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The effects of nucleotide usage in key nucleotide positions +4 and -3 flanking 
start codon on translation levels mediated by IRES of hepatitis C virus
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Summary. – Internal ribosomal entry site (IRES) functions as a cis-acting RNA element, which drives an 
alternative and cap-independent translation initiation pathway. Currently, there are few studies on effects of 
nucleotide usages at key nucleotide positions +4 and -3 flanking start codon mediated by IRES of hepatitis 
C virus (HCV). Herein, we focus on the effect of nucleotide usages at -3 and +4 positions mediated by HCV 
IRES. The nucleotide contexts flanking AUG start codon employed by HCV IRES is firstly analyzed. We found 
that each position in the six nucleotide positions (-4 to +6) flanking start codon of HCV has a strong tendency 
to select the specific nucleotide. A set of bicistronic expression vectors containing CAT gene, HCV IRES and 
EGFP gene were constructed, including 16 different nucleotide combinations at position -3 and +4. Each set, 
in which nucleotide at the -3 and +4 position has been changed into different nucleotides, included 16 types 
of bicistronic expression vectors. It was found that the purine nucleotide at the position -3 or +4 obviously 
impacts on HCV IRES-related expression, and IRES-driven translation is potentially influenced by the Kozak 
rule. Our results suggest that optimization of nucleotides at positions -3 and +4 is a convenient and efficient 
way to enhance the level of IRES-mediated translation.
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Introduction

The hepatitis C virus (HCV) is one of the most common 
blood-borne pathogens and results in acute and chronic 
liver diseases (Szabo et al., 2015). Due to an error-prone 
replication mechanism mediated by the viral-encoded 
RNA polymerase and the ability to survive mutation, HCV 
evolves rapidly and has extensive sequence diversity (Choo 
et al., 1991; Yuan et al., 2017). In 5' untranslated region  
(5' UTR), the internal ribosomal entry site (IRES) of HCV is 

the most highly conserved region among various genotypes, 
its IRES plays an important role in the viral cycle and pro-
vides a potent target for antiviral agents (Fraser and Doudna, 
2007). As for translation initiation mechanisms, there are 
two major mechanisms in eukaryotic translation systems, 
namely 5' cap-dependent translation initiation mechanism 
and 5' cap-independent mechanism mediated by internal 
ribosome entry site (IRES) element (Mailliot and Martin, 
2017). It has been accepted that initiation of translation of 
HCV RNA starts by a cap-independent mechanism mediated 
by IRES. Compared with the mechanism of translation initia-
tion mediated by 5' cap structure [methyl-7-G(5')pppG(5')N]  
(Green and Noller, 1997), the highly ordered structures 
within IRES elements are absolutely required for IRES 
activity (Balvay et al., 2009). By the use of a toe-print assay 
to determine the position of the ribosome on the mRNA, 
the HCV IRES was found to recruit the small ribosomal 
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subunit directly to the ribosome, scanning to the initiation 
codon would not be required to initiate protein synthesis. 
Furthermore, the introduction of an initiation codon that 
is 7 nucleotides upstream, or 8 nucleotides downstream, of 
the correct initiation codon is not recognized by the ribo-
some, indicating that the structure of the HCV IRES is highly 
specialized in placing the correct initiation codon close to 
the 40S ribosomal peptidyl (P) site. As for the secondary 
structure of domain IV of HCV IRES (Fraser and Doudna, 
2007), this domain includes a loop, which is composed of 
7 nucleotides, namely the (-3)AUC AUG (+4)A motif in 
positions -3 to +4. As for translation initiation mediated by 
cap-dependent mechanism, nucleotide context surrounding 
start codon influences the situation of ribosome scanning 
(Kozak, 1986; Kozak, 1987). Mutations occurring at position 
-3 and +4 of this nucleotide context can weaken the abilities 
of ribosomes to recognize the corresponding start codon 
(Kozak, 1997; Kozak, 2003). The mechanism of ribosomal 
recruitment onto the IRES element of HCV is significantly 
different from that mediated by 5' cap-structure. Without the 
participation of eIF4F, eIF4A and eIF4B, the 48S initiation 
complex can be assembled onto the HCV IRES element (Kieft 
et al., 2001; Otto et al., 2002; Laletina et al., 2006). During 
the course of the positioning of the IRES element of HCV 
onto the surface of the 40S ribosomal subunit, the specific 
nucleotide sequence structure of the IRES element can in-
duce a conformational change of 40S ribosome, resulting in 
positioning the start codon into the P site of the ribosome 
without ribosomal scanning (Pestova et al., 1998; Spahn et al., 
2001). Here, we are interested in whether or not the specific 
nucleotide usage in positions -3 and +4 flanking the start 
codon would take part in mediating the translation initia-
tion efficiencies under the HCV IRES element. Currently, 
there have been many studies on the role of functional and 
structural diversity of the HCV IRES element in mediating 
the translation initiation, however, there are a few reports 
about the specific nucleotide positions flanking the start 
codon under the control of HCV IRES element. In this study, 
we focused on the nucleotide usage at positions -3 and +4 
surrounding the start codon for influencing the downstream 
gene expression level in order to provide insights into the 
translation initiation mediated by the HCV IRES element. 

