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Abstract: [Objective] The aims of present study were to investigate the codon usage bias of seven milk protein genes in cattle
mammary gland, to optimaize human lysozyme gene partially and totally based on codon usage bias of milk protein genes, and to
evaluate the codon optimized effect of human lysozyme in multiple cells, so as to provide theoretical basis for increasing
recombinant human lysozyme expression and developing new high-effect and safe recombinant human lysozyme. [Method] The
codon usage bias and high/low frequency codons of bovine major milk protein genes were confirmed through bioinformatics analysis
by CodonW and EMBOSS software. Human lysozyme gene was partially (22 codons in the translation start region, named LY Zop22)
and totally (named LYZop) optimized according to the codon usage frequency of bovine major milk protein genes. The human
lysozyme-luciferase fusion expression vector (pGL3-LYZcw/op22/op) and overexpression vector (pcDNA-LYZcw/op22/op) were
constructed and transfected to cattle mammary epithelial cells (BMEC), cattle fibroblasts (BFFC) and mouse mammary epithelial
cells for codon optimization effect evaluation by luciferase, real-time qPCR and western blot methods. [Result] The cattle milk
protein genes prefer GC end, which the GC3s content was 0.537+0.062. However, the human lysozyme gene prefer AT end, and the
GC3s content was 0.407. Moreover, differences in codon usage bias between casein protein genes and whey protein genes were
found by cluster analysis. Five high frequency codons (RSCU>1.5) and seven low frequency codons (RSCU<C0.5) were found in
the bovine milk protein genes.The human lysozyme gene was optimized according to the bovine milk protein codon usage bias and
evaluated by multiple cells transfection. The luciferase result showed that, the codon optimization could significantly increase the
human lysozyme expression, which were 1.48-fold (P<<0.01) and 1.30-fold (P>0.05) increased in BMEC and BFFC of LY Zop22,
respectively. While, 2.2-fold and 2.44-fold increase in the BMEC and BFFC of LY Zop, respectively. Real-time qPCR result showed
that, the mRNA levels of human lysozyme were increased in BMEC (2.08-fold, P<<0.05) and BFFC (1.5-fold, P>0.05) of
LYZop22. While the significantly increase in mRNA level of human lysozyme were found in the BMEC (17.8-fold , P<<0.01) and
BFFC (22-fold, P<<0.01) of LYZop, the totally codon optimized type. In addition, there was a positive correlation between mRNA
level and mRNA second structure stability. Western-blot result showed that, the expression of human lysozyme was effectively
increased both in partially and totally codon optimized human lysozyme gene in the BMEC. Moreover, the effect on human
lysozyme expression in totally codon optimization type was better than partially codon optimization type. [Conclusion] The
codon usage bias and high/low frequency codons of bovine major milk protein genes were obtained, and the codon optimization of
human lysozyme gene according bovine major milk protein gene codon usage bias could significantly improve the mRNA and
protein level of human lysozyme, which would lay the foundation for producing recombinant human lysozyme effectively by
bioreactor.
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Plasmid Kit. MRG0 B Omega Biotek /K41
ML 2> ®]; Lipo3000 %% 44 i 7 & opti-MEM 4 H

Invitrogen /A 7] ; Western-blot 41l fg 4fi## . BCA &M
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Table 1 GenBank accession number and sequence information
of cattle seven milk protein genes

LR AR GenBank 5 A
Gene name GenBank No. Length of CDS
alpha-s1 casein (CSN1S1) M33123 645 bp
alpha-s2 casein (CSN1S2) BC114773 669 bp
beta casein (CSN2) NM_181008 675 bp
kappa casein (CSN3) BC102120 573 bp
beta-lactoglogbulin (LGB) NM_173929 537 bp
alpha-lactalbumin (LALBA) M18780 429 bp
lactotransferrin (LTF) NM_ 180998 2127 bp

FIH CodonW1.42 Fil EMBOSS (http://imed.med.
ucm.es/EMBOSS/) #1 CUSP. CHIPs %5 T H X}/ 13
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Takara J #% s AR G ERVE DO RNA HE47T J % s 3R
73 ¢cDNA. Ll cDNA J#iti, FIH] P-pGL3-cw 514
(R 2) woBERAF NV Mg i D7 91 CRF AR T P R

