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Enzymatic ligation of an antibody 
and arginine 9 peptide for efficient 
and cell‑specific siRNA delivery
Yu Ando, Hikaru Nakazawa*, Daisuke Miura, Maho Otake & Mitsuo Umetsu*

A fusion protein comprising an antibody and a cationic peptide, such as arginine‑9 (R9), is a candidate 
molecule for efficient and cell‑specific delivery of siRNA into cells in order to reduce the side effects 
of nucleic acid drugs. However, their expression in bacterial hosts, required for their development, 
often fails, impeding research progress. In this study, we separately prepared anti‑EGFR nanobodies 
with the K‑tag sequence MRHKGS at the C‑terminus and R9 with the Q‑tag sequence LLQG at the 
N‑terminus, and enzymatically ligated them in vitro by microbial transglutaminase to generate 
Nanobody‑R9, which is not expressed as a fused protein in E. coli. Nanobody‑R9 was synthesized 
at a maximum binding efficiency of 85.1%, without changing the binding affinity of the nanobody 
for the antigen. Nanobody‑R9 successfully delivered siRNA into the cells, and the cellular influx of 
siRNA increased with increase in the ratio of Nanobody‑R9 to siRNA. We further demonstrated that 
the Nanobody‑R9–siRNA complex, at a 30:1 ratio, induced an approximately 58.6% reduction in the 
amount of target protein due to RNAi in mRNA compared to lipofectamine.

Abbreviations
IMAC  Immobilized metal ion affinity chromatography
scFv  Single-chain variable fragments
SEC  Size exclusion chromatography
EGFR  Epidermal growth factor receptor
SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis
MTG  Microbial transglutaminase

RNA interference (RNAi) is a cellular mechanism for post-transcriptional gene regulation mediated by small 
interfering RNA (siRNA)1, 2. Specific gene silencing by siRNA holds significant promise for providing new treat-
ment strategies in a wide range of diseases, including cancer and viral  infections3. Thus, siRNA-based technol-
ogy is attractive owing to its target gene specificity, relatively low siRNA immunogenicity, and simple  design4. 
However, it has four limitations: (1) As siRNA has no cell-type specificity, its medical application would require 
high doses resulting in high cost; (2) it may cause side  effects4, 5; (3) because of their hydrophilicity, negative 
charge, and large molecular weight, siRNA molecules cannot readily cross the cell  membrane6, 7; and (4) siRNA 
are subject to rapid renal clearance and degradation by endogenous RNases and can be recognized by the innate 
immune  system8–10.

To overcome these limitations, recent studies have focused on the combination of a target-specific antibody 
and a cationic peptide with  siRNA11–16. An antibody is an immune system-related biomolecule that can bind a 
specific region on an  antigen17. As several kinds of antibody molecules have been developed by genetic engineer-
ing for disease  treatment17, 18, it can solve the problem of cell specificity of siRNA. Compared to the IgG type 
antibodies, small antibodies, such as VHH, scFv, and antibody-like molecules, are expected to have stronger 
penetrating capability and lower  immunogenicity19 due to the lack of both the constant region and Fc domain. 
Cell-penetrating peptides typically contain 5–30 amino acids and are mostly positively charged at physiologi-
cal pH owing to the presence of several arginine and/or lysine  residues20. These peptides can bind to nucleic 
acids, such as siRNA, through electrostatic interactions owing to their cationic nature. The arginine-9 (R9) 
motif, a typical cationic and cell-penetrating peptide, is more efficiently taken-up by cells than other oligomers 
containing fewer arginine residues or other cationic amino acids such as histidine, lysine, or  ornithine21. By 
combining the technologies of cationic peptides and antibodies, successful cell-specific delivery of siRNA has 
been  reported15. Moreover, no side effects were reported. However, although several cationic peptide-fused 
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antibodies are functionally expressed as a soluble  fraction15, 16, in many cases their functional expression was 
found to be very low in the bacterial host, and they were functionalized by unfolding the inclusion  bodies11–13 
or by bio-conjugating14. To expand this technology, it is necessary to develop a method for stable preparation of 
cationic peptide-fused antibodies.

An effective strategy for functional expression is to separate and express each functional domain and then 
fuse them in vitro22. This can effectively eliminate the complications related to structure and function as well as 
reduce undesirable non-expression and expression as an insoluble fraction. Reconstruction of each functional 
unit is generally carried out by bioconjugation using a polymer or particle as support; however, the production 
of well-defined antibody conjugates is extremely challenging owing to the required selectivity, specificity, and 
reactivity under physiological  conditions23.

Recently, a peptide ligation method using sortase and transglutaminase has attracted attention as a method 
for specifically ligating proteins under mild  conditions24. Recently, a VHH and CPP bioconjugate formed using 
sortase has been reportedly taken-up by  cells25, 26. Microbial transglutaminase (MTG; EC 2.3.2.13), belonging 
to the class of a protein γ-glutamyl transferases, is the most widely used enzyme because of its high activity,  Ca+ 
independence, and low reverse  reaction27. The enzyme catalyzes the formation of an amide bond between the 
γ-carboxamide side chain group of glutamine residues as acyl donor and a primary ε-amine group of lysine as 
acyl acceptors. This enzyme can achieve specific ligation by adding peptides, such as K-tag sequence MRHKGS 
and Q-tag sequence LLQG, to the  protein28, 29.

In this study, Nanobody-R9, which is not expressed as a fusion protein, was subjected to separate domain 
expression that were enzymatically ligated by MTG in vitro. Finally, the RNAi of a model siRNA created using 
the resulting Nanobody-R9MTG was evaluated.

Results
Expression of Nanobody‑R9. We selected an anti-epidermal growth factor receptor (EGFR)  nanobody30, 
which is a low molecular weight VHH antibody fragment that can bind to the EGFR on cancer cell surface as a 
targeting molecule to enable cell-specific delivery of siRNA and the cationic peptide Arginine 9 (R9), a molecule 
that can interact with siRNA and penetrate the cell membrane. Using these, a gene coding anti-EGFR nanobody 
fused with R9 peptide at the C-terminus (Nanobody-R9) was constructed and genetically expressed in E. coli 
(Fig. 1a). Expression of the Nanobody-R9 gene was examined in the culture supernatant fraction, intracellu-
lar soluble fraction, and intracellular insoluble fraction post induction under conditions of different tempera-
tures and isopropyl β-d-thiogalactopyranoside (IPTG) concentrations. Unfortunately, Nanobody-R9 was not 
expressed in any fraction (Fig. 2a, Supplementary Fig. S1).

