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Expression of the blue fluorescent protein in fibroin H-chain of transgenic silkworm
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ABSTRACT

We produced the transgenic silkworm that expressed the enhanced blue fluorescent protein (EBFP) in the cocoon of
silkworms. The EBFP fusion protein, each with N- and C-terminal sequences of the fibroin H-chain, was designed to
be secreted into the lumen of the posterior silk glands. The expression of the EBFP/H-chain fusion gene was regulated
by the fibroin H-chain promoter. The use of the 3 x P3-driven DsRed2 ¢cDNA as a marker allowed us to rapidly dis-
tinguish transgenic silkworm. A mixture of the donor and helper vector was micro-injected into 300 eggs of silkworms,
Baegokjam. We obtained 5 broods. The cocoon displayed blue fluorescence, proving that the fusion protein was present
in the cocoon. Also, the presence of fusion proteins in cocoons was demonstrated by SDS-PAGE and western blot anal-
ysis. Accordingly, we suggest that the EBFP fluorescence silk will enable the production of the silk-based biomaterials.
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A 9t E842 Aa"le
AHg-ate] A|zshe ATt A=A
HE 9 A9 Zekiu]= DNAS
preblastodermal Yol &ol] F¢3ted FAA S| & A2}
sl W o2 A, 9] Tamura AFHo] W] &L
Trichoplusia nioll A 23t piggyBac A o] e S A|=2}s}
of Hx=E %3 ol Alztol| A3} TH(Tamura et
al. 2000). AzH74A] piggyBac Ko e S ARg3l W =
o HAAZ Age] AP, o] WE A AR S AHE-
8}e] basic fibroblast growth factor(bFGF), human serum
albumin(HSA), feline interferon(FelFN), insulin like growth
factor-I(hIGF-I) 5-°] AFH L2 Wi Bix o] g)
“H(Hino et al. 2006, Kurihara et al. 2007, Ogawa et al.

2007, Tomita et al. 2003, Zhao et al. 2009).

F| o= A3 A RS ARl Fofloll A A &3
A S v BEH0 R AxT 5 9SS BT 9
TH(Tomita et al. 2003). Al =L Thf 2.2 o] 0] 7 A}A o] A]
AAREE ez, o] 7|32 1,0007] Welo] HEZ o] F
o] glom, Bele] whiAl olw|Al, ©F FoZHE] ¢
e AdAez YA qdoh 2L el 7% gt vt
G A= o AS FHY 0.5 g7k A F U THE
ZHA AL 9wt 718l B B are] wEw, FRAAL
Aol A AJAbEl A gk Ao oshg =& 3l Ay A
& A4S BT SAsk A AT A=z Akl A7
3oL, STHZAA A AAbEl A Zghehi A2 ofA| B2 ok
o] AYakel A Fsletal HarEe] 9lt(Tatemastu et al.
2012). o]33F A2 34 3B 23 (fibroin)e] A #
A¢l FRA A (posterior silk gland, PSG)$} A 2]Al
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(sericin)®] A A4l SH7AAMA (middle silk gland, MSG)
a8]3 A3E EARA]T|= AXZAAM (anterial silk gland,
ASG)E TAH | 3L, Al=9] > FHZA A 7]
BEqle] Y F FHAAM A ZlH2lE Alg]ile
2 FHs3, ARAAANS 55 EAMEITH(Altman et al.
2003, Hino et al. 2006, Inoue et al. 2005). X|F7}x] X1
H Alaehizle] 742 gjH 2 le] oF 75%¢°]aL A4l
o] Y R| 25%0]3L, 1 Fol|A] ¥ B 2l heavy chain(H-
chain), light-chain(L-chain) ¥ fibrohexamerin 37]%] subunit
EZA7E 6:6: 12 Ex|EE T4 =] ltk(Inoue et al.
2000). |22l hyzale] 7|2 T4 H-chain 3} L-chain
o] 1:1H]E&=2A o3 AFTE o)7L 9ler, A3¥ H-
L chain &34 A= 8 #A4e] p2sel s wjEgRA 2
o2 =] g)h(Inoue et al. 2000, Tanaka et al.
1999). =3} 3] H 2 ¢l H-chain®] ZA| A<l FHAHEE= Zhou
2003)el] 9J&f g =4, ¥ B22] H-chain®] &&= F
2] A&=(67 bp 2} 15,750 bp)Z 3} JJIEZ(971 bp)
2 A= 9o WHEEE Gly-Ala(@FE Ser, Tyr
2 2| 3ke]o] 3)¥) WHE-F-E2A] A H-chain®] 2/31] ©]
2 99E o] ubE-Fx7} ARSI 9le] L-chain? vt
7R 2 wl$- 2 254 (hydrophobicity)S ®tH(Yamada
et al. 2001, Zhou et al. 2003, Zhou et al. 2000). L2]X2
9]H 22l H-chain®] C-&gtell &= Al 7He] A 2HQ] AH7]7}F
A8, o] F F /M9 AlxH< %7 H-chaing
intramolecular ©] 33} 23S s}, C-uwhe 2 HE A H
Aol $1x]8F A|2~#|Ql AH7]= L-chain?t ZAgsh=d] o4
¥oh(Tanaka et al. 1999).

