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The development of 9E10 VHH nanobody specific to cmyc tag peptide®
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Based on structure of murine 9E10 antibody bound to cmyc
tag peptide antigen, It was found that the complementarity
determining region 3 of the heavy chain variable region of
the 9E10 antibody consists of 18 long amino acids, which
dominantly involves in cmyc tag peptide binding. This finding
led us to engineer heavy chain variable domain of original
mouse-derived 9E10 antibody into a camelid 9E10 nanobody.
Since the camelid antibody consists only of a heavy chain
variable domain with a size of only about 15 kDa and high
solubility, it is called as 9E10 VHH nanobody. To produce
9E10 VHH nanobody, the cDNA for the heavy chain variable
domain of murine 9E10 antibody was extracted from the
hybridoma 9E10 cell line and its translated amino acids
sequences was aligned with the camelid heavy chain variable
domain sequences to replace mismatched murine amino acids
with camelid amino acids. After completion of cloning of each
gene into pUC119 expression vector, both original murine
9E10 heavy chain variable domain and 9E10 VHH nanobody
were expressed and purified as a soluble protein in Escherichia
coli. As expected, only camelid 9E10 VHH nanobody was
expressed as a soluble protein. It showed the cmyc tag peptide
binding activity in both enzyme-linked immunosorbent assay
and Western blot. In addition, the range of dissociation constant
for the interaction with the cmyc tag peptide was determined from
4.43 x 107 to 4.77 x 10" M by using bio-layer interferometry.
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el camelid) o) A WA &&= 5 Al<&(heavy chain) 3HX]|
(Hamers-Casterman et al., 1993)+= 73 A&(light chain)-& 3Z
3elA] gFom g = AlE 71H F 9f(heavy chain variable
domain, VH)TFO. 2 30} A= S4S& 2h=th o] 23t
e} g o] EAL 2Hskol VH mrjelgko 2 A2 4|
%3+ gAE VHH (heavy chain variable domain of heavy
chain antibody) 2 ¥ A5} Ex}=#Fo] 15 kDaol| EX}sl2 2
L} =H} ] (nanobody) 2} &% tH(Supplementary data Fig. S1).

UTF = AT A9 VH= VL ZAtsto] gl 2
Sh= 7HH 915 AR ofuf VL Agtsh= VHE] 4
- f(interface)= YR 0 & H|SA)S B 24 ofw| Al
S& 5] 3k o] BFs VHH= VL o] EA5HA] grot
= A ATES ¢ ole A EA 0 S EHE R QHEA
¢l 25 27 918 548 T AshE g 24 obr| it
£°] VH interfaces +4Jol= ALR LA QIrhFig. 1)
(Sheriff and Constantine, 1996). < 171 = A F 9] VHS] A
5915 TATHE 29 ol AbES W4 ol s
2 JERSIA 7] (camelized) VHH= Z=/d o] G4 = o T
of A Aite(yield)= =Y 4= Sle= AL
(Tanha et al., 2001, 2006). THH UEF 5 AR A O] ETHE &
8 A Ay AedshE = 7HH §-9] 3 (complementarity
determining region 3, CDR3)7} Q17F == A F H o} H]w A 7]
loop %25 A5t 3} A3 A= 2 (antigen binding
surface)& 57 M7 VL] g 0= Qlal] fhavd o= Q= 3¢l
A9 Bt B AT S A0z PelA
It Desmyter et al., 1996).
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7F S ol w o] A FF Tl (oncoprotein) ©] e}
o] = G (amino acid residue 408-439)S LA 3}= ofn| LAk
(AEEQKLISEEDLLRKRREQLKHKLEQLRNSCA)E 2 3}
A= HEefo|EE 3o 2 AFEEte] e o] F tHEvan et
al., 1985). B2 Tl & 3)x) 9E10= ¢ ATLo] 9lo]
c-myc F Tl O G2 of| FF AU Em U E2 Y A
5o E 9%t H Y 22 5}sKimmunohistochemistry)of] 'd 2]
2o} ATk, ©19.0] 9E10 A7} A Aol B4 ofv]
Ak ul| H(epitope: EQKLISEEDLL)E-©| 915 ©]%(Munro
and Pelham, 1986) ThoFgt thil 2 E-9] ofu| it 1= 712
B AL cho o] epitope H E}o] =& affinity tag (cmyc tag) S
2 goto] TRl sz A EA A7 A ATk O]'TH
cmyc tag FEfo| =71 g 1L H ehil 2 S0 dhy S o
Z g}l § AHAEXAH(ELISA) 2L Western blot (LaVallie
and McCoy, 1995) 502 EA5}4 ) 0] =9E10&} 4|7} cmyc

