded in the generation 
of a VHH against another integral membrane protein, 
glucose transporter 4 (Glut4) with the same strategy. 
These illustrates that our combined biochemical and 
computational approach can be applied to designing 
other novel fusion proteins for generating site-specif-
ic antibodies.

4.   Unveiling  the  affinity-stability  relationship  in 
anti-measles virus antibodies: a computation-
al approach for hotspots prediction

Paul R, Kasahara K, Sasaki J, Pérez JF, Matsunaga 
R, Hashiguchi T, Kuroda D, Tsumoto K.

Recent years have seen an uptick in the use of 
computational applications in antibody engineering. 
These tools have enhanced our ability to predict inter-
actions with antigens and immunogenicity, facilitate 
humanization, and serve other critical functions. 
However, several studies highlight the concern of po-
tential trade-offs between antibody affinity and stabil-
ity in antibody engineering. In this study, we analyz-
ed anti-measles virus antibodies as a case study, to 
examine the relationship between binding affinity 
and stability, upon identifying the binding hotspots. 
We leverage in silico tools like Rosetta and FoldX, 
along with molecular dynamics (MD) simulations, of-
fering a cost-effective alternative to traditional in vit-
ro mutagenesis. We introduced a pattern in identify-
ing key residues in pairs, shedding light on hotspots 
identification. Experimental physicochemical analy-
sis validated the predicted key residues by confirm-
ing significant decrease in binding affinity for the 
high-affinity antibodies to measles virus hemaggluti-
nin. Through the nature of the identified pairs, which 
represented the relative hydropathy of amino acid 
side chain, a connection was proposed between affin-
ity and stability. The findings of the study enhance 
our understanding of the interactions between anti-
body and measles virus hemagglutinin. Moreover, 
the implications of the observed correlation between 
binding affinity and stability extend beyond the field 
of anti-measles virus antibodies, thereby opening 
doors for advancements in antibody research.

5.  THOUSAND-GRAIN WEIGHT 6, which is an 
IAA-glucose hydrolase, preferentially recog-
nizes the structure of the indole ring

Akabane T, Suzuki N, Ikeda K, Yonezawa T, Nagatoi-
shi S, Matsumura H, Yoshizawa T, Tsuchiya W, Kami-
no S, Tsumoto K, Ishimaru K, Katoh E, Hirotsu N.
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An indole-3-acetic acid (IAA)-glucose hydrolase, 
THOUSAND-GRAIN WEIGHT 6 (TGW6), negatively 
regulates the grain weight in rice. TGW6 has been 
used as a target for breeding increased rice yield. 
Moreover, the activity of TGW6 has been thought to 
involve auxin homeostasis, yet the details of this pu-
tative TGW6 activity remain unclear. Here, we show 
the three-dimensional structure and substrate prefer-
ence of TGW6 using X-ray crystallography, thermal 
shift assays and fluorine nuclear magnetic resonance 
(19F NMR). The crystal structure of TGW6 was deter-
mined at 2.6 Å resolution and exhibited a six-bladed 
β-propeller structure. Thermal shift assays revealed 
that TGW6 preferably interacted with indole com-
pounds among the tested substrates, enzyme prod-
ucts and their analogs. Further analysis using 19F 
NMR with 1,134 fluorinated fragments emphasized 
the importance of indole fragments in recognition by 
TGW6. Finally, docking simulation analyses of the 
substrate and related fragments in the presence of 
TGW6 supported the interaction specificity for indole 
compounds. Herein, we describe the structure and 
substrate preference of TGW6 for interacting with in-
dole fragments during substrate recognition. Uncov-
ering the molecular details of TGW6 activity will 
stimulate the use of this enzyme for increasing crop 
yields and contributes to functional studies of IAA 
glycoconjugate hydrolases in auxin homeostasis.

6.  Structural basis for the recognition of human 
hemoglobin by the heme-acquisition protein 
Shr from Streptococcus pyogenes

Senoo A, Hoshino M, Shiomi T, Nakakido M, Naga-
toishi S, Kuroda D, Nakagawa I, Tame JRH, Caavei-
ro JMM, Tsumoto K.