Materials and Methods

HCV genomes data. To reflect the genetic diversity for HCV 
genome, the 273 genomes of HCV, which were collected from 
different countries at different times, were downloaded from the 
National Center for Biotechnology Information (NCBI) (http://
www.ncbi.nlm.nih.gov/Genbank/) (listed in Table S1). 

Analysis of nucleotide usage at translation initiation region of 
HCV genome. To analyze the features of nucleotide usage at posi-

tions-3 & +4 for HCV genome, we employed a simple method to 
estimate the magnitudes of nucleotide usage at the translation initia-
tion region (positions -3, -2, -1 and +4, +5 and +6), namely R = ni/
Nopt. In detail, Ri represents the usage magnitude of the nucleotide i 
at the target position of the 273 HCV sequences, ni is the frequency 
of the interesting nucleotide i at the target position, Nopt is the fre-
quency of the optimal nucleotide at this position. The formula for 
Ri was calculated for estimating the usage magnitudes of the four 
types of nucleotides at each position of translation initiation region. 

Plasmids construction. To estimate the effects of each type of 
nucleotides at the positions -3 & +4 on the translation initiation 
efficiencies mediated by the HCV IRES element, we downloaded the 
HCV IRES sequence (GenBank Acc. No. AB016785) from GenBank 
of NCBI website and this IRES sequence was artificially synthesized 
by the GENEWIZ (China) Co., Ltd. Bicistronic reporter constructs 
were engineered to contain the IRES element. The upstream chlo-
ramphenicol acetyl transferase (CAT) and downstream enhanced 
green fluorescent protein (EGFP) genes monitor cap-dependent 
and IRES-dependent translation, respectively. It was noted that the 
target IRES sequence was fused in frame of CAT coding sequence. 
During constructing the bicistronic reporter constructs containing 
the specific IRES, all performances were carried out via standard 
techniques, following Molecular Cloning (A Laboratory Manual, 
3rd ed. Cold Spring Harbor). First step was that acquisitions of CAT 
coding sequence, IRES sequence and EGFP coding sequence were 
achieved by PCR method with the specific forward & reverse PCR 
primers (Table S2). In detail, CAT gene was amplified from the 
plasmid pcDNA3.1(+)/CAT (Invitrogen), EGFP gene was ampli-
fied from the plasmid pEGFP-N1 (CLONTECH Laboratories, 
Inc.), and the HCV IRES element was obtained from plasmid 
pUC57-IRES(III) (Invitrogen). Second step is that the CAT gene 
and the IRES sequence were amplified via fusion PCR with a set 
of primers to obtain the cloned fragments CAT-IRES (Table S3). 
The fusion PCR amplifications involved 35 cycles of 94oC for 10 s, 
58oC for 15 s, and 68oC for 70 s, followed by a final elongation step 
at 72oC for 10 min. Third step is that the fragment of CAT-IRES 
and EGFP coding sequence were carried out via fusion PCR with 
a set of primers to obtain the cloned fragments CAT-IRES-EGFP. 
The program of fusion PCR amplifications was the same as that of 
the fusion PCR for the cloned fragment of CAT-IRES (Table S4). 
The resulting cloned fragments were processed by digestion with 
BamHI and XbaI and ligated into similarly digested pcDNA3.1 
(+). There were 16 bicistronic reporter constructs, which contain 
the specific translation initiation regions. By sequencing assay of 
the two resulting plasmids, the 16 resulting bicistronic reporter 
constructs were shown to contain the correct fragments (Table 1). 