tag HEto| =0} Agtolo 2 Heto| =7} e 7L H T E =7}
A= GAE = s HE S Z-83 Aofoh 7HH 2008 of] 1
=0} emyc FERo] =2} A5 OE103HA]
9] A2 S-2(PDB ID: 20R9) (Supplementary data Fig. S2)&
2 S A7 9E10 YA F AR Z 7PH 2913 (CDR3)
7}H187) ofm| = AkO &2 S E] long loop 25 UER AL 1S
T ARE 7P B9A(VH) 7L 7 AR 7 F-2A(VL) ol vlsl oF
=20 2 cmyc tag HEFO| =0} Aot S-S W & 4= 9l
ITHSupplementary data Fig. S2 and Table S1) (KrauB et al.,
2008). Z 7] 2] 9E10 A= VLo] &+ Atol| 7 o] Tofa}
Al 9431 VA7 =2 3 Aol WAske] HER VHH e
ultl ] £ Ureh 3 Q). B3k - 1448 Zhe VHH
LheHlt 2 W 3kA1 7] 7] 918 A5 9E10 VH O 42424 ofr]
1=AFE-S Yrebe] VHH ofn|imAbE R 1 vetel skl
(Fig. 1A). 9E10 VHH Y=H}t]= SWISS-MODEL web server

£33 (complex)

A) . CDRI
Camelid VHH QVQLVESGGGSVQAGGSLRLSCAASGFTFS XXXXX
9E10  VH  EVHLVESGGDLVKPGGSLKLSCAASGFTFS HYGMS
9E10  VHH QVQLVESGGGSVQAGGSLRLSCAASGFTFS HYGMS
FR2 CDR2
Camelid VHH WYRQAPGKEREWVS —XXXXXXXXXXXXXXXXX
9E10 VH  WVRQTPDKREEWVA TIGSRGTYTHYPDSVKG
9E10  VHH WNRQAPGKEREGVS TIGSRGTYTHYPDSVKG
CDR3
Camelid VHH RFTISQDNAKNTVYLQMNSLKPEDTAMYYCAA — XXXXXXXXXXXXXXXXX
9EI0  VH  RFTISRDNDKNALYLQMNSLKSEDTAMYYCAR  RSEFYYYGNTYYYSAMDY
9E10  VHH RFTISQDNAKNTVYLQMNSLKPEDTAMYYCAA  RSEFYYYGNTYYYSAMDY
FR4
Camelid VHH WGQGTQVTVSS
9E10 VH  WGQGASVTVSS
9E10  VHH WGQGTQVTVSS
(B) CDR3 CDR1

