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Abstract

Bovine chymosin enzyme is one of the most commonly used enzymes in the dairy industry. The
production of this enzyme from its natural source does not meet the needs of this huge industry. The
production of recombinant bovine chymosin in plants can be a good alternative to native enzyme.
Insertion and expression of foreign genes in plants can occur in the nucleus and chloroplast organelles.
The expression of foreign genes in eukaryotic heterologous hosts can be increased by optimizing its
codons as well as translocation of the heterologous protein after expression to encapsulated organs such
as chloroplasts. In this study, codons of the bovine prochymosin gene were optimized to be suitable for
expression in the nucleus and chloroplasts of tobacco plants. After optimization, the CAIl index of this
gene for nucleus and chloroplasts was 0.929 and 0.947, respectively. The optimized sequence was cloned
in the pUC57 basic vector after artificial synthesis, and was confirmed by sequencing. The function of the
synthesized gene was confirmed by expression in E. coli and milk coagulation test. To provide a suitable
expression vector for gene transfer to the plant genome, the GFP gene was replaced by the prochymosin
gene in the p35S-TP-GFP expression vector. This vector is suitable for gene transfer by gene gun method,
and with the presence of chloroplast signal peptide, it causes protein accumulation in chloroplasts. The
gene was also replaced with the GUS gene in the pBI121 vector, which is suitable for gene transfer by the
Agrobacterium method. The recombinant vectors constructed in this study can be used to effectively
transfer and express this industrial enzyme in plants.

Keywords: Milk coagulation enzyme, Codon preference, Recombinant chymosin, Expression vector
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Nicotiana tabacum [gbpln]: 1534 CDS's (609684 codons)

fields: [triplet] [amino acid] [fraction] [frequency: per thousand] ([number])

uuy
uuc
UuA
UuG

cuu
cuc
CUA
cuGg

AL
AUC
ALA
AUG

GUU
GUC
GUA
GUG

Coding GC 43.38% lst letter GC 50.91% 2nd letter GC 39.69% 3rd letter GC 39.53%
Genetic code 1: Standard
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Fig. 1. Codon usage pattern of nuclear (upper) and chloroplast (lower) organelles used to optimize bovine prochymosin gene codons for
proper expression in these organelles. Substitution of natural prochymosin gene codons was carried out according to the frequency of codons
related to each amino acid and taking the considerations of both organelles into account so that finally the codon adaptation index (CAl) for
both organelles would be close to one (Table 1). For example, the highest frequency of the phenylalanine (F) amino acid codon in both
chloroplast and nucleus organelles is UUU, and therefore, in the entire synthetic prochymosin gene sequence, this codon replaced the natural

codons.
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Codon-optimized TCTGGATTTGGAGAAGTAGCTTCTGTACCTTTAACTAATTATTTAGATTCTCAATATTTT

kKR KK EE KE KK AR Rk KR R KK KR RE K KRR KRR KE KKK
Native GGGAAGATCTACCTCGGGACCCCGCCCCAGGAGTTCACCGTGCTGTTTGACACTGGCTCC

GGAAAAATTTATTTAGGAACTCCTCCTCAAGAATTTACTGTATTATTTGATACTGGATCT
K% KR R EE E KK A% KR RE KR KR KE R EE % RREEE RREEE KK

Codon-optimized

Native TCTGACTTCTGGGTACCCTCTATCTACTGCAAGAGCAATGCCTGCAAAAACCACCAGLCGC
Codon-optimized TCTGATTTTTGGGTACCTTCTATTTATTGTAAATCTAATGCTTGTAAAAATCATCAAAGA

FRERE KE REEERRRE RREEE B EE KK EEEEE KK RREEE KR KR K
Native TTCGACCCGAGAAAGTCGTCCACCTTCCAGAACCTGGGCAAGCCCCTGTCTATCCACTAC