Enzymatic synthesis of Nanobody‑R9MTG using MTG. The Nanobody-R9 fusion protein was not 
expressed in E. coli. Therefore, we synthesized each nanobody and R9 separately and ligated them using MTG. 
Nanobody with K-tag, which is an MTG recognition sequence at the C-terminus (Nanobody-K, Fig. 1b) was 
expressed in E. coli as the intracellular soluble fraction (Fig. 2b). The Nanobody-K-expressing transformant was 
cultured for 16 h at 28 °C after IPTG induction, and Nanobody-K was purified using an immobilized metal-ion 
affinity chromatography (IMAC) and size-exclusion chromatography (SEC). The yield of purified Nanobody-K 
was calculated to be 27.0 mg  L−1-broth. The purified Nanobody-K was ligated with an organically synthesized 
R9 fused Q-tag (Q-R9-HA), another MTG recognition tag, by MTG. Finally, 5 μM Nanobody-K was mixed with 
1–10 times the molar amount (final 5–50 μM) of Q-R9-HA peptide using 50 nM of MTG purified by IMAC 
and SEC (15 U  mg−1 protein). The mixture was incubated at 20 °C for 6 h. Individually, MTG, Q-R9-HA, and 
Nanobody-K did not show any product bands in SDS-PAGE analysis (Fig. 3a); however, their mixture showed a 
product band with a molecular weight of 18 ×  103. This molecular weight was similar to that of Nanobody-R9MTG 
(19.1 ×  103), suggesting that Nanobody-R9MTG was successfully prepared. Western blot analysis also showed 

Figure 1.  Primary structure of the protein designed in this study. (a) Nanobody-R9 (b) Nanobody-K and 
Q-R9-HA. Green color: Ia1 VHH (anti EGFR Nanobody), White color:  G4S linker, Light green color: R9 
peptide, Orange color: K-tag, Light blue color: His-tag, Purple color: Q-tag, and Glay color: HA-tag.
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Figure 2.  Expression analysis of Nanobody-R9 (a) and Nanobody-K (b) in E. coli. The figures show SDS-PAGE 
analysis (Left panels) using Coomassie Brilliant Blue (CBB) detection and western blot analysis (Right panels) 
using His-probe HRP detection of culture supernatant (Sup), intracellular soluble fraction (S), and intracellular 
insoluble fraction (I) under the induction at 28 °C for 4–16 h. M show Low molecular weight marker. The 
arrows indicate the deduced molecular weights of the target proteins. Complete gels and western blots are 
presented in Supplementary Fig. 1.

Figure 3.  Enzymatic ligation of Nanobody and R9 by MTG. (a) SDS-PAGE by CBB staining; (b) western 
blot analysis using His-probe HRP; and (c) western blot analysis using anti-HA antibody. A total of 5–35 µM 
Q-R9-HA (1–10 times Nanobody concentration) was mixed with 5 µM Nanobody-K and 0.03 U  mL−1 MTG 
and incubated at 20 °C for 6 h. The arrows indicate the deduced molecular weight of each protein. M indicate 
Low molecular weight marker for protein.
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that Nanobody-R9MTG could be detected by HA-tag and His-tag (Fig. 3b,c), indicating that the product was a 
complex comprising Nanobody-K and Q-R9-HA. Notably, unreacted Q-R9-HA was not detected by HA-tag 
detection. Presumably, Q-R9-HA passes through the nitrocellulose membrane due to its small size during the 
transfer. The band size of Nanobody-R9MTG increased slightly and that of unreacted Nanobody-K decreased in 
the reaction mixture with increasing concentration of Q-R9-HA. When the molar ratio of Nanobody:R9 was 1:1, 
1:3, 1:5, 1:7, and 1:10, reaction efficiency of the nanobody was calculated to be 30.4, 62.7, 77.7, 83.0, and 85.1%, 
respectively, based on the signal intensity of band in SDS-PAGE.

To prove that MTG does not react with lysine residues in the nanobody sequence, we created a nanobody in 
which the K tag was replaced by a lysine-free Cmyc′ tag. No ligated product was found (Supplementary Fig. S2), 
indicating that MTG does not react with the nanobody and specifically reacts with the K-tag. The unreacted 
peptide and Nanobody-K in the solution after Nanobody-R9MTG synthesis were removed by IMAC purification, 
and the purified Nanobody-R9MTG was used in the subsequent experiments.

Secondary structure analysis of Nanobody‑R9MTG using circular dichroism spectroscopy. To 
confirm whether the Nanobody-R9MTG retained its structure compared to the parent Nanobody-K, both struc-
tures were analyzed by circular dichroism spectrometry. As shown in Fig. 4a, the Nanobody-R9MTG structure 
showed a typical β sheet-rich immunoglobulin fold, and no significant change was observed when compared 
with the structure of Nanobody-K. This result indicates that the nanobody part of Nanobody-R9MTG formed a 
correct structure.

Binding affinity of Nanobody‑R9MTG to EGFR. The binding affinity of Nanobody-R9MTG to EGFR was 
evaluated to demonstrate that the crosslinking of R9 to nanobody did not affect the function of the nanobody. 
Nanobody-K and Nanobody-R9MTG, modified with FITC, were mixed with EGFR-positive A431 cells, and the 
fluorescent intensity of the interacting cells was analyzed by flow cytometry. Control A431 cells that were not 

Figure 4.  Physical properties of Nanobody-R9. (a) Analysis of Nanobody-R9MTG and Nanobody-K secondary 
structure by CD spectra. (b) Analysis of binding affinity of Nanobody-R9MTG and Nanobody-K by flow 
cytometry.
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treated with either nanobody showed a peak of fluorescence intensity of 2.5 ×  103 (Fig. 4b). Whereas, in case of 
nanobody-treated cells, both nanobodies were strongly bound to A431 cells. The peak fluorescence intensity for 
cells treated with Nanobody-R9MTG (0.65 ×  105) was only slightly lower than that of cells treated with Nanobody-
K (0.8 ×  105), indicating that there was no significant change in the binding affinity of the nanobody to EGFR 
after R9 crosslinking. We demonstrated that the nanobody module of Nanobody-R9MTG is available to target 
EGFR-positive cells. The Kd of Nanobody-R9MTG was calculated as 63 ± 13 nM by flow cytometry analysis under 
various concentrations of the protein (Supplementary Fig. S3).

