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Factors affecting protein expression have been intensely studied to the benefit of recombinant protein
production. Through mutational analysis at the +2 amino acid position of recombinant Igo, we examined
the effect of all 20 amino acids on protein expression. The results showed that amino acids at the +2 posi-
tion affected 10-fold in the recombinant protein expression. Specifically, Ala, Cys, Pro, Ser, Thr, and Lys at
the +2 position resulted in significantly higher expression of recombinant Iga than other amino acids,
while Met, His and Glu resulted in greatly reduced protein expression. This expression difference
depended on the amino acid instead of their codon usage. Consistent with the mutational results, a sta-
tistically significant enrichment in Ala and Ser at the +2 position was observed among highly expressed
Escherichia coli genes. This work suggests a general approach to enhance protein expression by incorpo-

Keywords:

Recombinant expression

Second codon position

Iga

Recombinant protein production

Codon usage

mRNA structure

Mutational analysis

Escherichia coli expression system

rating an Ala or Ser after the initiation codon.
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Introduction

The efficiency of translation initiation plays a key role in deter-
mining the amount of protein expressed in all organisms. Initiation
in Escherichia coli has been intensively studied and involves multi-
ple cis- and trans-acting factors, each contributing to the overall
efficiency of translation. Several important cis-acting factors in-
volved in translation initiation include the Shine-Dalgarno se-
quence and its spacing relative to the start codon [1-3], the
initiation codon itself (AUG, GUG, rarely AUU or CUG) [4,5], and
the non-random distribution of bases located both upstream and
downstream of the start codon [6,7].

The downstream region immediately to the 3’ side of the initi-
ation codon has been the focus of many studies related to protein
expression. It has been previously shown that changes at the sec-
ond amino acid position can lead to a 15-fold difference in expres-
sion [8]. This work was expanded by Stenstrom et al., in which it
was shown that the AAA triplet is the most prevalent codon at
the second amino acid position [9]. In addition, they showed that
the AAA codon resulted in higher gene expression at the +2 posi-
tion. However, it has also been reported that tandems of AGA or
AGG codons promote favorable translational efficiency [10]. In
highly expressed E. coli genes, it was found that guanosine is most
frequently represented at the first codon position [11]. In addition
to finding codons that positively affect protein expression, codons
consisting of the sequence NGG at the second amino acid position
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showed marked decreases in expression [12]. Others have found
that identical pairs of all four of the CGN triplets result in drasti-
cally inefficient translation [10]. In general, early studies favor
nucleotide specific determinants for protein expression, namely
codon bias.

Combining a mutational analysis on recombinant protein
expression and statistical analysis on highly expressed E. coli genes,
we show that individual amino acids at the +2 position can greatly
affect their protein expression, and that the preference appears to
be in amino acid rather than codon usage. The results suggest a
general approach to increase protein expression level by a simple
insertion of serine or alanine at the second position.

Materials and methods
Mutation of second amino acid

The pET30 vector containing the extracellular domain of Igo
was kindly provided by Pavel Tolar. Mutations were made to the
second codon of Iga by using Stratagene’s QuikChange® I Site-Di-
rected Mutagenesis Kit. Primers were designed by using Strata-
gene’s QuickChange® Primer Design Program (Supplemental
Table 1), and synthesized by Integrated DNA Technologies (IDT)".
After transformation of the mutated plasmid into XL1-Blue Super-
competent E. coli cells, the cells were spread on Luria-Bertani (LB)

! Abbreviations used: IDT, Integrated DNA Technologies; LB, Luria-Bertani; IPTG,
isopropyl B-p-1-thiogalactopyranoside.
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agar plates supplemented with 25 pg/ml kanamycin overnight at
37 °C. Colonies from the transformation were inoculated at 37 °C
in 20 ml of LB broth supplemented with 25 pg/ml kanamycin, and
plasmid DNA were extracted using Qiagen’s MiniPrep kit. The muta-
tions were confirmed by DNA sequencing (ACTG Inc.). The above
procedure was also performed for the mutagenesis of CXCL10.