Transient expression assay. Because the 16 bicistronic reporter 
plasmids contained different nucleotide usage at the position +4 in 
the translation initiation region, the different nucleotide usage can 
result in different codon usages, which were located downstream 
of the start codon. The factor of tRNA abundance pairing to the 
specific codon needed to be analyzed whether or not it would work 
in influencing EGFP gene expression. As for the cell culture using 
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as the target cell of transient transfection, we used cell line CHO-
K1 (Chinese hamster ovary), because the tRNA copy numbers of 
CHO-K1 had been reported in the Genomic tRNA Database (http://
gtrnadb.ucsc.edu/#eukarya). CHO-K1 cells in 6-well plate were 
transfected one day after plating, when the monolayers reached to 
about 80% confluence. Following the protocol provided with Lipo-
fectamine™ 2000 Reagent (Invitrogen), each plate was transfected 
with 500 μl of Opti-MEM™ Medium mixture including 4 μl of Lipo-
fectamine™ 2000 and 4 μg of purified plasmid DNA. Twenty-four 
hours after transfection, the cells were collected. Soluble extracts 
of CHO-K1 cells were prepared by lysing the cells in 120 mmol/l 
NaCl, 50 mmol/l Tris-HCl (pH 7.8), and 0.5% of Nonidet P-40, 
followed by centrifugation at 12,000  rpm for 5 min in a 1.5-ml 
centrifuge tube. These products were analyzed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10% gels) 
and detected by immunoblotting with a rabbit anti-CAT antibody 
(Sigma) and murine anti-EGFP antibody (Sigma) with horserad-
ish peroxidase (HRP)-labeled anti-species secondary antibodies 
(Sigma) and enhanced chemiluminescence (ECL; Thermo).

Data analysis. To analyze the translation magnitudes mediated 
by different nucleotides at the positions -3 and +4, the products 
translated by CAT gene and EGFP gene were tested and confirmed. 
The translation ratio (R) was calculated by the formula R = EGFP/
CAT. The results were analyzed by the ANOVA test performed 
by SPSS 11.5 software and were considered significantly different 
when P <0.05.

Results

Nucleotide usage at the positions -3 and +4 surrounding 
start codon

By analyzing the two target positions surrounding the 
start codon, we found the bias of nucleotide usage existed 
in translation initiation region of HCV genome. As for the 
target positions of this study, adenine had strong tendencies 
to exist at the position -3 and +4 (Table 2). This result showed 
that nucleotide usage at the two positions is under strong 
natural selection rather than mutation pressure, even though 
HCV as an RNA virus has high mutation rates.

The effect of the key nucleotide context flanking the start 
codons on gene transcription

To explore the effect of -3 and +4 mutations on IRES 
mediated translation, we developed bicistronic expression 
vector, in which single transcripts contained the CAT and 
EGFP genes under the control of human cytomegalovirus 
(CMV) promoter. As shown in Fig. 1, the IRES was inserted 
into the junction of these two genes, and single or double 
mutations of positions -3 and +4 flanking the start codon 
used by IRES for the translation initiation of EGFP were 
introduced into IRES-based constructs, resulting in 16 
constructs with different combinations for each IRES. As for 
these two reporter genes, CAT and EGFP, both were detected 
in IRES-based constructs, from which CAT was translated 
by a cap-independent manner and EGFP translation as 
mediated by HCV IRES element. Real-time RT-PCR was 
performed at 24 hours post-transfection in raw cell extracts 