AT O AfelA ZholE 4= gl Folslal Akt
HelF 3k 2 glemg oE AfHo afUbbA|
2 zA de] deA e ey ghe] Bixt A
o] FA] F3fe] |7} ofFHaL, 7Aoo A A= T A
|4 EA4o] H53te] AaE diF3, duksieA|
et wEbA £ AeAME Aa ARiE wekst
ofell A-&317] gk A= JpEsly] Sl ZlBEal
Z3 <A i A ARlE o] 83te] AAYFATE A

#tajode}.
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(Bombyx moriy= 2H(123 x 124)
A AT BF AN 7E

FE: 70% ~ 90%)°l] F3fo] Al8-3}
Zhof] AR5l Ao E|= A 32 Jindra ¥}

, =3
(&% 24°C ~27°C,
oA}, ol §4A
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2. FOEENMES MO|HE HZf

o] #E] pBac-3 x P3-DsRed2-FibH: th5-2] Z}A] o] u}
g Azt=E e vl fAAkZ AR DsRed2 cDNAE
pDsRed2-C1(Clontech, USA)S 53 22 Nhel-DsRed2-F
(5’-GCTAGCATGGCCTCCTCCGAGAAC-3") ¢} DsRed2-
AfIII-R(5>-CTTAAGCTACAGGAACAGGTGGTGGCG-3)
£ AH8-3te] PCRE %3193, pGEM-T Easy Vector
System(Promega, USA)l| 243ttt Al sl Zefan]
EXx pGEMT-DsRed2E ®w3}eit}. 28]31 pBac-3 x P3-
EGFP$} pGEMT-DsRed2 W E]:= Nhel/AfMZ Zt7; A st
24 A2 ¥, EGFP2| #}2]¢ll DsRed2 cDNAS 24
3}ed pBac-3 x P3-DsRed25 Al|=2}slgi ).