Interaction of Nanobody‑R9MTG with siRNA. The interaction between Nanobody-R9MTG and siRNA 
was evaluated using an electrophoretic mobility shift assay. Briefly, 5 pmol Cy5-modified siRNA (Cy5-siRNA) 
and 10–150 pmol (2–30 times equivalent) Nanobody-R9MTG were mixed at 20–25 °C for 30 min, and the reac-
tion mixture was analyzed by agarose gel electrophoresis (Fig. 5). When Nanobody-R9MTG concentration was 
at least sixfold higher than that of siRNA, the mobility of Cy5-siRNA decreased. This result showed that Cy5-
siRNA interacted with Nanobody-R9MTG. Furthermore, the mobility of Cy5-siRNA decreased gradually with 
increase in ratio of Nanobody-R9MTG to Cy5-siRNA, indicating that multiple Nanobody-R9MTG molecules can 
bind to one siRNA. In addition, unreacted siRNA was not detected when using 6–30 times Nanobody-R9MTG 
concentration, indicating that all siRNA interacted completely with Nanobody-R9MTG. Thus, we demonstrated 
the availability of the R9 peptide in Nanobody-R9MTG to capture siRNA.

siRNA delivery into EGFR‑positive cells with Nanobody‑R9MTG. We demonstrated, using confo-
cal microscopy, that siRNA could be successfully delivered into EGFR-positive cells using Nanobody-R9MTG 
(Fig. 6). After incubating the final 20 nM Cy5-siRNA and its 6-, 14-, and 30-fold Nanobody-R9MTG concentra-
tion for 30 min at 20–25 °C, these mixtures were added to the pre-cultured A431 cells and incubated at 37 °C in 
5%  CO2. After incubation for 6 h, cell nuclei and cell membranes were pre-stained with DAPI, and Cell Mask 
Green Plasma in the cell was observed by confocal microscopy. We used Lipofectamine 2000, a high-efficiency 
DNA and RNA transfection reagent, as a positive control. We found that when siRNA alone was added to the 
cells, trace amount of Cy5 fluorescence was observed in the cells; whereas, when Nanobody-R9MTG and siRNA 
were added to the cells, siRNA was detected strongly in the cells under all conditions. This result showed that the 
addition of Nanobody-R9MTG improved the efficiency of siRNA delivery. In addition, the fluorescence intensity 
of Cy5 increased with increase in the concentration of Nanobody-R9MTG, indicating that the siRNA is more 
likely to be taken up into cells under conditions of Nanobody-R9MTG multivalency. Moreover, Nanobody-R9MTG 
and siRNA complex at 30:1 ratio entered in the cell more than R9 and siRNA complex at 30:1 ratio, indicating 
that conjugation of nanobody to R9 is effective for introduction into specific cells. Under all conditions, the 
uptake efficiency of the Nanobody-R9MTG–siRNA complex by cells was lower than that of the positive control 
Lipofectamine. However, the addition of Nanobody-R9MTG–siRNA to EGFR-negative HEK293 cells under the 
optimal conditions did not deliver siRNA into the cells (Supplementary Fig. S4).

RNAi with Nanobody‑R9MTG–siRNA complex. To investigate whether the Nanobody-R9MTG–siRNA 
complex can suppress the production of the target protein, a Nanobody-R9MTG–siRNA complex targeting glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) as a model was prepared and RNAi was evaluated (Fig. 7). 
Twenty picomoles of siRNA was mixed with 120 or 600 pmol of Nanobody-R9MTG and the complex was added 
to cultured A431 cells. After 72 h, the amount of GAPDH in the cell extract was detected by western blot analysis 
with an anti-GAPDH antibody (Fig. 7a). When siRNA alone was used, the GAPDH production was not changed 
compared to that of β-actin, a housekeeping protein. However, when the Nanobody-R9MTG–siRNA complex was 

Figure 5.  Interaction between siRNA and Nanobody-R9MTG. Electrophoretic mobility shift assay of Nanobody-
R9MTG and siRNA complex detected by Cy5. Full-length gel image provided in Supplementary Fig. S6.
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Figure 6.  Delivery of siRNA by Nanobody-R9MTG into A431 cells. EGFR positive cells (A431) were mixed 
with Nanobody-R9MTG-Cy5 siRNA. Cell nuclei and membranes were stained with DAPI and Cell Mask™ 
Green Plasma Membrane stain. The fluorescence of the cells after the reaction was observed using a confocal 
microscope. HEK293 cells were used as EGFR negative cell. Lipofectamine is used as positive control.

Figure 7.  RNAi by Nanobody-R9MTG–siRNA. (a) Western blot analysis of GAPDH in the A431 cell extract 
mixed with Nanobody-R9MTG–siRNA using anti-GAPDH monoclonal antibody. (b) Real time PCR of the 
transcript in A431 cell extract mixed with Nanobody-R9MTG–siRNA. Lipofectamine was used as a positive 
control. PBS phosphate buffered saline, Lipo lipofectamine, 6 and 30 indicate the Nanobody-R9MTG/siRNA ratio. 
T-test showed less than 0.05 for all combinations except between PBS and siRNA (T-test < 0.54). Full-length gel 
image for (a) provided in Supplementary Fig. S7.
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used, the production of GAPDH was significantly reduced. This result indicates that the RNAi of the specific 
transcripts was significantly more efficient when using the Nanobody-R9MTG–siRNA complex than that with 
siRNA alone. GAPDH production was calculated based on the band intensity in western blot as a percentage 
of GAPDH expression compared to β-actin expression. As a result, the production levels of GAPDH in 6- and 
30-fold samples were 87.8% and 64.6%, respectively, indicating that they were suppressed by 12.2% and 35.4%, 
respectively. This performance was not as good as that of Lipofectamine (60.4%). Moreover, we confirmed the 
decreased target protein production due to silencing of its RNA using RT-PCR (Fig. 7b). We found that the 
amount of the transcripts correlated with the signal intensity of western blot analysis. Thus, GAPDH production 
was affected by RNAi-mediated transcriptional repression.