Table 1. The information about the nucleotide context of translation 
initiation regions in the 16 bicistronic reporter constructs

No. Name of the bicistronic 
reporter construct The nucleotide context 

1 pCAT-IRES1-EGFP (-3)TCC ATG (+4)GTG
2 pCAT-IRES2-EGFP (-3)TCC ATG (+4)CTG
3 pCAT-IRES3-EGFP (-3)TCC ATG (+4)TTG
4 pCAT-IRES4-EGFP (-3)TCC ATG (+4)ATG
5 pCAT-IRES5-EGFP (-3)CCC ATG (+4)GTG
6 pCAT-IRES6-EGFP (-3)CCC ATG (+4)CTG
7 pCAT-IRES7-EGFP (-3)CCC ATG (+4)TTG
8 pCAT-IRES8-EGFP (-3)CCC ATG (+4)ATG
9 pCAT-IRES9-EGFP (-3)ACC ATG (+4)GTG

10 pCAT-IRES10-EGFP (-3)ACC ATG (+4)CTG
11 pCAT-IRES11-EGFP (-3)ACC ATG (+4)TTG
12 pCAT-IRES12-EGFP (-3)ACC ATG (+4)ATG
13 pCAT-IRES13-EGFP (-3)GCC ATG (+4)GTG
14 pCAT-IRES14-EGFP (-3)GCC ATG (+4)CTG
15 pCAT-IRES15-EGFP (-3)GCC ATG (+4)TTG
16 pCAT-IRES16-EGFP (-3)GCC ATG (+4)ATG

Table 2. Frequencies and relative adaptiveness (Ri) of the nucleotide surrounding the start codon

Position FA FU FC FG RA RU RC RG

-3 235 1 1 0 1.00 0.004255 0.004255 0
-2 13 55 169 0 0.076923 0.325444 1.00 0
-1 1 1 23 0 0.043478 0.043478 1.00 0

AUG ------- ------- ------- -------- ------- -------- -------- --------
+4 235 0 0 2 1.00 0.00 0.00 0.008511
+5 1 0 1 235 0.004255 0.00 0.004255 1.00 
+6 1 0 236 0 0.004237 0.00 1.00 0.00 
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The effect of the key nucleotide context flanking the start 
codons on gene expression

Twenty-four hours after transient transfection, the 16 raw 
cell extracts transfected by the specific bicistronic reporter 
construct were collected. Through western blotting assay 
we showed that the two reporter genes can be translated in 
CHO cells (Fig. 2). Furthermore, while CAT gene expression 
levels were similar, the expression levels of EGFP gene medi-
ated by different nucleotides at the positions -3 and +4 were 
different. As for the translation ratios affected by different 
nucleotides at the positions of interest, the relative expres-
sion ratio of EGFP to CAT was calculated to represent the 
relative translation efficiency of IRES with specific nucleotide 
context around AUG start codon. In comparison, the relative 
translation efficiency (R value) driven by HCV IRES (-3A, 
+4G) was highest (p<0.05), however, the relative translation 
efficiency (R value) mediated by HCV IRES (-3C, +4G) was 
lowest (P <0.05) (Fig. 3). In addition, as shown in Fig. 3, when 
the position +4 was nucleotide A, the expression of EGFP 
mediated by HCV IRES could be improved regardless of the 
nucleotide types in the position -3; and when the position 
-3 was nucleotide G, the expression of EGFP also could be 
enhanced, regardless of the nucleotide type in the position 
+4. These results strongly implied that the nucleotide related 
to purine at the position -3 or +4 impacted the expression 
of gene mediated by HCV IRES. 

