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<Group I>
1.  High-resolution proteomic analysis of EGF-reg-

ulated ubiquitination dynamics in human can-
cer cells

Hiroko Kozuka-Hata, Tomoko Hiroki, Aya Kitamu-
ra, Aiko Aizawa, Naoaki Miyamura, Kouhei Tsumo-
to, Jun-ichiro Inoue and Masaaki Oyama.

Protein ubiquitination is one of the most prevalent 
post-translational modifications (PTMs) and plays 
critical roles in regulating protein degradation, signal 
transduction and DNA repair in cooperation with 
other PTMs such as phosphorylation and acetylation. 
Recent mass spectrometry-based proteomics coupled 
with efficient enrichment technologies for each type 
of the modified peptides has enabled us to identify 
precise modification sites and measure their quantita-
tive changes on a global scale. Our previous ly-
sine-modification proteomic analyses of thirteen rep-
resentative human cancer cell lines led us to identify 
thousands of ubiquitination (Ub) and acetylation (Ac) 
sites in total and revealed that their system-wide 

modification status was mutually different at the cel-
lular network level. In this study, we further applied 
SILAC (Stable Isotope Labeling by Amino acids in 
Cell culture) for quantitative description of EGF-de-
pendent lysine-modification site dynamics in HeLa 
cells in a time-resolved manner. Through integration 
of large-scale SILAC-encoded data on six time points 
upon EGF stimulation, we successfully quantified ap-
proximately 1,000 kinds of Ub-sites as well as 700 
kinds of Ac-sites and found that one-third of these 
Ub-modified molecules, including several EGF signa-
ling effectors, were subjected to downregulation by 
proteasomal inhibition.

2.  Proteome-wide analysis of lysine acetylation 
and ubiquitination reveals critical signaling 
regulation in cancer cells

Hiroko Kozuka-Hata, Aya Kitamura, Tomoko Hi-
roki, Aiko Aizawa, Kouhei Tsumoto, Jun-ichiro In-
oue and Masaaki Oyama.

Post-translational modifications (PTMs), such as 
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phosphorylation, ubiquitination and acetylation, are 
known to be widely involved in the regulation of var-
ious biological processes through extensive diversifi-
cation of each protein function at the cellular network 
level. Previous functional analyses of cancer cell sign-
aling under a variety of experimental conditions re-
vealed many of the key molecules and their associat-
ed protein modifications in relation to each type of 
cancer. In order to systematically discover critical 
modulators from diversified signaling molecules, we 
have developed a high-resolution mass spectrome-
try-based proteomics platform for integrative identi-
fication and quantification of multiple post-transla-
tional modifications from various types of cancer 
cells. Our large-scale proteomic analysis enabled us to 
identify more than 5,000 kinds of ubiquitinated sites 
and 1,600 kinds of acetylated sites from representa-
tive human cancer cell lines, leading to identification 
of approximately 900 novel lysine modification sites 
in total. Very interestingly, 236 lysine residues de-
rived from 141 proteins were found to be modified 
with both ubiquitination and acetylation. As a conse-
quence of the subsequent motif extraction analyses, 
glutamic acid (E) was found to be highly enriched at 
the position (-1) for the lysine acetylation sites, where-
as the same amino acid was relatively dispersed along 
the neighboring residues of the lysine ubiquitination 
sites.

3.  System-wide perturbation of the proteome and 
phosphoproteome dynamics in glioblastoma 
stem cells through mTOR signaling inhibition

Hiroko Kozuka-Hata, Tomoko Hiroki, Ryo Koyama-
Nasu1, Kouhei Tsumoto, Jun-ichiro Inoue, Tetsu 
Akiyama1 and Masaaki Oyama; 1Laboratory of Mo-
lecular and Genetic Information, Institute for Quan-
titative Biosciences, The University of Tokyo

As glioblastoma is the most common and aggres-
sive brain tumor with poor prognosis, systematic elu-
cidation of signaling networks causally linked to the 
tumorigenesis is very crucial for developing more ef-
fective treatments for this intractable cancer. In our 
previous study, we applied a high-resolution mass 
spectrometry-based proteomics technology in combi-
nation with SILAC quantitative methods to under-
stand EGF-dependent phosphoproteome dynamics 
in patient-derived glioblastoma stem cells. We 
demonstrated that the phosphorylation levels of the 
representative mTOR signaling molecules such as 
RPS6 and PRAS40 were dramatically up-regulated 
upon EGF stimulation. As EGFR signaling has been 
reported to play a pivotal role in regulating the main-
tenance of cancer stem cells, we next carried out 
mTOR inhibitor-dependent signaling perturbations 
to unravel stemness-related pathways at the network 
level.

In the present study, we identified a total of 3,726 

proteins including 49 up-regulated and 436 down-reg-
ulated factors by Torin 1 treatment. Interestingly, we 
found that one of the well-known cancer stem cell 
markers was significantly down-regulated through 
mTOR signaling inhibition. Our in-depth phosphop-
roteome analysis also led to identification of 6,250 
unique phosphopeptides derived from 2,221 proteins 
and unveiled a variety of dynamic changes regarding 
phosphorylation levels of cancer and neural stem cell 
markers in a comprehensive manner. The integrative 
view of the mTOR inhibitor-dependent proteome and 
phosphoproteome dynamics in glioblastoma stem 
cells presents us with further prospects towards un-
derstanding previously unrecognized regulations at 
the system level.

4.  System-level analysis of CagA-dependent sig-
naling network dynamics by Helicobacter py-
lori infection

Hiroko Kozuka-Hata, Masato Suzuki2, Kotaro 
Kiga2, Shinya Tasaki, Jun-ichiro Inoue, Tadashi 
Yamamoto3, Chihiro Sasakawa2 and Masaaki 
Oyama: 2Division of Bacterial Infection, Depart-
ment of Microbiology and Immunology, IMSUT, 
3Division of Oncology, Department of Cancer Biolo-
gy, IMSUT

The signal transduction system within a cell regu-
lates complex biological events in response to bacteri-
al infection. The previous analyses of cell signaling in 
Helicobacter pylori-infected gastric epithelial cells 
have revealed that CagA, a major virulence factor of 
Helicobacter pylori, is delivered into cells via the type 
IV secretion system and perturbs signaling networks 
through the interaction with the key signaling mole-
cules such as SHP-2, Grb2, Crk/Crk-L, Csk, Met, and 
ZO-1. Although the biological activity of tyros-
ine-phosphorylated CagA has intensively been stud-
ied, system-wide effects of the virulence factor on cel-
lular signaling have yet to be analyzed. Here we 
performed time-resolved analyses of phosphopro-
teome and CagA-interactome in human gastric AGS 
cells by CagA-positive/negative Helicobacter pylori 
infection. Our highly sensitive nanoLC-MS/MS analy-
ses in combination with the Stable Isotope Labeling 
by Amino acids in Cell culture (SILAC) technology 
defined CagA-dependent perturbation of signaling 
dynamics along with a subset of CagA-associated 
possible modulators on a network-wide scale. Our re-
sult indicated that the activation level of the phospho-
tyrosine-related signaling molecules in AGS cells was 
suppressed overall in the presence of CagA during 
Helicobacter pylori infection. As Helicobacter pylori 
infection plays pivotal roles in the progression of gas-
tric diseases including carcinogenesis, a comprehen-
sive and fine description of the signaling dynamics 
would serve as a fundamental platform to theoretical-
ly explore for the potential drug targets through ana-
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lyzing the regulatory mechanisms at the system-level.

