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Macrocyclic peptides

üSmall molecules and macromolecules may have some problems 
for pharmaceutical use.

üMacrocyclic peptides has stability in vivo by virtue of its cyclic 
structure and noncanonical amino acid they composed of.
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構成する11アミノ酸残基からなる大環状骨格，そして骨
格のほとんどを占める特殊アミノ酸である．配列中のD-α-
アミノ酸はプロテアーゼ耐性の向上に加え，L-α-アミノ酸
のみでは形成しえないフォールディングを誘起することで
ペプチドの二次構造安定化や生理活性に貢献していると考
えられる．また，7か所のN-メチルアミノ酸および2か所
の非天然アルキル側鎖を持つL-α-アミノ酸はペプチドの疎
水性を向上させ，細胞膜透過性や腸管吸収性に寄与してい
る．別の例として，腫瘍細胞増殖抑制効果を示し細胞膜透
過性を有するコンドラミドCの構造中には，N-メチル-D-
α-アミノ酸に加えてβ-アミノ酸が含まれている（図1B）6）．
β-アミノ酸は通常のペプチドとは異なるヘリックス構造や
ターン構造を誘起し，ペプチドの二次構造を安定化させる
ことで標的特異性，生体内安定性，細胞膜透過性の向上
に寄与することが知られている 7）．このように，特殊アミ
ノ酸の種類によって特殊環状ペプチドの活性や安定性，さ
らには二次構造に与える影響が大きく異なるため，ペプチ
ド医薬品開発においては多種多様な特殊アミノ酸を含有す
るペプチドを網羅的に取りそろえ，ハイスループットスク
リーニングに適用することが強力な手段となる．そのため

には，天然からの発見に頼らず，人工的な特殊環状ペプチ
ドライブラリーを用いることが有用である．
たとえば，現在広く用いられている人工的なペプチドラ
イブラリー構築法の一つとして，スプリットプール法と呼
ばれるペプチド固相合成法を基盤とした有機化学的手法が
ある 8）．この方法では配列中にタンパク質性アミノ酸のみ
ならず特殊アミノ酸を導入可能であるが，問題点としてラ
イブラリー構築に膨大な時間を要すること，合成スケール
の関係で106程度の多様性が限界であること，スクリーニ
ング後のヒット配列の同定が煩雑であることなどがあげら
れる．一方，リボソーム翻訳系を用いることで大規模なペ
プチドライブラリーの合成とハイスループットスクリー
ニングが可能である．たとえば，ファージディスプレイ
法 9, 10）やmRNAディスプレイ法 11, 12）では，それぞれ109な
いし1013種類に及ぶペプチドをワンポットで合成しそのま
まスクリーニングに用いることができる上に，ペプチドの
配列情報はそれをコードするDNAのシーケンシングによ
り容易に得られる．しかし，上記のシクロスポリンやコン
ドラミドCのような特殊環状ペプチドは一般に非リボソー
ムペプチド合成酵素 13）や翻訳後修飾酵素 14）といった専用

表1 医薬品群の比較

低分子医薬品 中分子医薬品 高分子医薬品

形態 有機小分子 特殊環状ペプチド 抗体
分子量 500以下 1000～3000 150,000以上
標的特異性 低い 高い きわめて高い
毒性・副作用 多い 少ない 少ない
経口投与 可能 一部可能 不可能
細胞膜透過性 高い 低い～高い なし
製造コスト 低い 低い～普通 高い
免疫原性 低い 低い 普通～高い
標的結合面積 狭い 普通～広い 広い
PPI*阻害 一部可能 可能 可能
生体内安定性 低い～普通 普通～高い きわめて高い

*PPI：タンパク質間相互作用．

図1 生理活性を有する天然の特殊環状ペプチドの例
（A）シクロスポリン，（B）コンドラミドC.

Miura, T., et al. Seikagaku. 2021 93(3), 349-358. 



The platforms for selecting peptide binding drug targets 

Ø Simplicity of operation and the size of the library that can be 
created are important.
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Phage display OBOC (one-bead-one-compound) display

• In vivo translational synthesis
Small library size (~109)
Toxic peptides cannot be handled because 
of the use of E. coli.

Bononi, F. C., et al. Peptide Libraries. 2015, 223-237. 

224

 The fi rst OBOC library synthesized contained 19 natural 
amino acids, excluding cysteine due to the potential of disulfi de 
bond formation, and the screening was performed by having 
acceptor molecules that were coupled to an enzyme (alkaline phos-
phatase) or fl uorescein and added in soluble form to the peptide 
library. Positive beads were stained and were easily seen using a 
low-power dissecting microscope, against a background of color-
less, nonreactive beads. The positive beads were then removed for 
analysis and the sequences determined by automated Edman 
degradation. 

 OBOC libraries have the advantage of being able to incorpo-
rate  D -amino acids, unnatural amino acids, as well as non-peptide 
structures. This is a very useful tool for drug development, since 
peptides containing unnatural amino acids are generally more resis-
tant to proteolysis [ 4 ]. While initially developed to screen libraries 
consisting of short linear peptide sequences, more recently this 
methodology has been used to develop cyclic peptides [ 5 ], pepti-
domimetic and small molecule libraries [ 6 ]. The method has been 
successfully used in many high-throughput screening assays, allow-
ing for the identifi cation of protein kinase substrates and inhibitors 

  Fig. 1    The synthesis of OBOC peptide libraries using the split-mix methodology, where A–E are amino acids. The 
fi gure shows how the split and mix procedure performed in between coupling steps in the synthesis of an OBOC 
library allows for the generation of beads that contain thousands of different compounds with the same length. 
The number of possible amino acid sequences increases exponentially with each step of the library synthesis       

 

Fernanda C. Bononi and Leonard G. Luyt

• Chemical synthesis
Small library size(~107)

Zambrano-Mila, M. S. et al, Ther. Innov. Regul. Sci., 54(2), 308-317. (2020)



mRNA display

Procedure
1. A DNA library is transcribed → mRNA modified with puromycin →

Translated to generate the mRNA−protein fusion.
2. The fusions undergo an experiment-specific selection step.
3. Reverse transcribed into cDNA → Amplified via PCR → Next cycle

2023/1/25

5

In Vitro Selection of Peptides and ProteinsAdvantages of mRNA
Display
Matilda S. Newton, Yari Cabezas-Perusse, Cher Ling Tong, and Burckhard Seelig*

Cite This: ACS Synth. Biol. 2020, 9, 181−190 Read Online
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ABSTRACT: mRNA display is a robust in vitro selection
technique that allows the selection of peptides and proteins with
desired functions from libraries of trillions of variants. mRNA
display relies upon a covalent linkage between a protein and its
encoding mRNA molecule; the power of the technique stems from
the stability of this link, and the large degree of control over
experimental conditions afforded to the researcher. This article
describes the major advantages that make mRNA display the
method of choice among comparable in vivo and in vitro methods,
including cell-surface display, phage display, and ribosomal display.
We also describe innovative techniques that harness mRNA display
for directed evolution, protein engineering, and drug discovery.
KEYWORDS: protein engineering, in vitro selection, mRNA display, phage display, unnatural amino acids, ribosome display

mRNA display is an in vitro selection and directed evolution
technique that enables the screening of trillions of protein
variants for desired functions in a single experiment. In
directed evolution, researchers working to alter binding or
catalytic properties of a target protein or peptide have a range
of in vitro and in vivo techniques at their disposal to isolate
their desired variant from large mixtures of variants. The goal
of this review is to highlight the unique advantages of mRNA
display that make this method superior to most other directed
evolution techniques.
Other selection and screening techniques have been

excellently reviewed elsewhere.1−6 Here, we will only briefly
detail other major methods as a basis for comparison to mRNA
display. It is first pertinent to distinguish between screens and
selections. A screen requires that every variant be individually
assessed by qualitative (e.g., color) or quantitative (e.g., size)
means. A selection couples a desired trait to survival of the
organism or molecule.
mRNA display is a selection technique predicated on the

formation of a covalent bond between a protein variant and its
encoding mRNA molecule during in vitro translation (Figure
1).7,8 First, the mRNA is modified at its 3′-end with
puromycinan antibiotic that mimics the structure of an
aminoacylated tRNA.7,8 At the end of the translation of this
modified mRNA into protein, puromycin enters the A-site of
the ribosome and forms a peptide bond with the C-terminus of
the translated polypeptide, thus covalently linking the mRNA
and peptide. The stable genotype−phenotype linkage renders
the protein directly amplifiable and enables the enrichment of
mRNA-displayed protein variants with desired properties.