B2 ZRREE 7] $leiA] 1,124 bp ZEFE] A
A3} 1,430 bp N-Eetel] mjB2¢l H 42} nt 61,312 to
63,870 of AF226688)2] JEZ(972 bp)e] E3td w2
Frof|of| Al 22]¥ genomic DNAS} Zato|w pFibHN-F: 5°-
GGCGCGCCGTGCGTGATCAGGAAAAAT-3’(27mer) 2+
pFibHN-R: 5’-TGCACCGACTGCAGCACTA GTGCTGA
A-3’(27meryS AHg3sled PCRE F3F3)9]y, 94 H =
2sn) E pGEMT-pFibH-NTRZ % }91c}. H-chain gene
ORF2] 180 bp 3* @tz Z|B 29l H 4 2Knt 79,021 to
80,009 of AF226688)2] 300bp 3> 3] *¥3t% whal->
Follol|A] £-2]3t genomic DNAS} Zz2}o]w pFibHC-F: 5°-
AGCGTCAGTTACG GAGCTGGCAGGGGA-3’(27mer) £}
pFibHC-F: 5’-TATAGTATTCTTAGTTGAGAAGGCATA-3’
(27 mer)& A}£3}e] PCRZ FZE3}9] 3, pGEM-T Easy
Vector System(Promega, USA)l| F23lgich 94" &
gan = pGEMT-CTRE B93slgit). 283 pGEMT-
pFibH-NTR: Apal®} Sall®Z., pGEMT-CTR: Sall3} Sacl
22 747 AltEa Aoz dH S FHskdH. o
FHEL Apald} Sac 122 A ZHE A #2]¥ pBluescriptl]
SK(-) vector(Stratagene, CAYl| 37 S2:4313 3L, pFibHNC-
null® Psldeh. FHAIE] gl EBFP F314 o4
2 ulo] 2] ol(Korea)oll M A AE A ¥, pGEM-T
Easy Vectorel| 243l t}. o] ZgfAun| == Nod
Skl ® AstEA AEsgr, Bl SHES Nod o
Shle 2 AgEA A" pFibHNC-null¥ Elo] F24
st ¥ Eekr| =4 pFibHNC-EBFPE ™3}
ot mA T2 2 pFibHNC-EBFPE- AsclZ}t Fsel &2 A
g8 A A sle] Eelwl HE Ascld) Fsel&E A|SHE
4 x2] % pBac-3 x P3-DsRed2¢l] S 243}, 9=

-

=
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Ee}2v| == pBac-3 x P3-DsRed2-pFibH-EBFPE == 3}
s}

3. 50l =7[uliofl MO|HIE{ microinjection
HAH Zhol| AFS-H ol AbE F 44]7E oo A
Tk AREER . Aol H B9} helper WE]Q] FXH]= 1:1
2] B E&Z A}4-3}90 3, microinjection$ $EFE-H (5 mM
KCI, 0.5 mM Phosphate buffer, pH 7.0)°| 0.2 ug/ uL® =
=2 AR ol 7]l 2] microinjection o}
T FH Abele] b il Fatell FAbell S
o, 1 AL o3 2o WA "HauE Hos pofed
o] el 22 FRE #3L, o] 7ol DNA S<fe]
o191 microcapillary®] £-& A4 ¥, microinjector]
71945 o] &3te] DNA 498 & £202 F3loint. ¢
o 7zt wiolel]l 1€ DNA 89| FZ 10~ 15nL7} A
45332, el A7 F9-2 cyanocrylate  2HA| S A}
43te] okt v HFAL F ol Hgst HErU 4
off eir 25°Col|A H-313 wfj7bx] B F st

=
=
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4. FOEEMEA Mg

HFn| A ARt A3 A Leica(USARE
2] LEICA MZI16FA #v]7Z 3} Leica(USA)Y*F2] Microscope
MZ FLIII Flourescence Filter DsRed 333 E] S A}-&-3}

UG RS S

o]_g_@- —]A OI'J— H 19,] s

A T A2 Leica(USAAFS] LEICA Z6 APO 3m]
733} Leica(USA)A}2] Filtersystem 470 LEDE AR-3}9ith.

‘Xdzﬂ I E 80°C o]3le] Z7lolA 7

5 3] }»}E% 0.15%, H]o]-2A] AW 0.3%E
(ﬂﬁh‘)"ﬂ 208 HA F AFLE 3% gto =
AFA A 3] AR E 2= FFA E A
5 of

=
g
TR
94 A2 F, A 19 Agel ABAF AR

50°C oJste] 2AelAM A& Fohiet.