Protein expression in E. coli

Mutant Iga or CXCL10 plasmids were transformed into Esche-
richia coli BL21 (DE3) cells (Novagen) for protein expression. Indi-
vidual colonies from the transformation were inoculated in 20 ml
of LB broth and grown at 37 °C for overnight. Fifty microliters of
the overnight cultures were inoculated in 5 ml of antibiotic free
LB media, and induced at an ODggy between 0.6 and 0.8 with
1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG) for 3 h. The
cells were then centrifuged and the pellets were resuspended in
B-PER® (Bacterial Protein Extraction Reagent) (Pierce) lysis buffer
supplemented with 40 pg/ml DNase at room temperature for
10 min (4 ml of BPER per 1 g of wet cell pellet). The lysates were
centrifuged at 13,000 rpm for 5 min. As Igo forms inclusion bodies
in E. coli, the supernatants were removed and the pellets were
resuspended in 350 pl of water. Igo expression was evaluated by
SDS-gel electrophoresis using Laemmli Buffer (Sigma) and 4-12%
NuPAGE Bis-Tris Gels (Invitrogen) for 1x, 2x, and 4x dilutions
of the insoluble cell lysate fractions to avoid saturation of Igo. band
(Fig. 2). The SDS-gels were stained with Coomassie blue, destained,
and scanned for intensity analysis using the Image] densitometry
program. The intensity of Iga was normalized against a 40 kDa
endogenous bacterial band to take account the SDS-gel sample
loading affect.

Statistical analysis of second amino acid position

The 200 highest expressing E. coli genes were listed by Ishihama
et al. [13], in which they used a quantitive mass spectrometry ap-
proach to determine cytosolic protein concentrations. For compar-
ison, 200 genes were selected at random using the online E. coli
genome database, EcoCyc [14]. The amino acids at the second posi-
tion were counted and graphed. These calculations were also per-
formed for the 3rd, 4th, 5th, and 40th amino acids.

RNA structure prediction

RNA structures were predicted between the Shine-Dalgarno
sequence and +24 nucleotides from the initiation codon using
the RNAfold webserver (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.
cgi).

Results

Serine mutation at the second amino acid position increased Igo
expression

PET plasmids remain the most widely used series of prokaryotic
vectors for recombinant protein expression (Novagen, Inc.), partly
because the presence of various multiple cloning sites with differ-
ent conveniently built-in affinity tags. In the existing pET vectors,
the +2 amino acid immediately after the initiation methionine var-
ies among Gly, Ala, Ser, Asp, Asn, Pro, His, Lys, and Arg. While the
choice of a specific pET vector is primarily based on the availability
of unique cloning sites and desirable affinity tags, we have occa-
sionally cloned our target genes into two or more pET vectors.
We observed in several cases that significant variations in recom-
binant protein expression existed among different pET vectors.

Specifically, the pET vectors with +2 amino acids being Ala and
Ser appeared to result in 2- to 5-fold higher expression of the same
recombinant protein. When the mature sequence of a human B cell
co-receptor, Iga, was cloned into a pET-30a vector using the 5'-
Ndel site, which resulted in a simple addition of the initiation
Met to the N-terminal leucine of the mature Igo sequence, this
wildtype Igo was expressed at low levels in BL21 (DE3) strain of
E. coli (Fig. 1). When the wildtype Iga construct was transformed
into a Rosetta strain of BL21 cells, it resulted in a 1.7-fold increase
in Igo expression, consistent with observed improvements in
expression using the Rosetta strain of bacteria [15]. A subsequent
mutation of Leu to Ser at the +2 position further increased the
Iga expression by 2-fold over the wildtype in BL21 Rosetta cells
(Fig. 1). Thus, the combination of Rosetta cells and the Ser mutation
resulted in almost a 4-fold increase in Igo expression.

Effect of other amino acids at +2 position on the expression of Igo
protein

To further evaluate whether other amino acids at the +2 posi-
tion also influence the Iga expression in E. coli, we systematically
replaced the +2 position Leu of Igo with all 19 amino acids using
QuikChange® II Site-Directed Mutagenesis and analyzed the effect
of mutations to the protein expression. After mutagenesis, the
plasmids were transformed into E. coli BL21 (DE3) cells. Individual
colonies were cultured in LB broth and induced with 1 mM IPTG at
ODggo between 0.6 and 0.8. In all cases, individual colonies of the
same mutants resulted in consistent levels of protein expression
with no significant clone variations. For example, three clones from
each of the Glu, His and Met mutations as well as two clones from
the Ser and Val mutations showed little variation in their Igo
expression (Fig. 2A and B). However, substantial variations in Iga
expression were observed among different mutants (Fig. 2C and
D, Table 1). To quantify the differences in mutant Iga expression,
serial dilutions of the wildtype and mutant expression samples
were analyzed by SDS-gel electrophoresis and the intensities of