5.  Mass spectrometry-based annotation of the 
human short ORFeome

Masaaki Oyama, Hiroko Kozuka-Hata, Sumio Sug-
ano4, Tadashi Yamamoto3 and Jun-ichiro Inoue: 4De-
partment of Computational Biology and Medical 
Sciences, Graduate School of Frontier Sciences, The 
University of Tokyo

In parallel with the human genome projects, hu-
man full-length cDNA data has also been intensively 
accumulated. Large-scale analysis of their 5’-UTRs re-
vealed that about half of these had a short ORF up-
stream of the coding region. Experimental verifica-
tion as to whether such upstream ORFs are translated 
is essential to reconsider the generality of the classical 
scanning mechanism for initiation of translation and 
define the real outline of the human proteome. Our 
previous proteomics analysis of small proteins ex-
pressed in human K562 cells provided the first direct 
evidence of translation of upstream ORFs in human 
full-length cDNAs (Oyama et al., Genome Res, 14: 
2048-2052, 2004). In order to grasp an expanded land-
scape of the human short ORFeome, we have per-
formed an in-depth proteomics analysis of human 
K562 and HEK293 cells using a two-dimensional na-
noLC-MS/MS system. The results led to the identifica-
tion of eight protein-coding regions besides 197 small 
proteins with a theoretical mass less than 20 kDa that 
were already annotated coding sequences in the cu-
rated mRNA database. In addition to the upstream 
ORFs in the presumed 5’-untranslated regions of mR-
NAs, bioinformatics analysis based on accumulated 
5’-end cDNA sequence data provided evidence of 
novel short coding regions that were likely to be 
translated from the upstream non-AUG start site or 
from the new short transcript variants generated by 
utilization of downstream alternative promoters. Pro-
tein expression analysis of the GRINL1A gene re-
vealed that translation from the most upstream start 
site occurred on the minor alternative splicing tran-
script, whereas this initiation site was not utilized on 
the major mRNA, resulting in translation of the 
downstream ORF from the second initiation codon. 
These findings reveal a novel post-transcriptional sys-
tem that can augment the human proteome via the 
alternative use of diverse translation start sites cou-
pled with transcriptional regulation through alterna-
tive promoters or splicing, leading to increased com-
plexity of short protein-coding regions defined by the 
human transcriptome (Oyama et al., Mol Cell Pro-
teomics, 6: 1000-1006, 2007).

6.  Shotgun proteomics deciphered age/division 
of labor-related functional specification of 
three honeybee (Apis mellifera L.) exocrine 
glands

Toshiyuki Fujita5, Hiroko Kozuka-Hata, Yutaro 
Hori5, Jun Takeuchi5, Takeo Kubo5, and Masaaki 
Oyama: 5Department of Biological Sciences, Gradu-
ate School of Science, The University of Tokyo

The honeybee (Apis mellifera L.) uses various 
chemical signals produced by the worker exocrine 
glands to maintain the functioning of its colony. The 
roles of worker postcerebral glands (PcGs), thoracic 
glands (TGs), and mandibular glands (MGs) and the 
functional changes they undergo according to the di-
vision of labor from nursing to foraging are not as 
well studied. To comprehensively characterize the 
molecular roles of these glands in workers and their 
changes according to the division of labor of workers, 
we analyzed the proteomes of PcGs, TGs, and MGs 
from nurse bees and foragers using shotgun proteom-
ics technology. We identified approximately 2000 
proteins from each of the nurse bee or forager glands 
and highlighted the features of these glands at the 
molecular level by semiquantitative enrichment anal-
yses of frequently detected, gland-selective, and la-
bor-selective proteins. First, we found the high poten-
tial to produce lipids in PcGs and MGs, suggesting 
their relation to pheromone production. Second, we 
also found the proton pumps abundant in TGs and 
propose some transporters possibly related to the sa-
liva production. Finally, our data unveiled candidate 
enzymes involved in labor-dependent acid produc-
tion in MGs.

7.  In-depth proteomic analysis of drug-respon-
sive signaling pathway elements in human 
cancer cells

Wei QI, Aya Kitamura, Naoaki Miyamura, Tomoko 
Hiroki, Aiko Aizawa, Kazuki Mori, Hiroko Kozu-
ka-Hata and Masaaki Oyama.

Abnormal expression of histone deacetylases 
(HDACs) in human cancer cells was reported to be 
associated with angiogenesis, migration, chemother-
apy resistance as well as cell differentiation and apop-
tosis in a wide range of previous studies. Therefore, 
clinical use of HDAC inhibitors has been discussed as 
a new therapeutic approach against cancer for a long 
period. In 2006, suberoylanilide hydroxamic acid 
(SAHA), a pan-inhibitor targeting HDACs and also 
known as Vorinostat, was approved by the US Food 
and Drug Administration (FDA) for the treatment of 
cutaneous T-cell lymphoma. In addition to the anti-
cancer activity against hematologic cancers, SAHA 
also shows a significant antitumor effect on solid tu-
mors through inducing apoptosis, arresting cell cycle 
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or elevating radiation sensitization. In order to unveil 
the underlying complex mechanism, we used human 
HeLa cells as the model platform for analyzing SA-
HA-responsive elements on a proteomic scale. Ac-
cording to the experimental pre-evaluation through 
western blotting for acetylated histone H3 and micro-
scopic observation of cell growth under a variety of 
drug-perturbed conditions, we determined to treat 
cultured cells with SAHA for 24 h to perform an in-
depth quantitative proteomic analysis of SAHA-re-
sponsive elements in human HeLa cells. After SAHA 
treatment, the cells were lysed, trypsin-digested and 
analyzed by high-resolution nanoflow liquid chroma-
tography- tandem mass spectrometry. As a result of 
ultra-deep proteomic analysis by Orbitrap Eclipse 
Tribrid system coupled with Ultimate 3000 RSLCna-
no liquid chromatography technology, a total of 5,135 
proteins was identified using Proteome Discoverer 
software. Approximately 8 % of the identified pro-
teins were found to be differentially regulated with 
more than two-fold changes in response to SAHA 
treatment by Label Free Quantification (LFQ). The 
subsequent pathway analysis based on Kyoto Ency-
clopedia of Genes and Genomes (KEGG) indicated 
that cell cycle and anti-apoptotic pathway elements 
including p27 and HO-1 were prominently correlated 
with SAHA-dependent regulation in human HeLa 
cells.

<Group II>
Biomolecular recognition is based on collective 

and specific non-covalent interactions between dis-
crete biological molecules. Our laboratory studies 
various protein systems, for instance, antibody-anti-
gen and protein-ligand complexes, to understand 
quantitatively how these coordinated non-covalent 
interactions contribute to their specific recognition in 
biological and artificial systems. We seek to elucidate 
the molecular mechanisms by which biological mole-
cules obtain high-specificity and affinity from multi-
ple angles using advanced instrumentation. To pro-
duce functional molecules with higher performance 
and better properties, we aim to build a solid founda-
tion from which to develop drugs that modulate spe-
cific interactions between biomolecules and ultimate-
ly to understand the principles of molecular 
interactions in our lives.

1.  Structural basis for antigen recognition by 
methylated lysine-specific antibodies

Ishii M, Nakakido M, Caaveiro JMM, Kuroda D, 
Okumura CJ, Maruyama T, Entzminger K and Tsu-
moto K.

Proteins are modulated by a variety of posttrans-
lational modifications including methylation. Despite 
its importance, the majority of protein methylation 
modifications discovered by mass spectrometric anal-

yses are functionally uncharacterized, partly owing to 
the difficulty in obtaining reliable methylsite-specific 
antibodies. To elucidate how functional methyl-
site-specific antibodies recognize the antigens and 
lead to the development of a novel method to create 
such antibodies, we use an immunized library paired 
with phage display to create rabbit monoclonal anti-
bodies recognizing trimethylated Lys260 of MAP3K2 
as a representative substrate. We isolated several 
methylsite-specific antibodies that contained unique 
complementarity determining region sequence. We 
characterized the mode of antigen recognition by 
each of these antibodies using structural and biophys-
ical analyses, revealing the molecular details, such as 
binding affinity toward methylated/nonmethylated 
antigens and structural motif that is responsible for 
recognition of the methylated lysine residue, by 
which each antibody recognized the target antigen. In 
addition, the comparison with the results of Western 
blotting analysis suggests a critical antigen recogni-
tion mode to generate cross-reactivity to protein and 
peptide antigen of the antibodies. Computational 
simulations effectively recapitulated our biophysical 
data, capturing the antibodies of differing affinity and 
specificity. Our exhaustive characterization provides 
molecular architectures of functional methylsite-spe-
cific antibodies and thus should contribute to the de-
velopment of a general method to generate functional 
methylsite-specific antibodies by de novo design.

2.  Proteomic identification and validation of nov-
el interactions of the putative tumor suppres-
sor PRELP with membrane proteins including 
IGFI-R and p75NTR

Kosuge H, Nakakido M, Nagatoishi S, Fukuda T, 
Bando Y, Ohnuma SI and Tsumoto K.