Received: October 13, 2019
Published: December 31, 2019

Figure 1. In vitro selection by mRNA display. (a) Schematic of the
covalent mRNA−protein fusion. The puromycin linkage is shown by
a diamond. (b) An mRNA selection for protein binding. A DNA
library is transcribed, the resulting mRNA modified with puromycin,
and then translated to generate the mRNA−protein fusion (1). The
fusions undergo an experiment-specific selection step (2) for ligand
binding or enzyme activity, in which the fusions with the desired
function are immobilized and undesired fusions are removed. Either
before, or sometimes after, the selection step, fusions are reverse
transcribed into cDNA. The cDNA of selected fusions is amplified via
PCR (3) in order to regenerate the DNA template library for the next
selection round.

Reviewpubs.acs.org/synthbio

© 2019 American Chemical Society
181

https://dx.doi.org/10.1021/acssynbio.9b00419
ACS Synth. Biol. 2020, 9, 181−190
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Flexible In vitro Translation (FIT) and genetic code reprogramming 

üFlexizyme can incorporate non-canonical amino 
acids into tRNA.

üThe reconstituted translation system assigns non-
normal amino acid-tRNA complexes to codons, 
allowing for the synthesis of non-natural peptides.
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Passioura, T., et al. Chem. Commun., 2017, 53(12), 1931-1940.



RaPID system

ü RaPID system makes it possible to find out target-selective cyclic peptide.
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RaPID : Random non-standard Peptide Integrated Discovery

This journal is©The Royal Society of Chemistry 2017 Chem. Commun., 2017, 53, 1931--1940 | 1935

these techniques has relative strengths and weaknesses, however
the simplicity (compared to semi-enzymatic synthesis) and versa-
tility (as compared to the use of wild-type or engineered AARSs) of
flexizyme-mediated tRNA aminoacylation makes it arguably the
technique of choice for in vitro genetic code reprogramming.

The choice of translation system is also an important factor
determining the utility of a genetic code reprogramming
technique. In general terms, the translation systems that have
been used for genetic code reprogramming to date can be
classified as either cellular (i.e. translation in cells or in cell
lysates) or reconstituted. Cellular approaches were the first to
be developed, and have great advantages with respect to
simplicity and ease of use.47,50 However, canonical AA-tRNAs
are translated with much greater efficiency than non-canonical
AA-tRNAs, and it is not possible to exclude canonical amino
acids and their cognate AARSs from cellular systems. For this
reason, cellular translation systems cannot generally be used to
replace a canonical amino acid with a non-canonical one, and
are limited to the use of rare or stop codons.

In reconstituted translation systems, the required compo-
nents are purified individually and then recombined under

fully-defined conditions.26,28,51 This requires more than thirty
recombinant proteins, ribosomes, amino acids, tRNAs, co-factors,
etc., and is clearly a painstaking and laborious task. However,
the fully-defined nature of this reaction allows for precise
customization of the translation conditions. For example, for
genetic code reprogramming applications, one or more amino
acids (and their cognate AARSs) can be omitted from the reac-
tion, ‘‘vacating’’ the relevant codons and opening them up for
assignment of a non-canonical amino acid (Fig. 4). In this way,
multiple non-canonical amino acids can be incorporated into a
single polypeptide.26,46,52

FIT, by definition, involves the combination of flexizyme-
mediated AA-tRNA synthesis with a reconstituted translation
system, and takes advantage of the diversity of amino acid
substrates amenable to aminoacylation by flexizymes and the
flexibility of amino acid composition and codon use afforded by a
reconstituted translation system. This approach is not without
limitations, however its great flexibility has allowed the incor-
poration of hundreds of different non-canonical amino acids into
polypeptides, a far greater diversity of amino acids than has been
achieved using any comparable technique.26,28–32,34–36,39,40,42–45

Fig. 4 Flexible in vitro translation. The canonical codon table for bacterial translation is shown on the left (first base of the codon is shown on the left side
of the table, second base of the codon is indicated along the top and third base of the codon is indicated on the right side of the table). A reconstituted
translation reaction using this genetic code requires many individual components including the 20 proteinogenic amino acids and their cognate
AARSs as well as ribosomes, tRNA and other co-factors. Translation of an appropriate mRNA template in this reaction yields a peptide initiated by formyl-
methionine and comprised entirely of proteinogenic residues as shown bottom left. Removal of amino acids and AARSs from this reaction ‘‘vacates’’
the corresponding codons, and under these conditions translation of the same template will not occur due to lack of the requisite aminoacylated
tRNAs (middle panel). Addition of pre-aminoacylated tRNAs (right side) reprograms these amino acids (in this case, N-methylated Phe, Ser, Gly and Ala,
and a-N-chloroacetylated Trp) into the corresponding positions of the codon table, and under these conditions translation of the same mRNA template
leads to the synthesis of a peptide containing multiple non-canonical residues.

ChemComm Feature Article
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Peptide grafting approach

ü Peptide grafting can create new functional molecules that 
combine the functions of peptides and scaffold proteins.

ü Grafting synthetic de novo identified peptides into an 
independently folded domain of a natural scaffold would often 
result in the misfolding and inactivation of both entities.
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PERSPECTIVENATURE CHEMICAL BIOLOGY

With these considerations in mind, peptide epitopes can be 
selected from three major sources: (i) naturally occurring peptides 
or fragments of an interacting protein, (ii) chemical peptide librar-
ies or (iii) recombinant peptide libraries. As an example involving 
a naturally occurring peptide, the design of an orally active peptide 
for inflammatory pain was achieved by grafting an epitope derived 
from kallidin, an endogenous allogenic peptide, onto kalata B1  
(ref. 40). To design a potent inhibitor of kallikrein-related peptidase 
4, a potential target for prostate cancer treatment, a tetrapeptide 
combinatorial library was screened to first identify an optimal sub-
strate for the protease that was subsequently grafted onto SFTI-1 
(ref. 49). In the grafting study on the design of antagonists of p53 
degradation mentioned above, the epitope was initially discovered 
in a phage display library.

Once a peptide epitope has been identified, the next step is to 
select the peptide scaffold, which depends on the functional and/
or structural properties desired for the final grafted product. 
Functional properties of scaffolds that have been (or might be) 
exploited include the tumor targeting ability of cyclic chlorotoxin16, 
the protease inhibitory activity of SFTI-1 and MCoTI-II50 and the 
cell-penetrating ability of MCoTI cyclotides25,31. For example, for 
the design of potent peptide inhibitors of matriptase, a serine pro-
tease that is a therapeutic target for cancer treatment, SFTI-1 and 
MCoTI-II were chosen as scaffolds to exploit their native ability 
to inhibit trypsin, a serine protease50. As in the example above of 
a MCoTI-based analog that successfully antagonized intracellular 
p53 degradation, other grafting studies have specifically chosen the 
MCoTI scaffold for its cell-penetrating property29,38.