Side view

Top view

Fig. 1. (A) Amino acid sequence alignments of Camelid VHH, 9E10 VH and 9E10 VHH nanobody and (B) positions of amino acids at the VH/VL interfaces
in the 9E10 VHH nanoboody. Red letters represent substituted amino acids and blue amino acids represent complementarity determining regions (CDRs)
which are directly involved in antigen binding in (A). The amino acids in framework regions (FRs) form the structural backbone. In addition, the four amino
acids (Y37, E44, R45, and G47) underlined in blue are also shown in (A). (B) Yellow colored loops represent three CDRs (CDR1, CDR2, and CDR3). In
addition, the side chain of four amino acids (Y37, E44, R45, and G47) located in the VH/VL interfaces are shown as red stick shape. The number of each

amino acid was determined by Kabat numbering (Kabat ef al., 1991).
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(https://swissmodel.expasy.org/)ol] &8} 32} 25 AA 5L
Yekst 517 gla) e obulAbs o) 1A S 3R UKo
sRolslgirhFig. 1B). 2 2318l 227) ofu] e Abs Zof 18 7

= 22 9E10 VHH thike] o] o] 2Af5}0] 44 2 9]
A A3l (steric hindrance)& ] A48}514 Tl &3] VH/VL H3
F-Qloll A 5h= 4719 o] ARS(V3T, R4, L45 2 W47)
SollA 2709] ¥I57g ofnleqAbS(V3TH LAS)S =4 e
A8lE Zh= oh] ke AbS(Y37, RA5) S 2 A e o] e &
A F o Rdd= B4 = 2| BhE|o] /S 2|5k 9E10
VHH Uherjr] 0] 33} 122 oF4slstgich 3 WA7-2 G47
& 2|@5}o] ohu]iAke] ZAHS(side chain)©] 17] 5 Fof wh
2 %) (protein folding) ] 11 % 3= A Fa2 F sk
AthFig. 1B). X5 0.2 QIgt 84 7 a5 gRIsk] 9]
3f| Protein-Sol web server (https:/protein-sol.manchester.ac.uk)
£ ARE3}o] 9E10 VHE}F 9E10 VHH Y l=nio] o] 4~8-A4]
(solubility) (Hebditch et al., 2017)& Z2A 3 A} 9E10 VHH
U =H}t(solubility: 0.527)7F9E10 VH (solubility: 0.463) X T}

=7 YERE S 1 Expasy web server (https:/web.expasy.org/
protparam/) 5 A§-3+0] 4~4=4J(hydropathicity)-& 24 gt 2
7} ¢ A 9E10 VHH Lh=1}] (hydropathicity: -0.563)7}9E10
VH (hydropathicity: -0.555) 2.t} A A= o] YERS) H
9E10 VHH t=H}t] 9] 214=4(hydrophilicity)©] 5715 -2
= A Utk A2 A 0= o] FHIE10 VHH LeH]t]
o] 874 2144 9] F7h= 9E10 VHH U-=H[T| 7} 9E10
VH HErt} tiitol A & o b2l WS shof Ak
(vield)S FFAIE 5= AS AL = ofl4fst3le

AAE 9E10 VHR} 9E10 VHH Uienjr] ofu] Al ujed
(Fig. 103 72712 5}0] 217}e] 22 W22 SA510] $2
2} 54 Bioneen) & 51T} TAH  £R0) SAHAE 2
0 2 3lof Z}Z}o] Eo]& 2l Leto]H(Supplementary data Table
S2)of| o)) S5t A 2 ¥k-S(polymerase chain reaction, PCR)
O 7 FEI A3} of| ARt = 381 bpE UEH QItk(Fig. 2B).
ZZ% 9E10 VHS} 9E10 VHH t}i-H}t] PCR A2 Sfilxh
Notl©] Ak o} 8o 2] At kil wrelg pUC 19

(A) Hind 111 Sfil Not 1 EcoR 1
W PelB 9E10VH/VHH FLAG 71 His6
9E10 VH: EVHLEES.......ccocoiiiiiiriiiiieeeeen WGQGTTVTVSS
OETOVHH: QVQLVES ooveeooeeeeeeeeeeeeee oo WGQGTTVTVSS