TTTGATCCTAGAAAATCTTCTACTTTTCAAAATTTAGGAAAACCTTTATCTATTCATTAT
% kk Kk kREkE KK KR Rk k% kR Kk & Kk k& k¥ ok kRkkE kK&

Codon-optimized

Native GGGACAGGCAGCATGCAGGGCATCCTAGGCTATGACACCGTCACTGTCTCCAACATTGTG
Codon-optimized GGAACTGGATCTATGCAAGGAATTTTAGGATATGATACTGTAACTGTATCTAATATTGTA

% Rk E% dkkEE Rk Rk KkEE kkkER KE Kk REERk EF Kk REEEE
Native GACATCCAGCAGACAGTAGGCCTGAGCACCCAGGAGCCCGGGGACGTCTTCACCTATGCC
Codon-optimized GATATTCAACAAACTGTAGGATTATCTACTCAAGAACCTGGAGATGTATTTACTTATGCT

% kR KE EE KR KEEEE # HE kR AR KR RE KR Kk B kR KEEER
Native GAATTCGACGGGATCCTGGGGATGGCCTACCCCTCGCTCGCCTCAGAGTACTCGATACCC

GAATTTGATGGAATTTTAGGAATGGCTTATCCTTCTTTAGCTTCTGAATATTCTATTCCT

Sakkk kA% Kk KRR RREER kR Kk RE K Rk k% Ak E% K Kk R4

Codon-optimized

Native GTGTTTGACAACATGATGAACAGGCACCTGGTGGCCCAAGACCTGTTCTCGGTTTACATG

Codon-optimized GTATTTGATAATATGATGAATAGACATTTAGTAGCTCAAGATTTATTTTCTGTATATATG
EE KEEEE KE KERKKREE RE EE K KK K KEREE K KK AE KR EF EEX
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Native GACAGGAATGGCCAGGAGAGCATGLCTCACGCTGGGGGCCATCAACCCGTCCTACTACACA
Codon-optimized GATAGAAATGGACAAGAATCTATGTTAACTCTTGGAGCTATTAATCCTTCTTATTATACT
R KR RREEE KR R R L
Native GGGTCCCTGCACTGGGTGCCCGTGACAGTGCAGCAGTACTGGCAGTTCACTGTGGACAGT
Codon-optimized GGATCTTTACATTGGGTACCTGTAACTGTACAACAATATTGGCAATTTACTGTAGATTCT
R OKE K KE KRRERE KX KR KX KE RR RE BE KRREE RE RREEE ¥ *
Native GTCACCATCAGCGGTGTGGTTGTGGCCTGTGAGGGTGGCTGTCAGGCCATCTTGGACACG
Codon-optimized GTAACTATTTCTGGAGTAGTAGTAGCTTGTGAAGGTGGATGTCAAGCTATTTTAGATACT
E R A WEORE R KR RR RRERE RERRE RAREE RR EE KE KR RE
Native GGCACCTCCAAGCTGGTCGGGCCCAGCAGCGACATCCTCAACATCCAGCAGGCCATTGGA
Codon-optimized GGAACTTCTAAATTAGTAGGACCTTCTTCTGATATTTTAAATATTCAACAAGCTATTGGA
R KR RE KR KRR KX RE R OEE KR KR KR KR RR R KXARRR
Native GCCACACAGAACCAGTACGGTGAGTTTGACATCGACTGCGACAACCTGAGCTACATGLCC
Codon-optimized GCTACTCAAAATCAATATGGAGAATTTGATATTGATTGTGATAATTTATCTTATATGCCT
R KR RE KR KR RE RN RR RRRRE R RE KR RR kR ¥ L RRREE
Native ACTGTGGTCTTTGAGATCAATGGCAAAATGTACCCACTGACCCCCTCCGCCTATACCAGC

ACTGTAGTATTTGAAATTAATGGAAAAATGTATCCTTTAACTCCTTCTGCTTATACTTCT
FEEEE FF FAAAE FE FEEET FAEEEFEE FE K KE FF KF FF RRFER

Codon-optimized

Native CAAGACCAGGGCTTCTGTACCAGTGGCTTCCAGAGTGAAAATCATTCCCAGAAATGGATC

Codon-optimized CAAGATCAAGGATTTTGTACTTCTGGATTTCAATCTGAAAATCATTCTCAAAAATGGATT
FEERE FE FE EF KEERF RRE AR R RERIRERERRER KF RRRARAEF