Proline and arginine-rich end leucine-rich repeat 
protein (PRELP) is a member of the small leucine-rich 
repeat proteoglycans (SLRPs) family. Levels of PRELP 
mRNA are downregulated in many types of cancer, 
and PRELP has been reported to have suppressive ef-
fects on tumor cell growth, although the molecular 
mechanism has yet to be fully elucidated. Given that 
other SLRPs regulate signaling pathways through in-
teractions with various membrane proteins, we rea-
soned that PRELP likely interacts with membrane 
proteins to maintain cellular homeostasis. To identify 
membrane proteins that interact with PRELP, we car-
ried out coimmunoprecipitation coupled with mass 
spectrometry (CoIP-MS). We prepared membrane 
fractions from Expi293 cells transfected to overex-
press FLAG-tagged PRELP or control cells and ana-
lyzed samples precipitated with anti-FLAG antibody 
by mass spectrometry. Comparison of membrane 
proteins in each sample identified several that seem 
to interact with PRELP; among them, we noted two 
growth factor receptors, insulin-like growth factor I 
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receptor (IGFI-R) and low-affinity nerve growth fac-
tor receptor (p75NTR), interactions with which might 
help to explain PRELP’s links to cancer. We demon-
strated that PRELP directly binds to extracellular do-
mains of these two growth factor receptors with low 
micromolar affinities by surface plasmon resonance 
analysis using recombinant proteins. Furthermore, 
cell-based analysis using recombinant PRELP protein 
showed that PRELP suppressed cell growth and af-
fected cell morphology of A549 lung carcinoma cells, 
also at micromolar concentration. These results sug-
gest that PRELP regulates cellular functions through 
interactions with IGFI-R and p75NTR and provide a 
broader set of candidate partners for further explora-
tion

3.  Structural basis for selective inhibition of hu-
man serine hydroxymethyltransferase by sec-
ondary bile acid conjugate

Ota T, Senoo A, Shirakawa M, Nonaka H, Saito Y, 
Ito S, Ueno G, Nagatoishi S, Tsumoto K and Sando 
S.

Bile acids are metabolites of cholesterol that facili-
tate lipid digestion and absorption in the small bowel. 
Bile acids work as agonists of receptors to regulate 
their own metabolism. Bile acids also regulate other 
biological systems such as sugar metabolism, intesti-
nal multidrug resistance, and adaptive immunity. 
However, numerous physiological roles of bile acids 
remain undetermined. In this study, we solved the 
crystal structure of human serine hydroxymethyl-
transferase (hSHMT) in complex with an endogenous 
secondary bile acid glycine conjugate. The specific in-
teraction between hSHMT and the ligand was demon-
strated using mutational analyses, biophysical meas-
urements, and structure-activity relationship studies, 
suggesting that secondary bile acid conjugates may 
act as modulators of SHMT activity.

4.  Molecular basis for the activation of actinopor-
ins by lipids

Caaveiro JMM and Tsumoto K.

Actinoporins are a family of homologous pore 
forming proteins from sea anemones. They are one of 
the few families of eukaryotic toxins that have been 
characterized in depth. Actinoporins are activated by 
lipids in the context of bilayers, especially in cell and 
in model membranes containing the lipid sphingo-
myelin. These proteins must undergo conformational 
changes induced upon interaction with lipids in the 
membrane, where they form cytotoxic pores causing 
cell death and lethality. Herein we review a list of 
procedures and techniques to study this family of tox-
ins, with the goal of elucidating the physicochemical, 
thermodynamic and structural basis for their activa-

tion by lipids. The emerging picture indicates that ac-
tinoporins undergo a stepwise process that includes 
binding to the membrane, oligomerization, and pore 
formation, in this order. The key transformation from 
the inactive oligomer to the active pore is catalyzed by 
sphingomyelin, explaining the key role of this lipid in 
the function of actinoporins.

5.  A new twist of rubredoxin function in M. tuber-
culosis

Sushko T, Kavaleuski A, Grabovec I, Kavaleuskaya 
A, Vakhrameev D, Bukhdruker S, Marin E, Kuzik-
ov A, Masamrekh R, Shumyantseva V, Tsumoto K, 
Borshchevskiy V, Gilep A and Strushkevich N.

Electron transfer mediated by metalloproteins 
drives many biological processes. Rubredoxins are a 
ubiquitous [1Fe-0S] class of electron carriers that play 
an important role in bacterial adaptation to changing 
environmental conditions. In Mycobacterium tuber-
culosis, oxidative and acidic stresses as well as iron 
starvation induce rubredoxins expression. However, 
their functions during M. tuberculosis infection are 
unknown. In the present work, we show that rubre-
doxin B (RubB) is able to efficiently shuttle electrons 
from cognate reductases, FprA and FdR to support 
catalytic activity of cytochrome P450s, CYP124, 
CYP125, and CYP142, which are important for bacte-
rial viability and pathogenicity. We solved the crystal 
structure of RubB and characterized the interaction 
between RubB and CYPs using site-directed mu-
tagenesis. Mutations that not only neutralize single 
charge but also change the specific residues on the 
surface of RubB did not dramatically decrease activi-
ty of studied CYPs. Together with isothermal calo-
rimetry (ITC) experiments, the obtained results sug-
gest that interactions are transient and not highly 
specific. The redox potential of RubB is -264 mV vs. 
Ag/AgCl and the measured extinction coefficients are 
9931 M-1cm-1 and 8371 M-1cm-1 at 380 nm and 490 
nm, respectively. Characteristic parameters of RubB 
along with the discovered function might be useful 
for biotechnological applications. Our findings sug-
gest that a switch from ferredoxins to rubredoxins 
might be crucial for M. tuberculosis to support CYPs 
activity during the infection.

6.  Heme controls the structural rearrangement of 
its sensor protein mediating the hemolytic 
bacterial survival

Nishinaga M, Sugimoto H, Nishitani Y, Nagai S, Na-
gatoishi S, Muraki N, Tosha T, Tsumoto K, Aono S, 
Shiro Y and Sawai H.

Hemes (iron-porphyrins) are critical for biological 
processes in all organisms. Hemolytic bacteria sur-
vive by acquiring b-type heme from hemoglobin in 
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red blood cells from their animal hosts. These bacteria 
avoid the cytotoxicity of excess heme during hemoly-
sis by expressing heme-responsive sensor proteins 
that act as transcriptional factors to regulate the heme 
efflux system in response to the cellular heme concen-
tration. Here, the underlying regulatory mechanisms 
were investigated using crystallographic, spectro-
scopic, and biochemical studies to understand the 
structural basis of the heme-responsive sensor pro-
tein PefR from Streptococcus agalactiae, a causative 
agent of neonatal life-threatening infections. Structur-
al comparison of heme-free PefR, its complex with a 
target DNA, and heme-bound PefR revealed that 
unique heme coordination controls a >20 Å structural 
rearrangement of the DNA binding domains to disso-
ciate PefR from the target DNA. We also found heme-
bound PefR stably binds exogenous ligands, includ-
ing carbon monoxide, a by-product of the heme 
degradation reaction.

7.  A DNA Aptamer That Inhibits the Aberrant Sig-
naling of Fibroblast Growth Factor Receptor in 
Cancer Cells

Eguchi A, Ueki A, Hoshiyama J, Kuwata K, Chikao-
ka Y, Kawamura T, Nagatoishi S, Tsumoto K, Ueki 
R and Sando S.

Growth factor receptors are activated through di-
merization by the binding of their ligands and play 
pivotal roles in normal cell function. However, the 
aberrant activity of the receptors has been associated 
with cancer malignancy. One of the main causes of 
the aberrant receptor activation is the overexpression 
of receptors and the resultant formation of unligand-
ed receptor dimers, which can be activated in the ab-
sence of external ligand molecules. Thus, the unli-
ganded receptor dimer is a promising target to inhibit 
aberrant signaling in cancer. Here, we report an 
aptamer that specifically binds to fibroblast growth 
factor receptor 2b and inhibits the aberrant receptor 
activation and signaling. Our investigation suggests 
that this aptamer inhibits the formation of the recep-
tor dimer occurring in the absence of external ligand 
molecules. This work presents a new inhibitory func-
tion of aptamers and the possibility of oligonucleo-
tide-based therapeutics for cancer.

8.  Anti-EGFR antibody 528 binds to domain III of 
EGFR at a site shifted from the cetuximab 
epitope

Makabe K, Yokoyama T, Uehara S, Uchikubo-Ka-
mo T, Shirouzu M, Kimura K, Tsumoto K, Asano R, 
Tanaka Y and Kumagai I.

