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ABSTRACT

Recombinant proteins are of great importance in modern society, mostly as biopharmaceutical products. However, challenging
and complex processes with low production yield are major drawbacks. Normally, the optimization to overcome these obstacles
is focused on bioreactor and purification processes, and the biomolecular aspects are left behind, seen as less important. Here,
we present how 5 mRNA secondary structure region can be relevant for translation and, therefore, protein production. For this,
Escherichia coli BL21(DE3) clones, producing recombinant detoxified pneumolysin (PdT) with and without N-terminal His-tag,
were cultivated in 10 L bioreactors. Target proteins were quantified and in silico mRNA analyses were performed using Tlsigner
and RNAfold. The results showed that the His-tag presence at N-terminus generated a >1.5-fold increase in target protein
synthesis, which was explained by the in silico mRNA analyses that returned a mRNA secondary structure easier to translate and,
therefore, higher protein production than without His-tag. A second version of pdt gene with synonymous changes in the 5’ end
was also analyzed in silico and experimentally to clarify the causes of the phenomena and confirmed the hypothesis raised. This
work reveals that simple mRNA analyses during heterologous gene design can help to reach high recombinant protein titers.
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1 INTRODUCTION

The global market related to recombinant proteins spent USD 1.74 billion only in 2021, with a projected increase in the following
years'. Therefore, the production and purification process of recombinant proteins, and their optimization, are always of great
interest for producers and society. One of the specific challenges faced during protein synthesis is the level of mMRNA translation.
The mRNA can present different translational rates depending on the genetic sequence and secondary structure?, consequently
influencing the final amount of product recovered. For recombinant genes, the initial portion of the mRNA at the 5’-end can be
modified, and the translational rate can be evaluated® because the site of the initiation of translation will dictate the ribosome
capacity of interaction with the mRNA*. This site also determines the energy required for translation initiation, since the mRNA
folding should be disrupted for the appropriate interaction with ribosomes® ©. As a result, the insertion of N-terminal tags to promote
protein solubility or facilitate protein purification modifies the 5’-end of the recombinant gene sequence and affect the translation
initiation”. Pneumolysin is a pore-forming toxin secreted by the bacterium Streptococcus pneumoniae. This microorganism is
leading cause of ill health and death worldwide, responsible for pneumococcal diseases such as pneumonia, meningitis, and
sepsis®. Pneumolysin and its derivatives are targets for the development of new vaccines®. They have long been produced and
purified from S. pneumoniae and as recombinant proteins from Escherichia coli. Genetically detoxified pneumolysin variants as
PdT are candidates for new serotype-independent pneumococcal vaccines; thus, it is essential to develop scalable and robust
processes that allow high titers of protein production to make it viable for future vaccine production. This work evaluated the
production of PdT in E. coli BL21(DE3). Three different genetic versions were tested, the protein products were obtained in a 10-
L bioreactor, and their production levels were evaluated. We also evaluated the effect of the 5’ region of mMRNA on protein synthesis
by in silico analysis focused on the mRNA structure and its impact on heterologous gene expression.

2 MATERIAL & METHODS

The codons of pneumolysin gene (Gene ID: 66806991) with the three mutations, C42G, W433F, and D385N described by Berry
and colleagues'® were optimized for E. coli codon usage (pdt gene version 1). This sequence was also used for insertion of codons
of the N-terminal His-tag and the sequence of Tobacco Etch Virus (TEV) protease cleavage site (his-tev-pdt). Each gene was
transformed in E. coli BL21(DE3) and the proteins were separately produced in a 10-L bioreactor using autoinduction medium.
For more details see reference!!. Each protein was produced in two different conditions named C1 and C2. At C1 the temperature
was changed from 37 °C to 25 °C after 4 h of exponential growth. At C2 the temperature was changed from 37 °C to 25 °C after
glucose exhaustion. In addition, the pdt gene without any modification (pdt gene version 2) was also produced the same way
under C1. All the genetic sequences were also submitted to Tlsigner (https://tisigner.com/)*? for determination of mRNA opening
energy (OE, i. e. the energy required for the ribosome to open the mRNA and proceed with the translation process) and expression
score (ES), to the RNAfold, ViennaRNA Package version 2.5.1 (http:/rna.tbi.univie.ac.at/cgibin/RNAWebSuite/RNAfold.cgi)*?,
for determination of minimum free energy (MFE) and mRNA MFE secondary structure, and to ProtParam tool at Expasy
(https://web.expasy.org/protparam/)'* for estimation of half-life.