The choice of scaffold can also depend on the structural similar-
ity between the epitope and the scaffold. To design stable inhibitors 
of the CD2–CD58 protein–protein interaction as potential thera-
peutics for autoimmune diseases, SFTI-1 and RTD-1 were chosen 
as scaffolds, because their β -sheet structures matched those of the 
epitopes, and were subsequently used to design grafted peptides 
with nanomolar activity33. With the ongoing discovery of natural 
scaffolds with novel structures and substantial advances in the de 
novo design of artificial scaffolds53, the number of scaffolds avail-
able for molecular grafting will continue to grow, enabling a greater 
range of applications.

The next step is to decide where the epitope should be grafted 
onto the scaffold. The possibilities include insertion between two 

existing residues of the scaffold; substitution of one or more residues 
in a single loop28,37,40,41; replacement of residues that span across con-
nected loops28,49,54; or replacement of most of the native residues of 
the scaffold33,51. In the latter two cases, epitope residues that overlap 
with Cys residues of the scaffold might need to be replaced to retain 
the number of Cys residues of the scaffold and to enable the forma-
tion of the intended disulfide connectivity. The choice of grafting 
site and strategy is typically based on the structural similarity of the 
target site to the active conformation of the epitope. Additionally, 
the grafting site should allow sufficient exposure of the epitope to 
the target binding site. Another consideration is the effect of the 
epitope on the structural and functional integrity of the scaffold. 
Collectively, these considerations suggest that grafting onto regions 
of the scaffold that display high flexibility or that have high evolu-
tionary variability (for example, loop 6 of cyclotides) is preferred 

Table 2 | Grafting of cyclic disulfide-rich peptide scaffolds by library-based strategies

Sca!olda Epitope sizeb Activityc Target class Application Library 
strategyd

SFTI-1
8 Delta-like ligand 4 binding59 Membrane protein Tumor targeting Pf,g

6e Kallikrein-related peptidase 
inhibitor49

Enzyme Cancer S

5e Cathepsin G84 Enzyme Chronic inflammatory disorders S
Kalata B1

7 Thrombin inhibitor61 Enzyme Cardiovascular disease Bf

14e Neuropilin-1 and -2 antagonist62 Cell-surface receptor Angiogenesis Bf

MCoTI
22e Integrin receptor binding63 Cell-surface receptor Pancreatic cancer detection Yf

17e Matriptase inhibitor60 Enzyme Anti-tumor Yf

17e CTLA-4 bindingh,85 Cell-surface receptor Metastatic melanoma Yf

8 α -Synuclein aggregation inhibitor86 Protein–protein interaction Parkinson's disease Y
aExamples of cyclic disulfide-rich peptide scaffolds include those with one disulfide bond (e.g., sunflower trypsin inhibitor-1) and three disulfide bonds in a knotted arrangement (e.g., kalata B1, M. 
cochinchinensis trypsin inhibitors-I and -II). bLargest epitope used for grafting. cReference citations are provided. dStrategy type: phage display (P), synthetic library (S), bacterial display (B), and yeast 
display (Y). eNoncontiguous sequence. fSome display technologies require linearized analogs. gPhage library was used but no hits discovered. hCTLA-4, cytotoxic T lymphocyte-associated antigen 4.

Enhanced
stability

a b c

Intracellular
delivery

Oral
activity

Fig. 3 | Applications of molecular grafting. a, Molecular grafting onto 
a cyclic peptide scaffold can be used to stabilize a biologically active 
peptide sequence. In a recent study, the kalata B1 scaffold was used to 
stabilize peptide epitopes from myelin oligodendrocyte glycoprotein for the 
treatment of multiple sclerosis28. b, Molecular grafting can also be used 
to deliver peptides into cells. A peptide sequence from p53 grafted onto 
MCoTI-I could inhibit a protein–protein interaction interface of intracellular 
Hdm2 or HdmX (human double minute 2 or X proteins)37. c, Grafted 
peptides can potentially be delivered via oral administration. Kalata B1 
grafted with a bradykinin receptor antagonist had orally delivered activity in 
an animal model of disease40.

NATURE CHEMICAL BIOLOGY | VOL 14 | MAY 2018 | 417–427 | www.nature.com/naturechemicalbiology 421
© 2018 Nature America Inc., part of Springer Nature. All rights reserved. Wang, C. K., et al. Nat. Chem. Biol. 2018, 14(5), 417-427. 
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Grafted peptides are typically highly stable because they retain the 
stabilizing structural features of the scaffold—a cyclic backbone and 
a reinforcing network of disulfide bonds.

An approach for improving activity. Grafted peptides have dem-
onstrated improved affinity and selectivity for target receptors. 
For example, improved binding affinity to an α 9β 1 integrin was 
reported for a heptapeptide from osteopontin upon grafting onto 
either SFTI-1 or MCoTI-II30. Furthermore, increased receptor sub-
type selectivity of a melanocortin receptor 4 agonist was achieved 
by grafting it onto kalata B1 (ref. 34). The improvement in activity 
from conformational constraint probably has a thermodynamic 
origin, such as minimizing entropic losses on binding35, but the 
effects of constraints on binding enthalpy and entropy are complex 
and difficult to predict36. The advantage of having a suite of scaf-
folds for grafting, with selected examples shown in Fig.  1, is the 
availability of a range of pre-formed structural elements that can 
readily accommodate the epitope and test the effect of constrain-
ing it. In the MOG study, the epitope was grafted into the β -turn 
of kalata B1 to mimic its native conformation28. In cases in which 
the selected scaffold does not have a known pre-existing structure, 
additional residues flanking the epitope can be used as structural 
facilitators. For example, in a recent study the bioactive α -helical 
conformation of a grafted epitope was favored by conjugation to 
a helix-stabilizing adaptor sequence derived from apamin, a bee-
venom peptide37.

An approach for targeting and delivery. For delivery of a bioac-
tive peptide across the cell membrane and into the intracellular 
space, scaffolds that exhibit cell-penetrating properties can be used 
(Fig. 3b). A grafted peptide based on the cell-penetrating cyclotide 
MCoTI-I successfully modulated intracellular levels of p53 and 
associated transcriptional targets specifically in p53-expressing 
cells, confirming that traversal of the cell membrane had occurred37. 

In another study, an epitope that antagonizes the protein SET was 
grafted onto MCoTI-II, a cell-penetrating cyclotide that is similar in 
sequence to MCoTI-I38. Intracellular activity was monitored using 
GFP fluorescence as a readout for NF-κ B-dependent gene expres-
sion, and the grafted peptide led to concentration-dependent tran-
scriptional responses, demonstrating effective intracellular delivery. 
Recent efforts to enhance cellular uptake of scaffolds through graft-
ing and chemical design promise to further expand the potential of 
cyclic disulfide-rich peptides as delivery scaffolds, whose inherent 
stability already sets them apart from traditional linear cell-pene-
trating peptides39.

Cyclic disulfide-rich peptides have, in some cases, shown orally 
deliverable activity (Fig.  3c)15,32,40,41. For example, the linear cono-
toxin Vc1.1 is analgesic against neuropathic pain in rats when 
injected, but not when administered orally; however, a backbone-
cyclized version of this conotoxin is orally active15. Another exam-
ple is the grafting of a peptidic bradykinin B1 receptor antagonist 
sequence onto SFTI-1 or kalata B1 scaffolds, which resulted in orally 
active peptides for the treatment of inflammatory pain, whereas the 
linear antagonist sequence alone exhibited essentially no oral activ-
ity32,40. Similarly, a point-mutated kalata B1 scaffold was reported to 
be orally active in a dose-dependent manner in animal models of 
multiple sclerosis, resulting in lowered inflammation and reduced 
areas of axonal demyelination compared to untreated controls41. We 
caution that we do not believe that cyclization alone is sufficient 
to induce oral activity in a peptide. The factors that contribute to 
oral uptake are multifarious and are not fully understood, and this is 
currently an area of much investigation42–45. Nevertheless, there are 
now several man-made examples of peptides with high oral activity 
and/or bioavailability42,46,47.