FLAGILZ: DYKDDDDKG PKPSTPPGSS RMKQIEDKIEEILSKIYHIENEIARIKKLIGER HHHHHH

FLAG mlgG3 hinge
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Fig. 2. (A) Schematic diagram of pUC119 expression vector and (B) PCR amplification and (C) SDS-PAGE of 9E10 VH and 9E10 VHH nanobody. The
pUCI1 19 expression vector contains 5'-pelB leader sequence, isoleucine zipper motif and 3'-hexahistidine tag at C-terminus. The murine IgG3 hinge domain
was inserted for the connection of 9E10 VH and VHH nanobody to isoleucine zipper domain. In addition, the FLAG tag was used to detect antigen binding
activity in ELISA and Western blot. (B) 9E10 VH (Lanes 1-3) and 9E10 VHH nanobody (Lanes 4-6) genes amplified by PCR were cloned into pUC119
expression vector by Sfi [-Not I double digestions. (C) 9E10 VH (Lanes 1-3) and 9E10 VHH nanobody (Lanes 4-6) expressed in Escherichia coli
(BMH-71-18) were purified by Nickel agarose column and analyzed in 15% polyacrylamide gel under heated reducing condition.
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e 2 F2Y st thPark eral., 2011). B AN E = Lac Z
promoterE AR8-3}07 Isopropyl B-D-1-thiogalactopyranoside
(IPTG)2 7510} o8-t BMH 71-18 (Kim ez al., 1994) ] HAL=
$551 51921 3wl FLAG tag peptide (DYKDDDDKG),
Isoleucine zipper domain (ILZ)2} His6 (HHHHHH) S &4
A A& ol A e o T2 W FAIE 7HsA
S thFig. 2A). 235 Waw e 2 )3+ BMH 71-18&
] gksto] o] =l HarE o = thil g Wk
JAE A =35F9 tHKim and Kim, 2020). = IPTGE o]-&
Sh S fEshglon Wl HE AUESEM
Urea Aefs}o] §oA171 The AH5 oS Sl4-10] sl g
w2 5o 7} 2 X A] ko] hexahistidine (His6)2 Ni'-NTA-
agarose column (Qiagen)o]l ATHA] 71 TFS Al 2 3F & 250 mM
imidazole & 4 7}slo] Z ol 2gH dAES §EAIA A
Akt A€ 9E10 VHRFIET0 VHH levir] Thill e =
2 7}+7F SDS-PAGE®] 7] %9 %-5}1L Coomassie 800 2 &
Bj5lo] 9 G52 helgt A3t ol Akt o) 2 9E10 VHH L
whe] o 564 T R S FHEE 4 9191 oh Fig. 20).

A 910 VHH L] ] 7135 2458 517] $13) 314,
a4 H(enzyme-linked immunosorbent assay, ELISA)
S A E3}91=H] 2 ecmyc tag peptide o] 72 B AT o]
B 1 = ol 2l(Streptavidin tagged with cmyc peptide)2 <=2}
& 6 7 3]4] A)# 96-well ELISA plate £ coating$t T2 12} &

ol
3

o w2 ofh
ox

2

|2 9E10 VHH W e=H}) S 81817 11 22} 34| 2 anti-FLAG
antibody conjugated HRPOS 2} & ] 2]dto] 7] &(2,2°-
Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt: ABTS) diammonium salt (Sigma-Aldrich) 2] 2F o] .5
ELISA plate reader (Biochrome)Z2 &4 =5 &A%t Ax}
coating A7) 9 5ol vle|shH EHEE Lheho] 9E10
VHH nanobody ©] 35014 AehS ¥t 4= Sl Ith(Fig.
3A). 4], Western blot > = 9E10 VHH nanobody 2] &1 A%}
H-2- A A3} th = nitrocellulose membrane©]] cmyc peptide
7} e 1 = Streptaviding nitrocellulose membraneo]] 7| %
FOo= F2A7] S ELISAS & A= 12 9 22 A&
A 2|3} 7|2 (Diaminobenzidine, DAB) (Sigma-Aldrich) 2]
HFAY) 6 112 35} A 3 o 4] 9E10 VHH nanobody 2] 3141 4
TEe 2T o UAK(Fig. 3B). AR, A HiE o]zl =
F{(Kim and Kim, 2020; Kim et al., 2020)3} 22 vy o g
bio-layer interferometry (BLI)E ©]-8-3} Blitz (Forte Bio) %]
2 AFg3o] F- 34 A2 ek kinetic curve (Fig
4A)E 411 o] curve 2 FE] A& EA P (kon) o) Bl 2l S EA
) S ST A 02 S HIARKD E S}
tHFig. 4). £ 9E10 VHH =8}t ©] cmyc tag HEfo| = &
Hof J3tkinetic curves = 246t 23} 9E10 VHH Y i=H}]
= HisIK biosensorof] 17274 %l cmyc tag H]E}o] = &}-9lof A3}
H-& e o] A% Kinetic curvesE 9o 9E10 VHH Y=H}