In Gram-positive bacteria, sophisticated machin-
eries to acquire the heme group of hemoglobin (Hb) 
have evolved to extract the precious iron atom con-
tained in it. In the human pathogen Streptococcus py-
ogenes, the Shr protein is a key component of this 
machinery. Herein we present the crystal structure of 
hemoglobin-interacting domain 2 (HID2) of Shr 
bound to Hb. HID2 interacts with both, the protein 
and heme portions of Hb, explaining the specificity of 
HID2 for the heme-bound form of Hb, but not its 
heme-depleted form. Further mutational analysis 
shows little tolerance of HID2 to interfacial mutations, 
suggesting that its interaction surface with Hb could 
be a suitable candidate to develop efficient inhibitors 
abrogating the binding of Shr to Hb.

7.  A high-resolution structural characterization 
and physicochemical study of how a peptoid 
binds to an oncoprotein MDM2

Yokomine M, Morimoto J, Fukuda Y, Ueda T, Take-
uchi K, Umezawa K, Ago H, Matsuura H, Ueno G, 

Senoo A, Nagatoishi S, Tsumoto K, Sando S.

Peptoids are a promising drug modality targeting 
disease-related proteins, but how a peptoid engages 
in protein binding is poorly understood. This is pri-
marily due to a lack of high-resolution peptoid-pro-
tein complex structures and systematic physicochem-
ical studies. Here, we present the first crystal structure 
of a peptoid bound to a protein, providing high-reso-
lution structural information about how a peptoid 
binds to a protein. We previously reported a rigid 
peptoid, oligo(N-substituted alanine) (oligo-NSA), 
and developed an oligo-NSA-type peptoid that binds 
to MDM2. X-ray crystallographic analysis of the pep-
toid bound to MDM2 showed that the peptoid recog-
nizes the MDM2 surface predominantly through the 
interaction of the N-substituents, while the main 
chain acts as a scaffold. Additionally, conformational, 
thermodynamic, and kinetic analysis of the peptoid 
and its derivatives with a less rigid main chain re-
vealed that rigidification of the peptoid main chain 
contributes to improving the protein binding affinity. 
This improvement is thermodynamically attributed 
to an increased magnitude of the binding enthalpy 
change, and kinetically to an increased association 
rate and decreased dissociation rate. This study pro-
vides invaluable insights into the design of pro-
tein-targeting peptoids.

8.  Thermodynamic and molecular dynamic in-
sights  into how fusion  influences peptide-tag 
recognition of an antibody

Miyanabe K, Yamashita T, Tsumoto K.

To understand the effect of protein fusion on the 
recognition of a peptide-tag by an antibody, we fused 
a CCR5-derived peptide-tag (pep1) to GFP and inves-
tigated its recognition by an anti-pep1 antibody, 4B08. 
First, to characterize the thermodynamic properties 
associated with the pep1-4B08 binding, isothermal ti-
tration calorimetry experiments were conducted. It 
was found that pep1 fused to the C-terminus of GFP 
(GFP-CT) enhanced the enthalpic gain by 2.1 kcal 
mol-1 and the entropic loss only by 0.9 kcal mol-1, re-
sulting in an 8-fold increase in the binding affinity 
compared to the unfused pep1. On the other hand, 
pep1 fused to the N-terminus of GFP (GFP-NT) en-
hanced the enthalpic gain by 3.0 kcal mol-1 and the 
entropic loss by 3.2 kcal mol-1, leading to no signifi-
cant enhancement of the binding affinity. To gain 
deeper insights, molecular dynamics simulations of 
GFP-NT, GFP-CT, and pep1 were performed. The re-
sults showed that the location of the fusion point sen-
sitively affects the interaction energy, the solvent ac-
cessible surface area, and the fluctuation of pep1 in 
the unbound state, which explains the difference in 
the experimental thermodynamic properties.
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9.  Functional insights of Tyr37 in framework re-
gion 2 directly contributing to the binding af-
finities and dissociation kinetics in single-do-
main VHH antibodies

Yamamoto K, Nagatoishi S, Nakakido M, Kuroda 
D, Tsumoto K.