Native CTGGGGGATGTTTTCATCCGAGAGTATTACAGCGTCTTTGACAGGGCCAACAACCTCGTG

Codon-optimized CTTGGTGATGTATTTATTAGAGAATATTATTCTGTATTTGATAGAGCTAATAATTTAGTA
FH R RREEE R KX RREE FRRER REOREERE R KK RE KR K ¥E

Native GGGCTGGCCAAAGCCATCTGA

Codon-optimized GGATTAGCTAAAGCTATTTGA

R Rk RRERE K REE

0Ly !~ (Codon-optimized) saiaig: laosdS Lot s 05 5 (NaLIVE) aods (558 (p55eSs 0 O i a2, 55208 5 JIs g3lasl jon =Y IS

IR A{l..i.ar.ab.dﬂ):);): ool Lol 130U la s 05 55 olS Caedlys IS 5 anen STl 55 Clis

Fig. 2. Nucleotide sequence alignment of the sense strand of the native bovine prochymosin gene and the synthesized gene with codon-
optimized codons for proper expression in the nucleus and chloroplast organelles of the tobacco plant. The sequences marked with an

asterisk are similar in both sequences.
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Table 1. CAl index for natural and optimized prochymosin gene relative to the nucleus and chloroplast genome of tobacco plant. The CAI
index for the synthetic PlyGBS gene (Oey et al. 2009), which has been successfully expressed in tobacco chloroplasts, is given for
comparison.

055 ey IS 055 4 ool CAl jas i 055 Gamd p 335 4 ol CAl jasls 05 s
C/EVY YA b 68 S sn
/ALY AAR) sddang (n3peS s n
VAT +/4Y4 PIyGBS s sias 0
Dam I el iy ol P3BS-TP-GFP s s esls i 533l eslial U 05 JUas! sl cmolie Sl 3L a8 g
—¥ USCE) ssd e GFP 05 an b e (63 S VIV aadas 5 5 S Jold OLalS 4y 05 JLaS! 53 oy o 23,
() 2lia ) PBIL2L 5 p35S-TP-GFP Ly 3 5 cp 52 5L ST

Smal 5 Sacl b w31 5 5l eslizal b JBU 53 8 il s

pBl121-cym M

—

e
—

Ca) PUCET-CYM oy 5T s (Cill) PBII2L 5 p3ES-TP-GFP by sla 56 53 e pmSs 0 05 S3betilonas ilisien foml o 358 ,5801 o 1 JS02
Lo paseiia) 3L VIV o3Il b (g 50 5 0S 5 0 O5 45 b gy e L .Smal 5 Sacl s L;Laﬁj-ﬂp(;)u o Ceons) P35S-TP-GFP 5 (Sl sl
P35S~ s 5l o2 5l Jool (g3l £08F aadai i eslinal Sl BU 55 (s5lulr sl 5 43 5l alls 5 i pUCST-CYM o3l 51 (1 ol G
L pBI121 |st gy it Jgeanms 55595 5800 () A slinal odd (g3lu 2l 55085 2 (oledilian ol Sl sl BU 51 SO Ol 4 (VD) TP-GFP
&l ‘rﬁ,:s\_g,jfi oo L 05 JUas) e Sl 1536 Ol ye & (V2) PBIL2 oy 5T vas 5l Jol> (53l VYAV) ke Smal  Sacl iy slaps 5
iS5 S 2L 6l (O) 5 () cen3 5l ool 0l (g5l ol Dlakad 5,585 51 s el (@) A oalinad o (g5l ol (55085 2 (S 5letiloan
e JUil 51 ol sla 5518 51 (@3l 53 03 5asS s 2 05 S5 51 ool PCR U uae 55585 2801 g e () 050l 815 53 oalinad g L0
36 s 3T e 5585 U s (5m0) S o Al 1 WaOT 0350 S 55 (a3 5lS ples 3 (3 peS s 2 05 eolaai| Ll s g B COT (550 4 0ol
J5L 5n a6l 0l 2 STy s el eslinad lelas L 5L Smal , Sacl s LSL“(H)-"T L (5) pBI121-CYM ; (o) p35S-TP-CYM .S 55 sla