R2 LYZew. LYZop22. LYZop FH)IESIMIERREREH
Table 2 Primers for the amplication of LYZcw, LYZop22 and LYZop

B P, LYZew) o RINZATA: 98 C, 30 s Fif s
PE; 98°C, 5s; 57°C, 15s; 72°C, 155, 30 MEH.
72°C, 5 min ZEf#. L LYZcw cDNA J#itk, #H
P-pGL3-0p22 514 (K 2) 5o B3GR B U X %65
TALFES (LYZop22) , PCR RN 44 Fo % F
RFAGH] LYZew. LYZop22 PCR FEW4 i Jisg Il ihe 4
by FHIASIN A KN T-A 5efEIf DHSa #AL )5
HEAT I 3 3E (LYZew-To LYZop22-T) o 4Rt
FIRAL % B8 (LY Zop) » &4ET A TR( L
WA A R m A L R A i JF e B B T 2o
(LYZop-T) -

ElE R R 2R 5191541 g /NN D)L 5

Primer name Gene name Primer sequence Product length Restriction site

P-pGL3-cw LYZcw F: CCATGGCCATGAAGGCTCTCATTG 459bp Ncol / Nco
R: CCATGGTTACTCCACATCACTCCACAACCTTGAAC

P-pGL3-0p22 LYZop22 F: CCATGGACCATGAAGGCCCTGATCGTGCTGGGAC 459bp Ncol / Neol
TGGTGCTGCTGTCTGTGACCGTGCAGGGCAAGGT
GTTTGAGAGGTGTGAGTTGGCCAGAACTCTG
R: CCATGGTCACTCCACAACCTTGAAC

— LYZop AFE R4 Whole gene synthesis 459 bp Neol / Neol

P-pcDNA-cw LYZcw F: AAGCTTCCATGAAGGCTCTCATTG 456 bp HindIll / Xhol
R: CTCGAGCTCCACAACCTTGAAC

P-pcDNA-0p22  LYZop22 F: CCATGGACCATGAAGGCCCTGATCG 456bp HindIll / Xhol
R: CTCGAGCTCCACAACCTTGAAC

P-pcDNA-op LYZop F: CCATGGACCATGAAGGCCCTGATCG 456 bp HindIll / Xhol
R: CTCGAG CACTCCACATCCCTGCACAT

1.4 pGL3-LYZcw/op22/0p BHEE-RA RIS X
kMR

LA Invitrogen /7] pGL3-control A4k L4844,
A N VRTG530 K E 70 s 3 Tl 5 R il 15 R A 2
3L Neol WISy sl BY] LY Zew-T LY Zop22-T.
LYZop- T Fl pGL3-control 44, 1%E5 I8 HHEH i ik
B0 LYZew. LYZop22. LYZop VTR BEHE K51 A2
PEAL I pGL3-control 244, Ml T4 DNA BT
R, IR pGL3-LY Zew/op22/op %) Z iR &
RIEFAR . TFIHE %2 LY Zew/op22/op 7 LAIE 1)
NI 52 K RO Z G R E Al & (SO TR
— I
1.5 LR RIBNNZEBFRUEHR

I3 TR S S VRAE IR A FLIR b B2 40 i 2R (BMEC)
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PS) HA, MBI T75 K, &1 37 C, 5%
CO, B A R 95 fr i & JEIA 2 90% I AT
FEARBERN T 24 FLEFFRMCT (2X10°7/4L) o RS
%K, WHRAEIL 0.8 pg FiR (PGL-LYZcw/
LYZop/LYZop22 : pRL-tk =10 : 1) : 2 uLlipo3000
Lol e e iRan i, 4 4 AR5, HY 48 h G
T 3 5% ol 2% TS M A I Lh B N T A T Ak
e
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I3 3] pcDNA3.1 (+) « LYZew-T. LYZop22-

T vector\ LYZop- T, ZE#:A4 4 pcDNA-LYZcew/op22/op

NSNS B8, WPl — 2% .

1.7 YHAAFEER IR ES PCR MM ZRSFIIL
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FEEL TR AT 4E 4 e (BFFC) B3I Bz 4
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Q2X107/4L) o FRFIE R, $%1 lipo3000 4
WA, &40 1.6 pg Bk (pcDNA .
pcDNA-LYZcw/op22/op) : 4 uL lipo3000 LL 4% 4L I~
WAL, 44 AR, 24 hJEEHE 1.3 F7vEHRE
1S RNA JF L34S cDNA, HIT F—H s
PCR £l .

