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High-efficiency expression of a receptor-binding domain of
SARS-CoV spike protein in tobacco chloroplasts
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Abstract:

therapeutic proteins and vaccines. To verify the feasibility of obtaining high-level expression of the SARS subunit vaccine

Chloroplast-based expression system is promising for the hyper-expression of plant-derived recombinant

and to provide a suitable plant-derived vaccine production platform against the severe acute respiratory syndrome
coronavirus (SARS-CoV), a 193-amino acid fragment of SARS CoV spike protein receptor-binding domain (RBD), fused
with the peptide vector cholera toxin B subunit (CTB), was expressed in tobacco chloroplasts. Codon-optimized CTB-RBD
sequence was integrated into the chloroplast genome and homoplasmy was obtained, as confirmed by PCR and Southern
blot analysis. Western blot showed expression of the recombinant fusion protein mostly in soluble monomeric form.
Quantification of the recombinant fusion protein CTB-RBD was conducted by ELISA analysis from the transplastomic
leaves at different developmental stages, attachment positions and time points in a day and the different expression levels of
the CTB-RBD were observed with the highest expression of 10.2% total soluble protein obtained from mature
transplastomic leaves. Taken together, our results demonstrate the feasibility of highly expressing SARS subunit vaccine
RBD, indicating its potential in subsequent development of a plant-derived recombinant subunit vaccine and reagents

production for antibody detection in SARS serological tests.

Keywords: receptor-binding domain of spike protein, SARS, plant-derived subunit vaccine, chloroplast expression system
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B, AIEPUREE . PUANE . PR E R e s,
I E W 40 g 22 /% 53 Bt (Macrophage  lysis
assay). P AE (Ganglioside) %545 .
5 SR SRR B0 U A R N R R M 56 38— 25 E
2T AR AR R A DI RETE M. T A
5 T 20 8 B P RUTE I A A v Y R KPR A L K
A BT K MU 7= A e B DR AP SO RS i, P
PR35 2R G0 N T REBT O BE | e T 50, Sy
B REEAE T — SO R iR, T AR A
RIKRGZ I H A, -S4 R b
A A R LA Y AN (Y S 4 2 AR
Y 592 1 52 B & FEAIFSE N DL T 2 A

J T A VR e R I W 25 5 AE (Severe acute
respiratory syndrome, SARS) J& H 5878 i) iR
J% 5 (SARS coronavirus, SARS-CoV) 5|t f)—
D 2T R AL YR U 1 e
BT 2003 AR A HE S RN 5 R ™ R e . R4
H A% A% G 76 550 [ N A 34l (3 — 2
WFFE R, SARS Ji JEAARAT AT REAR AR A7 AE T 5
SEEFAE Y . TR AR T, XS IR A
RAT P REH ALY N, B4 IR, AEMA
WA ROAYT SARS HIZ5H, BR T RIUHTE |
R 25 i REL T B 1% Y SR A1, TR R 24
FAL . FESME SARS BT TCREE SN A BT RLA
R FBt . SARS CoV FEil it S EHHE A (f
ST A S2 W) RUHAE AR A A BR 5K R E
i 2 (Angiotensin converting enzyme 2, ACE2)
PEANRIY, SE— g KB, S1 WAL
N 3iiffy 193 ZIERRIX 4, (318-510 aa) AT LIATAL
Hu A5G WA ZH M D) RESZ K ACE2. 487 Z 1K 45 &
X (Receptor binding domain, RBD) J¥4! ¥ &
& H H RBD-Fe /] LA RS & ACE2, Jf
A RO /S BRAILAAR 7 Az v 2K P 1 e R BT s
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i, il SARS CoV iy F vyt 17,
W, X —XIEHA R S EAMZIRGEAIX,

W& HAT SARS I3 1 WF ¢ rh i S 224 7 51
Z—o ARBESER AR Rk mm £, R
SRRFEILINFR , K5 RBD gfith 5k R S A A 0
SRARSENAL, A RIS SARS WHLEEH T
SR AR LD IR AR R, HETRT R SARS WEJERE
HPARRA . %4 mRUE & SARS IiiEHL
PRAG I — A 3 AR T B