The process of molecular grafting
We now describe the molecular-grafting process, highlighting key 
points to be considered, based on lessons learned in our laboratory 
and those of others. First, molecular grafting requires the selection 
of a suitable epitope and scaffold pair, followed by structural and 
functional characterization, as illustrated in Fig. 4. Experimentally, 
molecular grafting involves a range of techniques drawn from 
chemistry, biophysics and biology.

The nature of the epitope and its mechanism of action can 
affect the likelihood of success. Most importantly, the termini of 
the epitope should not be essential for its activity, as those termini 
will eventually be integrated into the scaffold. For example, many 
peptide substrates of PDZ domains, a common structural motif of 
signaling proteins, require their C termini to bind to their cognate 
targets and would therefore make poor starting epitopes for graft-
ing. Indeed, a peptide substrate of the PDZ2 domain of the postsyn-
aptic density-95 protein could no longer bind its target after it was 
grafted onto SFTI-1, but binding could be rescued by incorporating 
an Asp residue to mimic a free C terminus48. That grafting study, 
along with others49,50, are examples of using molecular grafting to 
target protein pockets. Targeting of flat surfaces is also possible, as 
exemplified by the successful design of grafted peptides that bind 
the CD58 adhesion protein33.

The size of the epitope is an important consideration, with short 
epitopes (< 10 amino acids) typically being easier to handle. Epitopes 
ranging from a single amino acid41 (smallest graft possible) to 21 
amino acids38 have been grafted onto cyclotides, whereas grafts up 
to 12 (ref. 33), 15 (ref. 48) or 16 (ref. 51) amino acids have been suc-
cessfully incorporated into the RTD-1, SFTI-I, and cVc1.1 scaffolds, 
respectively. For cases in which the size of an epitope is prohibitively 
large, a smaller region of the epitope can be used instead, provided 
that it substantially contributes to the binding energy of the interac-
tion52. Identification of such a truncated epitope can be achieved 
from mutation–activity studies and/or from structures of the  
epitope bound to its target33.

Epitope:

Grafted peptide

Loop 1 Loop 2 Loop 3 Loop 5 Loop 6Loop 4
C G G G G GG YWC C C CN P PNV V VE ET T T T R LTC

Scaffold: kalata B1WGVE Y

Fig. 2 | Molecular grafting of epitopes onto scaffolds. In molecular 
grafting, a peptide epitope (which has desired biological activities) is 
‘grafted’ onto a constrained peptide (which has desired biopharmaceutical 
properties), resulting in a new grafted peptide that has the desired 
properties of both chemical inputs. The epitope can be chosen from a 
range of sources, such as (i) naturally occurring peptides or fragments of 
an interacting protein, (ii) chemical peptide libraries or (iii) recombinant 
peptide libraries. The scaffold can be chosen from a panel of cyclic 
disulfide-rich peptides, such as those shown in Fig. 1.

NATURE CHEMICAL BIOLOGY | VOL 14 | MAY 2018 | 417–427 | www.nature.com/naturechemicalbiology 419
© 2018 Nature America Inc., part of Springer Nature. All rights reserved.



Macrocyclic peptides discovered by RaPID
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ü From previous studies, the above binding peptides were selected.

PlxnB1; transmembrane receptors for Semaphorins in neural tissues.
MET; hepatocyte growth factor receptor.

Peptide name Binding protein (target) Original RaPID peptide Sequence used for grafting

PB1m61 PlxnB1 Ac-wRPRVARWTGQIIYC WRPRVARWTGQIIY 

PB1m6A92 PlxnB1 Ac-wRPYIERWTGRLIVC WRPYIERWTGRLIV 

PB1m71 PlxnB1 Ac-wNSNVLSWQTYSWYC (C)NSNVLSWQTYSWY(C) 

aMD43 MET Ac-yRQFNRRTHEVWNLDC YRQFNRRTHEVWNLD 

aMD53 MET Ac-yWYYAWDQTYKAFPC YWYYAWDQTYKAFP 

By convention, RaPID peptides are cyclized via the N-chloroacetyl group of the initiator amino acid and the 
sulfhydryl group of the terminal Cys.  The small letter indicates D-amino acids.

1) Matsunaga, Y., et al. Cell Chem. Biol., 2016, 23(11), 1341-1350.
2) Bashiruddin, N. K., et al. PNAS. 2020, 117(49), 31070-31077.
3) Ito, K., et al. Nat. Commun. 2015, 6(1), 6373. 
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LassoGraft Technology®

ü RaPID-derived pharmacophore sequences can be readily implanted 
into surface-exposed loops on recombinant proteins (LassoGraft 
Technology®)

ü Binding affinity of the parental peptide was not lost by dimer 
grafting.

2023/1/25
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(i) Dimer grafting on uteroglobin (UG)

Mihara, E., et al. Nat. Commun. 2021, 12, 1543.



Loop grafting on various proteins
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• β-sandwich fold

(ii) loop grafting on proteins

• β-hairpin

• all-α • β-barrel • α/β

Mihara, E., et al. Nat. Commun. 2021, 12, 1543.



Loop grafting on various proteins

ü Lasso-grafted scaffold proteins retains the binding 
ability to the proteins on which lasso-grafting 
peptide targets.

2023/1/26
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panels labeled “triple”). We refer to this multi-specific antibody
format as an addbody hereafter and note that there are at least
eight grafting-compatible sites on the Fc portion (Fig. 2e) of an
addbody. Further, the peptide pharmacophore grafted into the Fc
is on the opposite end of the addbody molecule from the original
antigen-binding site in two Fab domain. This structure opens the
possibility for simultaneously engaging two antigens on opposing
cell surfaces. To test the utility of our addbody format in such
applications, the OKT3-based addbody grafted with the MET-
binding aMD4 peptide (see Fig. 5c) was incubated with MET-
expressing CHO cells together with CD3-expressing Jurkat cells.
The aMD4-bearing OKT3 addbody clearly induced heterotypic
cell–cell attachment while the parent OKT3 antibody induced no
attachment above background (Fig. 5d), indicating that this
addbody could efficiently bridge two specific cell types in a
manner similar to the bispecific antibodies used in the therapies
for redirecting immune effector cells to tumor cells18.

Lasso-grafting into AAV capsid. We next took advantage of the
modularity of the lasso-grafting method to change the cellular
tropism of adeno-associated virus (AAV). One of the most well-
studied and promising gene-delivery vehicles, AAV, is a small,
naked icosahedral virus with 60-subunit capsid composed solely
of the product of the Cap gene19. AAV harbors binding sites
toward various cellular receptors, such as proteoglycans and
AAVR20. Because these receptors are expressed on wide range of
cells, AAV has an intrinsically broad tropism and lacks the spe-
cificity needed to deliver genes to a particular tissue(s) or organ
(s). While some success in targeting AAV to specific tissues has
been achieved with capsid engineering by mutagenesis-based
random screening and/or insertion of non-viral protein moieties
into the capsid21–24 it is prohibitively labor-intensive to impart
new specificity on AAV. Therefore, we predicted that lasso-
grafting would enable us to readily alter the specificity of AAV in
a modular fashion using pre-optimized peptide pharmacophores
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Fig. 3 Lasso-grafting of binder peptides into various protein scaffolds. Nine different protein scaffolds including Fn10-Fc (a), CEA-Fc (b), SIRPα-Fc (c),
VHH-Fc (d), IgG1 Fc (e), hGH (f), HSA (g), RBP (h), and ALP (i) were grafted with m6A9 (PlxnB1 binder) or aMD4 (MET binder) peptides at different
sites. In the labels, each graft design is denoted as peptide name_insertion site, e.g., m6A9_s4. Expression and secretion of these grafts and non-grafted
protein controls, were checked by pulldown experiments (left half of each panel) using beads conjugated with Protein A (for Fc-containing proteins, a–e),
Ni-NTA (for His-tagged proteins, f, g, i), or the anti-PA tag antibody NZ-1 (for PA-tagged proteins, h). The same set of samples were subjected to pulldown
using PlxnB1- or MET-bound beads (right half of each panel), see Methods section for details on preparing beads bound via affinity tag (including PA, MAP,
and Fc) to PlxnB1 and MET ectodomain fragments. Coomassie-stained SDS-PAGE gels loaded with protein eluted from beads and run under non-reducing
(NR) conditions, except for those gels run under reducing (R) conditions to avoid overlapping bands between the grafted proteins and MET or Plxn. The
acrylamide concentration in the gel and the running conditions (NR or R) are indicated below each gel image, and migration positions for MET(M), PlxnB1
(P), and the grafted proteins (*) are shown on the right. Data are representative of at least two independent experiments. Uncropped gel images are
provided in the Source Data file.
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Lasso-grafting  on Fc domain

ü The RaPID peptides for many different targets can be readily grafted 
into various protein scaffolds.