Igo(Ser)

BL21

_ Rosetta

Fig. 1. Initial results indicating that substituting a serine at the second amino acid
position results in higher protein expression in E. coli. The lanes represent the un-
induced (—) and induced (+) samples of Iga., from left to right, in BL21 (DE3), BL21
Rosetta cells and Leu to Ser mutation in BL21 Rosetta cells. The low molecular
weight standard is shown on the left.
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Fig. 2. Coomassie blue stained SDS-gels to examine the expression of all amino acid substitutions. (A and B) The expressions of three clones each from the Glu, His and Met
mutations induced with IPTG, and two clones each from the Ser and Val mutations were examined by SDS-gel for their clonal variation. The bands for the 40 kDa endogenous
bacterial protein and Iga are indicated. Un-induced (—) and IPTG induced (+) lanes are indicated. (C and D) Expressions of Igo. mutants at the +2 position with their mutations
indicated by single letter amino acid code. (E) The normalized expressions of each Iga mutation. Intensities were derived from three separate experiments. (F) Expressions of
CXCL10 with Val (wildtype), Ala and Ser as +2 residues.
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Table 1
List of Igo mutant codons, their expressions and calculated RNA minimum free
energies (MFE).

Amino acid Codons Normalized expression MEFE (k]/mol)
P (ofofe 220043 —4.50
A GCG 2.14+0.04 —4.64
C UGC 2.11+£0.21 -9.50
T ACC 2.11+£0.35 -3.14
S UcG 2.08 +0.42 —7.40
K AAA 2.0% -5.70
AAG 1.70£0.17 -3.14
I AUA 1.91 £0.05 —2.52
D GAU 1.90+0.13 -3.60
F uuc 1.81£0.16 -5.20
Q CAG 1.80+£0.36 -7.20
G GGG 1.74£0.13 —-4.90
\% GUG 1.64 £ 0.23 —6.20
Y TAU 1.60+0.16 —6.20
N AAU 1.25 £0.06 —3.60
Y UGG 1.18 £0.15 —6.30
L cug” 1.00 -5.70
R CGG 0.92 +0.08 —6.30
E GAG 0.50 = 0.05 -3.14
M AUG 0.30 £ 0.02 —-4.70
H CAU 0.17 £ 0.07 —6.60

2 The AAA codon was not analyzed in triplicate.

Iga bands were quantified using the Image] densitometry program.
The overall difference in Igoe expression between the highest and
the lowest amino acid substitutions at this position exceeded 10-
fold. Specifically, Ala, Cys, Pro, Ser, Thr, and Lys, at the +2 position
had the highest expressions of Iga that were approximately 2-fold
higher than wild type Leu. Ile, Asp, Phe, GIn, Gly, Val, Asn, Arg, Trp,
and Tyr mutations expressed the next highest levels. Glu, His and
Met mutants expressed 2- to 5-fold lower than the wild type.

The second position amino acid preference among highly expressed
proteins in E. coli

While individual amino acids at the +2 position of Iga affected
its expression, it is not clear if the observation has a broader impli-
cation. Equally uncertain is whether the observed correlation be-
tween amino acids and their protein expressions is gene specific.
Namely, the amino acids that contributed most to Igo. expression
may have no effect or even negatively impact other gene expres-
sions. To address the generality of the current observation, we
compared the enrichment of individual amino acids at the +2 posi-
tion between groups of highly expressed and randomly selected
proteins in E. coli. A wealth of genomic and proteomic data have
been accumulated on E. coli, including their protein expression pro-
files as determined by mass spectrometry. Using an exponentially
modified protein abundance index (emPAI) [13], we ranked the le-
vel of E. coli gene expression from their mass spectrometry profiles,
and selected the top 200 genes as a representation of highly ex-
pressed genes in E. coli. As a comparison, an additional list of 200
genes was chosen randomly from the database EcoCyc. The enrich-
ment of an individual amino acid at a given position is calculated
as the percentage of that amino acid appearing at the given posi-
tion among the 200 selected genes. The overall average enrichment
of an individual amino acid is calculated as the percentage of that
amino acid occurring at any position among the selected genes. Of
the 200 highly expressed genes, the most abundant amino acids at
the +2 position are Ala, Ser and Lys occurring at 21%, 19.5% and
15%, respectively (Fig 3). Together, the three amino acids appeared
at the +2 position in over 50% of the highly expressed proteins.
When compared with their overall enrichment in these proteins,
Ala, Ser and Lys are the top three amino acids that appear more fre-
quently at the +2 position than their overall enrichment. Specifi-