1 MBEFE

1.1 S-RBD EFEFIIMMREMRIE AR
g

HR 4 0 B AR vR R GA L psbA T 5
(GenBank Accession No. HQ602934.1), Z#ri%dk
B % 6 F W &= 1 (http://www.kazusa.or.jp/
codon/), IFFIHAEL)FIILAL T H  (http://www.
Evolvingcode.Net) X SARS CoV S % k4t
41X RBD (318-510 aa) Z1FERFHIUEAT A TAL
fbo Pifb)¥%] mRBD ZHERS 54 it A vl
B, HARAFAETERERR AR pES . A Sma 1/ Xba I
XU Y] pES-mRBD il AH B - £ 1K 5% 35 48 K
pLD-CTB-ESAT6, fi[Flit mRBD A J B Al
pLD-CTB # R H4L Bl T4 DNA BfERE 51k
KIGFTFHE E. coli DHSa Ji7, PRHUARYEIE T PCR
FIEFDIR . FHME ATk AL oS BRI A
B 28 ) R AT 00 7 90 UE o OB A 1 3R AR A 4 K
pLD-CTB-mRBD., i H I EI Y N VI . T4 DNA
HEAENG . Tag DNA SRE M A LG4 B MBI
8o BRI BGRT & . SR HEEEE DNA [l
F &SR B R AE AR A PR R (Tiangen) .

1.2 WHEMGRIKEEREL
TER B B 5L A2 (BB R A el Bl NC89
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(ARSI = RAT) . BARSEAL)THE2 0 Verma 251
(R 771 o H4-JC DR B 5 ) AR B AR R I 8 il e ) L
BT ROMP (MS k4.3 g; LB 100 mg/L; VB,
1 mg/L; NAA 0.1 mg/L; 6-BA 1.0 mg/L; FEEkH
30%; HPIBENL 0.5%; pH 5.8) iRk, X
HEHEWEGEBEEEESH K pLD-CTB-
mRBD kL ANHE SRR IE R4, 25 4R
99 em, JESI K 7.586 MPa, 4 5 ng/it,
DNA 548 FEHN 1 : 500, Fidi 5
HTEREHAEZ M ROMP 83 5E GRS 3 d
(25 C-28 C)fa, MEEWFARII K Ul
0.5 cmx0.5 cm My/NH, B F 0 it 5 7 5
(ROMP, 500 mg/L tWla: %) b f7ifi ki 7
(25 °C-28 'C, 16 /8 h Y/#%), & 2 E AR —IK .
MR [P A SR BT 2R DRI /N, Ake:
BEATIR AL (ROMP, 500-700 mg/L MW %
). Uik 3-4 55, BPUrE R B AR A
(1/2 MS, 500 mg/L HEMER) H. FHEATHREK
2 34 cem i), Kb R RRETARK,

1.3 PCR #&

MR 34 AR BE b aadA 7751 K S5 1 -4
R4 F5] (16S/trnA) 3T PCR #1514
(F D)o BREPEAR Y 3G 519 WA Al 8 s - 2 A I
IR 248 A trnl/tenA JF51 (2 800 bp) #E4T
Wito SRR S BRI A R A A .
) DR A BOCR B R AR A= AL B A R A A
DNA $2 B &t A7, BRIy 2 MU
S, 519 T3P/T3M PCR 5 N .
94 C 5min; 94 C 45s, 60 C 45s, 72 C 2 min,
35 MiEFR; 72 °C 10 min, 5|#) TSP/T2M PCR
PHREF: 94°C 5min; 94 C 45s, 63 C 455,
72 °C 3.5 min, 35 PME¥F; 72 C 15 min, PCR

P3G B 1.0% 19 B A W B I H VR
1.4 Southern blotting Z¥ 32 #& il
MR R AR BCR A CTAB 317, H
Y15 DNA H Hind TIHEFYIE , 76 0.8%35 IR B
B Uk, JFfEE R (20xSSC) KT
5L 21 1E L {7 9 Hybood TM-NTJE JEJIE |, %
I 45 K 238 B P AR 3 Roche 23w Y DIG High
Prime DNA Labeling and Detection Starter Kit I i
RGBT, Z4sCiREE 42 C, VRIS N
2xSSC (% 0.1% SDS), 37 CH&AMF T UM 2 1K,
£YR 5 min; 0.5xSSC (7 0.1% SDS), 66 C 41+
TFYRME 2 Yk, BRR 15 min. #RJFiE1E NBT k2%
B,