Antibodies have been widely used for cancer ther-
apy owing to their ability to distinguish cancer cells 
by recognizing cancer-specific antigens. Epidermal 

growth factor receptor (EGFR) is a promising target 
for the cancer therapeutics, against which several an-
tibody clones have been developed and brought into 
therapeutic use. Another antibody clone, 528, is an 
antagonistic anti-EGFR antibody, which has been the 
focus of our antibody engineering studies to develop 
cancer drugs. In this study, we explored the interac-
tion of 528 with the extracellular region of EGFR 
(sEGFR) via binding analyses and structural studies. 
Dot blotting experiments with heat treated sEGFR 
and surface plasmon resonance binding experiments 
revealed that 528 recognizes the tertiary structure of 
sEGFR and exhibits competitive binding to sEGFR 
with EGF and cetuximab. Single particle analysis of 
the sEGFR-528 Fab complex via electron microscopy 
clearly showed the binding of 528 to domain III of 
sEGFR, the domain to which EGF and cetuximab 
bind, explaining its antagonistic activity. Comparison 
between the two-dimensional class average and the 
cetuximab/sEGFR crystal structure revealed that 528 
binds to a site that is shifted from, rather than identi-
cal to, the cetuximab epitope, and may exclude known 
drug-resistant EGFR mutations.

9.  Thermodynamic Dissection of Potency and 
Selectivity of Cytosolic Hsp90 Inhibitors.

Yoshimura C, Nagatoishi S, Kuroda D, Kodama Y, 
Uno T, Kitade M, Chong-Takata K, Oshiumi H, Mu-
raoka H, Yamashita S, Kawai Y, Ohkubo S and Tsu-
moto K.

The cytosolic Hsp90-selective inhibitor TAS-116 
has an acceptable safety profile and promising antitu-
mor activity in clinical trials. We examined the bind-
ing characteristics of TAS-116 and its analogs to deter-
mine the impact of the ligand binding mode on 
selectivity for cytosolic Hsp90. Analyses of the 
co-crystal structure of Hsp90 and inhibitor TAS-116 
suggest that TAS-116 interacts with the ATP-binding 
pocket, the ATP lid region, and the hydrophobic 
pocket. A competitive isothermal titration calorime-
try analysis confirmed that a small fragment of TAS-
116 (THS-510) docks into the lid region and hydro-
phobic pockets without binding to the ATP-binding 
pocket. THS-510 exhibited enthalpy-driven binding 
to Hsp90α and selectively inhibited cytosolic Hsp90 
activity. The heat capacity change of THS-510 binding 
was positive, likely due to the induced conformation-
al rearrangement of Hsp90. Thus, we concluded that 
interactions with the hydrophobic pocket of Hsp90 
determine potency and selectivity of TAS-116 and de-
rivatives for the cytosolic Hsp90 isoform

10.   A Novel Cell-Based Intracellular Protein-Pro-
tein Interaction Detection Platform (SOLIS) 
for Multimodality Screening

Kashima D, Kageoka M, Kimura Y, Horikawa M, 
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Miura M, Nakakido M, Tsumoto K, Nagamune T 
and Kawahara M.

Intervention in protein-protein interactions (PPIs) 
has tremendous effects in the molecular therapy of 
many diseases. To fulfill the requirements for target-
ing intracellular proteins, here we develop SOS-local-
ization-based interaction screening (SOLIS), which 
elaborately mimics signaling via the Ras-mitogen-ac-
tivated protein kinase pathway. SOLIS employs two 
chimeric proteins in which a membrane localization 
motif (CaaX) is fused at the C-terminus of a protein of 
interest and the catalytic domain of SOS is fused at 
the C-terminus of another protein of interest. Interac-
tion between the two proteins of interest induces 
membrane localization of the SOS chimera and cell 
proliferation. Thus, the SOLIS system enables enrich-
ment of superior binders based on cell proliferation in 
an intracellular PPI-dependent manner. This was ver-
ified by three major modalities against intracellular 
PPIs (small molecules, peptide aptamers, and in-
trabodies). The system worked over a broad range of 
affinities (KD = 0.32-140 nM). In a screening of a 
site-directed randomized library, novel intrabody 
clones were selected on the basis of the potency of cell 
proliferation. Three other PPI detection methods (Na-
noBiT, SPR, and pull-down assays) were employed to 
characterize the SOLIS system, and several intrabody 
clones were judged as false negatives in these assays. 
SOLIS signals would be less sensitive to the orienta-
tion/conformation of the chimeric proteins, and this 
feature emerges as the advantage of SOLIS as a mam-
malian cytosolic PPI detection system with few false 
negatives.

11.   Novel neutralizing human monoclonal anti-
bodies against tetanus neurotoxin

Minamitani T, Kiyose K, Otsubo R, Ito T, Akiba H, 
Furuta RA, Inoue T, Tsumoto K, Satake M and Yas-
ui T.

Tetanus is a fatal disease caused by tetanus neuro-
toxin (TeNT). TeNT is composed of a light chain (Lc) 
and a heavy chain, the latter of which is classified into 
two domains, N-terminus Hn and C-terminus Hc. 
Several TeNT-neutralizing antibodies have been re-
ported, but it remains unclear which TeNT domains 
are involved in neutralization. To further understand 
the mechanism of these antibodies, we isolated 
TeNT-reactive human antibody clones from peripher-
al blood mononuclear cells. We then analyzed the re-
activity of the isolated antibody clones to each protein 
domain and their inhibition of Hc-ganglioside GT1b 
binding, which is critical for TeNT toxicity. We also 
investigated the TeNT-neutralizing ability of isolated 
antibody clones and showed that an Hn-reactive 
clone protected strongly against TeNT toxicity in 
mice. Furthermore, combination treatment of Hn-re-

active antibody clones with both Hc-reactive and 
TeNT mix (the mixture of Hc, Hn, and Lc proteins)-re-
active antibody clones enhanced the neutralizing ef-
fect. These results indicated that antibody clones tar-
geting Hn effectively neutralized TeNT. In addition, 
the use of a cocktail composed of Hc-, Hn-, and TeNT 
mix-reactive antibodies provided enhanced protec-
tion compared to the use of each antibody alone.

12.   Elaboration of Non-naturally Occurring Heli-
cal Tripeptides as p53-MDM2/MDMX Interac-
tion Inhibitors

Su A, Tabata Y, Aoki K, Sada A, Ohki R, Nagatoishi 
S, Tsumoto K, Wang S, Otani Y and Ohwada T.

Protein-protein interactions (PPIs) are often medi-
ated by helical, strand and/or coil secondary struc-
tures at the interface regions. We previously showed 
that non-naturally occurring, stable helical trimers of 
bicyclic β-amino acids (Abh) with all-trans amide 
bonds can block the p53-MDM2/MDMX α-helix-helix 
interaction, which plays a role in regulating p53 func-
tion. Here, we conducted docking and molecular dy-
namics calculations to guide the structural optimiza-
tion of our reported compounds, focusing on 
modifications of the C-terminal/N-terminal residues. 
We confirmed that the modified peptides directly 
bind to MDM2 by means of thermal shift assay, iso-
thermal titration calorimetry, and enzyme-linked im-
munosorbent assay (ELISA) experiments. Biological 
activity assay in human osteosarcoma cell line SJSA-1, 
which has wild-type p53 and amplification of the 
Mdm2 gene, indicated that these peptides are mem-
brane-permeable p53-MDM2/MDMX interaction an-
tagonists that can rescue p53 function in the cells.

13.   Anion solvation enhanced by positive super-
charging mutations preserves thermal stabil-
ity of an antibody in a wide pH range

Kasahara K, Kuroda D, Tanabe A, Kawade R, Na-
gatoishi S and Tsumoto K.

Proteins function through interactions with other 
molecules. In protein engineering, scientists often en-
gineer proteins by mutating their amino acid se-
quences on the protein surface to improve various 
physicochemical properties. “Supercharging” is a 
method to design proteins by mutating surface resi-
dues with charged amino acids. Previous studies 
demonstrated that supercharging mutations con-
ferred better thermal resistance, solubility, and cell 
penetration to proteins. Likewise, antibodies recog-
nize antigens through the antigen-binding site on the 
surface. The genetic and structural diversity of anti-
bodies leads to high specificity and affinity toward 
antigens, enabling antibodies to be versatile tools in 
various applications. When assessing therapeutic an-
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tibodies, surface charge is an important factor to con-
sider because the isoelectric point plays a role in pro-
tein clearance inside the body. In this study, we 
explored how supercharging mutations affect physic-
ochemical properties of antibodies. Starting from a 
crystal structure of an antibody with the net charge of 
-4, we computationally designed a supercharged var-
iant possessing the net charge of +10. The posi-
tive-supercharged antibody exhibited marginal im-
provement in thermal stability, but the secondary 
structure and the binding affinity to the antigen (net 
charge of +8) were preserved. We also used physico-
chemical measurements and molecular dynamics 
simulations to analyze the effects of supercharging 
mutations in sodium phosphate buffer with different 
pH and ion concentrations, which revealed preferen-
tial solvation of phosphate ions to the supercharged 
surface relative to the wild-type surface. These results 
suggest that supercharging would be a useful ap-
proach to preserving thermal stability of antibodies in 
a wide range of pH, which may enable further diver-
sification of antibody repertoires beyond natural evo-
lution.