Discussion

From the previous detailed mutational analyses, the Kozak 
sequence (-3A/GCCATGG+4) has been defined as the most 
favorable context for translation initiation in eukaryotes 
mediated by 5'cap-dependent mechanism under normal 

Fig. 3

Quantification of CAT and EGFP protein expression translated by 16 
different sets of pCAT-IRES-EGFP vectors caused by the changes of 
nucleotide usages at positions -3 and +4 surrounding the start codon

Fig. 1

The organization of bicistronic expression vector (pCAT-IRES-EGFP)

Fig. 2

Western blot assay for the detection of the protein product  
of CAT gene and EGFP gene translated by 16 different sets  

of pCAT-IRES-EGFP
(a) CAT protein products, (b) EGFP protein products.

transfected with different bicistronic reporter constructs. 
The results showed similar levels of reporter RNAs in each 
reaction (Fig. S1), suggesting that the changes of nucleotides 
at the positions -3 and +4 did not affect the transcription 
levels of reporter genes.

(a)

(b)
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conditions (Hendrickx et al., 2014; Mohan et al., 2014; Fer-
retti et al., 2017). Of all the nucleotides around the AUG start 
codon, the nucleotides at positions -3 and +4 have dominant 
effects on translation efficiency (Kozak, 2003). Herein, this 
study shows that the positions -3 and +4 surrounding the 
start codon play important roles in gene expression mediated 
by HCV IRES. Compared with the gene expression mediated 
by HCV IRES (-3A, +4A), the EGFP gene expression medi-
ated by IRES (-3A, +4G), which is similar with that of the 
key positions of Kozak sequence, is higher. To some degree, 
the tRNA abundances are always impacting the translation 
efficiency of the specific gene, because translation speed and 
ribosomal density are encoded by coding sequences and the 
tRNA abundance pool (Tuller et al., 2010; Sun et al., 2018). 
According to tRNA copy numbers for the tRNA abundance 
pool in CHO cell line (Genomic tRNA Database), when the 
position +4 mutates different nucleotide types in bicistronic 
reporter plasmids, the tRNA abundances for the second co-
don (+4XTG+6, X means any nucleotide, tRNA copy number 
for GTG is 9, tRNA copy number for CTG is 10, tRNA copy 
number for TTG is 4, tRNA copy number for ATG is 16) 
following the start codon have no obvious effect on mediat-
ing the EGFP gene expression levels. This result implies that 
nucleotide context at +4 nucleotide position might influence 
the local structural formation rather than tRNA abundances, 
leading to the changes of gene expression mediated by HCV 
IRES (Jaafar et al., 2016; Bugaud et al., 2017; Ma et al., 2018; 
Mengardi et al., 2017; Ross et al., 2017; Zhu et al., 2017). Of 
note, the results show that the positions -3A and +4G had a 
better performance in improving the translation efficiency 
mediated by HCV IRES than the preferred nucleotide usage 
bias (-3A, +4A) in the positions -3 & +4 of the translation 
initiation region of HCV, implying that the Kozak-like nu-
cleotide context (-3A, +4G) probably impacts the ribosome 
binding to the translation initiation region of HCV. The 
HCV IRES has a capability to direct the initiator tRNA to 
the ribosomal P site during internal initiation and this IRES, 
which depends on modular architecture, plays important 
role in the gene expression by cap-independent mechanisms 
(Yamamoto et al., 2015).

The usage of IRES in bicistronic expression plasmids ena-
bles the expression of two genes controlled by one promoter 
in the same cells, which are important tools in today's cell 
biology (Fajardo et al., 2012; Ma et al., 2016). In order to 
obtain ratio-controlled or improved IRES-mediated protein 
expression, many methods were developed, for example, 
removal of unnecessary AUG start codon, using multiple 
IRES elements (Bouabe et al., 2008; Koh et al., 2013). On 
the basis of our data, it is clear that nucleotide mutations at 
position -3 and +4 flanking start codon could be an efficient 
and simple way to achieve maximal protein translation when 
viral IRES are used for heterologous co-expression. Since the 
IRES element exhibits cell- and tissue-specificity, our study 