1.5 Western blotting Z% 32 6]
BUB BRI 29 0.2 g, 1ERA T TS0
JEJE . A 1 mL 28 52 G2 i (100 mmol/L

NaCl, 10 mmol/L EDTA, 200 mmol/L Tris-Cl,
0.05% Tween-20, 0.1% SDS, 14 mmol/L B-Fi

ZTE, 400 mmol/L FEME, 2 mmol/L PMSF) fli#
5 min, 12 000 r/min &.0> 5 min J5 , B3 80 uL,
FA 5% FAREZE g 20 uL, WK TPk 5 min.
20 pL BIS W ALOUTE (SRR 1xPBS 28 1l
x1 sSYMBHREFY

Table 1 Names and sequences of the primer pairs

Primer name Primer sequence (5'-3")

T3P CCGCGTTGTTTCATCAAGCCTTACG
AAAACCCGTCCTCCGTTCGGATTC
T3M
CGC
T5P TGACTGCCCACCTGAGAGCGGACA
T2M CTGTAGAAGTCACCATTGTTGTGC
TPROBE1 CAAAGGGTTGAAGGGAGATAGTGC

TPROBE2 ACCTAACAACGCATCTTCACAGAC
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HOFETE) T 12%R NGRS (SDS-PAGE)
e kU, R HLEE A (Bio-Rad) K2R (#6785
% BioTrace PVDF X (PALL A#]) b &R
(1xPBS, 0.1% Tween-20, 3%/ A5 T5#5) EHi 1 h
J&, A CTB Hid&k (112000, Abcam 2AH]), 4 °C
PEE . PBST K (1xPBS, 0.1% Tween-20) ¥
JBE 3 UK SRIG A HRP ARic itk 1gG (1 © 5000,
Abcam A F]) ZIRFE 1 h, PBST IATRIESE 3 1K
J&, A ECL ZJGHMA (GE Healthcare), S5
FREE P X6, B B RE R

1.6 ELISA $#f

K FH T I6C 4 95 W 6 4 A7 35 (ELISA) Xt
L% A Bt TR R e v 1 VR Rl B 1 SRk
AT HT o TERE LA AR AN R A KB B (4
Wy RORRID . ) . MHFRLA T IR BOAS IR AR
KAHAL (L. ES . T AURRIEE S (E
8B, WA 12 B, R 6 B, ARl BRI
SR, REBOTEN L. AR (15 mmol/L
Na,CO3, 35 mmol/L NaHCO;, 3 mmol/L NaNs,
pH 9.6) HIIXKE i Al CTB i A 0EAT £ 51
i Bé (50-1000 ng/mL) J5tu 8k 96 FLEGFIRR . =
BAMT, BPAWEM 1 h, 285 1: 4000 L
fimA CTB Hittk (—41, 1:2000) %7 2 h,
PBST ¥ UE 3 . HRP ARic 1Y F it IgG
(=Pt, 1:5000) =EFE 1.5 h, 85 H PBST Ut
3WMNA 3,3,5,5-PUH R (TMB, Biochemi
NFEl) RN 10-15 min J5, FHAILA 2 mol HySO4 2%
BN o KI5 FHTEEARSEEL ODyso OGEEE