Discussion
Construction of fusion protein using transglutaminase. In recent years, researchers have actively 
focused on cell-specific oligonucleotide therapeutics using antibodies that have fewer side effects. However, one 
of the obstacles to developing an antibody–siRNA complex as cell-specific oligonucleotide therapeutic is the 
difficulty in functional expression of a fusion protein comprising an antibody and cell-penetrating peptide in E. 
coli. Therefore, it is necessary to establish a stable antibody–cell-penetrating peptide fusion method. Here, we 
solved this problem by enzymatic fusion using MTG. We focused on the nanobody (VHH)-fused R9 peptide 
that is not expressed in E. coli but is expected to induce tissue-specific RNAi as a fusion protein. Nanobodies 
are recombinant single variable domain antibodies derived from heavy-chain only antibodies that have feature 
such as small size (less than 15 kDa), excellent solubility, great stability, short blood half-life, high affinity and 
specificity for  target31. Nanobodies closely resemble human VH sequences, and Ackaert et al. demonstrated that 
two non-humanized Nbs are candidates with a low immunogenicity risk  profile32. In addition, Nanobodies can 
be reduced more in immunogenicity by being humanized. In recent years, Caplacizumab, a Nanobody format-
based drug, has been launched for the first time as nanobody, proving that it can break through the approval 
barrier. In the future, this modality will be advanced in various  projects33. In the present study, the antibody and 
R9 were prepared separately and expressed successfully in E. coli. Although the underlying mechanism is not 
clear, the fusion of R9 peptide to antibody appears to restrict its expression in E. coli. In the present study, the 
K-tag peptide did not prevent expression, at least in the R9 peptide. Similar examples of easy expression due to 
functional domain division have been previously reported in a wide range of proteins, including enzymes and 
 antibodies34, 35. The domain separating process for E. coli expression was applied to generate Nanobody-R9. 
MTG efficiently catalyzed the enzymatic ligation of the antibody and R9. The reaction was completed by simply 
mixing the two at 20 °C with PBS as the solvent.

Nanobody-R9MTG production increased with increase in molar ratio of Q-R9-HA to Nanobody-K and pla-
teaued at when the ratio of Nanobody-K:Q-R9-HA was 1:7. The reaction efficiency, based on band intensity, 
under optimum conditions was calculated to be 85.1% when the ratio of Nanobody-K:Q-R9-HA was 1:10. On 
the other hand, with increasing dosage of R9 peptide, the amount of unreacted R9 increased. As a result, at the 
molar ratio of 1:10, 90% of R9 remained unreacted. However, Nanobody-R9 and residual R9 peptides could 
be easily removed by gel filtration chromatography. Moreover, the R9 peptide was recovered from the reaction 
mixture and could be reused (Supplementary Fig. S5). In addition, the structure of Nanobody did not change 
before and after peptide ligation; the fused product showed almost the same function as that of the unfused 
nanobody. In this design, the domains were linked via a  G4S linker to avoid steric hindrance. Our design was 
successful and worked well in this study.

Binding of Nanobody‑R9 to siRNA and delivery of siRNA to cells. Nanobody-R9 interacted with 
siRNA and the results showed that not only Nanobody, but also R9, was functional after enzymatic ligation 
by MTG. Several Nanobody-R9 molecules could bind to a single siRNA molecule. Even though the valence 
of Nanobody-R9 exceeded 30, it continued to increase. Such a tendency has also been reported in previous 
 studies14, 20, 36. The cells were incubated Nanobody-R9–siRNA containing two different molar ratios (1:6, 1:30) of 
siRNA to Nanobody-R9. siRNA alone did not enter the cell, showing its low cell-penetration efficiency because 
the negative charges of the cell membrane and the siRNA repel each  other37. However, the Nanobody-R9–siRNA 
can facilitate the entry of the siRNA into the EGFR-positive cells, albeit in smaller amounts than that facilitated 
by R9-siRNA under the same concentration conditions. This result showed that the entry of R9 into cells was 
accelerated by the Nanobody. We believe that this improvement in uptake efficiency is due to EGFR-dependent 
endocytosis, as stated in previous  reports20. Moreover, we found that with increasing valency of Nanobody-R9 
to siRNA, the amount of Nanobody-R9–siRNA entering the cells increased. Finally, the amount of Nanobody-
R9 transferred into the cells was approximately 50% that of Lipofectamine 2000 under optimal conditions. This 
result is consistent with previous  reports20. This increased uptake frequency was attributed to the increased affin-
ity of nanobodies to EGFR due to the multivalent effect, which facilitates EGFR-dependent endocytosis. Along 
similar lines, a previous study reported that the rate and level of antibody internalization largely depends on the 
affinity of the engineered antibodies towards FGFR1, as high-affinity antibodies display the fastest internaliza-
tion  kinetics38. Furthermore, we suspect that not only EGFR endocytosis but also R9-induced macropinocytosis 
may have an effect on uptake frequency. Wang et al. reported that R9 peptide and siRNA bound, through elec-
trostatic interaction, at a charge ratio of about 1:12 (1:56 molar ratio), resulting inefficient delivery of siRNA 
into  cells36. The net charge of Nanobody R9 would be biased towards the positive charge beyond cancellation of 
the negative charge of siRNA under the optimal conditions for entering a cell. Electrostatic interaction with the 
membrane of Nanobody-R9–siRNA induces  macropinocytosis39.



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:21882  | https://doi.org/10.1038/s41598-021-01331-1

www.nature.com/scientificreports/

RNAi with Nanobody‑R9MTG. Using the Nanobody-R9 and GAPDH siRNA, we investigated RNAi induc-
tion; GAPDH production was reduced by adding Nanobody-R9MTG–siRNA, proving that RNAi could be trig-
gered. We constructed a molecule that facilitated GAPDH siRNA transfer into the nucleus, specifically silencing 
the GAPDH transcript, and finally suppressed 35.4% GAPDH protein production. Lu et  al. have previously 
reported that the addition of scFv-R9/Her2 siRNA suppressed ~ 45% of Her2 expression, whereas scFv/Her2 
siRNA did not alter Her2  expression40. Examination at the transcriptional level revealed similar results, suggest-
ing that the reduction in transcript level was related to a reduction in protein production. Moreover, increasing 
the valency of R9 on siRNA increased the effect of RNAi. siRNA has to interact with RNA induced silencing 
complex (RISC) to work in the nucleus or cytoplasm. Increasing the valency of R9 may enhance the proton 
sponge effect proposed by Boussif et al.41; they reported that the amino group of the cationic peptide that had 
been deprotonated extracellularly (pH 7.4) is first protonated inside the late endosome (pH ~ 5.5). Thereafter, 
siRNA escape would occur due to counterion influx and osmotic pressure increase, resulting in endosomal 
destabilization. We hypothesize that endosomal escape with proton sponge effect is triggered by increase in 
amino group of arginine with internalization of a large amount of R9 in the present study.

In conclusion, the fusion protein Nanobody-R9, which is not expressed under normal conditions, was 
expressed separately as individual functional domain and then ligated with MTG to successfully express the 
fusion protein. The coupling efficiency reached 85.1%. Our study provides a basis for the generation of such 
functional fusion proteins that have many potential applications but are not expressed in an expression system.