broadens the choices of IRES and it can be recommended to 
select the IRES to be used for co-expression according to the 
cell type or tissue, rather than using encephalomyocarditis 
virus (EMCV) IRES, which is commonly proposed in all 
commercial IRES-based vectors.
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Acc. No. Subgenotypes
NC_004102 1a 
AF011753 1a 
AF011752 1a 
AF011751 1a 
EU862839 1a 
EU255989 1a 
EU255984 1a 
EU255983 1a 
EU255982 1a 
EU255981 1a 
EU255980 1a 
EU255965 1a 
EU255963 1a 
EU155341 1a 
EU255975 1a 
EU255988 1a 
EU155343 1a 
EU155338 1a 
EU255967 1a 
EU255966 1a 
EU781802 1a 
EU781797 1a 
EU781781 1a 
EU781779 1a 
EU781776 1a 
EU781799 1a 
EU781798 1a 
EU781796 1a 
EU781804 1a 
EU781800 1a 

Acc. No. Subgenotypes
EU781795 1a 
EU781794 1a 
EU781789 1a 
EU781787 1a 
EU781786 1a 
EU781790 1a 
EU781783 1a 
EU781780 1a 
EU781777 1a 
EU781774 1a 
EU781768 1a 
EU781760 1a 
EU256072 1a 
EU256051 1a 
EU256041 1a 
EU256033 1a 
EU256057 1a 
EU256049 1a 
EU256048 1a 
EU255934 1a 
FJ205868 1a 
FJ205867 1a 
EU155238 1a 
EU155333 1b
EU482849 1b
EU155337 1b
EU155334 1b
EU155331 1b
EU155336 1b
EU155335 1b

Table S1. Sequence data of HCV

Acc. No. Subgenotypes
EU155329 1b
EU155328 1b
EU155327 1b
EU155326 1b
EU155324 1b
EU482888 1b
EU155330 1b
EU155332 1b
EU256085 1b
EU256084 1b
EU256045 1b
EU256000 1b
EU256066 1b
EU155382 1b
EU155357 1b
EU155356 1b
EU155300 1b
EU482881 1b
EU256083 1b
EU256082 1b
EU256079 1b
EU256078 1b
EU256077 1b
EU256059 1b
EU155374 1b
FJ390398 1b
FJ390397 1b
AB249644 1b
AM910652 1g 
AB047644 2a 
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Acc. No. Subgenotypes
AB047643 2a 
AB047642 2a 
AB047641 2a 
AB047640 2a 
AY232731 2b
AY232730 2b
AB559564 2b
HM777359 2j
FN666428 2q
GQ275355 3a 
FJ407092 3i
FJ025854 4b
EU392172 4d
EU392169 4f 
EU392173 4k
EU392171 4k

NC_009826 5a 
DQ278892 6
DQ278894 6n
EF424625 6q
EU408328 6r
EU408329 6s
EF632071 6t
EU246940 6u
EU643834 6w
M62321 1a 
M67463 1a 

AF009606 1a 
EF032886 1a 
EF407457 1a 
EF407456 1a 
EF407455 1a 
EF407454 1a 
EF407453 1a 
EF407452 1a 
EF407451 1a 
EF407450 1a 
EF407449 1a 
EU155295 1a 
EU155293 1a 
EU155292 1a 
EU155291 1a 
EU155290 1a 
EU155289 1a 
EU155288 1a 
EF032883 1a 
EU256074 1a 
EU155347 1a 
EU256106 1a 

Acc. No. Subgenotypes
EU687194 1a 
AB520610 1a 
EU255945 1a 
EU155346 1a 
EU482873 1a 

D90208 1b
D11355 1b
D10934 1b

EF638081 1b
AY460204 1b
AF165064 1b

HCU89019 1b
AF483269 1b
EU857431 1b

L02836 1b
GU451224 1b
GU451222 1b
GU451221 1b
GU451220 1b
GU451219 1b
GU451218 1b
AF176573 1b

U01214 1b
AF333324 1b
AB426117 1b

D63857 1b
EF032894 1b
EF032893 1b
EF032892 1b
AY051292 1c 

D14853 1c 
AY651061 1c 

D00944 2a 
AB047639 2a 
NC009823 2a 
AY746460 2a 
AF238485 2a 
AF238484 2a 
AF238483 2a 
AF238482 2a 
AF238481 2a 
AF169005 2a 