WA 2 Ak 5 A AL AN B mRNA
KRB RBTEESNT. RNEM R AN
95 C, 30s. 95 C, 5s; 60 C, 34's, 40 M
o PR WG AT I il i 26 0 B, DR 1 4515
L—,

1.8 Western—blot &M Z 80 FH L BR

YRR FUIRAN i (BMEC) 20 JBelii fb 5 2
BT 6 FLE IR (4X10°/ L) « HEMIEIEH K,
FZ e 1ipo3000 YA AU, AL 4.0 pg Jik:
(pcDNA . pcDNA-LYZcw/op22/op) : 10 pL
lipo3000 LU 4 Likanfy, &4l 4 DML Hegk 48
h J&5, WA T Western-blot £l . 2% 1 HL¥CR H
ITEIRIRIEN 12%, | LAHE 40 pg. HIKSKIEN
WRARIE 80 V, 70K 120 'V, FRIR Iy i Hl R i 21k
MK o B G B AT R P AR VR U, 200

*3 HIEBARABEMERZEDFHERSH

mA, 1h FEATHE. HWEA A5, PVDF BEZ 5%/hifiE
Wik B H———9t 4 CHFE LW (N #E . GAPDH
1: 1000 %) ——TBST ¥ (3K, K 10 min)
—— PRI 2h (1 : 3000 FFE) ——TBST ¥t
w (3 %, &KX 10 min) ChemiDoc XRS"*
PEINE
1.9 BRSNS

K 2744 J5 0} real-time qPCR 2041+ 4 H
LRI FKIAE . GraphPad Prism 6.0 ¥E4T One-way
ANOVA 73 HT FAE B o Hodls 25 DLF 1) 300 £ b vl i

(Mean+SEM) £ 7R.

2 R

4 EARANARBER BB TAKRS T
I CodonW A 28 FL A 11 S N 1 Itk DA
WA BT T, AR, AR E AR
37 GC &8 %N 0485 + 0.026, =7k
GC3s TN 0.537 +£0.062. N 14 B 5 K 25 1
T GC & =4 0.473, 5 =7 GC3s &4 0.407.
ARG IRRY], NS HBEE A GC SRS
WA GC S EAHIE, (HE =it GC &k
THIEARER GC FE. A FE AR 7R
LA GC 4, 1N BBGEE % 601 i L AT
iR (R 3D

ENc 536 H 8 20 CREANZ BRI U] — N30 1)
B 61 (FAHEMFHINMATHD , HAEBAS, Wbk
R FFLE M NGEE ENc {H5) 308 49.814 Al
50.27, FRWA=FLER ORI N 11 I 2k D512 B 4 FH AR

H B
N7

2.1

Table 3 Codon composition analysis of bovine milk proteins and human lysozyme gene

Bos taurus A3s T3s C3s G3s GC3s GC CAI ENc
as1 B85 1 alpha-si casein 0.311 0.461 0.290 0.258 0.408 0.445 0.227 52.300
as2 W4 2E 19 alpha-s2 casein 0.253 0.453 0.340 0.335 0.484 0.417 0.317 49.970
B P& & 1 beta casein 0.201 0.421 0.342 0.298 0.505 0.512 0.234 48.750
k-l& 8 kappa casein 0.399 0.412 0.243 0.194 0.341 0.430 0.240 58.250
FLEREE 1 lactoglogbulin 0.079 0.147 0.574 0.519 0.825 0.586 0.349 36.270
o FLEAHEA 0.283 0.349 0.395 0.337 0.526 0.441 0.281 55.510
alpha-lactalbumin

LB lactotransferrin 0.170 0.242 0.410 0.449 0.671 0.561 0.262 47.650
Mean + SEM 0.242+0.039  0.355+0.045 0.371+£0.040  0.341£0.042  0.537+0.062  0.485+0.026 ~ 0.273+£0.017 49.814+2.668
N R human lysozyme 0.3143 0.4032 0.2742 0.2323 0.407 0.473 0.193 50.270
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XY . ENC vs GC3s R [RI A 2 Hr 45 A& W, 7
T L E 1 2 DA RO B 12 ENe B 5 58 = A7 Bk
GC3s £ W E MR (R =-0.8968, P<0.01) (/A
1), KBRS A8 f F B CENe (B8N (1)
BN, JL GC3s fH s, T8 LA GC Bt 45 R 1
WA DR, AR FLAR DA R A P i e
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Table 4 Codon preference analysis of bovine milk protein genes