3 RESULTS & DISCUSSION


https://web.expasy.org/protparam/

The production of His-TEV-PdT was higher than PdT regardless the condition (Fig. 1-A and 1-B). In addition, His-TEV-PdT was
also produced in insoluble fraction, which is believed to be related to strong overexpression®. A possible explanation for this
difference in production can be found on Fig. 1-C and 1-D, that show a mRNA secondary structure with a shorter stem structure
for his-tev-pdt gene, which makes it easier to be translated than the pdt gene version 1. To clarify this hypothesis, PdT from pdt
gene version 2, (i. e. with a different initial region) was produced under C1 and analyzed by the same in silico softwares. A
summary of the most important results comparing the three genetic sequences are shown in Table 1.
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Figure 1 - A: SDS-PAGE to compare PdT (from gene version 1) and His—TEV-PdT production in the biomass processed in parallel. MM —
molecular marker. B: Estimated concentration of PdT and His—TEV—PdT. C and D: —30:30 region of the mRNA MFE secondary structure predicted
by RNAfold for the translation of pdt (version 1) and his-tev-pdt genes. The numbers indicate the ribonucleotide position from the beginning of the
sequence used as input. Start codons are located from 31 to 33, considering the figure numbers. The colors represent the different structures
observed. Green - stems, yellow - interior loops, blue - hairpin loops, and orange - 5’ and 3' unpaired regions. Source: Fusco et al. 2024,

Table 1 - Summary of in silico analysis and production results under C1.

Soluble protein Open Enrgy . Minimum Free .
Gene (/L) (kcal/mol) Expression Score Energy (kcal/mol) Half-life (h)
pdt gene version 1 1.7 14.19 33.60 -9.30 >10
pdt gene version 2 2.0 9.80 83.27 -5.20 >10
his-tev-pdt 2.5 8.70 90.72 -4.30 >10

There is no difference on half-life of the proteins (Table 1), so the difference in protein production cannot be due to differences in
protein stability. Additionally, the higher the expression score, the higher is the protein production. The reverse logic is valid for
MFE, where the lower the MFE, the lower is the protein production, which makes sense since a more stable structure is more
difficult to unfold during translation. Finally, the higher the mRNA opening energy, the lower is the protein production, since it
means a secondary structure more resistant to open. These results show that there is a correlation between mRNA secondary
structure and protein production. According to the literature, the protein production is inversely proportional to mRNA opening
energy'®. The OE of pdt gene version 1 is 1.6-fold higher than the his-tev-pdt (Table 1) and the production of His-TEV-PdT was
1.5-fold higher than PdT (gene version 1) production under C1. In addition, Tisigner showed a 1.4-fold higher OE for the pdt gene
version 1 compared to the pdt version 2, which is in accordance with the experimental results as the PdT production was 1.2-fold
greater with the gene version 2 than with the gene version 1. Comparing the 5 mRNA region of the pdt version 2 to the his-tev-
pdt, a 1.1-fold higher OE was calculated. This result is also in accordance with the experimental data, which returned a 1.2-fold
increase in target protein production for His-TEV-PdT when compared to PdT obtained with the gene version 2. According to the
literature, changes in the first nine codons can achieve nearly optimum accessibility when compared to full-length modifications?6.
Therefore, codon differences in regions other than the 5’-end of the pdt gene version 2 are not likely to promote a significant
reduction in opening energy and, consequently, should not increase protein production. It is also interesting to highlight that in this
work, codon usage optimization worsened target protein production, showing that the mRNA initial region may play a much more
important role in protein synthesis than generally supposed.



In this study, the difference between PdT (gene version 1) and His-TEV-PdT was only the presence of the His-tag and TEV
cleavage site sequences. As it can be seen in Figure 1-C and 1-D, the ribonucleotides related to the His-tag sequence seemed
to have major impact on this result, since only the two last codons of TEV cleavage site were considered in RNAfold analysis. The
region from -30 to +30 was considered because this region was employed to calculate MFE in previous studies®. The prediction
of the entire MRNA structure would generate a different structure that would be much complex to analyze, and we do not know
how much time the complete mRNA remains stable until degradation starts. We also do not know how relevant is this time interval
for production in comparison with the translation that occurs in parallel with transcription. Besides, other studies have reported
that the presence of N-terminal His-tag improved the target protein synthesis, confirming that the mRNA structures that contain
the His-tag codons at 5’ end region can be easier and faster translated than without these additional codons, increasing the
amount of target protein obtained!”: 18 1920 Nonetheless, it is important to highlight that the phenomenon reported here was not
provoked by the inclusion of the N-terminal His-tag itself. If the mMRNA secondary structure without this tag has higher MFE and
lower opening energy, as consequence, a more favorable translational structure resulting in higher expression score than the
counterpart with His-tag, the His-tag insertion would worsen the target protein production.

4 CONCLUSION

The literature shows that TIsigner presented about 70% accuracy when predicting successes or failures of 11,430 expression
experiments from a data bank and allowed 4 times higher production of green fluorescent protein (GFP) and 1.5 times higher
production of luciferase after 5 end region optimization'®. This tool also correctly predicted our experimental production
differences, which strengths that it should be widely used for optimization of the recombinant protein production to save money
and time in research and industry. We showed that instead of a classical process optimization, that would take much longer time,
the titer can be increased optimizing the mRNA fold by changing the codons of the first amino acids. In comparison, the application
of Tlsigner software could provide an optimized protein production in much shorter time, possibly achieving even better results
than using the traditional process optimization strategies. Finally, it is important to highlight that this strategy is rarely applied
neither to explain the results nor to improve production, and the case study presented here can contribute to disseminate this
knowledge.
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