6. &3 mE=ZQl H MK

Az B9l gL 80°C o] dle] XA 0.02M
sodium carbonate 8-l 2087t X5 XA A F
ddH, 0l Al- sl et. M E 1A= Ax F, 37°CA
60% LiSCN &-Yol] 117k 53t 43§21 7] 3L, slide-A-Lyzer
dialysis cassettes MWCO 3,500, Pierce)E AF8-3l] 3¢ &
& A& AAXNFH.

7. Western blot &4

golstaral st= w AL 12% SDS-PAGE A7]9d%
& Semiphore transfer unit(Hoefer, TE-70)5 o] £-3}]
PVDF membrane(Amersham Co., USA)el| transfers}ict.

of Aoy, A7ME el ALk E3 A48 w]So|Hq 918 5% skim milkZ 2417} &
A) Nhel Al Ascl Fsel
l |
— R H 3xP3 D[ DsReaz X{ sv4opa }—] 1TR >
B) Apal  Asc NotI ~ Sall
—] pFibH |[NTR1| intron | NTR2 }——
C) s san Fsel Sacl
CTR | PolyA |—
D) Apal  Ascl NotI Sall Fsel Sacl
N
— pFibH [NTR1] intron | NTR2 [CTR] Polya }—
E) Ascl Notl Sbil F“il
- pFibH INTR-1|  intron | NTR2 |  EBFP CTR | Polys |-
F) Ascl Fsel
<ITR] 3xP3){DsRed2){ Sv40pA |{ pFibH-NTR1-intron-NTR2 | EBFP | CTR-Polya [ITR>

Fig. 1. The structures of transformation vectors for generating transgenic silkworms. The vector was constructed for germline
transgenesis. A) pBac-3 x P3-DsRed2 was prepared by replacing EGFP of pBac-3 x P3-EGFP with DsRed2. B) pGEMT-pFibH-
NTR. C) pGEMT-CTR. D) pFibHNC-null. E) pFibHNC-EBFP. F) The transformation vectors pBac-3 x P3-DsRed2-pFibH-EBFP.
Transformation vector was piggyBac-derived vector. The restriction enzyme sites for the construction of recombinant vectors were
indicated. The nucleotide sequences of pFibH-NTR and CTR were derived from Genebank Accession No. AF226688. pFibH, promoter
domain (1124 bp); NTR1, N-terminal region 1 (142 bp); intron, first intron (871 bp); NTR2, N-terminal region 2 (417 bp); CTR, C-
terminal region (179 bp); PolyA, poly (A) signal region (301 bp); DsRed2, Discosoma sp. red fluorescent protein 2; EBFP, enhanced
blue fluorescence protein gene; ITR, inverted repeat sequences of piggyBac arms; 3 x P3, 3 x P3 promoter; SV40, SV40 polyadenylation

signal sequence.
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Fig. 2. Fluorescence expression of DsRed2 in transgenic silkworms. A) Eggs were expressed in the eyes and the abdominal nervous
system of seven days old F1 embryo. Arrows point to eyes and nervous system in panel. B) Larva was expressed in the eyes of a F1
Ith instar larva. C) and D) fluorescent images of pupa and moth. Arrows point to eyes in panel B, C and D.

<} blockinggt -, TBS-T £ (10 mM Tris-HCI, 150 mM
NaCl, 0.1% Tween 20)2-2 5327+ 23] A& slict. A%
% blocking 8-l 12} FAF HAZF 3|A A deoiF
3L AR A SAIZE Ek A H . vhE-e] Bt F TBS-
T 1502 AReo|A] 1087t 53] M2} HRP(horseradish
peroxide)® FA|H 23} A S 3 Ms|A H7FslaL Al
A AIZE Fot HEEAIF T WS- F TBS-TE AF-2ellA]
1027} 53] Al 23 %, 3M paper® PVDF membraneel]
ol gl= E7|= AlAsgieh. ECL Plus Western Blotting
Detection Reagents S AF-3}ed PVDF membranes AH-&
oA 5EZF kA7) F, Xeray filmell =2A17) F A}
ste Eqlatal.