14.   Peptoid-based reprogrammable template for 
cell-permeable inhibitors of protein-protein 
interactions

Fukuda Y, Yokomine M, Kuroda D, Tsumoto K, 
Morimoto J and Sando S.

The development of inhibitors of intracellular pro-
tein-protein interactions (PPIs) is of great significance 
for drug discovery, but the generation of a cell-per-
meable molecule with high affinity to protein is chal-
lenging. Oligo(N-substituted glycines) (oligo-NSGs), 
referred to as peptoids, are attractive as potential in-
tracellular PPI inhibitors owing to their high mem-
brane permeability. However, their intrinsically flexi-
ble backbones make the rational design of inhibitors 
difficult. Here, we propose a peptoid-based rational 
approach to develop cell-permeable PPI inhibitors us-
ing oligo(N-substituted alanines) (oligo-NSAs). The 
rigid structures of oligo-NSAs enable independent 
optimization of each N-substituent to improve bind-
ing affinity and membrane permeability, while pre-
serving the backbone shape. A molecule with opti-
mized N-substituents inhibited a target PPI in cells, 
which demonstrated the utility of oligo-NSA as a re-
programmable template to develop intracellular PPI 
inhibitors.

15.   Single-chain variable fragment (scFv) target-
ing streptolysin O controls group A Strepto-
coccus infection.

Aikawa C, Kawashima K, Fukuzaki C, Nakakido 
M, Murase K, Nozawa T, Tsumoto K and Nakagawa 
I.

Streptococcus pyogenes (Group A Streptococcus, 
GAS) causes a range of human diseases, including 
life-threatening and severe invasive GAS infections, 
such as streptococcal toxic shock syndrome (STSS). 
Several antibiotics, including penicillin, are effective 
against GAS. Still, invasive GAS diseases have a high 
mortality rate (>30%). Clinical isolates from STSS pa-
tients show higher expression of pore-forming strep-
tolysin O (SLO). Thus, SLO is an important pathogen-
ic factor for GAS and may be an effective target for 
treatment of GAS disease. We succeeded in obtaining 
a single-chain variable fragment (scFv) SLO-I4 capa-
ble of recognizing SLO, which significantly inhibited 
GAS-induced cell lytic activity in erythrocytes, mac-
rophages, and epithelial cells. In epithelial cells, 
SLO-I4 significantly reduced SLO-mediated endoso-
mal membrane damage, which consequently pre-
vented bacterial escape from the endosome. The effec-
tiveness of anti-SLO scFv in counteracting SLO 
function suggests that it might be beneficial against 
GAS infections.

16.   Characterization of a putative maltodex-
trin-binding protein of Streptococcus pyo-
genes, SPs0871 and the development of a 
VHH inhibitor

Yamawaki T, Nakakido M, Ujiie K, Aikawa C, Nak-
agawa I and Tsumoto K.

Streptococcus pyogenes causes a wide range of 
human infections. Currently, antibiotics are the main 
treatment for S. pyogenes infection, but serious an-
ti-microbial resistance requires alternative treatment 
options. To develop a novel strategy for treatment, we 
physicochemically characterized SPs0871, a putative 
maltose/maltodextrin-binding protein that is thought 
to have important roles in the pathogenesis of inva-
sive streptococci. We obtained a variable domain of 
heavy chain of heavy-chain antibody, the smallest 
unit of an antibody, which specifically binds to 
SPs0871. Although the VHH completely inhibited the 
binding of maltodextrins to SPs0871, the inhibition 
did not lead to growth suppression of the bacteria. 
Our results provide important insights for develop-
ment of VHH as an anti-streptococcal therapeutic.

17.   Microsecond molecular dynamics suggest 
that a non-synonymous mutation, frequently 
observed in patients with mild symptoms in 
Tokyo, alters dynamics of the SARS-CoV-2 
main protease

Kuroda D and Tsumoto K.

Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), which causes the coronavirus disease 
2019 (COVID-19), spread rapidly around the globe. 
The main protease encoded by SARS-CoV-2 is essen-
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tial for processing of the polyproteins translated from 
the viral RNA genome, making this protein a poten-
tial drug target. A recently reported mutation in the 
protease, P108S, may be responsible for milder symp-
toms observed in COVID-19 patients in Tokyo. Start-
ing from a crystal structure of the SARS-CoV-2 main 
protease in the dimeric form, we performed triplicate 
5.0-μs molecular dynamics simulations of the wild-
type and P108S mutant. Our computational results 
suggest a link between the mutation P108S and dy-
namics of the catalytic sites in the main protease: The 
catalytic dyad become considerably inaccessible to 
substrates in the P108S mutant. Our results also 
demonstrate the potential of molecular dynamics 
simulations to complement experimental techniques 
and other computational methods, such as protein 
design calculations, which predict effects of muta-
tions based on static crystal structures. Further stud-
ies are certainly necessary to quantitively understand 
the relationships between the P108S mutation and 
physical properties of the main protease, but the re-
sults of our study will immediately inform develop-
ment of new protease inhibitors.

18.   A glutamine sensor that directly activates 
TORC1

Tanigawa M, Yamamoto K, Nagatoishi S, Nagata K, 
Noshiro D, Noda NN, Tsumoto K and Maeda T.

TOR complex 1 (TORC1) is an evolutionarily-con-
served protein kinase that controls cell growth and 
metabolism in response to nutrients, particularly ami-
no acids. In mammals, several amino acid sensors 
have been identified that converge on the multi-lay-
ered machinery regulating Rag GTPases to trigger 
TORC1 activation; however, these sensors are not 
conserved in many other organisms including yeast. 
Previously, we reported that glutamine activates 
yeast TORC1 via a Gtr (Rag ortholog)-independent 
mechanism involving the vacuolar protein Pib2, al-
though the identity of the supposed glutamine sensor 
and the exact TORC1 activation mechanism remain 
unclear. In this study, we successfully reconstituted 
glutamine-responsive TORC1 activation in vitro us-
ing only purified Pib2 and TORC1. In addition, we 
found that glutamine specifically induced a change in 
the folding state of Pib2. These findings indicate that 
Pib2 is a glutamine sensor that directly activates 
TORC1, providing a new model for the metabolic 
control of cells.

19.   Mechanism of dimerization and structural 
features of human LI-cadherin

Yui A, Caaveiro JMM, Kuroda D, Nakakido M, Na-
gatoishi S, Goda S, Maruno T, Uchiyama S and Tsu-
moto K

Liver intestine (LI)-cadherin is a member of the 
cadherin superfamily, which encompasses a group of 
Ca2+-dependent cell-adhesion proteins. The expres-
sion of LI-cadherin is observed on various types of 
cells in the human body, such as normal small intes-
tine and colon cells, and gastric cancer cells. Because 
its expression is not observed on normal gastric cells, 
LI-cadherin is a promising target for gastric cancer 
imaging. However, because the cell adhesion mecha-
nism of LI-cadherin has remained unknown, rational 
design of therapeutic molecules targeting this cadher-
in has been hampered. Here, we have studied the ho-
modimerization mechanism of LI-cadherin. We re-
port the crystal structure of the LI-cadherin 
homodimer containing its first four extracellular cad-
herin repeats (EC1-4). The EC1-4 homodimer exhibit-
ed a unique architecture different from that of other 
cadherins reported so far, driven by the interactions 
between EC2 of one protein chain and EC4 of the sec-
ond protein chain. The crystal structure also revealed 
that LI-cadherin possesses a noncanonical calcium 
ion-free linker between the EC2 and EC3 domains. 
Various biochemical techniques and molecular dy-
namics simulations were employed to elucidate the 
mechanism of homodimerization. We also showed 
that the formation of the homodimer observed in the 
crystal structure is necessary for LI-cadherin-depend-
ent cell adhesion by performing cell aggregation as-
says. Taken together, our data provide structural in-
sights necessary to advance the use of LI-cadherin as 
a target for imaging gastric cancer.

20.   Regulation of cadherin dimerization by chem-
ical fragments as a trigger to inhibit cell adhe-
sion

Senoo A, Ito S, Nagatoishi S, Saito Y, Ueno G, Kuro-
da D, Yoshida K, Tashima T, Kudo S, Sando S and 
Tsumoto K.