Single-domain VHH antibody is regarded as one 
of the promising antibody classes for therapeutic and 
diagnostic applications. VHH antibodies have amino 
acids in framework region 2 that are distinct from 
those in conventional antibodies, such as the Val-
37Phe/Tyr (V37F/Y) substitution. Correlations be-
tween the residue type at position 37 and the confor-
mation of the CDR3 in VHH antigen recognition have 
been previously reported. However, few studies fo-
cused on the meaning of harboring two residue types 
in position 37 of VHH antibodies, and the concrete 
roles of Y37 have been little to be elucidated. Here, we 
investigated the functional states of position 37 in 
co-crystal structures and performed analyses of three 
model antibodies with either F or Y at position 37. 
Our analysis indicates that Y at position 37 enhances 
the dissociation rate, which is highly correlated with 
drug efficacy. Our findings help to explain the molec-
ular mechanisms that distinguish VHH antibodies 
from conventional antibodies.

10.  Cryo-EM structures elucidate the multiligand 
receptor nature of megalin

Goto S, Tsutsumi A, Lee Y, Hosojima M, Kabasawa 
H, Komochi K, Nagatoishi S, Takemoto K, Tsumoto 
K, Nishizawa T, Kikkawa M, Saito A.

Megalin (low-density lipoprotein receptor-related 
protein 2) is a giant glycoprotein of about 600 kDa, 
mediating the endocytosis of more than 60 ligands, 
including those of proteins, peptides, and drug com-
pounds [S. Goto, M. Hosojima, H. Kabasawa, A. Saito, 
Int. J. Biochem. Cell Biol. 157, 106393 (2023)]. It is ex-
pressed predominantly in renal proximal tubule epi-
thelial cells, as well as in the brain, lungs, eyes, inner 
ear, thyroid gland, and placenta. Megalin is also 
known to mediate the endocytosis of toxic com-
pounds, particularly those that cause renal and hear-
ing disorders [Y. Hori et al., J. Am. Soc. Nephrol. 28, 
1783-1791 (2017)]. Genetic megalin deficiency causes 
Donnai-Barrow syndrome/facio-oculo-acoustico-re-
nal syndrome in humans. However, it is not known 
how megalin interacts with such a wide variety of lig-
ands and plays pathological roles in various organs. 
In this study, we elucidated the dimeric architecture 
of megalin, purified from rat kidneys, using cryoelec-
tron microscopy. The maps revealed the densities of 
endogenous ligands bound to various regions 
throughout the dimer, elucidating the multiligand re-
ceptor nature of megalin. We also determined the 

structure of megalin in complex with receptor-associ-
ated protein, a molecular chaperone for megalin. The 
results will facilitate further studies on the patho-
physiology of megalin-dependent multiligand endo-
cytic pathways in multiple organs and will also be 
useful for the development of megalin-targeted drugs 
for renal and hearing disorders, Alzheimer’s disease 
[B. V. Zlokovic et al., Proc. Natl. Acad. Sci. U.S.A. 93, 
4229-4234 (1996)], and other illnesses.

11.   Next-Generation  Anti-TNFα  Agents:  The  Ex-
ample of Ozoralizumab

Tsumoto K, Takeuchi T.

Biologic therapy involving anti-tumor necrosis 
factor-α (anti-TNFα) agents has fundamentally 
changed the management of patients with im-
mune-mediated inflammatory diseases, including 
rheumatoid arthritis, thus benefiting many patients. 
Nevertheless, the inability of some patients to achieve 
low disease activity or clinical remission remains a 
major concern. To address such concerns, next-gener-
ation anti-TNFα agents that differ from the immuno-
globulin G-format anti-TNFα agents that have been 
used to date are being developed using antibody-en-
gineering technology. Their unique design employ-
ing novel molecular characteristics affords several 
advantages, such as early improvement of clinical 
symptoms, optimization of drug bioavailability, en-
hancement of tissue penetration, and a reduction in 
side effects. This holds promise for a new paradigm 
shift in biologic therapy via the use of next-generation 
anti-TNFα agents. Ozoralizumab, a next-generation 
anti-TNFα agent that was recently approved in Japan, 
comprises a variable region heavy-chain format. It 
has a completely different structure from convention-
al therapeutic antibodies, such as a small molecular 
size, an albumin-binding module, and a unique for-
mat that produces an avidity effect. Ozoralizumab 
exhibited rapid biodistribution into joints, provided 
attenuation of Fcγ receptor-mediated inflammatory 
responses, and had a high binding affinity to TNFα in 
non-clinical studies. In clinical trials, ozoralizumab 
yielded an early improvement in clinical symptoms, a 
sustained efficacy for up to 52 weeks, and an accept-
able tolerability in patients with rheumatoid arthritis. 
This review focuses on the results of pre-clinical and 
clinical trials for ozoralizumab and outlines the pro-
gress in next-generation antibody development.