| 1}
1. YEMEE Mo|HE X =
AP FAAE Akl AR Foll E AR 9
3 piggyBac WME S o]-83te] HeHEE 7530} ¥
AA A F A7) $18k v FAAZE DsRed2 41

A2 AMEE R, o] fAIAle] 2 ZRRE|RE 3xP3
promoterE AH&-3IITHIH 1A). | H 2]l T2 S o
7] $180A, 1,124 bp Z2EE A Q7} 1,430 bp N-Zto]]
B2 H 42Kt 61,312 to 63,870 of AF226688)°]
AEEY72bp)el E3E FHE ol AF2ZHE PCR
S o] g3le] FF3ATHHIB). £ FH =2 H 4
2}o] C-mek2- 180 bpe] ¥ B 29l H-chain gene ORF 3’

28

2t} 300 bpe] IH 2] H F42Hnt 79,021 to 80,009
of AF226688) 3’ ¢d9S PCRS o]&3le] ZZslodvh(
H10). o|FA A== F4AF FHE-2 pBluescriptll SK(-)
vectorell Z+2 249319032 1D), FHIE] =
EBFP +AA = 3] B229] H AR N-d53 C-Ewt
Atolel F2EIITHH 1E). SlelA A=k WEE= dsel
I} Fsel @2 A|ZFEAAE] F, ol Ho]HE]Q] pBac-3 x P3-
DsRed2el] 24315t} o] FA A|zkel ol Ao =
pBac-3 x P3-DsRed2-pFibH-EBFPZ " 3ldch(23 1F).

S 213} Yroll Z7]Wl22] microinjection
F5 Abolo] shg-dl wiw F-ol
microinjection 3}, 300712 Yoll ol microinjection
sidet. 1 A 76 wle]e] frgel FEkENAL, 1 5 22
ulg] 7} Aol Hdoh AFe]l ® eSS AZ aujA|
A FINANE 42 F, JAAZA Y AdS 93 A7

o =

Table 1. Results of injection of the construct DNA to Baegokjam
embryos

Injected Hatched GO G1 bloods with
Embryos Embryos broods Red positive
300 76 22 5

*The Baegokjam strain was used as a host strain. The vector
plasmids, p3 x P3-DsRed2-pFibH-EBFP (200 ng/ul) and the
helper plasmid (200 ng/ul) were used for injection.
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A7), A2 el #sge] 2 ARG 2). Adsh7] flsked, ®A P4 58 3Y S sF-sked

ol FAHZ F3 FIAHIM 5 o} (Bloods)] FAAE  AAMS Sels] Hoioh 7 A3} sjB RS AYikshe

AL AR 5 dTHE D). 713l F5- AARA M A g o] s A
A) B) Fluorescence

Middle Silkgland
Posterial Silkgland

Fig. 3. EBFP fluorescence in the silkgland of the transgenic line. A silk glands at the 3th day of the 5th instar larvae of the F3 transgenic
silkworm. A) The silkgland was observed under bright field (bright) and B) with the EBFP-excitation-wavelength light.

Bright Fluorescence

B)-
D)-

Fig. 4. Blue fluorescent cocoons. The fluorescent cocoons produced by transgenic silkworms that have used EBFP fluorescent proteins.
A, B) Normal cocoons. C, D) Blue fluorescent cocoons. A), C) Coons were observed under the white light, respectively. B) Coons were
observed under the fluorescent light. D) Coons were observed under the EBFP-excitation-wavelength light.