DA IR 3L 59 N3RS T CRE Met. Trp & 3 DL
D AT R SCE ST AR (RSCUD 4y
Bro iR, FIEAREBX CTG (2.7  AGG
(232) . GCC (1.73) . GTG (1.68) . ATC (1.64)
&5 AMEMT EA B mMGE (RSCU>1.5) , A
EE YT, ) TTA (0.12) . ATA (0.18) . TCG
(0.19) . CTA (0.25) . CCG (0.26) . GCG (0.45) .
ACG (0.48) %5 7 N4 FLE AL th AT AR

/N (RSCU<0.5) , AERFZEIDT (F4) .

T AR $5i3/1000 M EREITES T WHR Ai#/1000 MM EREA NS
Codon Amino acid  Frequency/1000  Number  AHXJffiH &£ RSCU |[Codon ~ Amino acid Frequency/1000 Number  AHXJ{i & RSCU
GCA A 13.793 26 0.73 AAT N 19.629 37 0.96
GCC| A 32.891 62 1.73 CCA P 17.507 33 1.06
GCG A 8.488 16 0.45 CCC P 19.629 37 1.19
GCT A 20.69 39 1.09 CCG P 4.244 8 0.26
TGC C 14.854 28 0.98 CCT P 24.403 46 1.48
TGT C 15.385 29 1.02 CAA Q 16.976 32 0.57
GAC D 22.281 42 1.09 CAG Q 42.44 80 1.43
GAT D 18.568 35 0.91 AGA R 5.836 11 1.06
GAA E 33.952 64 0.90 R 12.732 24 232
GAG E 41.91 79 1.10 CGA R 2.122 4 0.39
TTC F 21.22 40 1.13 CGC R 3.183 6 0.58
TTT F 16.446 31 0.87 CGG R 6.897 13 1.26
GGA G 11.671 22 1.07 CGT R 2.122 4 0.39
GGC G 15.385 29 1.41 AGC S 14.324 27 1.30
GGG G 9.019 17 0.83 AGT S 13.263 25 1.20
GGT G 7.427 14 0.68 TCA S 7.427 14 0.67
CAC H 11.141 21 1.35 TCC S 14.854 28 1.34
CAT H 5.305 10 0.65 TCG S 2.122 4 0.19
ATA I 2.653 5 0.18 TCT S 14.324 27 1.30
I 24.403 46 1.64 ACA T 11.141 21 0.84
ATT I 17.507 33 1.18 ACC T 18.037 34 1.36
AAA K 33.952 64 0.88 ACG T 6.366 12 0.48
AAG K 42971 81 1.12 ACT T 17.507 33 1.32
CTA L 4.244 8 0.25 GTA v 6.897 13 0.41
CTC L 19.629 37 1.14 GTC v 15.915 30 0.95
L 46.684 88 2.71 A 28.117 53 1.68
CTT L 18.037 34 1.05 GTT \% 15.915 30 0.95
TTA L 2.122 4 0.12 TAC Y 15.385 29 0.91
TTG L 12.732 24 0.74 TAT Y 18.568 35 1.09
AAC N 21.22 40 1.04

THHERR P LR AR s s Y 1, R R R b SR AR D IR B T

Box shows the high frequency codons of milk protein genes, underline shows the low frequency codons
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protein genes
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Table 5 Codon Optimization of human lysozyme gene