12.  Characterization of a novel format scFv×VHH 
single-chain biparatopic antibody against 
metal binding protein MtsA

Asano R, Takeuchi M, Nakakido M, Ito S, Aikawa 
C, Yokoyama T, Senoo A, Ueno G, Nagatoishi S, 
Tanaka Y, Nakagawa I, Tsumoto K.
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Biparatopic antibodies (bpAbs) are engineered an-
tibodies that bind to multiple different epitopes with-
in the same antigens. bpAbs comprise diverse for-
mats, including fragment-based formats, and 
choosing the appropriate molecular format for a de-
sired function against a target molecule is a challeng-
ing task. Moreover, optimizing the design of con-
structs requires selecting appropriate antibody 
modalities and adjusting linker length for individual 
bpAbs. Therefore, it is crucial to understand the char-
acteristics of bpAbs at the molecular level. In this 
study, we first obtained single-chain variable frag-
ments and camelid heavy-chain variable domains tar-
geting distinct epitopes of the metal binding protein 
MtsA and then developed a novel format single-chain 
bpAb connecting these fragment antibodies with var-
ious linkers. The physicochemical properties, binding 
activities, complex formation states with antigen, and 
functions of the bpAb were analyzed using multiple 
approaches. Notably, we found that the assembly 
state of the complexes was controlled by a linker and 
that longer linkers tended to form more compact 
complexes. These observations provide detailed mo-
lecular information that should be considered in the 
design of bpAbs.

13.  Crystal structures of human CD40 in complex 
with monoclonal antibodies dacetuzumab 
and bleselumab

Asano R, Nakakido M, Pérez JF, Ise T, Caaveiro 
JMM, Nagata S, Tsumoto K.

CD40 is a member of the tumor necrosis factor re-
ceptor superfamily, and it is widely expressed on im-
mune and non-immune cell types. The interaction 
between CD40 and the CD40 ligand (CD40L) plays an 
essential function in signaling, and the CD40/CD40L 
complex works as an immune checkpoint molecule. 
CD40 has become a therapeutic target, and a variety 
of agonistic/antagonistic anti-CD40 monoclonal anti-
bodies (mAbs) have been developed. To better under-
stand the mode of action of anti-CD40 mAbs, we de-
termined the X-ray crystal structures of dacetuzumab 
(agonist) and bleselumab (antagonist) in complex 
with the extracellular domain of human CD40, re-
spectively. The structure reveals that dacetuzumab 
binds to CD40 on the top of cysteine-rich domain 1 
(CRD1), which is the domain most distant from the 
cell surface, and it does not compete with CD40L 
binding. The binding interface of bleselumab spread 
between CRD2 and CRD1, overlapping with the bind-
ing surface of the ligand. Our results offer important 
insights for future structural and functional studies of 
CD40 and provide clues to understanding the mecha-
nism of biological response. These data can be ap-
plied to developing new strategies for designing anti-
bodies with more therapeutic efficacy.

14.  High-throughput system for the thermostabil-
ity analysis of proteins

Ito S, Matsunaga R, Nakakido M, Komura D, Katoh 
H, Ishikawa S, Tsumoto K.

Thermal stability of proteins is a primary metric 
for evaluating their physical properties. Although re-
searchers attempted to predict it using machine learn-
ing frameworks, their performance has been depend-
ent on the quality and quantity of published data. 
This is due to the technical limitation that thermody-
namic characterization of protein denaturation by flu-
orescence or calorimetry in a high-throughput man-
ner has been challenging. Obtaining a melting curve 
that derives solely from the target protein requires 
laborious purification, making it far from practical to 
prepare a hundred or more samples in a single work-
flow. Here, we aimed to overcome this throughput 
limitation by leveraging the high protein secretion ef-
ficacy of Brevibacillus and consecutive treatment with 
plate-scale purification methodologies. By handling 
the entire process of expression, purification, and 
analysis on a per-plate basis, we enabled the direct 
observation of protein denaturation in 384 samples 
within 4 days. To demonstrate a practical application 
of the system, we conducted a comprehensive analy-
sis of 186 single mutants of a single-chain variable 
fragment of nivolumab, harvesting the melting tem-
perature (Tm) ranging from -9.3 up to +10.8°C com-
pared to the wild-type sequence. Our findings will 
allow for data-driven stabilization in protein design 
and streamlining the rational approaches.