A8 o by S 58 gl BU mess S 5 s

- VFeo limnny g 3usly /T oylould /o0 0590 [ S ) (Fos] § Sl § (quwkigeo



OLSes 5 a8 350 R3S 3 05 Sole Slaes 5 058 (G5l g

Fig. 3. Electrophoresis image of different stages of prochymosin gene cloning in p35S-TP-GFP and pBIl121 expression vectors. (A)
Enzymatic digestion of pUC57-CYM (right marker) and p35S-TP-GFP (left marker) with Sacl and Smal restriction enzymes. The 1116 bp
synthetic prochymosin gene band (identified by the letter i) was isolated from the pUC57-CYM construct and used for insertion into the
expression vector. A 4035 bp fragment derived from enzymatic digestion of the p35S-TP-GFP (v1) was used as one of the expression vectors
for cloning of purified prochymosin. (B) Electrophoresis of the digestive product of pB1121 vector with Sacl and Smal enzymes. The 12871
bp fragment resulting from enzymatic digestion of pBI121 (v2), as a suitable expression vector for gene transfer by Agrobacterium method,
was used for cloning of purified prochymosin. (C) Electrophoresis image of the purified components from (a) and (b) to evaluate their
quantity and quality for use in the ligation reaction. (D) Electrophoresis of the PCR product resulting from the amplification of the
prochymosin gene in a number of colonies resulting from the transfer of the ligation product to E. coli. The presence of a specific
prochymosin gene band in all colonies confirms their recombination. (E-f) Image of electrophoresis of enzymatic digestion of recombinant
vectors p35S-TP-CYM (e) and pB1121-CYM (f) with restriction enzymes Sacl and Smal. The recovery of components used in the ligation
reaction for both recombinant vectors confirms the accuracy of the recombinant vectors.
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Fig. 4. Physical map of the expression vectors p35S-TP-CYM (a) and pBI121-CYM (b). The selectable marker gene is not embedded in the
p35S-TP-CYM vector structure. This vector is suitable for gene transfer by biolistic gun method, so that by using the second vector
containing the selectable marker gene and the simultaneous transfer of two vectors, the marker can be eliminated after regeneration of
transgenic plants using the segregation of the selectable marker and chymosin genes in the next generation. In the pB1121-CYM vector, the

expression cassettes of the selectable marker gene and the chymosin gene are located inside the T-DNA, which is characterized by two
sequences of right (RB) and left (LB) boarders.

L ool s Sl oslinad b oS 55 B 5 51,5 55 ol
(oY JS2) 5 5 plonil SMal 5 Sacl slags 51 Oles
ﬁuig}g_ljioM%gﬁijéu&Léﬁﬁf‘yﬁj
sl BU s osd e 0did pseal 53 aSOlaman Lol ol 63l
S0l J 58 G o yeS 5 1 o8 gs O P35S-TP-CYM
(u_ﬂ—i JL&) :)‘J )‘_;J HS Jg pgb_,ﬁ BaSSS) 35S 6)3
=5 S Ga b 5 OLS @ e 05 sl gl 56l
325 Ll b s (ot JK2) PBIL21-CYM 3 ol Clis
Al e o SUs ST 555 40 05 JUsl ks

eSS 05 3, Ses 5 ol 0o e U sk 4
@S s s 2 Ecoli g SL s Of oly 5 U el

GUS 05 4y by o 3b i VAAY anlad 55 pBIL21 3L s
53 31 ediledly lialad (mF JSi) 358 o0 M o cal b
Silelr sl (V2) VYAV 5 (V) £+ 8T 630 b o 5 a0 J5U
51 aS (1) oymre piseS s, 4 bae 3bcam VI anks
sUs SMal 5 SaCH w1 soz 51 w2 L pUCST-CYM i
- oAl Sl ey L eslial (o s Y SE) 3 0
sl Lol BT U5 sy Sladad pl S 5 oS (S5l
Il ) oy 3 8 el gl 2S5 5 (Y JS02)
S la g s i3S SE. coli 6 5L a0 gl J g
ST iz Sl sl Ly s S 5l alind o2 5 Lo