A 4 - ® 1 2 3 4
' 3 == 70 kDa
. 1.2 == 50 kDa
g
v
g 10 4 == 40 kDa
®
g 08 = == 30 kDa
2
§ 0.6 =
< 04 Streptavidin ; \ -~
: tagged with sl
cmyc peptide == 20 kDa
02 =
0.0 L) L) L] Ll Ll L]
6 3 1.2 0.6 0.12 0.06
Added antigen amounts (ug)

== 15 kDa

Fig. 3. ELISA and Western blot for antigen binding activity of 9E10 VHH nanobdoy. Serially 10-fold diluted streptavidin tagged with cmyc peptide antigen
(0.06-6 pg) were coated into 96-well plate for ELISA (A). Two micrograms of same antigen were transferred onto nitrocellulose membrane for Western blot
(B). 9E10 VHH nanobody was added as a primary antibody and followed by addition of anti-FLAG antibody conjugated with horseradish peroxidase
(HRPO) as a secondary antibody in both ELISA and Western blot. Final color development with ABTS and DAB substrate was carried out for ELISA and
Western blot individually. In Western blot (B), 9E10 VHH nanobody was used as a primary antibody (Lanes 1-2) and PBS was used as a negative control

(Lanes 3-4).
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Fig. 4. Dissociation constant (KD) determination of 9E10 VHH nanobody
by bio-layer interferometry. The purified 9E10 VHH nanobody was
pre-concentrated using a Pierce protein concentrator with 10 kDa MWCO
(Sigma Aldrich). The Dissociation constant (Kp) was measured using an
Anti-Penta-HIS (HIS1K) Biosensor (Forte Bio) chip while continuously
stirring at room temperature at 1,000 rpm. Kinetic analysis was performed
by first hydrating the HIS1K biosensor chip in Nano-pure water for 10 min
and equilibrating for 60 sec in PBS to establish an initial baseline, then
loading the HIS1K biosensor tip into 3 different cmyc-tagged antigens
(STR-cmyc, cmyc peptide, and hAY4-cmyc) and BSA (10 pg/ml) dissolved
in PBS (240 sec). Thereafter, a new baseline (90 sec) was established,
followed by the addition of each antigen-loaded biosensor to wells
containing 9E10 VHH and PBS only to measure binding (120 sec) and
dissociation (120 sec) steps. The dissociation constant (Kp) of 9E10 VHH
was determined using Blitz Pro 1.2.1.5 software based on the generated
kinetic curve.