15.  Impact of single-residue mutations on protein 
thermal stability: The case of threonine 83 of 
BC2L-CN lectin

Hoya M, Matsunaga R, Nagatoishi S, Ide T, Kuroda 
D, Tsumoto K.

The thermal stability of trimeric lectin BC2L-CN 
was investigated and found to be considerably al-
tered when mutating residue 83, originally a threo-
nine, located at the fucose-binding loop. Mutants 
were analyzed using differential scanning calorime-
try and isothermal microcalorimetry. Although most 
mutations decreased the affinity of the protein for ol-
igosaccharide H type 1, six mutations increased the 
melting temperature (Tm) by >5 °C; one mutation, 
T83P, increased the Tm value by 18.2 °C(T83P, Tm = 
96.3 °C). In molecular dynamic simulations, the inves-
tigated thermostable mutants, T83P, T83A, and T83S, 
had decreased fluctuations in the loop containing res-
idue 83. In the T83S mutation, the side-chain hydrox-
yl group of serine formed a hydrogen bond with a 
nearby residue, suggesting that the restricted move-
ment of the side-chain resulted in fewer fluctuations 
and enhanced thermal stability. Residue 83 is located 
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at the interface and near the upstream end of the 
equivalent loop in a different protomer; therefore, 
fluctuations by this residue likely propagate through-
out the loop. Our study of the dramatic change in 
thermal stability by a single amino acid mutation pro-
vides useful insights into the rational design of pro-
tein structures, especially the structures of oligomeric 
proteins.

16.  PDZD8-FKBP8 tethering complex at ER-mito-
chondria contact sites regulates mitochondri-
al complexity

Nakamura K, Aoyama-Ishiwatari S, Nagao T, 
Paaran M, Obara CJ, Sakurai-Saito Y, Johnston J, 
Du Y, Suga S, Tsuboi M, Nakakido M, Tsumoto K, 
Kishi Y, Gotoh Y, Kwak C, Rhee HW, Seo JK, Ko-
sako H, Potter C, Carragher B, Lippincott-Schwartz 
J, Polleux F, Hirabayashi Y.

Mitochondria-ER membrane contact sites 
(MERCS) represent a fundamental ultrastructural 
feature underlying unique biochemistry and physiol-
ogy in eukaryotic cells. The ER protein PDZD8 is re-
quired for the formation of MERCS in many cell 
types, however, its tethering partner on the outer mi-
tochondrial membrane (OMM) is currently unknown. 
Here we identified the OMM protein FKBP8 as the 
tethering partner of PDZD8 using a combination of 
unbiased proximity proteomics, CRISPR-Cas9 endog-
enous protein tagging, Cryo-Electron Microscopy 
(Cryo-EM) tomography, and correlative light-EM 
(CLEM). Single molecule tracking revealed highly dy-
namic diffusion properties of PDZD8 along the ER 
membrane with significant pauses and capture at 
MERCS. Overexpression of FKBP8 was sufficient to 
narrow the ER-OMM distance, whereas independent 
versus combined deletions of these two proteins 
demonstrated their interdependence for MERCS for-
mation. Furthermore, PDZD8 enhances mitochondri-
al complexity in a FKBP8-dependent manner. Our 
results identify a novel ER-mitochondria tethering 
complex that regulates mitochondrial morphology in 
mammalian cells.

17.  Development of novel humanized VHH syn-
thetic libraries based on physicochemical 
analyses

Nakakido M, Kinoshita S, Tsumoto K.