D10988 2b
AB030907 2b
AY232745 2b
AY232744 2b
AY232743 2b
AY232742 2b
AY232741 2b

Acc. No. Subgenotypes
AY232740 2b
AY232739 2b
AY232738 2b

D50409 2c 
AB031663 2k

D17763 3a 
D28917 3a 

AF046866 3a 
X76918 3a 
D49374 3b
D63821 3k
Y11604 4a 

DQ418789 4a 
DQ418788 4a 
DQ418787 4a 
DQ418784 4a 
DQ418783 4a 
DQ418782 4a 
DQ516084 4a 

Y13184 5a 
AF064490 5a 
AY859526 6a 

Y12083 6a 
DQ480518 6a 
DQ480517 6a 
DQ480516 6a 
DQ480513 6a 
DQ480512 6a 
DQ480524 6a 
DQ480523 6a 
DQ480520 6a 

D84262 6b
D84263 6d

DQ835764 6f 
DQ835760 6f 

D63822 6g 
DQ314806 6g 

D84265 6h
D84264 6k

DQ278893 6k
DQ278891 6k
EU408332 6u
EU408331 6u
EU408330 6u
EU798760 6v
FJ435090 6v
EU798761 6v
EU158186 6v
EF108306 7a 



 MA, P. et al.: TRANSLATION EFFICIENCY IN INITIATION REGION MEDIATED BY IRES S3

Table S2. Oligonucleotides for PCR obtaining CAT, EGFP and IRES sequences

Primer Sequence (5'→3')
F-CAT ATGGAGAAAAAAATCACTGGATATA
R-CAT TTACGCCCCGCCCTGCCACTCATCG
F-EGFP ATGGAAGTGAGCAAGGGCGAGGAGCTGTTCAC
R-EGFP TTACTTGTACAGCTCGTCCATGCCGAGAG
F-IRES ATGAGTGGCAGGGCGGGGCGTAACCTGTGAGGAACTACTGTCTTCA
R-IRES AGCTCCTCGCCCTTGCTCACCATGGTGCACGGTCTACGAGACCTCC

Table S3. Oligonucleotides used for fusion PCR obtaining the fragment of CAT-IRES

Primer Sequence (5'→3')
F-CAT 5'-CGGGATCCATGGAGAAAAAAATCACTGG-3'
R-CAT 5'-TTACGCCCCGCCCTGCCACTC-3'
F-IRES 5'-TGGCAGGGCGGGGCGTAACCTGTGAGGAACTACTGTCTTC-3'
R-IRES 5'-GCACGGTCTACGAGACCTCC-3'

Note: The primer F-CAT contains BamHI site. The primer F-IRES contains the 3'end of CAT coding sequence and the 5'end of IRES sequence.

Table S4. Oligonucleotides used for fusion PCR obtaining the fragment of CAT-IRES-EGFP

Primer Sequence (5'→3')
F-CAT 5'-CGGGATCCATGGAGAAAAAAATCACTGG-3'

F-EGFP* 5'-AGGTCTCGTAGACCGTGCTCCatggtgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCTCCatgctgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCTCCatg t tgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCTCCatgatgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCCCCatggtgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCCCCatgctgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCCCCatg t tgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCCCCatgatgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCACCatggtgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCACCatgctgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCACCatg t tgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCACCatgatgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCGCCatggtgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCGCCatgctgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCGCCatg t tgagcaagggcgaggagctgttcac-3'
F-EGFP* 5'-AGGTCTCGTAGACCGTGCGCCatgatgagcaagggcgaggagctgttcac-3'
R-EGFP 5'-GCTCTAGATTACTTGTACAGCTCGTCCA-3'

Note: The primer F-CAT contains BamHI site. The 16 primers F-EGFP* are composed of the 3' end of IRES element and EGFP coding sequence. Each 
F-EGFP primer contains the specific nucleotide usage at the positions -3 and +4. The positions -3 and +4 have been marked in yellow color.
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Fig. S1

Amplification plot for reporter RNAs