Methods
Materials. siRNAs: Silencer Select GAPDH Positive Control siRNA was purchased from Thermo Fisher Sci-
entific (San Jose, CA, USA). These siRNAs were used after labeling with Cy5 using the Label IT siRNA Tracker 
Cy5 Kit (Mirus Bio LLC, Madison, WI, USA). Peptides: The synthetic peptide Q-tag-R9-HA (5′-Acetyl-LLQGRR 
RRR RRRRYPYDVPDYA-COOH-3′) was purchased from Eurofins Genomics (Ebersberg, Germany). Cell lines: 
A431 human epidermoid carcinoma cells were obtained from the Cell Resource Center for Biomedical Research, 
Institute of Development, Aging, and Cancer, Tohoku University (Sendai, Japan). HEK293 cells were obtained 
from the Japanese Collection of Research Bioresources Cell bank (Osaka, Japan). These cells were cultured in 
RPMI 1640 medium with L-glutamine and sodium bicarbonate (liquid, sterile-filtered, suitable for cell culture; 
Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (Biowest, France) and 1 × Anti-
Anti (Gibco, Thermo Fisher Scientific, Waltham, MA, USA).

Construction of expression vector. The gene encoding anti-EGFR nanobody from Ia1 llama antibody 
was amplified to fuse the K-tag-His-tag (GGGGSMRHKGSHHHHHH), R9-His-tag, (GGGGSRRR RRR RRRH-
HHHHH), or Cmyc′-His-tag (TMFLISEEDLQHHHHHH) to its C-terminus by polymerase chain reaction 
(PCR). PCR products and pRA expression vector were digested with NcoI and SpeI in case of K-tag-His-tag and 
R9-His-tag, or with NcoI and SacII in case of Cmyc′-tag, and ligated to each other at 16 °C for 30 min to generate 
pRA-Nb-K-His, pRA-Nb-R9-His, and pRA-Nb-Cmyc′-His expression vectors.

The gene encoding MTG from Streptomyces mobaraensis (accession number DQ132977) fused 6 × His-tag to 
the C-terminus synthesized by Thermo Fisher Scientific and was amplified by PCR to generate NcoI and EcoRI 
sites. PCR products and the pET22b expression vector were digested with NcoI and EcoRI, followed by ligation 
at 16 °C for 30 min to generate the pET22b (+)-MTG-His expression vector.

Expression and purification of recombinant antibodies. Escherichia coli BL21 (DE3) transformants 
harboring pRA-Nb-K-His, pRA-Nb-R9-His, and pRA-Nb-Cmyc′-His were cultured at 28 °C in flasks contain-
ing 2 × YT medium supplemented with 100 µg  mL−1 ampicillin, and protein expression was induced by adding 
1 mM IPTG when the absorbance of the culture at 600 nm reached 0.8. After incubation at 28 °C for 16 h, the 
culture supernatant and intracellular soluble and insoluble fractions were collected and evaluated by SDS-PAGE 
and western blot. Proteins were purified using IMAC (Ni Sepharose 6 Fast Flow; GE Healthcare Bio-Sciences 
AB, Uppsala, Sweden) and SEC (HiLoad 26/600 Superdex 75 prep grade; GE Healthcare Bio-Sciences AB).

Expression and purification of MTG. Transformed E. coli BL21 (DE3) cells harboring expression plas-
mids encoding MTG were incubated in 2 × YT medium containing 100 g  mL−1 ampicillin at 37 °C, and expres-
sion of recombinant antibodies under the control of the T7 promoter was induced by adding 0.4 mM IPTG 
when the absorbance of the culture at 600 nm was 0.8. After additional incubation at 20 °C for 30 h, the bacterial 
supernatant was collected and purified using IMAC and SEC (HiLoad 26/600 Superdex 200 prep grade; GE 
Healthcare Bio-Sciences AB).

MTG‑mediated fusion of Nanobody‑K and Q‑R9 and purification of Nanobody‑R9MTG. The 
fusion of each nanobody and R9 peptide was conducted by mixing 5 µM Nanobody-K (or Nanobody-Cmyc′), 
5–35 µM Q-R9, and 0.03 U  mL−1 MTG in PBS (pH 7.4) at 20 °C for 6 h. The reaction product was analyzed by 
SDS-PAGE and western blot analysis, and reaction efficiency was evaluated based on band intensity using Image 
Quant Las 4000 (GE Healthcare Bio-Sciences AB). The reaction product was purified using IMAC (1 mL His 
trap HP; GE Healthcare Bio-Sciences AB) with 0–400 mM imidazole gradient in 1 × PBS containing 750 mM 
NaCl to remove MTG and unreacted Q-R9 and Nanobody-K.

Electrophoretic mobility shift assay. Nanobody-R9MTG and 5  pmol Cy5-siRNA were mixed, with 
increasing amount of Nanobody-R9 in PBS. The mixture was incubated at 4 °C for 30 min and then electro-
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phoresed on 2% (w/v) agarose gels in TAE buffer. The mobility shift of the siRNA band was visualized on Cy5 
detected using a UV-transilluminator.

Flow cytometry. The specific binding of Nanobody-R9MTG or Nanobody-K to EGFR on the cell surface was 
analyzed by flow cytometry. For this, forty-seven nM of Nanobody-R9MTG or Nanobody-K were labeled with 
Fluorescein Labeling kit-NH2 (Dojindo, Inc., Kumamoto, Japan) and mixed with 2 ×  106 EGFR-positive A431 
cells. The mixtures were incubated for 60 min on ice. The cells were washed three times with PBS containing 
0.01% bovine serum albumin and analyzed by flow cytometry (FACS Accuri 6; BD Biosciences, Franklin Lakes, 
NJ, USA).

Confocal microscopy. A431 cells (1.5 ×  105) were grown on Glass bottom dishes (Matsunami Glass Ind., 
Ltd., Japan) in RPMI medium for 24 h at 37 °C and 5%  CO2. Then, 50 pmol Cy5-siRNA was mixed with 300 or 
1500 pmol Nanobody-R9MTG in PBS (final volume 500 µL), and the mixture was incubated at 4 °C for 60 min. 
Lipofectamine 2000 (Thermo Fisher Scientific, Japan) was used as a positive control. The reaction mixture was 
added to the culture medium of A431 cells followed by incubation at 37 °C for 6 h in the cell incubator. The cells 
were washed twice with PBS and stained with 1 mg  mL−1 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, 
Japan) and Cell Mask Green plasma Membrane stain (FITC detection, Thermo Fisher Scientific, Japan). After 
staining, the cells were observed under a confocal microscope (FV1200-D; Olympus, Japan).