2 BREM

21 SARSEBZMALZSEX RBD FIMLHL K
M FRIRRIEF IR E
SARS CoV S BHE e #5178 EAM L
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T8I 32 R 45 B TS99 15 1 A 48 M 7 3k R ke G
HPEMER . Hod, S1 3k N K 318-510 &3
M vl LA A2 A B MR w2z k& A
ACE2, J& S W M2 ARG & XHAL, fE5] %
RSN DN SUR S el L R AL () L
ARHIF 5T AR AR R R Fe TR FE K] psbA J¥ 51 1) 2 1
fiZ M, %t RBD ¥ 8147 N Tk HEAk)a 1)
RBD JFHIKJE N 579 bp, 555 [ WM N
79.06%. GC A 46% (& 1), FIH Sma I /Xba I
PN )t X pES-mRBD FIAH HH- 43K 6 3A 48,
& pLD-CTB-ESAT6, ¥4 HIEFgE %] pLD-
CTB-ESAT6 [, Ff#& sl iy 5 i i A my £ K
ESAT6 . #8444 & pLD-CTB-mRBD ([l
2A)., WP R EY, fGEK CTB-mRBD %
T HE 56 5% HLF 5 IE A . 720 g i i S iR e ik 2
i, BRSO T BRI A TR R
B W (CTB) JEHFF (321 bp) M FifF. Al
A3 CTB-mRBD 2 [0 & A — B 6] [# ¥ 51
GGGCCCGGGCCC, %94t =s a3 BT 5]
GPGP (Gly Pro Gly Pro), AJ LLiE# 2k 1
CTB MH#ZE 4 mRBD Z [ A E 4. @A &
H CTB-mRBD Filil| /¥ &}y 34 kDa., fifi &5 JE [l
Ja 37 kSRS 3T PpsbA (3 5'-ARE
PEIX ), &ikET rpsl6, ffikbric 3N
aadA, IZEEH gD G SENE T IR AT IR L B, B
AU WA R WM. pLD-CTB-mRBD &1
A 5 AR R I AL R PP 51 16S/trnl F
trnA, i[RI JE T 51 0] LAAR i 804 43 76 0 3 ]
e A, AL T S AR SE R 41
trnl A1 trnA & 5741 [R] BR IX