Many cadherin family proteins are associated 
with diseases such as cancer. Since cell adhesion re-
quires homodimerization of cadherin molecules, a 
small-molecule regulator of dimerization would have 
therapeutic potential. Herein, we describe identifica-
tion of a P-cadherin-specific chemical fragment that 
inhibits P-cadherin-mediated cell adhesion. Although 
the identified molecule is a fragment compound, it 
binds to a cavity of P-cadherin that has not previously 
been targeted, indirectly prevents formation of hy-
drogen bonds necessary for formation of an interme-
diate called the X dimer and thus modulates the pro-
cess of X dimerization. Our findings will impact on a 
strategy for regulation of protein-protein interactions 
and stepwise assembly of protein complexes using 
small molecules.
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21.   Production of IgG1-based bispecific antibody 
without extra cysteine residue via intein-me-
diated protein trans-splicing

Akiba H, Ise T, Nagata S, Kamada H, Ohno H and 
Tsumoto K.

A major class of bispecific antibodies (BsAbs) uti-
lizes heterodimeric Fc to produce the native immuno-
globulin G (IgG) structure. Because appropriate pair-
ing of heavy and light chains is required, the design 
of BsAbs produced through recombination or reas-
sembly of two separately-expressed antigen-binding 
fragments is advantageous. One such method uses 
intein-mediated protein trans-splicing (IMPTS) to 
produce an IgG1-based structure. An extra Cys resi-
due is incorporated as a consensus sequence for 
IMPTS in successful examples, but this may lead to 
potential destabilization or disturbance of the assay 
system. In this study, we designed a BsAb linked by 
IMPTS, without the extra Cys residue. A BsAb bind-
ing to both TNFR2 and CD30 was successfully pro-
duced. Cleaved side product formation was inevita-
ble, but it was minimized under the optimized 
conditions. The fine-tuned design is suitable for the 
production of IgG-like BsAb with high symmetry be-
tween the two antigen-binding fragments that is ad-
vantageous for screening BsAbs.

22.   Delicate balance among thermal stability, 
binding affinity, and conformational space ex-
plored by single-domain V H H antibodies

Ikeuchi E, Kuroda D, Nakakido M, Murakami A 
and Tsumoto K.

The high binding affinities and specificities of an-
tibodies have led to their use as drugs and biosensors. 
Single-domain VHH antibodies exhibit high specifici-
ty and affinity but have higher stability and solubility 
than conventional antibodies as they are single-do-
main proteins. In this work, based on physicochemi-
cal measurements and molecular dynamics (MD) 
simulations, we have gained insight that will facilitate 
rational design of single-chain VHH antibodies. We 
first assessed two homologous VHH antibodies by 
differential scanning calorimetry (DSC); one had a 
high (64.8 °C) and the other a low (58.6 °C) melting 
temperature. We then generated a series of the vari-
ants of the low stability antibody and analyzed their 
thermal stabilities by DSC and characterized their 
structures through MD simulations. We found that a 
single mutation that resulted in 8.2 °C improvement 
in melting temperature resulted in binding affinity an 
order of magnitude lower than the parent antibody, 
likely due to a shift of conformational space explored 
by the single-chain VHH antibody. These results sug-
gest that the delicate balance among conformational 
stability, binding capability, and conformational 

space explored by antibodies must be considered in 
design of fully functional single-chain VHH antibod-
ies.

23.   Development of biparatopic bispecific anti-
body possessing tetravalent scFv-Fc capable 
of binding to ROBO1 expressed in hepatocel-
lular carcinoma cells

Watanabe Y, Tanabe A, Hamakubo T, Nagatoishi S 
and Tsumoto K.

There is no standard structural format of the bi-
paratopic bispecific antibody (bbsAb) which is used 
against the target molecule because of the diversity of 
biophysical features of bispecific antibodies (bsAbs). 
It is therefore essential that the interaction between 
the antibody and antigen is quantitatively analyzed 
to design antibodies that possess the desired proper-
ties. Here, we generated bsAbs, namely, a tandem 
scFv-Fc, a diabody-Fc, and an immunofu-
sion-scFv-Fc-scFv, that possessed four scFv arms at 
different positions and were capable of recognizing 
the extracellular domains of ROBO1. We examined 
the interactions between these bsAbs and ROBO1 at 
the biophysical and cellular levels. Of these, immuno-
fusion-B2212A scFv-Fc-B5209B scFv was stably ex-
pressed with the highest relative yield. The kinetic 
and thermodynamic features of the interactions of 
each bsAb with soluble ROBO1 (sROBO1) were vali-
dated using surface plasmon resonance and isother-
mal titration calorimetry. In all bsAbs, the immunofu-
sion-scFv-Fc-scFv format showed homogeneous 
interaction with the antigen with higher affinity com-
pared with that of monospecific antibodies. In conclu-
sion, our study presents constructive information to 
design druggable bbsAbs in drug applications.

24.   Electrostatic-triggered exothermic antibody 
adsorption to the cellulose nanoparticles

Murakami K, Nagatoishi S, Kasahara K, Nagai H, 
Sasajima Y, Sasaki R and Tsumoto K.

Antibody-conjugated nanoparticles are used in a 
fields ranging from medicine to engineering. Nano-
Act® nanobeads are cellulose nanoparticles used in 
lateral flow assays that are highly water dispersible. 
In order to promote the adsorption of antibodies onto 
NanoAct® particles while maintaining their activity, 
we analyzed the adsorption onto NanoAct® particles 
thermodynamically and elucidated the adsorption 
mechanism. In an immunochromatographic assay, 
the amount of adsorbed antibody and the color inten-
sity of the test line increased as the pH decreased. The 
zeta potential of the nanoparticles remained constant 
at around -30 mV over the pH range from 2 to 10. The 
model antibody had pI values between 6.2 and 6.8. 
Isothermal calorimetry analysis showed that adsorp-
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tion of antibody to the NanoAct® particle is an endo-
thermic reaction under low pH conditions, an exo-
thermic reaction between pH 6 and pH 7, and a 
weakly exothermic reaction above pH 7. These data 
indicate that the changes in net charge of the antibody 
surface as a function of pH influence the pH depend-
ence of antibody adsorption to the negatively charged 
NanoAct®. This suggests that increased positive 
charge on the antibody surface will result in a more 
sensitive NanoAct®-based immunoassay.

25.   An integrated computational pipeline for de-
signing high-affinity nanobodies with ex-
panded genetic codes

Padhi AK, Kumar A, Haruna KI, Sato H, Tamura 
H, Nagatoishi S, Tsumoto K, Yamaguchi A, Iraha F, 
Takahashi M, Sakamoto K and Zhang KYJ.

Protein engineering and design principles em-
ploying the 20 standard amino acids have been exten-
sively used to achieve stable protein scaffolds and 
deliver their specific activities. Although this confers 
some advantages, it often restricts the sequence, 
chemical space, and ultimately the functional diversi-
ty of proteins. Moreover, although site-specific incor-
poration of non-natural amino acids (nnAAs) has 
been proven to be a valuable strategy in protein engi-
neering and therapeutics development, its utility in 
the affinity-maturation of nanobodies is not fully ex-
plored. Besides, current experimental methods do not 
routinely employ nnAAs due to their enormous li-
brary size and infinite combinations. To address this, 
we have developed an integrated computational 
pipeline employing structure-based protein design 
methodologies, molecular dynamics simulations and 
free energy calculations, for the binding affinity pre-
diction of an nnAA-incorporated nanobody toward 
its target and selection of potent binders. We show 
that by incorporating halogenated tyrosines, the af-
finity of 9G8 nanobody can be improved toward epi-
dermal growth factor receptor (EGFR), a crucial can-
cer target. Surface plasmon resonance (SPR) assays 
showed that the binding of several 3-chloro-l-tyrosine 
(3MY)-incorporated nanobodies were improved up 
to 6-fold into a picomolar range, and the computa-
tionally estimated binding affinities shared a Pear-
son’s r of 0.87 with SPR results. The improved affinity 
was found to be due to enhanced van der Waals inter-
actions of key 3MY-proximate nanobody residues 
with EGFR, and an overall increase in the nanobody’s 
structural stability. In conclusion, we show that our 
method can facilitate screening large libraries and 
predict potent site-specific nnAA-incorporated nano-
body binders against crucial disease-targets.

26.   The transcriptional corepressor CtBP2 serves 
as a metabolite sensor orchestrating hepatic 
glucose and lipid homeostasis

Ota T, Senoo A, Shirakawa M, Nonaka H, Saito Y, 
Ito S, Ueno G, Nagatoishi S, Tsumoto K and Sando 
S.