cally, they occur 2x (Ala), 4x (Ser) and 3x (Lys) more frequent
at the second position than overall. The frequencies of Ala, Ser
and Lys found in the 200 randomly chosen proteins are 13.5%,
14% and 15.5%, respectively. While all three occur more frequently
at the +2 position than other amino acids even in the control group,
there is a clear enrichment of Ala and Ser among the more abun-
dantly expressed genes, suggesting their potential role in enhanc-
ing gene expression. In contrast, the five lowest expressing Iga
constructs containing residues Met, His, Glu, Leu or Arg showed
lower representations at the +2 position than their average
frequencies.

To further investigate if significant deviations in amino acid
enrichment from their averages occur at other positions, the statis-
tical amino acid enrichment analysis was also carried out for the
3rd, 4th, 5th and 40th positions between the highly expressed
and the control groups of genes (Fig 3). While Lys remained en-
riched at the 3rd, 4th and 5th position in the over expressed gene
group compared to the control group, there were no differences in
the preference of Ala and Ser between the two groups at these
positions. At the 40th position, the frequencies of individual amino
acids from the highly expressed gene group agreed well with those
from the control group and with their overall average frequencies,
namely both groups converged to their overall average frequencies.
All together, these results show that Ala, Ser and Lys are signifi-
cantly enriched while His, Met, Leu and Tyr are poorly represented
when compared to their average occurrence at the +2 position
among the highly expressed genes and these differences disappear
as the analysis is further extended downstream from the transla-
tional initiation site. The correlation between the high frequency
occurrence of Ala, Ser and Lys at the second position among the
highly expressed genes and their increased expression in Igo. mu-
tants, and between the low frequency occurrence of His and Met
and their lower expressions in Igo. mutants suggest a significant
role for amino acids at +2 position to gene expression in general.

Isocodon effect on expression

To further evaluate codon variation to protein expression at the
second position, we generated isocodon mutations for the Ala, Ser
and Lys mutants of Iga. All four Ala codons (GCU, GCC, GCA, GCG)
resulted in comparable expression of Iga (Fig. 4A). Similarly, the
protein expressions were consistent among the six serine (AGU,
AGC, UCU, UCA, UCC, UCG) and two lysine (AAA and AAG) codons
(Fig. 4B and C). The data indicate that while subtle variations may
occur with different codons, their overall effect on protein expres-
sion is marginal. Thus, these data demonstrated a non-distinctive
codon usage for Ala, Ser and Lys at the second position. Further
analysis between isocodons at the second position of highly ex-
pressed and randomly selected genes has provided more evidence
for the important effects that the amino acid has on translation
(Fig. 4D). For Ser and Ala, there seems to be no real clear bias to-
wards any particular codon. In fact, isocodons appear at relatively
the same frequency in the highly expressed and randomly selected
groups. Lysine, however, is biased toward the AAA codon among
highly expressed E. coli genes. Specifically, nearly all the +2 Lys res-
idues from the highly expressed group use AAA codon compared to
about two-thirds of them from the random group (Fig 4D).