2023/1/26
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from RaPID. To test this approach, we attempted to first disrupt
the normal infectious ability of AAV by grafting a peptide with no
cell surface receptor engagement into a loop in the Cap capsid
protein and then restore function to the AAV-peptide fusion

capsid by grafting in a new receptor-specific peptide pharmacore
at the same graft site. To first identify an exogeneous peptide-
grafting site that would disrupt gene transduction but not prevent
viral packaging, we grafted a 12-residue peptide tag with no
receptor engagement (PA tag,25) into the Cap gene of AAV ser-
otype 2 (AAV2) at each of two loops (s1 and s2, see Fig. 2j and
Table S2) that had been reported to tolerate a peptide insertion26.
As expected, both mutant AAV2s (PA_s1-CapAAV2 and PA_s2-
CapAAV2) were efficiently produced in HEK cells at a titer
comparable to that of the wild-type virus (Fig. 6a), indicating
successful viral assembly and packaging. In contrast, the gene
transduction activity was affected as desired by one of the
mutations; while the s1 mutant retained activity comparable to
that of wild-type AAV, the s2 mutant completely lost its capacity
to infect (Fig. 6a). This deleterious effect from the s2 modification
on AAV2 infectivity is likely due to the disruption of binding to
AAV2-specific receptor heparan sulfate proteoglycan24 and/or
the pan-AAV endocytosis receptor AAVR27. By using this
PA_s2-CapAAV2 incapable of infecting cells as a capsid scaffold,
we tested if presentation of m6A9 peptide grafted on the capsid
could mediate gene delivery into PlxnB1-expressing cells.
Unfortunately, when the capsid was solely composed of the
m6A9_s2-CapAAV2, the virus showed very low titers (gen-
erally less than 3% of the wild-type virus), suggesting that it is not
fully compatible with capsid assembly and/or gene packaging. We
therefore decided to employ a chimeric virus format, where only a
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Fig. 5 Instant formulation of multi-specific antibodies by peptide grafting onto IgG, addbodies. a–c Flow cytometric analysis of grafted antibody binding
to cells expressing antigens (indicated on the left). Antibody scaffolds include anti-neuropilin-1 YW64.3 (a), anti-PD-L1 avelumab (b), and anti-CD3 OKT3
(c). Each antibody design is depicted schematically above the panels. The gray histograms in a represent binding to untransfected HEK293T cells, while
those in b and c are for the labeling of the same cells with the IgG control. d Addbody-mediated heterotypic cell engagement. DiI-labeled MET-CHO cells
(magenta) adhered onto the plate were overlaid with DiO-labeled Jurkat cells (green) and incubated with OKT3 (left) or the OKT3-aMD4 addbody (right)
for 30min. After washing, the remaining cells were photographed (bar, 100 µm). The number of attached Jurkat cells was counted for multiple fields (n=
8) and shown in the right as mean ± SD (*p= 0.0021, two-sided t-test; NS not significant). Source data are provided as a Source Data file.
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Fig. 4 FACS analysis of peptide-grafted Fc protein binding to cell surface
target receptors. HEK293T cells transiently expressing PlxnB1 (a), MET
(b), EGFR (c), TrkB (d), or α6β1 integrin (e) are incubated with each
peptide-grafted Fc (red histogram) or control Fc (gray histogram), followed
by labeling with Alexa Fluor 488-labeled anti-human Fc.
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ü Peptide-grafted Fc protein binding 
to cell surface target receptors.

Macrocyclic peptides represent a class of synthetic com-
pounds that is rapidly gaining attention as a new drug
modality, particularly in the therapeutic intervention of

protein–protein interfaces (PPIs)1,2. Compared to traditional small
molecule drugs, their footprint on the binding surface of the target
protein is generally comparable to that of typical antibody. Thus,
macrocyclic peptides have high specificity and affinity despite their
small to medium size (MW in the range of 1000–3000 Da). By
using the Random non-standard Peptides Integrated Discovery
(RaPID) system that combines mRNA-display with genetic code
reprogramming, we have reported many binders for various targets
by isolating de novo macrocyclic peptides from a pool of random
sequences consisting of more than 1012 members (Fig. 1a)3,4. Such
peptides generally exhibit exquisite binding specificity and high
affinity toward the target and have proven to be highly useful in
applications such as receptor antagonists or agonists, crystallization
chaperones, and imaging/detection tools5–9. Despite the fact that
this method offers extraordinary speed for identifying potent spe-
cies, the resulting macrocyclic peptides are not necessarily ready for
drug use because they often suffer from unpredictable pharmaco-
kinetics and bioavailability10. The ability to first rapidly identify

pharmacophores from macrocyclic peptides and then modularly
integrate them into natural human proteins would produce a more
reliable drug format that bears the merits of both macrocycles and
proteins.

In this study, we show that the binding ability of the RaPID-
derived macrocyclic peptides can be maintained when the
thioether ring-closure moiety is replaced by a well-folded nat-
ural protein domain. Serendipitously, this does not demand
any special protein engineering efforts and can be achieved by
simply taking the internal sequence of a RaPID peptide and
simply inserting this lasso-like moiety into a surface-exposed
loop from a wide range of proteins. We refer to this protein
engineering method as lasso-grafting and demonstrate that it
can endow specific binding capacity toward various receptors
into a diverse set scaffolds that includes IgG and serum albumin.
Lasso-grafting enabled us to rapidly formulate and produce bi-,
tri-, and even tetra-specific binder molecules. Moreover, this
extraordinarily facile method enabled us to generate a target-
specific AAV vector that can infect cells solely via the lasso-
peptide–receptor interaction.

kon (µM-1s-1)      koff (s-1)    KD (nM)  

PB1m6 (free pep"de) 3.46 0.012 3.5
PB1m6 (gra#ed on UG) 0.091 0.0041   45.8

PB1m6A9 (gra#ed on UG) 0.17  0.0014     8.26
PB1m6A9 (free pep"de) 7.59  0.0021   0.28

PB1m7 (gra#ed on UG) 0.0158 0.051 3250
PB1m7 (free pep"de) 0.038  0.010 275

aMD4 (gra#ed on UG) 0.044   0.004   91.6
aMD4 (free pep"de) 1.4    0.003        2.4

aMD5 (gra#ed on UG)   0.088      0.019     211
aMD5 (free pep"de)  4.8           0.011      2.3

analyte
kine"c constants

a) 

b)

c)

N(1)

N(2)

C(1)
C(2)