Aol G- SKE) K b e sime (i geS 05 ol

VFeo limn) 9 3l /T oyloull /o0 0590 [ Samn § (Fos] § Sl § (quwkigeo -



RIS 5 05 SOl Wlaen 5 0908 (il ag

Q\)KAAJ}LA@J: S

ShSas) Sl 5 wedd Ol 055 oS s b L
(Wei Zheng-Yi et al. 2016) 3,15 <58 pjsesS L glin
035w U5 Loy b cpisesS Ol s anlllas
Liu et al. ) coul s 2158 b Hd 5o Cadbse Lo
Sl b a8 OLLS oS was e Ol ml opl (2017
s bR ol 0 b Jb oSS g seS S
g 5 Gleblann Gl 658 piseS 05 da Shs o nl &

A bl QLS s Ol s JWsl el Sl sla 5L
Sl g se 5o (ol i Ol L5 e oS o) )
SLalsaS L S sy ia 05 GlalsaS (s3lating: wlas iyl53l
b (Fuet al. 2020; Lewis et al. 2020) sl O 50 53 &b
Cm A b S8 5 )8 Gl sl oS e e 0L 4i S ol les
Al e BLIH 5o 05 Ol mlaes b cdlisee Dls g e 55 S50
Gouy and Gautier 1982; Duret and Mouchiroud 1999; )
534S Ol >l (a2 > (Espinoza-Molina et al. 2016
=S58 SlaieSsn Ol SRl Gl e bl G Ol pen
Gustafsson et ) el ol slgniys S5 8 Sl ol 3
A i (Dl ge )3 S90S 5,8 Ol il e (@l 2004
Gl 00 0303 e K55 il 5 e b ol
05 lad S (i ol s (Hershberg and Petrov 2008)
53 VL Oly bl &S s (gluaing S0 4 638 elseS s n
Al als 1y 055 5 oLS Sy IS 5 anes SGlWl 55 a
50 /AYA s A Saludl s ol gl CAL e Li Ol s
- AL Ol gl i laie O aS el s +/A8Y
Sl sz Sl s (gl pat e cpl sl AL
CAl 2>l jluie (Sharp and Li 1987) cul S48 5,08
Soo i S ads o ldie pl o3I) a5 000 SO 5 i
Lalst Sl Ol 53 5z OF VL Ol SSLLes il
05 glausds «s sLssl 5l (Sharp and Li 1987) s,
3 s SGlSl g3 a3 sl Oly 6l 638 3 peS s n
01 0Ly 3550 Jlazml o (lutigy 05555 olS iy IS
S i Sl (Gl g IS SGI 55 03 540) QLS ple 5o
S S oty 3l (K Al ek 555 (p e O

(Jsdoe (855 JS dons Vo Sl i) Ol e i S ol &2 B

L Jsl= (650 soslae oJ S O S sl 0L
.J;Jﬁb\)ouwojoaﬁésﬁw@uw.(o I

sl 6L eslas Losl b 0w (b3t Sl Jol s -0 IS
PET- L= |56 sl s ,5L o las (CYM) PET-28a-bCYM 5L
Al eslinal J 28 Ol geaws (PBS) 5L 5 (PET) 28a

Fig. 5. Results of fresh milk coagulation test using bacterial
extract harboring pET-28a-bCYM recombinant vector (CYM).
Extract of bacteria having empty pET-28a (pET) vector and

buffer (PBS) were used as control.
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