Due to the high affinity and specificity of antibod-
ies toward antigens, various antibody-based applica-
tions have been developed. Recently, variable anti-
gen-binding domains of heavy-chain antibodies 
(VHH) have become an attractive alternative to con-
ventional fragment antibodies due to their unique 
molecular characteristics. As an antibody-generating 
strategy, synthetic VHH libraries (including human-

ized VHH libraries) have been developed using dis-
tinct strategies to constrain the diversity of amino 
acid sequences. In this study, we designed and con-
structed several novel synthetic humanized VHH li-
braries based on biophysical analyses conducted us-
ing the complementarity determining region-grafting 
method and comprehensive sequence analyses of 
VHHs deposited in the protein data bank. We ob-
tained VHHs from the libraries, and hit clones exhib-
ited considerable thermal stability. We also found 
that VHHs from distinct libraries tended to have dif-
ferent epitopes. Based on our results, we propose a 
strategy for generating humanized VHHs with dis-
tinct epitopes toward various antigens by utilizing 
our library combinations.

18.  Systematic Preparation of a 66-IgG Library 
with Symmetric and Asymmetric Homogene-
ous Glycans and Their Functional Evaluation

Manabe S, Iwamoto S, Nagatoishi S, Hoshinoo A, 
Mitani A, Sumiyoshi W, Kinoshita T, Yamaguchi Y, 
Tsumoto K.

Immunoglobulin G (IgG) antibodies possess a 
conserved N-glycosylation site in the Fc domain. In 
FcγRIIIa affinity column chromatography, unglyco-
sylated, hemiglycosylated, and fully glycosylated IgG 
retention times differ considerably. Using reten-
tion-time differences, 66 different trastuzumab anti-
bodies with symmetric and asymmetric homogene-
ous glycans were prepared systematically, 
substantially expanding the scope of IgGs with ho-
mogeneous glycans. Using the prepared trastuzumab 
with homogeneous glycans, thermal stability and an-
tibody-dependent cellular cytotoxicity were investi-
gated. In some glycan series, a directly proportional 
relationship was observed between the thermal un-
folding temperature (Tm) and the calorimetric un-
folding heat (ΔHcal). Antibody function could be de-
duced from the combination of a pair of glycans in an 
intact form. Controlling glycan structure through the 
combination of a pair of glycans permits the precise 
tuning of stability and effector functions of IgG. Over-
all, our technology can be used to investigate the ef-
fects of glycans on antibody functions.

19.   Triphenylphosphonium-modified  catiomers 
enhance in vivo mRNA delivery through stabi-
lized polyion complexation

Norimatsu J, Mizuno HL, Watanabe T, Obara T, 
Nakakido M, Tsumoto K, Cabral H, Kuroda D, An-
raku Y.

Nanocarriers based on cationic materials play a 
central role in the success of mRNA-based therapies. 
Traditionally, amine-bearing lipids and polymers 
have been successfully employed for creating mR-

18社会連携研究部門_4k.indd   311 2025/05/09   17:30:08



312

NA-loaded nanocarriers, though they still present 
challenges, such as physical and biological instability, 
limiting both delivery efficiency and therapeutic po-
tential. Non-amine cations could be a promising ave-
nue in addressing these limitations. However, such 
alternatives remain notably underexplored. Herein, 
we introduced triphenylphosphonium (TPP) as an al-
ternative cationic moiety for mRNA delivery, lever-
aging its advantageous properties for nucleic  
acid complexation. Through the modification of 
amine-bearing catiomers, we replaced traditional 
amine-based counterparts with TPP to create innova-
tive polymeric micelles as mRNA nanocarriers. A 
comprehensive analysis, encompassing physico-
chemical, thermodynamic, and computational ap-
proaches, revealed that the TPP substitution signifi-
cantly influenced polymer self-assembly, mRNA 
binding, and the overall stability of mRNA-loaded 
polymeric micelles. Upon intravenous injection, 
TPP-bearing micelles demonstrated a remarkable in-
crease in mRNA bioavailability, facilitating efficient 
protein production in solid tumors. These findings 
provide a compelling rationale for substituting 
amines with TPP, emphasizing their potential for ad-
vancing mRNA therapeutics.

20.  Unveiling the structural mechanisms behind 
high affinity and selectivity in phosphorylated 
epitope-specific rabbit antibodies

Kasahara K, Kawade R, Nakakido M, Matsunaga 
R, Akiba H, Entzminger KC, Maruyama T, Okumu-
ra SCJ, Caaveiro JMM, Kuroda D, Tsumoto K.