Nucleotide composition of the second codon correlates little with
protein expression level

Previous reports suggested that changes in gene expression can
be affected by specific nucleotides at the second position [10-12].
For example, efficient expression of gene variants was seen when
the second position contained the AGA (Arg) codon [10], guanine
(G) at the first codon position correlated with high expression of
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E. coli genes [11], and NGG codons appeared to reduce gene expres-
sion [12]. To further investigate if the expression of Igo mutants
correlated with a potential nucleotide or codon preference, the
compositions of the three nucleotides for the second codon of mu-
tant Iga were displayed against their expression level (Fig. 5). The
result showed little correlation between mutant Igo expression
and their first and second nucleotide compositions. High express-
ing mutants, Ala, Ser, Thr, Pro, and Lys contain codons that begin
with each of the four (A, C, U, G) nucleotide base (Fig. 5A). The low-
est expressed His, Met and Glu mutants have three of the four
nucleotides (C, A, G) at the first base. Codons that began with A
or had two A’s did not perform exceptionally well compared to
other codons. NGG codons, encoding Arg, Gly, and Trp, expressed
wildtype like level of Igo. When grouped by their second base,
nucleotides A, U, and G resulted in similar expressions, whereas
C resulted in a higher expression (Fig. 5B). It should be noted that
codons with C as the second nucleotide represent the highest
expressing amino acids A, P, S, and T of Iga.. Furthermore, Ser has
two codons with G as the second base, each isocodon expressing
the same amount of protein as its other isocodons (Fig 4B). Overall,
the average expression for the individual nucleotide at both the
first and second position of the +2 codon do not deviate signifi-
cantly with their compositions. In all, our experiments showed
no clear codon bias at the second amino acid position suggesting
that protein expression maybe more determined by the type of
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amino acid rather than their nucleotide composition at the second
position.

CXCL10 expression is increased by mutating +2 Val to Ala and Ser

To evaluate the broader implication of the +2 position amino
acid to protein expression, we mutated the wildtype Val at the
+2 position of CXCL10, an interferon-y inducible chemokine, to
Ala and Ser. Similar to the Igo. mutations, both Ala and Ser muta-
tions resulted in mild increases in the protein expressions,
1.2- and 1.5-fold for Ala and Ser mutations, respectively (Fig 2F),
indicating that the +2 position Ala or Ser can be used to improve
the expression of proteins besides Iga.

Effect of local RNA structure and stability on protein expression

It is possible that by creating mutations so close to the initiation
complex, the mRNA structure is altered, which affects translational
efficiency. Zhang et al. have found from hulL-10 that when the initi-
ation codon is not involved in complementary base pairing, 10-fold
higher protein expression can be achieved [16]. Upon analyzing
catechol-O-methyltransferase, Nackley et al. found that in terms of
protein expression, more abundant levels were found when the
mRNA strand was least stable [17]. We analyzed the effect of muta-
tions at the +2 site to RNA structure and stability using the RNAfold

Il High Expressing Group
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Average
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L
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Fig. 3. Amino acid enrichment at the 2nd-5th and 40th positions for 200 highly expressed and 200 randomly chosen proteins from E. coli. The frequency of an amino acid
appearing at a given position is defined as the ratio between the number of times that amino acid occurred at that position and the total number of amino acids.
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Fig. 3 (continued)

webserver. Although the initiation AUG codon is located in an un-
paired loop conformation in many mutant structures, there are sig-
nificant variations among the mutants and their predicted RNA
structures lack a conserved motif (Fig. 6A and B, Supplemental
Fig. S1). Nevertheless, the calculated RNA stabilities for some +2 res-
idues, such as Ala, Pro, Thr, and His correlated with their expression
levels. Namely, the mutants with more stable RNA structure resulted
in less protein expression (Fig 6C, Table 1). In general, the calculated
RNA stabilities did not correlate with their expression. For instance,
the well expressed Ser mutation adopted one of the most stable RNA

structures with a minimum free energy of —7.40 kcal/mol, well be-
low that of the wildtype Leu (—5.7 kcal/mol). Similarly, the gluta-
mate mutant resulted in poor expression in Iga, yet is predicted to
have a less stable RNA structure with minimum free energy of
—3.14 kcal/mol compared to the wildtype (Supplemental Fig. S1).