PB1m6A9 (gra#ed on Fc)* 18.0 0.0004     0.023

PB1m7 (gra#ed on Fc)* 0.896 0.055    61.4

aMD4 (gra#ed on Fc)* 0.156   0.0007   4.5

Fig. 1 Conversion of RaPID-derived cyclic peptides into protein grafts. a Flow-chart of the lasso-graft method. Once a high affinity cyclic peptide is
obtained against a target via the RaPID system in the discovery phase (left), the sequence information is used to formulate binding proteins in the grafting
phase (right) by inserting the peptide either (i) in between the N- and C-termini of a dimeric protein or (ii) in the middle of an exposed loop of monomeric
protein. b Disulfide-stabilized homodimeric structure of uteroglobin (PDB ID: 2UTG). The dotted line shows the peptide-grafting site between the
C-terminus of molecule 1 (cyan) and the N-terminus of molecule 2 (salmon). c Kinetic binding constants for RaPID-derived peptides before and after the
lasso-grafting. Binding kinetics of UG or Fc proteins lasso-grafted with either PlxnB1-binding peptides (PB1m6, PB1m6A9, and PB1m7) or MET-binding
peptides (aMD4 and aMD5) was determined for their respective target molecules using SPR (actual sensorgrams are shown in Fig. S1c–h). Values for free
peptides are taken from Matsunaga et al.6 (for PB1m6 and PB1m7), Bashiruddin et al.14 (for PB1m6A9), and Ito et al.5 (for aMD4 and aMD5). Kinetic
parameters for the grafted Fc proteins (*) do not represent their true 1:1 affinity due to the divalent nature.
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(determined using SPR)
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Generating multi-specific antibody by Lasso-Grafting

ü By grafting peptides into the Fc domain, multispecificity antibodies were 
created. <“Addbody®”>

ü Using this method, Addbody-mediated heterotypic cell engagement was 
achieved.
2023/1/26
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The gray histograms show
(a) untransfected HEK293T cells
(b)(c) the labeling of the same cells with the IgG control.

Mihara, E., et al. Nat. Commun. 2021, 12, 1543.
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MET targeting therapeutics 

• A tyrosine kinase-type receptor 
• Dimerizes and phosphorylates its 

intracellular domain upon activation by the 
ligand.

• Met-HGF is centrally involved in 
morphogenesis during development, wound 
repair and organ homoeostasis

⭕ rHGF has been shown to have therapeutic 
efficiency.
Short half-life 
Poor BBB permeability

2023/1/25
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Agonist activity of peptide grafted Fc by graft position

ü B3 was the optimal site for aMD4
ü B1 was the optimal site for aMD5.
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Sema domain of Met, which does not overlap with the HGF binding 
site41, hence explaining why aMD4 peptide does not compete with 
HGF-induced Met activation40.

We next examined the structure of the Met dimer induced by 
Fc(aMD4). Complexes between MetECD and Fc(aMD4) were stabilized 
by crosslinking using bis(sulfosuccinimidyl)suberate (BS3) and ana-
lysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS–PAGE) (Fig. 3b and Extended Data Fig. 5a,b). The results indicated 
the formation of complexes between MetECD and Fc(aMD4) in 1:1 or 2:1 
stoichiometry. The relative efficiency of various Fc(aMD4) in forming a 
2:1 signalling complex was in the order of B3 > B1 > B2, which correlated 
well with their ability to activate cellular Met. The BS3-crosslinked 2:1 
complex of MetECD and Fc(aMD4)B3 was purified by size exclusion chro-
matography (Extended Data Fig. 5c) and subjected to single-molecule 
examination by high-speed atomic force microscopy (HS-AFM)42, with 
Fc and MetECD as controls (Fig. 3c–f and Supplementary Videos 1–4). On 
HS-AFM, MetECD showed a globular Sema domain and Ig-like, plexins, 
transcription factors (IPT) stalk domains, with the relative positioning 
of each IPT domain being flexible (Fig. 3d and Supplementary Video 2). 
Fc(aMD4)B3 bound to the lower face of the Sema domain and bridged 
two Met molecules while having the IPT stalk domains sprayed away 
(Fig. 3e and Supplementary Video 3) or attached (Fig. 3f and Supple-
mentary Video 4). The flexibility of IPT domains probably allows for 
the proper association of the intracellular kinase domains of two Met 
molecules, this association being essential for Met activation33,34. These 
results show that while Fc(aMD4)B3 binds to Met on a site different from 

that in HGF, its recruitment of two Met receptors in close proximity 
enables it to activate Met to the same extent as HGF.

FcRn binding, half-life and in vivo activity
The long half-lives of Fc and antibodies are mainly maintained through 
their binding to the FcRn43–46. As such, we have selectively lasso-grafted 
into loop locations that are distal from the FcRn binding site (Fig. 4a). 
Accordingly, our analysis of binding kinetics between Fc(aMD4) and 
immobilized FcRn showed that lasso-grafting into most loops did not 
affect the affinity of Fc to FcRn, although Fc(aMD4)T2 and M2 exhibited 
slightly higher KD values than control Fc (Fig. 4b and Extended Data 
Fig. 6). This suggests that lasso-grafting on Fc preserves the affinity 
of Fc to FcRn.

We next evaluated the serum half-life of Fc(aMD4)B3 in compari-
son to those of control Fc and HGF in wild-type mice after a single 
intravenous (i.v.) administration at equimolar amount per kg (Fig. 4c). 
The serum concentration of HGF decreased to below 0.01 nM within 1 h, 
which was unable to activate Met. In contrast, Fc(aMD4)B3 showed an 
extended half-life comparable to that of control Fc (Fig. 4c). To accu-
rately determine the pharmacokinetics of our human Fc-based vari-
ants, we measured the serum half-lives of Fc(aMD4)B3 and control Fc 
in mFcRn−/− hFcRn+ mice47 (Fig. 4d). The serum half-life of Fc(aMD4)B3 
in these mice was 49.4 h and comparable to that of control Fc (46.6 h). 
The serum concentration of Fc(aMD4)B3 remained above 1 nM, the 
minimum concentration for activating Met (Fig. 2a,b), for up to 200 h 
after a single i.v. administration at 0.74 mg kg−1 (Fig. 4d).
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Fig. 1 | Met agonists are generated by the insertion of Met-binding 
macrocyclic peptides into the structural loops of Fc protein. a, 
Pharmacophore sequences of Met binders (aMD4 or aMD5; shown in red) 
were inserted into the loops (T1 to B3; coloured) of human IgG1 Fc protein 
(PDB ID: 1h3w). Amino acid sequences of Fc, grafted-peptides, and grafting 
sites are shown on the right. b,c, Cellular Met activation by aMD4-grafted Fc 

(Fc(aMD4)) (b) or aMD5-grafted Fc (Fc(aMD5)) (c). EHMES-1 cells were treated 
with Fc variants (coloured) or dimer peptides (grey). Cellular Met activation was 
quantified in situ with anti-phospho-Met (Tyr1234/1235) antibody. The results 
are shown as mean ± s.e.m. (n = 6 independent experiments) in percentage of 
phospho-Met relative to maximum Met phosphorylation induced by 1.1 nM HGF. 
Left: T1, T2, and T3. Middle: M2 and M3. Right: B1, B2, and B3.
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Peptide grafted Fc has a long blood half-life

ü Lasso-grafting into most loops did not affect the affinity of Fc to FcRn.
ü Fc(aMD4)B3 had half-life comparable to that of control Fc.
ü The serum concentration of Fc(aMD4)B3 remained above 1 nM, the minimum 

concentration for activating Met
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FcRn:⾎漿中から細胞内に取り込まれたIgG抗体を⾎漿中に戻しリソソームでの分解を防ぐ、リサイクルの働きを持つ。
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brain parenchyma (Fig. 5j(middle left)). Further evaluation of detailed 
pharmacokinetic profiles, including time course, will be needed for 
future therapeutic evaluation of sTfR(aMD4) in preclinical models. 
Taken together, these observations showed that we have generated 
BBB-penetrating Met agonists by lasso-grafting of Met-binding mac-
rocyclic peptide on the Fc of anti-mTfR antibody.

Discussion
The grafting of de novo identified peptides to improve their stability 
and bioavailability has been attempted on a variety of scaffolds23–26. 
These past studies revealed that successful grafting is highly depend-
ent on the combination and compatibility between grafted peptides 
and scaffold proteins25,26. As such, the selection of scaffold protein 
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activity of Fc(aMD4)B3 in mice with humanized liver (PXB-mice). e, Schematic. 
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Fc(aMD4)B3 acts as an agonist of HGF.