LYZcw

LYZop22

LYZop

1

ATG AAG GCT CTC ATT GTT

ATG AAG GCC CTG ATC GTG

ATG AAG GCC CTG ATC GTG

19 CTG GGG CTT GTC CTC CTT 19  CTG GGA CTG GIG CTG CTG 19  CTG GGA CTG GTIG CTG CTG

37 TCT GTT ACG GTC CAG GGC 37 TCT GIG ACC GTG CAG GGC 37 TCT GIG ACC GTG CAG GGC

55 AAG GTCTTT GAA AGG TGT 55 AAG GTG TTT GAG AGG TGT 55  AAG GTGTTT GAG AGG IGC

73 GAG TTG GCC AGA ACT CTG 73 GAG TTG GCC AGA ACT CTG 73 GAG CTG GCC AGG ACT CTG

91 AAA AGA TTG GGA ATG GAT 91 AAA AGA TTG GGA ATG GAT 91  A44G AGG CTG GGA ATG GAT
109 GGCTAC AGG GGA ATC AGC 109  GGC TAC AGG GGA ATC AGC 109  GGCTAT AGG GGA ATC AGC
127  CTA GCA AAC TGG ATG TGT 127  CTA GCA AAC TGG ATG TGT 127  CTG GCC AAC TGG ATG TGT
145 TTG GCC AAA TGG GAG AGT 145 TTG GCC AAA TGG GAG AGT 145 CTG GCCAAG TGG GAG ICT
163  GGT TAC AAC ACA CGA GCT 163  GGT TAC AAC ACA CGA GCT 163 GGCTAT AAC ACC AGG GCC
181 ACA AAC TAC AAT GCT GGA 181  ACA AAC TAC AAT GCT GGA 181 ACCAACTAT AAC GCC GGA
199  GAC AGA AGC ACT GAT TAT 199  GAC AGA AGC ACT GAT TAT 199  GACAGG AGCACC GACTAT
217 GGG ATA TTT CAG ATC AAT 217 GGG ATA TTT CAG ATC AAT 217  GGCATCTTT CAG ATC 44C
235 AGC CGC TAC TGG TGT AAT 235 AGC CGC TAC TGG TGT AAT 235 TCT AGG TAT TGG TGT 44C
253  GAT GGC AAA ACC CCA GGA 253  GAT GGC AAA ACC CCA GGA 253  GAC GGC 44G ACC CCT GGC
271  GCA GTT AAT GCC TGT CAT 271  GCA GTT AAT GCC TGT CAT 271  GCC GTG AAT GCC TGT C4C
289  TTA TCC TGC AGT GCT TTG 289 TTA TCC TGC AGT GCT TTG 289 CTG TCTTGT AGC GCC CTG
307 CTG CAA GAT AAC ATC GCT 307 CTG CAA GAT AAC ATC GCT 307 CTG_CAG GAC AAC ATC GCC
325 GAT GCT GTA GCT TGT GCA 325 GAT GCT GTA GCT TGT GCA 325 GAT GCT GTG GCC TGC GCC
343  AAG AGG GTT GTC CGT GAT 343 AAG AGG GTT GTC CGT GAT 343 AAG AGG_GTG GTG AGG GAT
361 CCA CAA GGC ATT AGA GCA 361 CCA CAA GGC ATT AGA GCA 361 CCT CAG GGA ATC AGG GCT
379  TGG GTG GCA TGG AGA AAT 379  TGG GTG GCA TGG AGA AAT 379  TGG GTG GCCTGG AGG AAT
397 CGT TGT CAA AAC AGA GAT 397 CGT TGT CAA AAC AGA GAT 397  AGGTGC CAG AACAGG GAC
415  GTC CGT CAG TAT GTT CAA 415 GTC CGT CAG TAT GTT CAA 415  GTG AGG CAG TAT GTG CAG
433 GGT TGT GGA GTG TAA 433 GGT TGT GGA GTG TAA 433  GGA TGT GGA GTG TAA

TRILRRIMAIG TS TF  Underline shows the codons which have been optimized
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Fig. 2 Clustering analysis of bovine milk protein and human lysozyme genes based on RSCU value
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0.407.0.450. 0.757. mRNA 2t 4 ¥/ @ 11 §E MFE (-31.0 keal/mol) ZHF LAk I A W i AL
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MFE=-29.7 kcal/mol MFE=-26.4 kcal/mol MFE=-31.0 kcal/mol

oo
$ %

3 ANBAHEMBERFHRAIIFEIAX (1-100 bp) mRNA ZRZHREE
Fig. 3 Schematic diagram of RNA second structure of codon optimized human lysozyme gene (1-100bp)
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Fig.4 LYZcw, LYZop22 and LYZop electrophoresis detection
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Fig. 6 The effect of codon optimization analysis of human

lysozyme gene by luciferase
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Fig. 8 The effect of codon optimization analysis on protein level of human lysozyme
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