Discussion

Multiple factors contribute to the efficiency of gene translation,
including the secondary structure of mRNA, the Shine-Dalgarno

doi:10.1016/j.pep.2010.06.005
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Fig. 4. Isocodon effect on protein expression. (A) Isocodons for alanine mutation are shown in Lanes 1-4 for GCG, GCA, GCC, GCU, respectively. Lane 5 is the wild type protein
with leucine at the second position. (B) The expression using six serine isocodons are shown in Lanes 1-6 for UCG, UCC, UCA, UCU, AGC, AGU, respectively. (C) Expression of
lysine using both isocodons. Lane 1 is the wild type leucine, Lanes 2 and 3 are AAA and AAG, respectively. (D) Ala, Ser, and Lys codon usage at the +2 position was compared

between high expressing genes and randomly selected genes.

sequence, the drop-off rates of peptidyl-tRNAs, and the sequence of
the mRNA proximal to the initiation site. In general, early studies fa-
vor nucleotide specific determinants for protein expression, namely
codon bias. For example, early studies concluded that the AAA triplet
leads to higher protein expression and that proteins with adenine-
containing codons close to the initiation site express more efficiently
[8,9]. Others have shown that efficient expression can be obtained
when the second codon is AGA or when codons have G at the first po-
sition [10,11]. The second codon may also affect protein expression
negatively, as has been found with the NGG triplets [12]. Through
mutational analysis, we systematically investigated the influence
of individual amino acids at the +2 position to the expression of re-
combinant Igo.. The results showed that amino acids at the +2 posi-
tion affected significantly recombinant Igo expression; and
variations in the recombinant protein expression were observed to
exceed 10-fold depending on the amino acid. Small amino acids,
such as Ala, Ser, Cys, Pro, Thr, and Lys at the +2 position resulted in

higher expression of Iga than bulky ones (Met, His, Trp, Glu, Leu,
Arg). Met, His and Glu at this position produced the lowest amount
of protein. While codon bias is often found to be important to gene
expression, the variation in recombinant Iga expression at the +2 po-
sition appears to be determined by the type of amino acid rather than
their nucleotide usage as no base-pair preference was observed
among the high expression Iga mutants and the isocodon mutations
of serine and alanine resulted in similar expression levels of Igo. Fur-
thermore, when isocodon usage of Ser, Ala, and Lys were examined,
Ser and Ala showed no significant codon preference between the
high expressing and randomly chosen groups (Fig. 4D). The AAA co-
don of Lysine appears preferred over the AAG codon among the
highly expressed genes compared to the control group. Thus, while
codon preference may influence gene expression, there are clearly
amino acid related factors important for expression.

The statistical survey of amino acid composition in highly ex-
pressed E. coli genes supports the preference of alanine and serine

doi:10.1016/j.pep.2010.06.005
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Fig. 5. Mutations grouped by their nucleotide usage for the first (A) and second (B)
bases of at the +2 amino acid.

at the second position, correlating well with their observed high le-
vel of mutant protein expressions (Fig. 3). Similarly, the lowest
expressing mutants of Igo, His and Met, are found much less fre-
quently at the +2 position than their overall occurrence. Further,
this observed disparity in amino acid preference is unique to the
+2 position as the 3rd, 4th, 5th and 40th amino acid positions
showed progressively less deviation in their frequency from their
mean in both the 200 highly expressed and randomly picked genes.
This correlation between the expression of Igo mutants and the
frequency of the amino acid occurring at the +2 position suggest
that amino acids at this position generally influence their gene
expressions. While we did not observe low expressing mutations
occurring with high frequency at the +2 position, namely all muta-
tions of high frequency amino acids at +2 position expressed well,
we did observe some well expressed mutations, such as Cys and
Pro, that are not enriched at the +2 position among the well ex-
pressed genes. This suggests other adversary factors may disfavor
their incorporation at the +2 position. For example, Cys and Pro
can impose structural restrictions due to their properties of form-
ing disulfides and disrupting regular peptide conformations. As to
the contribution of AAA codon (lysine) to gene expression, our re-
sults showed that Lys at the +2 position yielded an above average
level of Iga. expression. Lys was the most common amino acid at
the second position in the randomly chosen group of E. coli genes,
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Fig. 6. RNA structure prediction of the wild type (A) and alanine (B) mutant. RNA
structures were predicted using the RNAfold webserver. The dashed oval indicates
the Shine-Dalgarno sequence, while the AUG initiation codon is located in the box.
(C) The minimum free energy obtained from the RNAfold webserver for each
mutation was plotted against normalized expression.

consistent with the earlier results by Looman et al. and Stenstrom
et al. [8,9]. However, Lys was not enriched when comparing be-
tween the highly expressed and randomly selected E. coli genes.
Ser and Ala, instead, were the most frequent +2 position residues
among highly expressed genes, in agreement with Tats et al. [18].