Western blot. A431 cells (1.5 ×  104) were grown on 24-well plates in RPMI medium for 24 h at 37 °C. Then, 
20 pmol Cy5-siRNA was mixed with 120 or 6000 pmol Nanobody-R9MTG in PBS (final volume 150 µL) and 
incubated at 4 °C for 60 min. Lipofectamine 2000 was used as a positive control. The mixture was added to the 
culture medium of A431 cells and incubated at 37 °C for 72 h in a cell incubator. Thereafter, the cells were washed 
in PBS and lysed directly with RIPA buffer (Nacalai Tesque, Kyoto, Japan). The extracted proteins were then 
transferred onto nitrocellulose membranes (Millipore, Bedford, MA, USA) that were incubated with primary 
antibodies against GAPDH (1:7500; MBL, Nagoya, Japan) and β-actin (1:7500; MBL), followed by incubation 
with horseradish peroxidase (HRP)-conjugated goat anti-mouse Ig secondary antibody (1:7500; Proteintech 
Group, Inc., Tokyo, Japan). Finally, Chemi-Lumi One (Nacalai Tesque) was used to visualize the protein bands.

Real time PCR. First, 120 or 6000 pmol Nanobody-R9MTG was mixed with 20 pmol siRNA in 150 µL of 
PBS and incubated at 4 °C for 60 min. A431 cells (3.0 ×  104) were grown on 24-well plates (Costar 24 well 3524, 
Corning, NY, USA) in RPMI medium at 37 °C overnight. The cells were then washed in PBS and incubated with 
250 mL Nanobody-R9 siRNA (with a final concentration of 40 nM siRNA) in 250 µL RPMI medium at 37 °C for 
24 h. Thereafter, cells were washed three times in PBS. Next, the cells were lysed using SingleShotCell Lysis kit 
(Bio-Rad laboratories, Inc., CA, USA) and cDNA was synthesized using Advanced cDNA synthesis kit for RT-
PCR (Bio-Rad laboratories, Inc.) according to the manufacturer’s instructions. RT-PCR of GAPDH transcripts 
was performed using a mixture of 1 µL cDNA, 5 µL 5 × iScript SYBR Green supermix (Bio-Rad laboratories, 
Inc.), 10 pmol µL−1 GAPDH forward primer: 5′-GTC TCC TCT GAC TTC AAC AGCG-3′ and GAPDH reverse 
primer: 5′-ACC ACC CTG TTG CTG TAG CCAA-3′ and nuclease-free water by thermal cycling under following 
conditions: 40 cycles of 95 °C for 30 s, 95 °C for 10 s, and 60 °C for 30 s. The cDNA content was calculated using 
the ΔΔCt method with Actin as a housekeeping gene (Actin forward primer: 5′-CAC CAT TGG CAA TGA GCG 
GTTC-3′ and Actin reverse primer: 5′-AGG TCT TTG CGG ATG TCC ACGT-3′.

Received: 27 May 2021; Accepted: 18 October 2021

References
 1. Davidson, B. L. & McCray, P. B. Jr. Current prospects for RNA interference-based therapies. Nat. Rev. Genet. 12, 329–340. https:// 

doi. org/ 10. 1038/ nrg29 68 (2011).
 2. Wilson, R. C. & Doudna, J. A. Molecular mechanisms of RNA interference. Annu. Rev. Biophys. 42, 217–239. https:// doi. org/ 10. 

1146/ annur ev- bioph ys- 083012- 130404 (2013).
 3. Whitehead, K. A., Langer, R. & Anderson, D. G. Knocking down barriers: Advances in siRNA delivery. Nat. Rev. Drug Discov. 8, 

129–138. https:// doi. org/ 10. 1038/ nrd27 42 (2009).
 4. McNamara, J. O. 2nd. et al. Cell type-specific delivery of siRNAs with aptamer-siRNA chimeras. Nat. Biotechnol. 24, 1005–1015. 

https:// doi. org/ 10. 1038/ nbt12 23 (2006).
 5. Castanotto, D. & Rossi, J. J. The promises and pitfalls of RNA-interference-based therapeutics. Nature 457, 426–433. https:// doi. 

org/ 10. 1038/ natur e07758 (2009).
 6. Wang, J., Lu, Z., Wientjes, M. G. & Au, J. L. Delivery of siRNA therapeutics: Barriers and carriers. AAPS J. 12, 492–503. https:// 

doi. org/ 10. 1208/ s12248- 010- 9210-4 (2010).
 7. Dominska, M. & Dykxhoorn, D. M. Breaking down the barriers: siRNA delivery and endosome escape. J. Cell Sci. 123, 1183–1189. 

https:// doi. org/ 10. 1242/ jcs. 066399 (2010).
 8. Das, M., Musetti, S. & Huang, L. RNA interference-based cancer drugs: The roadblocks, and the “delivery” of the promise. Nucleic 

Acid Ther. 29, 61–66. https:// doi. org/ 10. 1089/ nat. 2018. 0762 (2019).
 9. Zhou, J. & Rossi, J. J. Mechanisms and barriers to RNAi delivery. In Advanced Delivery and Therapeutic Applications of RNAi (ed. 

Cheng, K. & Mahato, R. I.) 3–17 Chapter 1. (Wiley, 2013). https:// doi. org/ 10. 1002/ 97811 18610 749. ch1
 10. Meng, Z. & Lu, M. RNA interference-induced innate immunity, offtarget effect, or immune adjuvant?. Front. Immunol. 8, 331. 

https:// doi. org/ 10. 3389/ fimmu. 2017. 00331 (2017).
 11. Li, X., Stuckert, P., Bosch, I., Marks, J. D. & Marasco, W. A. Single-chain antibody-mediated gene delivery into ErbB2-positive 

human breast cancer cells. Cancer Gene Ther. 8, 555–565. https:// doi. org/ 10. 1038/ sj. cgt. 77003 37 (2001).

https://doi.org/10.1038/nrg2968
https://doi.org/10.1038/nrg2968
https://doi.org/10.1146/annurev-biophys-083012-130404
https://doi.org/10.1146/annurev-biophys-083012-130404
https://doi.org/10.1038/nrd2742
https://doi.org/10.1038/nbt1223
https://doi.org/10.1038/nature07758
https://doi.org/10.1038/nature07758
https://doi.org/10.1208/s12248-010-9210-4
https://doi.org/10.1208/s12248-010-9210-4
https://doi.org/10.1242/jcs.066399
https://doi.org/10.1089/nat.2018.0762
https://doi.org/10.1002/9781118610749.ch1
https://doi.org/10.3389/fimmu.2017.00331
https://doi.org/10.1038/sj.cgt.7700337


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:21882  | https://doi.org/10.1038/s41598-021-01331-1

www.nature.com/scientificreports/

 12. Song, E. et al. Antibody mediated in vivo delivery of small interfering RNAs via cell-surface receptors. Nat. Biotechnol. 23, 709–717. 
https:// doi. org/ 10. 1038/ nbt11 01 (2005).