22 MEEFEERBEERRERD TEE
A 5T L FRAT O WL B 3R A AL 1 2R 0 R A
B 35 MR, ARSI 0.7 Mt ZE AR, XAk



WE %/5ARS TEBE RAUBESHESE RED EREMHFARNBREL

mRBD AACATTACTAACCTATGTCCTTTCGGTGAAGTATTCAACGCTACTAAATTCCCTTCTGTA

Kk KA AAA AAK K AAAAAAAK Ak Ak KA KX KA

S—-RBD AATATTACAAACTTGTGTCCTTTTGGAGAGGTTTTTAATGCTACTAAATTCCCTTCTGTC

mRBD TACGCTTGGGAACGTAAAAAAATTTCTAACTGTGTAGCTGATTACTCTGTACTATACAAC

Kk KA * *ok

S-RBD TATGCATGGGAGAGAAAAAAAATTTCTAATTGTGTTGCTGATTACTCTGTGCTCTACAAC

mRBD TCTACTTTCTTCTCTACTTTCAAATGTTACGGTGTATCTGCTACTAAACTAAACGATCTA

Kk Kk Ak KK kk Kk hk kk Kk Kk Ak Ak g

S-RBD TCAACATTTTTTTCAACCTTTAAGTGCTATGGCGTTTCTGCCACTAAGTTGAATGATCTT

mRBD TGTTTCTCTAACGTATACGCTGATTCTTTCGTAGTAAAAGGTGATGATGTACGTCAAATT

Kk KkAAA Ak Kk AR AR ARRAKAAAA AAXXK Ak A *

S-RBD TGCTTCTCCAATGTCTATGCAGATTCTTTTGTAGTCAAGGGAGATGATGTAAGACAAATA

mRBD GCTCCTGGTCAAACTGGTGTAATTGCTGATTACAACTACAAACTACCTGATGATTTCATG

Kk KAk Ak Kk Kk kA K Ak Rk AAAAAAAAAK

S-RBD GCGCCAGGACAAACTGGTGTTATTGCTGATTATAATTATAAATTGCCAGATGATTTCATG

mRBD GGTTGTGTACTAGCTTGGAACACTCGTAACATTGATGCTACTTCTACTGGTAACTACAAC

e KAk A Kk KA

S—-RBD GGTTGTGTCCTTGCTTGGAATACTAGGAACATTGATGCTACTTCAACTGGTAATTATAAT

mRBD TACAAATACCGTTACCTACGTCACGGTAAACTACGTCCTTTCGAACGTGATATTTCTAAC

Kk KkAAA K Ak AA Kk KA Ak Kk Rk K Kk Ak AR Kk Kk Kk RokkAAh

S-RBD TATAAATATAGGTATCTTAGACATGGCAAGCTTAGGCCCTTTGAGAGAGACATATCTAAT

mRBD GTACCTTTCTCTCCTGATGGTAAACCTTGTACTCCTCCTGCTCTAAACTGTTACTGGCCT

HoA Kk Aok s

S-RBD GTGCCTTTCTCCCCTGATGGCAAACCTTGCACCCCACCTGCTCTTAATTGTTATTGGCCA

mRBD CTAAACGATTACGGTTTCTACACTACTACTGGTATTGGTTACCAACCTTACCGTGTAGTA

Kkkk * KA Ak

S-RBD TTAAATGATTATGGTTTTTACACCACTACTGGCATTGGCTACCAACCTTACAGAGTTGTA

mRBD GTACTATCTTTCGAACTACTAAACGCTCCTGCTACTGT

HedAA KA Ak Kk Kk Ak

S-RBD GTACTTTCTTTTGAACTTTTAAATGCACCGGCCACGGT

B 1 itk/E mRBD F35EF% S-RBD Ltk 4347

Fig. 1 Sequence comparison of the codon-optimized mRBD with the native S-RBD sequence.

b

A—-[ 16S trn| Prm aadA > PpsbA> CTB/mRB> Tpsbi) trnA>_

Hind 111

9.5 kb

—Hind TII

0.8 kb
2 MREMRIKRIXZH K pLD-CTB-mRBD ~E &
Fig. 2 Schematic representation of the chloroplast expression vector pLD-CTB-mRBD. (A) Expression vector
pLD-CTB-mRBD and annealing positions of the primer pairs. (B) Position of the probe template for Southern
blotting analysis.
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AR BRIEST PCR A (T3P/T3M, TSP/T2M),
5 NoR, H 19 BRReEEY G 1 B B4, et
HE 2 B DRAR AR WU AT AH R 1) 2587, WI2B 3R E
FER A IR R S AR LRl (8 3), He
b BRI AR 54 56 AR ) s B0 AT B2 R A% G Aok
JENHHE 16 rRNA FERIZEA8 (SO Xt 3RAs A
19 B PCR FHPEAE bR #EAT 3-4 %5 R 0 ik
(500-700 mg/L ALMAEER), Sntm-SRiREH AR
[F5ifk. Southern Z%3Z/rArakB, kM MEAE

Abp M 1 2 3 4 5 6 7

3 MR UBEER PCR AN

8

8

9.5 kb ZEA b A BHYEA SR %, TITE 7.67 kb Ab
WA A, R H IR O35 2| 2RI R 4
Hr, IR (B 4). A5 BRI G
SEE MRS R B S e E AR KOS sE, H
FEAN R A A 5 X BRE 4 3 P R T I B 25 5
(#l 5A, 5B). TE TSGR T1 A FLD A 2 A
THET 500 mg/L WA G775 FReg 1w i &
A, R R A DR B 4y i U AR Ak (18
5C), PRI SLRR SRR TR R Ak

9 10 11 12 13 14 Wt

1650 bp

9 10 11 12 13 14 Wt

Fig. 3 PCR analysis of the regenerated tobacco plantlets. (A) PCR analysis with the T3P/T3 primer pair. (B) PCR
analysis with the T5P/T2 primer pair. M: DNA marker; 1-14: regenerated tobacco plantlets; Wt: wild type.