Protein phosphorylation is a crucial process in 
various cellular functions, and its irregularities have 
been implicated in several diseases, including cancer. 
Antibodies are commonly employed to detect protein 
phosphorylation in research. However, unlike the ex-
tensive studies on recognition mechanisms of the 
phosphate group by proteins such as kinases and 
phosphatases, only a few studies have explored anti-
body mechanisms. In this study, we produced and 
characterized two rabbit monoclonal antibodies that 
recognize a monophosphorylated Akt peptide. 
Through crystallography, thermodynamic mutation-
al analyses, and molecular dynamics simulations, we 
investigated the unique recognition mechanism that 
enables higher binding affinity and selectivity of the 
antibodies compared to other generic proteins with 
lower binding affinity to phosphorylated epitopes. 
Our results demonstrate that molecular dynamics 
simulations provide novel insights into the dynamic 
aspects of molecular recognition of posttranslational 
modifications by proteins beyond static crystal struc-
tures, highlighting how specific atomic level interac-
tions drive the exceptional affinity and selectivity of 
antibodies.

21.  Structural basis for the ligand promiscuity of 
the hydroxamate siderophore binding protein 
FtsB from Streptococcus pyogenes

Fernandez-Perez J, Senoo A, Caaveiro JMM, Na-
kakido M, de Vega S, Nakagawa I, Tsumoto K.

Pathogenic bacteria must secure the uptake of nu-
tritional metals such as iron for their growth, making 
their import systems attractive targets for the devel-
opment of new antimicrobial modalities. In the path-
ogenic bacterium Streptococcus pyogenes, the iron 
uptake system FtsABCD transports iron encapsulated 
by siderophores of the hydroxamate class. However, 
the inability of S. pyogenes to produce these metabo-
lites makes the biological and clinical relevance of this 
route unresolved. Herein, we demonstrated that the 
periplasmic binding protein FtsB recognizes not only 
the hydroxamate siderophore ferrichrome, as previ-
ously documented, but also ferrioxamine E (FOE), 
ferrioxamine B (FOB), and bisucaberin (BIS), each of 
them with high affinity (nM level). Up to seven aro-
matic residues in the binding pocket accommodate 
the variable backbones of the different siderophores 
through CH-π interactions, explaining ligand promis-
cuity. Collectively, our observations revealed how S. 
pyogenes exploits the diverse xenosiderophores pro-
duced by other microorganisms as iron sources to se-
cure this precious nutrient.

22.  Malaria parasites require a divergent heme 
oxygenase for apicoplast gene expression 
and biogenesis

Blackwell AM, Jami-Alahmadi Y, Nasamu AS, Kudo 
S, Senoo A, Slam C, Tsumoto K, Wohlschlegel JA, 
Manuel Martinez Caaveiro J, Goldberg DE, Sigala 
PA.

Malaria parasites have evolved unusual metabolic 
adaptations that specialize them for growth within 
heme-rich human erythrocytes. During blood-stage 
infection, Plasmodium falciparum parasites internal-
ize and digest abundant host hemoglobin within the 
digestive vacuole. This massive catabolic process gen-
erates copious free heme, most of which is biominer-
alized into inert hemozoin. Parasites also express a 
divergent heme oxygenase (HO)-like protein (PfHO) 
that lacks key active-site residues and has lost canon-
ical HO activity. The cellular role of this unusual pro-
tein that underpins its retention by parasites has been 
unknown. To unravel PfHO function, we first deter-
mined a 2.8 Å-resolution X-ray structure that revealed 
a highly α-helical fold indicative of distant HO ho-
mology. Localization studies unveiled PfHO target-
ing to the apicoplast organelle, where it is imported 
and undergoes N-terminal processing but retains 
most of the electropositive transit peptide. We ob-
served that conditional knockdown of PfHO was le-
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thal to parasites, which died from defective apicoplast 
biogenesis and impaired isoprenoid-precursor syn-
thesis. Complementation and molecular-interaction 
studies revealed an essential role for the electroposi-
tive N-terminus of PfHO, which selectively associates 
with the apicoplast genome and enzymes involved in 
nucleic acid metabolism and gene expression. PfHO 
knockdown resulted in a specific deficiency in levels 
of apicoplast-encoded RNA but not DNA. These 
studies reveal an essential function for PfHO in apico-
plast maintenance and suggest that Plasmodium 
repurposed the conserved HO scaffold from its ca-
nonical heme-degrading function in the ancestral 
chloroplast to fulfill a critical adaptive role in orga-
nelle gene expression.