 13. Dou, S. et al. Anti-Her2 single-chain antibody mediated DNMTs-siRNA delivery for targeted breast cancer therapy. J. Control 
Release 161, 875–883. https:// doi. org/ 10. 1016/j. jconr el. 2012. 05. 015 (2012).

 14. Kumar, P. et al. T cell-specific siRNA delivery suppresses HIV-1 infection in humanized mice. Cell 134, 577–586. https:// doi. org/ 
10. 1016/j. cell. 2008. 06. 034 (2008).

 15. Peer, D., Zhu, P., Carman, C. V., Lieberman, J. & Shimaoka, M. Selective gene silencing in activated leukocytes by targeting siRNAs 
to the integrin lymphocyte function-associated antigen-1. Proc. Natl. Acad. Sci. U.S.A. 104, 4095–4100. https:// doi. org/ 10. 1073/ 
pnas. 06084 91104 (2007).

 16. Lu, Y. et al. siRNA delivered by EGFR-specific scFv sensitizes EGFR-TKI-resistant human lung cancer cells. Biomaterials 76, 
196–207. https:// doi. org/ 10. 1016/j. bioma teria ls. 2015. 10. 036 (2016).

 17. Scott, A. M., Volchok, J. D. & Old, L. J. Antibody therapy of cancer. Nat. Rev. Cancer 12, 278–287. https:// doi. org/ 10. 1038/ nrc32 
36 (2012).

 18. Sugiyama, A. et al. A semi high-throughput method for screening small bispecific antibodies with high cytotoxicity. Sci. Rep. 7, 
2862. https:// doi. org/ 10. 1038/ s41598- 017- 03101-4 (2017).

 19. Fujii, H. et al. Compact seahorse-shaped T cell-activating antibody for cancer therapy. Adv. Ther. 1, 1700031. https:// doi. org/ 10. 
1002/ adtp. 20170 0031 (2018).

 20. Patel, S. G. et al. Cell-penetrating peptide sequence and modification dependent uptake and subcellular distribution of green 
florescent protein in different cell lines. Sci. Rep. 9, 6298. https:// doi. org/ 10. 1038/ s41598- 019- 42456-8 (2019).

 21. Mitchell, D. J., Kim, D. T., Steinman, L., Fathman, C. G. & Rothbard, J. B. Polyarginine enters cells more efficiently than other 
polycationic homopolymers. J. Pept. Res. 56, 318–325. https:// doi. org/ 10. 1034/j. 1399- 3011 (2000).

 22. Nakazawa, H. et al. Hybrid nanocellulosome design from cellulase modules on nanoparticles: Synthetic effect of catalytically 
divergent cellulase modules on cellulose degradation activity. ACS Catal. 3, 1342–1348. https:// doi. org/ 10. 1021/ cs400 012v (2013).

 23. Siegmund, V. et al. Locked by design: A conformationally constrained transglutaminase tag enables efficient site-specific conjuga-
tion. Angew. Chem. Int. Ed. Engl. 54, 13420–13424. https:// doi. org/ 10. 1002/ anie. 20150 4851 (2015).

 24. Schumacher, D., Hackenberger, C. P., Leonhardt, H. & Helma, J. Current status: Site-specific antibody drug conjugates. J. Clin. 
Immunol. 36, 100–107. https:// doi. org/ 10. 1007/ s10875- 016- 0265-6 (2016).

 25. van Lith, S. A. M. et al. A conjugate of an anti-epidermal growth factor receptor (EGFR) VHH and a cell-penetrating peptide 
drives receptor internalization and blocks EGFR activation. ChemBioChem 18, 2390–2394. https:// doi. org/ 10. 1002/ cbic. 20170 
0444 (2017).

 26. Collado, C. E. et al. CPPs to the test: Effects on binding, uptake and biodistribution of a tumor targeting nanobody. Pharmaceuticals 
(Basel) 14, 602. https:// doi. org/ 10. 3390/ ph140 70602 (2021).

 27. Strop, P. Versatility of microbial transglutaminase. Bioconjugate Chem. 25, 855–862. https:// doi. org/ 10. 1021/ bc500 099v (2014).
 28. Takahara, M., Wakabayashi, R., Minamihata, K., Goto, M. & Kamiya, N. Primary amine-clustered DNA aptamer for DNA-protein 

conjugation catalyzed by microbial transglutaminase. Bioconjugate Chem. 28, 2954–2961. https:// doi. org/ 10. 1021/ acs. bioco njchem. 
7b005 94 (2017).

 29. Takahara, M., Wakabayashi, R., Minamihata, K., Goto, M. & Kamiya, N. Design of lipid-protein conjugates using amphiphilic 
peptide substrates of microbial transglutaminase. ACS Appl. Mater. Interfaces 1, 1823–1829. https:// doi. org/ 10. 1021/ acsabm. 8b002 
71 (2018).

 30. Roovers, R. C. et al. Efficient inhibition of EGFR signaling and of tumour growth by antagonistic anti-EFGR nanobodies. Cancer 
Immunol. Immunother. 56, 303–317. https:// doi. org/ 10. 1007/ s00262- 006- 0180-4 (2007).

 31. Bao, G., Tang, M., Zhao, J. & Zhu, X. Nanobody: A promising toolkit for molecular imaging and disease therapy. EJNMMI Res. 
19, 6. https:// doi. org/ 10. 1186/ s13550- 021- 00750-5 (2021).

 32. Ackaert, C. et al. Immunogenicity risk profile of nanobodies. Front. Immunol. 9, 632687. https:// doi. org/ 10. 3389/ fimmu. 2021. 
632687 (2021).

 33. Morrison, C. Nanobody approval gives domain antibodies a boost. Nat. Rev. Drug Discov. 18, 485–487. https:// doi. org/ 10. 1038/ 
d41573- 019- 00104-w (2019).