A) Bright B) Fluorescence

Fig. 5. The EBFP fluorescent colored silks. Left: under white light. Right: illuminated by EBFP-excitation-wavelength light.
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A) B)
30 . 3 Fibroin-EBFP
kDa

—
50 ' Fibromn EBFP

kDa

Fig. 6. Analysis of the recombinant protein expression by SDS-PAGE and Western blot. (A) The protein samples were subjected to 10%
SDS-PAGE. (B) The protein samples were transferred PVDF membrane and incubated with the anti-EBFP antibody. M, molecular mass
standard; 1, normal cocoon; 2, transgenic cocoon with pG-3 x P3-DsRed2-pFibH-EBFP. The arrows indicate the fusion protein of EBFP

protein and Fibroin protein.

el 4 UL, T AAMA = Z‘M‘ 33 A o]
HEEE e FUAd & Addeh(@® 3). =3 F2 AlY
o] A st x| e} AT M= A Fo] %ﬁdﬂ% &
geldt 5 ATk 4, a7 5).

4, | =EICIuiElo| His] HA

2 &g x| A] EBFP A 2w a whal S kel 3)7)

2] Western blote 2 EA3lech. 6= FaAde] A
AL TAE AME1% L, ARS-E A= Anti-EBFP Mouse
monoclonal antibody(USA, LSBio)E AM&-3lgict. 7 A=}
3] B 28] H-chaing} EBFP g3 e] oA} 9]x]ql <F

40 kDa BHol= =2 ox|o|A == 3eld) 4 gladt}
(=¥ 6B).
.

Hri;.“:

T°ﬂf‘i R E= I ! *B*&% LA *Mlh‘}—ﬂﬂi/‘i i

o A= o]&3t A7t wel AL gl 20039
dE-2] Tomitaso] A collagensh A& Al =9] sjH =

¢l L-chainol| A -2 WA oZH AFE o] &
3 dA¢7F FYA A= oK (Tomita et al. 2003). & Al
oAM= 9823l H-chain A==t Ha] A|A8&
o]-§-3led HMHPAFE A= FAA IRl S A A
shodet. 23] 3§ sl d2] AHE-H= piggyBac A o]
WEo] Yol Z]H 29l H-chain 219 promoter2} EBFP
FAAE o]-83te] A= F|B 2l A] A gchyalS

30

WA FAL, ol R gA]) ADE Sl 29)e]] 3 xP3
promoters} A& B2}l DsRed2E AHE-31AT} ol
A A 9] A2 piggyBac A o] E]2} helper ¥ <]
EFAES 271 Al el wiete] FF3F - AL
ol9] wim o microinjectiondt > 24 FHAZ T &
< A S 9delvH(Tamura et al. 2000). 3007]2] o]
& microinjection 3te] 76viE]e] fiFo] F3=E A,
oA 22vE] mhe] AZFe] Holoh =3t AFES A=
aufAlA F1 Aol k& A%1az, 2 FellA 5 bloods Rt
o] FAAMZAZ AL Cr FAAA ] A Alst
5 344 =HE= FIAANS oS gFdn|doew #3
sled Abalod=dl, 3 xP3 promoter®] 5431 ol %7]
v A8 w2 A7 EA, 5 ddr] 28 AF
ol A 2Hggthar oF A qlefA], o]Est A LR o
HAA A S wk2A] ADdEl 5 ) ek(Thomas et al. 2002).
dubg oz A=7F YFEE FAHL oo FH AR
oAl ZlEEgle] AAE F FH AAMCAM AEalezw
FRHEIL AT A AA BARS B3l gRkes wiEd
o} whebr S| B2l A Fehiale] e EE 7
< Flar] 8l 5% 3 Tl E slliske] 5 AR
< A A ez gqlalgiet. 1 A 17 39 BellA]
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M Aol FaAF gl om, FoM Y= A A
9] ol x| A o] Ao HEA o2 M} WshHA F4
Aol M= 218k A=AE Jepligloh. =3t P2
o] 32X | A] EBFP 2] &3 gtn] 2l o] ula i
EBFP antibodyZ AF&-3}o] Western bloti-*-& 3}‘3}‘4. H]
= 9B 29] H-chain®} EBFP §@&=hae] o4} 2]l
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