Biological systems to sense and respond to meta-
bolic perturbations are critical for the maintenance of 
cellular homeostasis. Here we describe a hepatic sys-
tem in this context orchestrated by the transcriptional 
corepressor C-terminal binding protein 2 (CtBP2) that 
harbors metabolite-sensing capabilities. The repres-
sor activity of CtBP2 is reciprocally regulated by 
NADH and acyl-CoAs. CtBP2 represses Forkhead 
box O1 (FoxO1)-mediated hepatic gluconeogenesis 
directly as well as Sterol Regulatory Element-Binding 
Protein 1 (SREBP1)-mediated lipogenesis indirectly. 
The activity of CtBP2 is markedly defective in obese 
liver reflecting the metabolic perturbations. Thus, liv-
er-specific CtBP2 deletion promotes hepatic glucone-
ogenesis and accelerates the progression of steatohep-
atitis. Conversely, activation of CtBP2 ameliorates 
diabetes and hepatic steatosis in obesity. The struc-
ture-function relationships revealed in this study 
identify a critical structural domain called Rossmann 
fold, a metabolite-sensing pocket, that is susceptible 
to metabolic liabilities and potentially targetable for 
developing therapeutic approaches

27.   Unfolding is the driving force for mitochon-
drial import and degradation of the Parkin-
son’s disease-related protein DJ-1

Queliconi BB, Kojima W, Kimura M, Imai K, 
Udagawa C, Motono C, Hirokawa T, Tashiro S, 
Caaveiro JMM, Tsumoto K, Yamano K, Tanaka K 
and Matsuda N.

Diverse genes associated with familial Parkinson’s 
disease (familial Parkinsonism) have been implicated 
in mitochondrial quality control. One such gene, 
PARK7 encodes the protein DJ-1, pathogenic muta-
tions of which trigger its translocation from the cyto-
sol to the mitochondrial matrix. The translocation of 
steady-state cytosolic proteins like DJ-1 to the mito-
chondrial matrix upon missense mutations is rare, 
and the underlying mechanism remains to be eluci-
dated. Here, we show that the protein unfolding asso-
ciated with various DJ-1 mutations drives its import 
into the mitochondrial matrix. Increasing the struc-
tural stability of these DJ-1 mutants restores cytosolic 
localization. Mechanistically, we show that a reduc-
tion in the structural stability of DJ-1 exposes a cryptic 
N-terminal mitochondrial-targeting signal (MTS), in-
cluding Leu10, which promotes DJ-1 import into the 
mitochondrial matrix for subsequent degradation. 
Our work describes a novel cellular mechanism for 
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targeting a destabilized cytosolic protein to the mito-
chondria for degradation.

28.   Structural and thermodynamical insights into 
the binding and inhibition of FIH-1 by the 
N-terminal disordered region of Mint3

Ten T, Nagatoishi S, Maeda R, Hoshino M, Nakay-
ama Y, Seiki M, Sakamoto T and Tsumoto K.

Mint3 is known to enhance aerobic ATP produc-
tion, known as the Warburg effect, by binding to FIH-
1. Since this effect is considered to be beneficial for 
cancer cells, the interaction is a promising target for 
cancer therapy. However, previous research has sug-
gested that the interacting region of Mint3 with FIH-1 
is intrinsically disordered, which makes investigation 
of this interaction challenging. Therefore, we adopted 
thermodynamic and structural studies in solution to 
clarify the structural and thermodynamical changes 
of Mint3 binding to FIH-1. First, using a combination 
of circular dichroism, nuclear magnetic resonance, 
and hydrogen/deuterium exchange-mass spectrome-
try (HDX-MS), we confirmed that the N-terminal half, 
which is the interacting part of Mint3, is mostly disor-
dered. Next, we revealed a large enthalpy and entro-
py change in the interaction of Mint3 using isother-
mal titration calorimetry (ITC). The profile is 
consistent with the model that the flexibility of disor-
dered Mint3 is drastically reduced upon binding to 
FIH-1. Moreover, we performed a series of ITC exper-
iments with several types of truncated Mint3s, an ef-
fective approach since the interacting part of Mint3 is 
disordered, and identified amino acids 78 to 88 as a 
novel core site for binding to FIH-1. The truncation 
study of Mint3 also revealed the thermodynamic con-
tribution of each part of Mint3 to the interaction with 
FIH-1, where the core sites contribute to the affinity 
(ΔG), while other sites only affect enthalpy (ΔH), by 
forming noncovalent bonds. This insight can serve as 
a foothold for further investigation of intrinsically 
disordered regions (IDRs) and drug development for 
cancer therapy.

29.   Optimization of anti-ADAMTS13 antibodies 
for the treatment of ADAMTS13-related bleed-
ing disorder in patients receiving circulatory 
assist device support

Ito T, Minamitani T, Hayakawa M, Otsubo R, Akiba 
H, Tsumoto K, Matsumoto M and Yasui T.

ADAMTS13 (a disintegrin-like and metallopro-
teinase with thrombospondin type-1 motif 13)-related 
bleeding disorder has been frequently observed as a 
life-threatening clinical complication in patients car-
rying a circulatory assist device. Currently, treatment 
modalities for the bleeding disorder are very limited 
and not always successful. To address the unmet 

medical need, we constructed humanized antibodies 
of mouse anti-ADAMTS13 antibody A10 (mA10) by 
using complementarity-determining region (CDR) 
grafting techniques with human antibody frame-
works, 8A7 and 16E8. The characteristics of the two 
humanized A10 antibodies, namely A10/8A7 and 
A10/16E8, were assessed in vitro and in silico. Among 
the two humanized A10 antibodies, the binding affin-
ity of A10/16E8 to ADAMTS13 was comparable to 
that of mA10 and human-mouse chimeric A10. In ad-
dition, A10/16E8 largely inhibited the ADAMTS13 ac-
tivity in vitro. The results indicated that A10/16E8 re-
tained the binding affinity and inhibitory activity of 
mA10. To compare the antibody structures, we per-
formed antibody structure modeling and structural 
similarity analysis in silico. As a result, A10/16E8 
showed higher structural similarity to mA10, com-
pared with A10/8A7, suggesting that A10/16E8 re-
tains a native structure of mA10 as well as its antigen 
binding affinity and activity. A10/16E8 has great po-
tential as a therapeutic agent for ADAMTS13-related 
bleeding disorder.

30.   Epitope-dependent thermodynamic signature 
of single-domain antibodies against hen egg 
lysozyme

Akiba H, Tamura H, Caaveiro JMM and Tsumoto 
K.

A substantial body of work has been carried out 
describing the structural features of the complex be-
tween single-domain antibodies (VHHs) and anti-
gens, and the preeminence for epitopes located at 
concave surfaces of the antigen. However, the ther-
modynamic basis of binding is far less clear. Here, we 
have analysed the energetic profiles of five VHHs 
binding to the catalytic cleft or to a noncleft epitope of 
hen egg lysozyme. Various binding energetic profiles 
with distinctive enthalpic/entropic contributions and 
structural distribution of critical residues were found 
in the five antibodies analysed. Collectively, we sug-
gest that from an energetic point of view the binding 
mechanism is influenced by the shape of the epitope. 
This information may be beneficial for the design of 
tailored epitopes for VHHs and their practical use.

31.   B cell-intrinsic TBK1 is essential for germinal 
center formation during infection and vacci-
nation in mice

Lee MSJ, Inoue T, Ise W, Matsuo-Dapaah J, Wing 
JB, Temizoz B, Kobiyama K, Hayashi T, Patil A, 
Sakaguchi S, Simon AK, Bezbradica JS, Nagatoishi 
S, Tsumoto K, Inoue JI, Akira S, Kurosaki T, Ishii 
KJ and Coban C.

The germinal center (GC) is a site where somatic 
hypermutation and clonal selection are coupled for 
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antibody affinity maturation against infections. How-
ever, how GCs are formed and regulated is incom-
pletely understood. Here, we identified an unexpect-
ed role of Tank-binding kinase-1 (TBK1) as a crucial B 
cell-intrinsic factor for GC formation. Using immuni-
zation and malaria infection models, we show that 
TBK1-deficient B cells failed to form GC despite nor-
mal Tfh cell differentiation, although some malar-
ia-infected B cell-specific TBK1-deficient mice could 
survive by GC-independent mechanisms. Mechanis-
tically, TBK1 phosphorylation elevates in B cells dur-
ing GC differentiation and regulates the balance of 
IRF4/BCL6 expression by limiting CD40 and BCR ac-
tivation through noncanonical NF-κB and AKTT308 
signaling. In the absence of TBK1, CD40 and BCR sig-
naling synergistically enhanced IRF4 expression in 
Pre-GC, leading to BCL6 suppression, and therefore 
failed to form GCs. As a result, memory B cells gener-
ated from TBK1-deficient B cells fail to confer sterile 
immunity upon reinfection, suggesting that TBK1 de-
termines B cell fate to promote long-lasting humoral 
immunity.