To investigate if the variation in protein expression at +2 amino
acid is determined by their mRNA structure and stability, we calcu-
lated the local RNA structures at the initiation site using RNAfold.
Overall, there are significant structural variations among the mu-
tant RNAs and their stability did not correlate with their expres-
sions, suggesting factors other than mRNA structure may be
important for gene expression. Charges do not appear to be a crit-
ical factor as very different expressions of Igo. were observed be-
tween Asp and Glu mutations, and between Lys and His mutations.

Interestingly, the second amino acid was found to be crucial in
determining a protein’s half-life and stability in vivo [19,20]. In par-
ticular, the so called N-end rule stipulates that proteins with Phe,
Leu, Trp, and Tyr at +2 position tend to have less in vivo stability,
whereas those with Ser, Ala, and Thr at the +2 position have longer
half lives [20]. Our current findings have a striking resemblance to
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the N-end rule effect. For example, Leu, Trp, and Tyr were found to
be in the bottom half of the overall expression ranking, while Ser,
Ala, and Thr were among the highest ranked mutations. Since both
Iga and CXCL10 were expressed in a non-functional, aggregated
inclusion body form in E. coli that is relatively resistant to proteo-
lytic degradation, their expression levels are unlikely related to
their functional stability. On the other hand, a measured half-life
of an intracellular protein may be affected by its expression level.
It is tempting to speculate that the increased expression related
to serine and alanine at the +2 position may contribute to their
long half lives in vivo. Thus, it is conceivable that (1) the mecha-
nism of N-end rule may be directly related to the +2 amino acid
translational efficiency, and (2) our current conclusion regarding
the contribution of +2 amino acid on recombinant protein expres-
sion also applies to soluble proteins.

In summary, our experimental data together with statistical anal-
ysis demonstrate the advantage to have serine and alanine inserted
as the second amino acid for recombinant protein production.
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Supplemental Table 1. List of primers used for the mutation reaction

Iga Mutagenesis Primers

A 57 -TTTAAGAAGGAGATATACATATGGCGTGGATGCACAAGGTCCC-3*
5" -GGGACCTTGTGCATCCACGCCATATGTATATCTCCTTCTTAAA-3"

C 5" -TTAACTTTAAGAAGGAGATATACATATGTGCTGGATGCACAAGGTCCCAGC-3*"
5" -GCTGGGACCTTGTGCATCCAGCACATATGTATATCTCCTTCTTAAAGTTAA-3"

D 5" -TTAACTTTAAGAAGGAGATATACATATGGATTGGATGCACAAGGTCCCAGC-3*
5" -GCTGGGACCTTGTGCATCCAATCCATATGTATATCTCCTTCTTAAAGTTAA-3"

E 57 -TTTAAGAAGGAGATATACATATGGAGTGGATGCACAAGGTCCC-3*
5" -GGGACCTTGTGCATCCACTCCATATGTATATCTCCTTCTTAAA-3"

F 5" -CTTTAAGAAGGAGATATACATATGTTCTGGATGCACAAGGTCCCA-3*
5" -TGGGACCTTGTGCATCCAGAACATATGTATATCTCCTTCTTAAAG-3*"

G 57 -TTTAAGAAGGAGATATACATATGGGGTGGATGCACAAGGTCCC-3*
5" -GGGACCTTGTGCATCCACCCCATATGTATATCTCCTTCTTAAA-3"

H 5" -GAAGGAGATATACATATGCATTGGATGCACAAGGTCCCAG-3*
5" -CTGGGACCTTGTGCATCCAATGCATATGTATATCTCCTTC-3"

1 5" -AACTTTAAGAAGGAGATATACATATGATATGGATGCACAAGGTCCCAG-3*
5" -CTGGGACCTTGTGCATCCATATCATATGTATATCTCCTTCTTAAAGTT-3"

K 5" -ACTTTAAGAAGGAGATATACATATGAAGTGGATGCACAAGGTCCCA-3*
5" -TGGGACCTTGTGCATCCACTTCATATGTATATCTCCTTCTTAAAGT-3"

M 5" -CTTTAAGAAGGAGATATACATATGATGTGGATGCACAAGGTCC-3*
5" -GGACCTTGTGCATCCACATCATATGTATATCTCCTTCTTAAAG-3"