23.   Disrupted  odontoblast  differentiation  and 
dentin dysplasia in Epiprofin-deficient mice

Jiménez-Rojo L, de Vega S, Ibarretxe G, Nakamura 
T, Unda FJ.

Tooth formation is a process tightly regulated by 
reciprocal interactions between epithelial and mesen-
chymal tissues. These epithelial-mesenchyme interac-
tions regulate the expression of target genes via tran-
scription factors. Among the regulatory elements 
governing this process, Epiprofin/Sp6 is a zinc finger 
transcription factor which is expressed in the embry-
onic dental epithelium and in differentiating pre-od-
ontoblasts. Epiprofin knockout (Epfn-/-) mice present 
severe dental abnormalities, such as supernumerary 
teeth and enamel hypoplasia. Here, we describe den-
tin defects in molars and incisors of Epfn-/- mice. We 
observed that in the absence of Epfn, markers of early 
odontoblast differentiation, such as alkaline phos-
phatase activity, Dsp/Dpp expression, and Collagen 
Type I deposition, are downregulated. In addition, 
the expression of tight and gap junction proteins was 
severely impaired in the predontoblastic cell layer of 
developing Epfn-/- molars. Altogether, our data shows 
that Epfn is crucial for the proper differentiation of 
dental mesenchymal cells towards functional odonto-
blasts and subsequent dentin-matrix deposition.

24.   Specific  recognition  mechanism  of  an  anti-
body to sulfated tyrosine and its potential use 
in biological research

Ujiie K, Nakakido M, Kinoshita S, Jose Caaveiro M 
M, Entzminger, C J Okumura, Maruyama, Mi-
yauchi k, Matano T, Tsumoto K

Post-translational modification of proteins is a 
crucial biological reaction that regulates protein func-

tions by altering molecular properties. The specific 
detection of such modifications in proteins has made 
significant contributions to molecular biology re-
search and holds potential for future drug develop-
ment applications. In HIV research, for example, ty-
rosine sulfation at the N-terminus of C-C chemokine 
receptor type 5 (CCR5) is considered to significantly 
enhance HIV infection efficiency. However, antibod-
ies specific to sulfated CCR5 still need to be devel-
oped. In this study, we successfully generated an an-
tibody that specifically recognized the sulfated 
N-terminal peptide of CCR5 through rabbit immuni-
zation and panning via phage display using a CCR5 
N-terminal peptide containing sulfate modification. 
We used various physicochemical methods in combi-
nation with molecular dynamics simulation to screen 
for residues that could be involved in recognition of 
the sulfated peptide by this antibody. We also con-
firmed that this antibody recognized the sulfated full-
length CCR5 on the cell surface, which suggested it 
should be useful as a research tool that could lead to 
the development of novel therapeutics. Although the 
antibody binding did not inhibit HIV infection, it 
could be also described as sulfation site-specific bind-
ing, beyond sulfation-specific binding.

25.  The pericellular function of Fibulin-7 in the ad-
hesion of oligodendrocyte lineage cells to 
neuronal axons during CNS myelination

Yamada M, Sasaki B,Yamada N, Hayashi C, Tsumo-
to K, de Vega S, Suzuki N

Myelin is an electrical insulator that enables salta-
tory nerve conduction and is essential for proper 
functioning of the central nervous system (CNS). It is 
formed by oligodendrocytes (OLs) in the CNS, and 
during OL development various molecules, including 
extracellular matrix (ECM) proteins, regulate OL dif-
ferentiation and myelination; however, the role of 
ECM proteins in these processes is not well under-
stood. Our present work is centered on the analyses 
of the expression and function of fibulin-7 (Fbln7), an 
ECM protein of the fibulin family, in OL differentia-
tion. In the expression analysis of Fbln7 in the CNS, 
we found that it was expressed at early postnatal 
stage and localized in the processes of OL precursor 
cells (OPCs), in the inner region of myelin, and in ax-
ons. The functional analysis using recombinant Fbln7 
protein (rFbln7) revealed that rFbln7 promoted OPC 
attachment activity via β1 integrin and heparan sul-
fate receptors. Further, rFbln7 induced the adhesion 
to neurites and the differentiation of OLs. Altogether, 
our results show that Fbln7 promotes the adhesion 
between OLs and axons and OL differentiation.
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