32.   Structure-based screening combined with 
computational and biochemical analyses 
identified the inhibitor targeting the binding 
of DNA Ligase 1 to UHRF1

Kori S, Shibahashi Y, Ekimoto T, Nishiyama A, 
Yoshimi S, Yamaguchi K, Nagatoishi S, Ohta M, 
Tsumoto K, Nakanishi M, Defossez PA, Ikeguchi M 
and Arita K.

The accumulation of epigenetic alterations is one 
of the major causes of tumorigenesis. Aberrant DNA 
methylation patterns cause genome instability and si-
lencing of tumor suppressor genes in various types of 
tumors. Therefore, drugs that target DNA methyla-
tion-regulating factors have great potential for cancer 
therapy. Ubiquitin-like containing PHD and RING 
finger domain 1 (UHRF1) is an essential factor for 
DNA methylation maintenance. UHRF1 is overex-
pressed in various cancer cells and down-regulation 
of UHRF1 in these cells reactivates the expression of 
tumor suppressor genes, thus UHRF1 is a promising 
target for cancer therapy. We have previously shown 
that interaction between the tandem Tudor domain 
(TTD) of UHRF1 and DNA ligase 1 (LIG1) di/trimeth-
ylated on Lys126 plays a key role in the recruitment of 
UHRF1 to replication sites and replication-coupled 
DNA methylation maintenance. An arginine binding 
cavity (Arg-binding cavity) of the TTD is essential for 
LIG1 interaction, thus the development of inhibitors 
that target the Arg-binding cavity could potentially 
repress UHRF1 function in cancer cells. To develop 
such an inhibitor, we performed in silico screening 
using not only static but also dynamic metrics based 
on all-atom molecular dynamics simulations, result-
ing in efficient identification of 5-amino-2,4-dimeth-

ylpyridine (5A-DMP) as a novel TTD-binding com-
pound. Crystal structure of the TTD in complex with 
5A-DMP revealed that the compound stably bound to 
the Arg-binding cavity of the TTD. Furthermore, 
5A-DMP inhibits the full-length UHRF1:LIG1 interac-
tion in Xenopus egg extracts. Our study uncovers a 
UHRF1 inhibitor which can be the basis of future ex-
periments for cancer therapy.

<Group III>
1.  Development of new methods for analyzing 

neural circuits in the retina

Neural circuits in the central nervous system are 
the basis of various higher-order brain functions. It is 
also true in case of retina. In the retina, six main class-
es of neural cells connect systematically to make up 
complex neural circuits. Characteristics of the retinal 
neural cell functions have been examined mainly by 
the electrophysiological methods and models of cell 
connectivity have been proposed. Morphological 
studies of the actual neural connection, which consti-
tute the physiological properties of retinal neurons, 
have been desired. Until recently the only method to 
reveal the three-dimensional (3D) connectivity of ac-
tual neural cells morphologically was to collect ul-
trathin serial sections and observe them in transmis-
sion electron microscope (TEM). But the technical 
difficulties discouraged us from such a troublesome 
procedure. Recent progress in scanning electron mi-
croscope (SEM) equipment allowed us to develop a 
new method to observe ultrathin TEM sections in 
SEM (thin section scanning electron microscopy: TS-
SEM). To observe thin TEM sections, we have devel-
oped new sample staining methods to enhance elec-
tron contrast. To collect huge number of serial sections 
stably and efficiently, we have been developing new 
equipment and techniques. By using this equipment, 
it became possible to cut more than 1000 serial sec-
tions of less than 30 nm thickness much easier. We 
have analyzed about 500 serial thin sections of zebraf-
ish retinal outer plexiform layer by this method and 
succeeded in tracing thin processes of bipolar cells 
into the photoreceptor terminals. 

Aside from getting 3D information, TSSEM meth-
od provide us precise information of much wider are-
as of thin sections more effectively and more easily. 
Such studies are currently in progress.

2.  Collaborative and supportive works as elec-
tron microscope core-laboratory 

This group is also engaged in collaborative re-
searches using electron microscope. We offer sup-
ports for the research projects those need electron mi-
croscopic analysis. The services available in this group 
are the conventional thin section transmission elec-
tron microscopy, immuno-electron microscopy, nega-
tive staining techniques and scanning electron mi-
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croscopy. By using these individual technique or 
combination of some of these we can offer direct 
visual evidence that cannot be acquired by other 
methods. This year, 19 projects in 13 laboratories were 
performed as core-laboratory works.

a.  Thin section transmission electron microsco-
py

Thin section transmission electron microscopy is 
the most widely used technique to observe the inner 
structure of cells and tissues. In this method, samples 
are fixed and embedded in epoxy resin, thin sections 
with about 70 nm thickness are cut and observed in 
the electron microscope. In case of immuno-electron 
microscopy, thin sections are obtained by similar pro-
cedure and the antigen epitopes exposed on the sur-
face of the sections are marked by sequential reaction 
with appropriate primary antibodies and colloidal 
gold labeled secondary antibodies. This year, thin sec-
tion electron microscopy and those combined with 
immuno-electron microscopy were used in many col-
laborative works. 

  
a-1.  Ultrastructural analysis of entry and assem-

bly of Herpes Simplex Virus

We have been performing several studies with re-
search groups in Dr. Kawaguchi1’s laboratory: 1Divi-
sion of Molecular Virology, Department of Microbiol-
ogy and Immunology, regarding the infection/
replication processes of herpes simplex virus (HSV). 
Thin section electron microscopy has been used to 
analyze the function of viral proteins in trans-nuclear 
membrane processes of the newly formed viruses. By 
analyzing the virus forming processes in some mu-
tant host cells, we could analyze viral proteins as well 
as candidate host molecules those may be involved in 
the trans-nuclear process of the HSV. 

a-2.  Roles of membrane lipids in development and 
maintenance of photoreceptor outer-segment

 We have been performing several studies also 
with research groups in Dr. Watanabe2’s laboratory: 
2Project Division of Molecular and Developmental Bi-
ology. This year, we analyzed the composition of 
phospholipids in individual cell types in developing 

mouse retina under physiological and pathological 
conditions and checked with electron microscopic 
data. With the combination of cell sorting and mass 
spectrometry analysis, most of phosphatidyl choline 
(PC) and phosphatidyl ethanolamine (PE) in retina 
are included in photoreceptor cells. When compared 
with the electron microscopic data in pathological 
conditions, PC and PE composition are dramatically 
changed before photoreceptor cell degeneration are 
apparent, suggesting that changes in PC and PE com-
position in photoreceptor cells may lead to the photo-
receptor degeneration. (ref. Hamano et al) Another 
project about the structure of retina and retinal capil-
laly is also running with Dr. Watanabe’s laboratory.

Some other collaborative research works using 
thin section electron microscopy and/or immuno-elec-
tron microscopy were performed with Dr. Sasou3, 
3Division of Mucosal Immunology, Dr. Eguchi4, in 
4Division of Genetics, Dr. Nakahara5 in 5Department 
of Life Science Dentistry, The Nippon Dental Univer-
sity and so on.

b.  Negative staining techniques

Negative staining techniques are simple and quick 
method to observe the morphology of the macro-mol-
ecules. This year, negative staining techniques were 
used to analyze exosomes in collaboration with Dr. 
Hayashi6 in 6Division of Vaccine Science, Laboratory 
of Adjuvant Innovation. The same techniques are also 
used in the research with Dr. Shibata7, and Dr. Samu-
el7, in 7Research Organization for Nano and Life Inno-
vation, Waseda University. Negative staining tech-
niques are also used to visualize virus like particles in 
the research with Dr. Kurokawa3 and Dr. Yoshida8 in 
8Project Division of Advanced Biopharmaceutical Sci-
ence.

c.  Conventional scanning electron microscopy

Conventional scanning electron microscopy is a 
technique used to examine the surface structure of the 
cells, tissues or other non-biological materials. Scan-
ning electron microscopy combined with thin section 
transmission microscopy were used in collaborative 
work with Dr. Ishii9, 9 Laboratory of Reproductive 
Systems Biology, about the structure of young and 
aged mouse oocyte zona pellucida.
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