N 5" -GTTTAACTTTAAGAAGGAGATATACATATGAATTGGATGCACAAGGTCCCAGCA-3*
5" -TGCTGGGACCTTGTGCATCCAATTCATATGTATATCTCCTTCTTAAAGTTAAAC-3*

P 5" -AGGAGATATACATATGCCGTGGATGCACAAGGTCC-3"
5" -GGACCTTGTGCATCCACGGCATATGTATATCTCCT-3"

Q 5" -AGGAGATATACATATGCAGTGGATGCACAAGGTCC-3"
5" -GGACCTTGTGCATCCACTGCATATGTATATCTCCT-3"

R 5" -AGGAGATATACATATGCGGTGGATGCACAAGGTCC-3*
5" -GGACCTTGTGCATCCACCGCATATGTATATCTCCT-3"

S 5" -ACTTTAAGAAGGAGATATACATATGTCGTGGATGCACAAGGTCCCA-3*
5" -TGGGACCTTGTGCATCCACGACATATGTATATCTCCTTCTTAAAGT-3"

T 5" -ACTTTAAGAAGGAGATATACATATGACGTGGATGCACAAGGTCCCA-3*
5" -TGGGACCTTGTGCATCCACGTCATATGTATATCTCCTTCTTAAAGT-3"

\ 57 -TTAAGAAGGAGATATACATATGGTGTGGATGCACAAGGTC-3*
5" -GACCTTGTGCATCCACACCATATGTATATCTCCTTCTTAA-3"



w 5" -ACTTTAAGAAGGAGATATACATATGTGGTGGATGCACAAGGTCCCA-3*
5" -TGGGACCTTGTGCATCCACCACATATGTATATCTCCTTCTTAAAGT-3"

Y 5" -GTTTAACTTTAAGAAGGAGATATACATATGTATTGGATGCACAAGGTCCCAGCA-3*
5" -TGCTGGGACCTTGTGCATCCAATACATATGTATATCTCCTTCTTAAAGTTAAAC-3*

Iga Serine Isocodon Mutations

TCT 5" GAAGGAGATATACATATGTCTTGGATGCACAAGGTCCCAG 3*
5% CTGGGACCTTGTGCATCCAAGACATATGTATATCTCCTTC 3*

TCC 5" GAAGGAGATATACATATGTCCTGGATGCACAAGGTCCC 3*
5" GGGACCTTGTGCATCCAGGACATATGTATATCTCCTTC 3*°

TCA 5% GAAGGAGATATACATATGTCATGGATGCACAAGGTCCCAG 3"
5" CTGGGACCTTGTGCATCCATGACATATGTATATCTCCTTC 3*

AGT 5" GAAGGAGATATACATATGAGTTGGATGCACAAGGTCCCAG 3*
5% CTGGGACCTTGTGCATCCAACTCATATGTATATCTCCTTC 3*

AGC 5" GAAGGAGATATACATATGAGCTGGATGCACAAGGTCCC 3*
5% GGGACCTTGTGCATCCAGCTCATATGTATATCTCCTTC 3*°

Iga Alanine Isocodon Mutations

GCU 5% GAAGGAGATATACATATGGCTTGGATGCACAAGGTCCC 3*
5" GGGACCTTGTGCATCCAAGCCATATGTATATCTCCTTC 3*

GCC 5" GAAGGAGATATACATATGGCCTGGATGCACAAGGTCCC 3*
5" GGGACCTTGTGCATCCAGGCCATATGTATATCTCCTTC 3*

GCA 5" GAAGGAGATATACATATGGCATGGATGCACAAGGTCCC 3*
5% GGGACCTTGTGCATCCATGCCATATGTATATCTCCTTC 3*

CXCL10 Mutations

V2A  5"-GGCACGAAGGATCCGCACCTCTCTCTAGAAC-3*
5" -GTTCTAGAGAGAGGTGCGGATCCTTCGTGCC-3*

V2S  5"-CGAATGGCACGAAGGATCCTCACCTCTCTCTAGAACTGTA-3*
5" -TACAGTTCTAGAGAGAGGTGAGGATCCTTCGTGCCATTCG-3*




Figure S1. Predicted local RNA structures for Igo mutants. The structures of each mutant
mRNA were predicted from the Shine-Dalgarno sequence to +24 downstream of the initiation
codon using RNAfold.
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