0] o] ATtEE A ko) S AT 271692 x 10°~5.62 x 10°
M'S"' S et 9 o v | 2] AT ko) ol A= 2.34 x 107~
3.3 %107 S'E UERgl). o] Axto] os Faka] 2l A
& ou|sh= 2] F FA(Kp) S A EH 4.43 x 107~
477 x 10° M2 ZAA=]o] 9E10 VHH th=H}T] 9] cmyc tag
peptide 3ol et A3=-Z A=A THTable 1). L2t
B 1% & &3] 9E10 (Schiweck et al., 1997) 2] 3] 2] H F A=
7.5 % 10%-8 x 10* Moj| ]38} 7] ezt o) Eajere)
2}o)(15 kDavs. 150 kDa), VL] A3, VHH 2 2|35 ofn| 1
AFgo) F20] QY ol kg w1 A B A Rt &L 8]

= j 8
B 2 L U AU e Aoz S,

ARAOR B 1=ge adyo] o} digweld Az
IS AR T o] e A B 0] % 4 7P 9]

e 7P 9] § AR A
A PRI A S ST A G 16 S 5
Fak Arolet. et of W] 4 %

A|o) 0] L )31 WA B (Urea) o ARE 5 75
sho] 0] W AFHEo] W Kpghd trehiglek, 1
2 0542 F 8 F7H717] 918 FEA AR Eo
S1x)5te] 4ol G mE 4= Gl oSS o X
A7 AR AT T A 02 A AL 57

o
A7) AT F71H 0 2 AT o] Fol

Cmyc tag FEto| = 3flof] ARkt A5 9E10 A o] 2
of| A 35}o] 9E10 3A| 2] F- A& 71 HLlW o] 31 A % 7t
H 217121 18 7S] ofu| Ak o & SHAd w0 1 O cmyc tag
Hefol = Aol G o2 WA LA =9t o]t
A2 -2 = stol g A F 9E10 A 9] F A& 7HH B915
YE} 9E10 UieHT 2 HSIA| 7| A 819l c Je A=
oF15kDa H 9] 47)9} =2 480 2= 5 4 71 =
oluko 2 1A% o] ¢)o] VHH Uislo] 2 E2ich 9E10 VHH
Llevtt] & AJ4kst7] 918l A5 sho] Hefw=nt 9E10 A2 2
B 9E10 34| 9] 5 Ak& 7HH F-9] T ol cDNAE &3}
Qo o] =R19] a5y ofn|AES YE 5 ARE 7HH
9] =r Q19 opw| i AbS 3t Lghs] v B A A YA EA] o2
AF S o AEE JERY opr|AE R A2ttt A
T2 9E10 F A& 7HH 9] =] Q13 HEReke 9E10 VHH
nanobody+= ZZ}9] A= pUCT 19 YEHE R 2
ot 5 ool A A AL -8 Tl 2 YA E Gl o
ARt =, HERSHE 9E10 UeHl| vl -8 eha A 2 A4

Table 1. Cmyc peptide binding constant (KD) determination of 9E10 VH and 9E10 VHH. After collection of kinetic curve shown in Fig. 4, The ko, kofr, and
K values which showed kinetic binding parameters for the interactions of 9E10 VHH with each cmyc antigens was determined. The STR-cmyc represents
streptavidin protein linked cmyc peptide and hAY4-cmyc represents hAY4 antibody (Lee et al., 2010) tagged with cmyc peptide. Bovine serum albumin

(BSA) was used as a negative control. ND means it was not determined.

Antigen Antibody kon (M'S™) kote (S™) Kq (M)
STR-cmyc 9E10 VHH 5.62 % 10° 2.68 x 107 5.62 x 10
Cmyc peptide 9E10 VHH 5.28 x 10° 234 x 107 4.43 x 107
hAY4-cmyc 9E10 VHH 6.92 x 10° 33x10° 4.77 x 10°
BSA 9E10 VHH ND ND

&3l A A|s8d Al3%
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)itk & 3= a4 o841} Western bloto]] 4] cmyc
tag FEfo]=of gk A9t S YEh gick E3T bio-layer
interferometry -2 A }»9—6‘}04 cmyc tag @} A4S &--of| off 3+
3 2] P44 (Kp)= 4.43 x 107 M~4.77 x 10° ME A H
Ak

ZALe| &

O] =12 2021~2022'd &= A A el sl A& A-upA] A
H] 2] o] oJaf =3 =] ¢l om ofof] ZHAF =Ltk
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