ü Fc(aMD4)B3 significantly increased replicative DNA synthesis of hepatocytes.
→ Lasso-grafting generated a Met-activating Fc that is bioactive in vivo, with a 
markedly improved half-life that is comparable to that of unmodified Fc.
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brain parenchyma (Fig. 5j(middle left)). Further evaluation of detailed 
pharmacokinetic profiles, including time course, will be needed for 
future therapeutic evaluation of sTfR(aMD4) in preclinical models. 
Taken together, these observations showed that we have generated 
BBB-penetrating Met agonists by lasso-grafting of Met-binding mac-
rocyclic peptide on the Fc of anti-mTfR antibody.

Discussion
The grafting of de novo identified peptides to improve their stability 
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These past studies revealed that successful grafting is highly depend-
ent on the combination and compatibility between grafted peptides 
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f,g, Replicative DNA synthesis. f, Representative images showing BrdU staining 
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MET agonist with BBB penetration

ü Via lasso-grafting, Fab affinity was largely preserved.
ü Via lasso-grafting, Met activity was reduced. (due to the balky Fab)
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Fig. 5 | Lasso-grafting Fc of anti-TfR antibodies yields Met agonists with 
BBB penetration. a, Schematic representations of Fc(aMD4), dTfR(aMD4) and 
sTfR(aMD4). All variants were grafted with aMD4ds at the B3 loop of human 
IgG Fc. Rat anti-mouse transferrin receptor Fab was fused with Fc(aMD4). b, 
SDS–PAGE of purified variants. c, Lasso-grafting of aMD4 on anti-TfR antibodies 
preserved affinity to TfR. The apparent KD values (in nM) of Fc(aMD4), 
sTfR(aMD4) and dTfR(aMD4) to mouse TfR (mTfR) were determined by ELISA 
and are presented as mean ± s.d. (n = 3 independent experiments). d, Cellular Met 
activation by aMD4-grafted anti-TfR antibodies. EHMES-1 cells were treated with 
Fc(aMD4), sTfR(aMD4) or dTfR(aMD4). Cellular Met activation was quantified 
in situ with anti-phospho-Met (Tyr1234/1235) antibody and presented as 
mean ± s.d. (n = 3 independent experiments). EC50 values (in nM) are indicated. 

e–j, BBB penetration of aMD4-grafted anti-TfR antibodies. Schematic (e), 
brain concentration (f), percentage injected dose per gram of brain (g), serum 
concentration (h) and brain-to-serum ratio (i) at 24 h after a single injection of 
Fc(aMD4), sTfR(aMD4) or dTfR(aMD4) at equimolar amount per kg (12, 20 and 
26.5 mg kg−1, respectively) via the tail vein. Results are shown as mean ± s.e.m. 
(n = 4 mice per group; unpaired two-tailed t-test). j, Representative images 
of immunohistochemical staining of brain sections from mice at 24 h after a 
single injection of Fc(aMD4), sTfR(aMD4) or dTfR(aMD4) via the tail vein. Note 
the broad staining for sTfR(aMD4) in the brain parenchyma and localization 
around NeuN-positive neuronal cell bodies. Staining for dTfR(aMD4) was more 
prominent in endothelial cells than in neuronal cell bodies. Scale bars, 50 µm.

TfR: トランスフェリン受容体。受容体介在性トランスサイトーシスによりBBBを介した脳内ドラッグデリバリーを⾏うことができる。
Sakai, K., et al. Nat. Biomed. Eng. 2022, 1-13. 



MET agonist with BBB penetration

üsTfR(aMD4) showed the highest percentage injected dose per gram brain, 
brain-to-serum ratio, as well as the highest brain concentration .
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Fig. 5 | Lasso-grafting Fc of anti-TfR antibodies yields Met agonists with 
BBB penetration. a, Schematic representations of Fc(aMD4), dTfR(aMD4) and 
sTfR(aMD4). All variants were grafted with aMD4ds at the B3 loop of human 
IgG Fc. Rat anti-mouse transferrin receptor Fab was fused with Fc(aMD4). b, 
SDS–PAGE of purified variants. c, Lasso-grafting of aMD4 on anti-TfR antibodies 
preserved affinity to TfR. The apparent KD values (in nM) of Fc(aMD4), 
sTfR(aMD4) and dTfR(aMD4) to mouse TfR (mTfR) were determined by ELISA 
and are presented as mean ± s.d. (n = 3 independent experiments). d, Cellular Met 
activation by aMD4-grafted anti-TfR antibodies. EHMES-1 cells were treated with 
Fc(aMD4), sTfR(aMD4) or dTfR(aMD4). Cellular Met activation was quantified 
in situ with anti-phospho-Met (Tyr1234/1235) antibody and presented as 
mean ± s.d. (n = 3 independent experiments). EC50 values (in nM) are indicated. 

e–j, BBB penetration of aMD4-grafted anti-TfR antibodies. Schematic (e), 
brain concentration (f), percentage injected dose per gram of brain (g), serum 
concentration (h) and brain-to-serum ratio (i) at 24 h after a single injection of 
Fc(aMD4), sTfR(aMD4) or dTfR(aMD4) at equimolar amount per kg (12, 20 and 
26.5 mg kg−1, respectively) via the tail vein. Results are shown as mean ± s.e.m. 
(n = 4 mice per group; unpaired two-tailed t-test). j, Representative images 
of immunohistochemical staining of brain sections from mice at 24 h after a 
single injection of Fc(aMD4), sTfR(aMD4) or dTfR(aMD4) via the tail vein. Note 
the broad staining for sTfR(aMD4) in the brain parenchyma and localization 
around NeuN-positive neuronal cell bodies. Staining for dTfR(aMD4) was more 
prominent in endothelial cells than in neuronal cell bodies. Scale bars, 50 µm.
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IHC using Fc(aMD4), sTfR(aMD4), dTfR(aMD4)

üsTfR(aMD4) showed prominent parenchymal staining co-localized with 
NeuN, GFAP and Iba1, indicating its distribution to neuron, astrocytes and 
microglia, respectively.
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Fig. 5 | Lasso-grafting Fc of anti-TfR antibodies yields Met agonists with 
BBB penetration. a, Schematic representations of Fc(aMD4), dTfR(aMD4) and 
sTfR(aMD4). All variants were grafted with aMD4ds at the B3 loop of human 
IgG Fc. Rat anti-mouse transferrin receptor Fab was fused with Fc(aMD4). b, 
SDS–PAGE of purified variants. c, Lasso-grafting of aMD4 on anti-TfR antibodies 
preserved affinity to TfR. The apparent KD values (in nM) of Fc(aMD4), 
sTfR(aMD4) and dTfR(aMD4) to mouse TfR (mTfR) were determined by ELISA 
and are presented as mean ± s.d. (n = 3 independent experiments). d, Cellular Met 
activation by aMD4-grafted anti-TfR antibodies. EHMES-1 cells were treated with 
Fc(aMD4), sTfR(aMD4) or dTfR(aMD4). Cellular Met activation was quantified 
in situ with anti-phospho-Met (Tyr1234/1235) antibody and presented as 
mean ± s.d. (n = 3 independent experiments). EC50 values (in nM) are indicated. 

e–j, BBB penetration of aMD4-grafted anti-TfR antibodies. Schematic (e), 
brain concentration (f), percentage injected dose per gram of brain (g), serum 
concentration (h) and brain-to-serum ratio (i) at 24 h after a single injection of 
Fc(aMD4), sTfR(aMD4) or dTfR(aMD4) at equimolar amount per kg (12, 20 and 
26.5 mg kg−1, respectively) via the tail vein. Results are shown as mean ± s.e.m. 
(n = 4 mice per group; unpaired two-tailed t-test). j, Representative images 
of immunohistochemical staining of brain sections from mice at 24 h after a 
single injection of Fc(aMD4), sTfR(aMD4) or dTfR(aMD4) via the tail vein. Note 
the broad staining for sTfR(aMD4) in the brain parenchyma and localization 
around NeuN-positive neuronal cell bodies. Staining for dTfR(aMD4) was more 
prominent in endothelial cells than in neuronal cell bodies. Scale bars, 50 µm.
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Short summary

üBinding to FcRn resulted in a longer half-life.
üBBB permeability was improved by incorporating TfR.
→Lasso grafting on Fc fragments enhanced pharmacokinetics.
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Antibody w/o Fab; Mirabody® acts as a receptor agonist

üMirabody® acted as the agonist toward PlxnB1.
üm7-Fc activates receptor dimerization and subsequent signaling.
üm6A9-Fc acted as antagonist toward PlxnB1 and inhibited Sema4D.
üIt could potentially be biotherapeutics due to the long plasma half-life.
2023/1/25
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N Sugano-Nakamura. et al. Nat. Commun. 2021, 12, 1543.