 34. Nakazawa, H. et al. Characterization of the catalytic domains of Trichoderma reesei endoglucanase I, II, and III, expressed in 
Escherichia coli. Appl. Microbiol. Biotechnol. 81, 681–689. https:// doi. org/ 10. 1007/ s00253- 008- 1667-z (2008).

 35. Ward, E. S. Antibody engineering using Escherichia coli as Host. Adv. Pharmacol. 24, 1–20. https:// doi. org/ 10. 1016/ s1054- 3589(08) 
60931-x (1993).

 36. Wang, Y. H., Hou, Y. W. & Lee, H. J. An intracellular delivery method for siRNA by an arginine-rich peptide. J. Biochem. Biophys. 
Methods 70, 579–586. https:// doi. org/ 10. 1016/j. jbbm. 2007. 01. 010 (2007).

 37. Lam, P. & Steinmetz, N. F. Delivery of siRNA therapeutics using cowpea chlorotic mottle virus-like particles. Biomater. Sci. 7, 
3138–3142. https:// doi. org/ 10. 1039/ c9bm0 0785g (2019).

 38. Opaliński, Ł et al. High affinity promotes internalization of engineered antibodies targeting FGFR1. Int. J. Mol. Sci. 19, 1435. https:// 
doi. org/ 10. 3390/ ijms1 90514 35 (2018).

 39. Nakase, I., Takeuchi, T., Tanaka, G. & Futaki, S. Methodological and cellular aspects that govern the internalization mechanisms 
of arginine-rich cell-penetrating peptides. Adv. Drug. Deliv. Rev. 60, 598–607. https:// doi. org/ 10. 1016/j. addr. 2007. 10. 006 (2008).

 40. Lu, Y. et al. HER2-siRNA delivered by EGFR-specific single chain antibody inhibits NSCLC cell proliferation and tumor growth. 
Oncotarget 26, 23594–23607. https:// doi. org/ 10. 18632/ oncot arget. 8053 (2016).

 41. Boussif, O. et al. A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo: Polyethylenimine. Proc. 
Natl. Acad. Sci. U. S. A. 92, 7297–7301. https:// doi. org/ 10. 1073/ pnas. 92. 16. 7297 (1995).

Acknowledgements
This work was partly supported by Scientific Research Grants from the Ministry of Education, Culture, 
Sports, Science and Technology of Japan [Grant numbers 18K04842 (H.N.); 16H04570, 16K14483, 20H00315 
(M.U.); 19K22628 (T.M.); and 24000011 (I.K.)] and the Japan Agency for Medical Research and Development 
(JP18am0301016h000 to M.U.).

Author contributions
M.U., Y.A., and H.N. designed the study; Y.A. and H.N. wrote the manuscript; D.M., M.O. and Y.A. performed 
the experiments and analyzed the data. Correspondence to M.U. or H.N.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1038/nbt1101
https://doi.org/10.1016/j.jconrel.2012.05.015
https://doi.org/10.1016/j.cell.2008.06.034
https://doi.org/10.1016/j.cell.2008.06.034
https://doi.org/10.1073/pnas.0608491104
https://doi.org/10.1073/pnas.0608491104
https://doi.org/10.1016/j.biomaterials.2015.10.036
https://doi.org/10.1038/nrc3236
https://doi.org/10.1038/nrc3236
https://doi.org/10.1038/s41598-017-03101-4
https://doi.org/10.1002/adtp.201700031
https://doi.org/10.1002/adtp.201700031
https://doi.org/10.1038/s41598-019-42456-8
https://doi.org/10.1034/j.1399-3011
https://doi.org/10.1021/cs400012v
https://doi.org/10.1002/anie.201504851
https://doi.org/10.1007/s10875-016-0265-6
https://doi.org/10.1002/cbic.201700444
https://doi.org/10.1002/cbic.201700444
https://doi.org/10.3390/ph14070602
https://doi.org/10.1021/bc500099v
https://doi.org/10.1021/acs.bioconjchem.7b00594
https://doi.org/10.1021/acs.bioconjchem.7b00594
https://doi.org/10.1021/acsabm.8b00271
https://doi.org/10.1021/acsabm.8b00271
https://doi.org/10.1007/s00262-006-0180-4
https://doi.org/10.1186/s13550-021-00750-5
https://doi.org/10.3389/fimmu.2021.632687
https://doi.org/10.3389/fimmu.2021.632687
https://doi.org/10.1038/d41573-019-00104-w
https://doi.org/10.1038/d41573-019-00104-w
https://doi.org/10.1007/s00253-008-1667-z
https://doi.org/10.1016/s1054-3589(08)60931-x
https://doi.org/10.1016/s1054-3589(08)60931-x
https://doi.org/10.1016/j.jbbm.2007.01.010
https://doi.org/10.1039/c9bm00785g
https://doi.org/10.3390/ijms19051435
https://doi.org/10.3390/ijms19051435
https://doi.org/10.1016/j.addr.2007.10.006
https://doi.org/10.18632/oncotarget.8053
https://doi.org/10.1073/pnas.92.16.7297


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:21882  | https://doi.org/10.1038/s41598-021-01331-1

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 01331-1.

Correspondence and requests for materials should be addressed to H.N. or M.U.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-01331-1
https://doi.org/10.1038/s41598-021-01331-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enzymatic ligation of an antibody and arginine 9 peptide for efficient and cell-specific siRNA delivery
	Results
	Expression of Nanobody-R9. 
	Enzymatic synthesis of Nanobody-R9MTG using MTG. 
	Secondary structure analysis of Nanobody-R9MTG using circular dichroism spectroscopy. 
	Binding affinity of Nanobody-R9MTG to EGFR. 
	Interaction of Nanobody-R9MTG with siRNA. 
	siRNA delivery into EGFR-positive cells with Nanobody-R9MTG. 
	RNAi with Nanobody-R9MTG–siRNA complex. 

	Discussion
	Construction of fusion protein using transglutaminase. 
	Binding of Nanobody-R9 to siRNA and delivery of siRNA to cells. 
	RNAi with Nanobody-R9MTG. 

	Methods
	Materials. 
	Construction of expression vector. 
	Expression and purification of recombinant antibodies. 
	Expression and purification of MTG. 
	MTG-mediated fusion of Nanobody-K and Q-R9 and purification of Nanobody-R9MTG. 
	Electrophoretic mobility shift assay. 
	Flow cytometry. 
	Confocal microscopy. 
	Western blot. 
	Real time PCR. 

	References
	Acknowledgements