kb M Wt 1 2 3 4 5 6 7 8 kb
15.0
10:0 5
7.5 87
5.0
3.0
15
1.0

I+ 43 (R 4% B F 48 #k Southern 233 #63)
Fig. 4 Southern blotting analysis of the transplastomic
lines. M: DNA marker; 1-8: transplastomic lines; Wt: wild

type.
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| b

5 CTB-RBD HMEHH¥ERBREEMREKGHE
Fig. 5 Growth and germination of the CTB-RBD
transplastomic tobacco plants. (A) Growth of the
transplastomic plants in greenhouse. (B) Flowering and
seed-setting of the transplastomic plants. (C) Germination
of the transplastomic seeds in the MS medium
sumplemented with 500 mg/L spectinomysin. Tp:
transplastomic plants; Wt: wild type.
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2.3 SMNERREZER CTB-mRBD RiEDHT
itk —2 5 B AR RlA #E  CTB-mRBD 7E
FFE DR g ARG, FRATAIAH CTB $iik
PEFT Western 2258 5041 o &5 H W, FEdEAEE%&
EFRBUGR R SR AT, MAEAELD
34 kDa fbA AR AY S4TSR RK/h—
F; FlGETE 60-120 kDa Ab i 91 T 2258 (E
5, MFEZ 11 kDa AW G S, R
48 11 CTB-mRBD 7 4 ifd rf 3222 DL SR8 X A7
1E, M UZRIEALAAE, HAEGM A
A A EABTIEG (& 6A) KRl & AT
SRTERM, A EAEEAEIE A, 7
PEBORUUTE P R A D e a A A AE (K
6B). X455 Lakshmi 2P RS A—55,
24 HMNEELETER CTB-mRBD RIEZEHHH
FAo MR, AMERE A E A
CTB-mRBD 7£ 4 i == %2 DL ] s M8 AP A
B, ASHFSY R FH ELISA J i 6 -2 442 B [
M B HIBRH CTB-mRBD Y1k & AT /04T o 45
REBW, FEAFAERKET BRI

Western

A
kDa Wt M 12 14 15 16 17 18

120 —
80 — e
60 —
40 —
22 —

6 RHERUREEEE B Western 2432 441

—34 kDa

BRI 7 4 Y il AR R R KO
ik 6.15% TSP, HUK A& =2t , H
K94 3.77% TSP il 3.54% TSP (& 7A),
W R h AN LG R E R IR K 1Y B AT g
LW R A =l A e LSS S S o N i
H A R A B R GA KR T R, R
R A e B R A UK R (3.58% TSP),
HWw o B m A (2.66% TSP) 1K &t A
(1.54% TSP) (Kl 7B), HFKLK P2 EH A
A A4 K & B B R b Rl A R R A R 4k
HH—, Rk — L aPrER SRR RER®Z
O 5 B AR AL B S e R B, FRATTXT A [ B[] g
BRI R AR R S B R IR R AT T
Bro Z5REH, MEAEGIGRE MM (b 12
), flEE AR RBKERE, 55 10.42%
TSP, 17 75 6 R B AR W B R BE Py (271 8 B,
T 6 ), il A 2R 1 2R KOF R RE S 8.76%
TSP F1 8.00% TSP (&l 7C). Rl& I FEikKF
B Y 5 B ) AR L T R S5 MM B psbA S BT A
5, HFRBORZ IR FE R i Y

B
kDa Wt

M P14 S14 P16 Sl16

120
80
60
40

22

Fig. 6 Western blotting analysis to detect expression of recombinant proteins in transplastomic plants. (A)
Immolunoblots with anti-CTB antibody showing presence of expected size fusion protein band in CTB-RBD tobacco.
(B) Immolunoblots showing distribution of recombinant fusion protein in the supernatant and pellet fractions of leaf
extract from CTB-RBD tobacco. M: protein standard; Wt: wild type; number denoting different transplastomic lines;
P: pellet fraction of leaf extract from transplastomic plant; S: supernatant fraction of leaf extract from transplastomic
plant; the primary anti-CTB antibody was used in Western blotting analysis and 20 pL of samples was added in each lane.
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Fig. 7 Quantitation of the recombinant fusion protein
CTB-RBD in leaves at different developmental ages,
attachment positions, timepoints in a day. (A)
Expression levels of CTB-RBD in leaves at different
(young, mature, old). (B)
Expression levels of CTB-RBD in leaves at different
attachment positions (upper, middle, lower). (C)
Expression levels of CTB-RBD in leaves at different
timepoints (8 a.m., 12 a.m., 6 p.m.) in a day. TSP%:
CTB-RBD protein in percent total soluble protein of

developmental ages

the leaves. Three independent measurements were
made to quantify expression levels of fusion protein.
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