Figure 2. Inhibition of Sema4D-induced cell collapse by Fc(m6A9)
(A) Graft-site dependence of the inhibitory activity. The cellular indices of PlxnB1-expressing cells were monitored in the xCELLigence system upon the addition

of various Fc(m6A9) proteins at 100 nM (T = 0 h), followed by the stimulation with 2.5 nM Sema4D-Fc at T = 0.5 h. The curves are normalized to the value at T =

0.5 h.

(B) Binding of various Fc(m6A9) proteins to PlxnB1-expressing cells. Bindings were evaluated by FCM and are shown in histogramswith each variant color coded

as in (A), together with the control Fc staining shown in gray. The table on the right shows the mean fluorescence intensity (MFI) of each histogram.

(C and D) The strongest inhibitor Fc(m6A9)B3 shows concentration-dependent and post-receptor signal blockade. Varying concentrations of Fc(m6A9)B3 were

added before (C) or after (D) the addition of 2.5 nM Sema4D-Fc, and the cell indices were monitored for a total of 1 h. The maximum collapse response (as cell

index change) derived from each curve was plotted against concentration and is shown in the right panels. Cell index of maximally collapsed cells by 2.5 nM

Sema4D-Fc is generally in the range of 0.2–0.3, and these data points are also shown in the y axis by open symbols. The IC50 value is shown asmean ± SD derived

from three independent experiments using the curve fitting by RTCA software.
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2020). Therefore, it is expected that the binding mechanism
would be essentially the same as that of the original peptide
m6. In fact, the conformation of the PlxnB1-bound m6A9 was
very similar to that of m6 determined previously (Matsunaga
et al., 2016), forming an anti-parallel b-sheet like a long tongue
and bound in a groove between the fifth and sixth blades of

the PlxnB1 sema domain b-propeller (Figures 5A and 5B). Eight
of the 14 residues in m6A9 were identical to those in m6, and the
side-chain conformation of Arg7 and Trp8, the two most impor-
tant residues for PlxnB1 binding in m6, was completely
conserved (Figures 5A and 5B). Curiously, the amino acid
changes in m6A9 do not seem to create any additional

Figure 3. Activation of PxlnB1 signaling by Fc(m7)
(A) Binding of various Fc(m7) proteins to cell-surface PlxnB1. FCM histograms and MFI values are shown as in Figure 2B.

(B and C) Cell collapse response upon addition of Fc(m7). Fc(m7) proteins with varying grafting sites, excluding non-binding T3 graft, were added to PlxnB1-ex-

pressing cells at a constant concentration (100 nM), and the cellular indices were recorded after normalizing the signal at T = 0 h (B). For the strongest agonist,

Fc(m7)B2, concentration dependencywas evaluated and is shown as overlaid cell index curves (C, left) and the plots of themaximum collapse response (C, right).

The EC50 value is shown as mean ± SD derived from three independent experiments using the curve fitting by RTCA software.
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Lasso-grafting on AAV capsid
AAV (adeno-associated virus)
• Gene-delivery vehicles
• Broad tropism (Binds to 

receptors expressed on the 
surface of many cells)
• Capsid engineering has been 

used to impart tissue specificity.
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üBy grafting on S2 site, lasso-grafted AAV acquired cell-specific localization.  

fraction of capsid subunits are substituted with m6A9_s2-
CapAAV2. By co-transfecting cells with plasmids coding for
PA_s2-CapAAV2 and m6A9_s2-CapAAV2 at a DNA ratio of 9:1, a
chimeric virus incorporating a fraction of m6A9_s2-CapAAV2
subunits per capsid was prepared. The resultant chimeric virus
successfully transduced the AcGFP gene into Expi293F cells that

stably expressed human PlxnB1 (Fig. 6b), while no detectable
AcGFP expression was observed with the parent cell line after
incubation with the chimeric virus. We next expanded this ana-
lysis to another AAV serotype (AAV1) using MET-binding
aMD4 peptide as the targeting moiety. Unmodified AAV1 capsid
was capable of transducing both Chinese hamster ovary (CHO)
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PA_s2-CapAAV2 and m6A9_s2-CapAAV2 at a DNA ratio of 9:1, a
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subunits per capsid was prepared. The resultant chimeric virus
successfully transduced the AcGFP gene into Expi293F cells that

stably expressed human PlxnB1 (Fig. 6b), while no detectable
AcGFP expression was observed with the parent cell line after
incubation with the chimeric virus. We next expanded this ana-
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Mihara, E., et al. Nat. Commun. 2021, 12, 1543.



Lasso-grafting on AAV capsid
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fraction of capsid subunits are substituted with m6A9_s2-
CapAAV2. By co-transfecting cells with plasmids coding for
PA_s2-CapAAV2 and m6A9_s2-CapAAV2 at a DNA ratio of 9:1, a
chimeric virus incorporating a fraction of m6A9_s2-CapAAV2
subunits per capsid was prepared. The resultant chimeric virus
successfully transduced the AcGFP gene into Expi293F cells that

stably expressed human PlxnB1 (Fig. 6b), while no detectable
AcGFP expression was observed with the parent cell line after
incubation with the chimeric virus. We next expanded this ana-
lysis to another AAV serotype (AAV1) using MET-binding
aMD4 peptide as the targeting moiety. Unmodified AAV1 capsid
was capable of transducing both Chinese hamster ovary (CHO)
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PA_s2-CapAAV2 and m6A9_s2-CapAAV2 at a DNA ratio of 9:1, a
chimeric virus incorporating a fraction of m6A9_s2-CapAAV2
subunits per capsid was prepared. The resultant chimeric virus
successfully transduced the AcGFP gene into Expi293F cells that

stably expressed human PlxnB1 (Fig. 6b), while no detectable
AcGFP expression was observed with the parent cell line after
incubation with the chimeric virus. We next expanded this ana-
lysis to another AAV serotype (AAV1) using MET-binding
aMD4 peptide as the targeting moiety. Unmodified AAV1 capsid
was capable of transducing both Chinese hamster ovary (CHO)
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MOI: Multiplicity of infectionの略で細胞１個あたりのウイルスの数

üOnly viruses expressing a peptide that binds specifically to the receptor 
could perform gene transfer to cells expressing the receptor protein.

üGene transfer efficiency of mutant viruses is higher than that of wild-type 
viruses.

Mihara, E., et al. Nat. Commun. 2021, 12, 1543.
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Summary
RaPID system
üRapid screening of macrocyclic peptides

Lasso-Grafting
üFunctionalization of macrocyclic peptides in vivo
üFunctionalization of host proteins
üGeneration of multispecific antibodies (Addbody®)
üImproved bioavailability and BBB permeability 
üGeneration of receptor agonist/antagonist (Mirabody®)
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