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Abstract

Background: Successful synthetic gene design for recombinasteim expression can be
done by matching its translational elongation @geinst heterologous host organisms via
codon optimization. Amongst the various design peters considered for gene synthesis,
codon context bias has been relatively overlookethpared with individual codon usage
which is commonly adopted in most of codon optiti@atools. In addition, matching the

rates of transcription and translation may leadrtbanced protein folding.

Results: In this study, we evaluated codon context fitn@sslesign criterion for enhancing
the expression of thermostable invertasd=soherichia coli and explored the relevance of
secondary structure regions for folding and expoes3Ve designed three coding sequences
by (1) a commercial vendor strategy, (2) codon exinfor the whole gene, and (3) codon
context based on the secondary structure regioan,Tihe codon optimized sequences were
transformed and expressedincoli. From the resultant enzyme activities measuredoico
context fithess proved to have the highest actiagycompared to the wild-type control and

other criteria.

Conclusions: Codon context was shown to be a more relevantnpetea for protein
expression inEscherichia coli by codon optimization. Thus, we can effectivelysida

synthetic genes within heterologous host organisms.

Keywords: codon optimization; codon context; se@gdstructure; invertase; gene design;
synthetic biology.



1. Background

All amino acids, except methionine and tryptophare encoded by two to six synonymous
codons. Most notably, the synonymous codons areeqoglly utilized across different
organisms, resulting in the phenomenon of codogeus#as [1, 2]. Furthermore, it was later
discovered that such biases are correlated witle ggpression levels [3, 4]. This is likely a
consequence of the evolution of organisms to etisynonymous codons with disparate
frequencies as a result of random mutations anrectseh pressure [5]. Thus, natural and
synthetic genes to be transfected into heterolodpmsss for their expression usually yields
poorly-translated proteins. In order to improve rsueterologous gene expression, it is
required to design customized artificial genes,clwlian be achieved by matching the codon
preference of the host based on several desigmpéees adjusted for codon optimization [6-
11].

The most commonly adopted design parameter isishaiy codon usage (ICU) which
is a result of synonymous codons not being equdllized across different organisms [12,
13]. In addition to ICU bias, non-random utilizatiof adjacent codon pairs in organisms has
also been reported in several studies [14-16]. phenomenon is termed codon contexigl
describes the organization of adjoining codons assalt of potential tRNA-tRNA steric
interaction within the ribosomes [10, 17]. Indeeddon context was shown to correlate with
translation elongation rate such that the usageaoé codon pairs decreased protein
translation rates [18-21]. Moreover, it is knowrattlproteins fold via particular pathways,
influenced by the different regional rates of thecandary structures by which the
polypeptides emerge unidirectionally from the rilboe [22]. Thus, variations in elongation
rate can considerably influence the folding of éimeoded polypeptide [23]. Recently, it was
also proposed that these variations in protein gatan rates have evolved to precisely
orchestrate the emergence rates of each structgan of the polypeptide for folding or
interacting with molecular chaperones [19, 20]. I&idively, a number of studies have
reported different codon frequencies within specstiructural regions of the encoded protein
[23]. Therefore, codon optimization based on theosdary structure regions may enable us

to accurately match gene design to the native gsogeprotein translation and folding [13].

In this study, we demonstrated the significanceaafon context and investigated the

relevance of the translational rate within eachosdary structure region for folding and



expression of a thermostable invertaseEincoli. Using the wild type (WT)Thermotoga
maritima invertase sequence as a control, we evaluategrtitein activity levels of three
coding sequences designed based on (1) a commessidbr (CV) strategy, (2) codon
context (CC) fitness for the whole gene [24], aB) ¢odon context fitness based on the

secondary structure (SS) region [23].



2. Methods

2.1. Implementation of codon optimization frameworls

We conducted codon optimization based on CV, C@,2®. CV design was performed by a
commercial vendor, considering several parameterisiding codon usage, codon context,
RNA secondary structure, and codon-anticodon pderactions according to their claim,
while CC- and SS-based sequences were designedrbgreviously developed algorithm

[24]. As described in the previous work, the CCimjation problem is a combinatorial

problem with a nonlinear objective function thatistten as:
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whered® denotes the occurrence frequency of each possilolen pair (64x61 = 3904), and
the subscript denotes the organism (0 for host Jaridr sequence). For an average sized
protein of 300 amino acids, the number of possibldon coding sequences is in the order of
10 [25]. Therefore, the genetic algorithm was emptbi@ obtain a good feasible solution
within an acceptable amount of time [26].

Basically, the genetic algorithm is a heuristiesdd search algorithm that borrows
concepts from evolutionary biology (“survival of ethfittest”) and genetics (mutation,
recombination). The algorithm, like other evoluaoy algorithms, utilizes a population of
solution candidates (top 5% expressing genes inrgehwhich are encoded as strings called
“chromosomes” with an associated objective functiaiue (“fithess”). The algorithm then
iteratively searches the solution space by modifyive population of candidates. The search

procedure is described as follows:

Randomly initialize a population of candidate smng within the search space.
Evaluate the fitness of each candidate.

Rank the candidates according to fithess and cfogdearch termination criterion.

0N

If termination criterion is not satisfied, discdheg bottom 50% population and use the

remaining (i.e. top 50%) to generate new candidates

5. The new candidates are generated from the fitiesid recombination and mutation
operators, and then used to refill the populatibcandidates.

6. The process from 2 to 5 repeats until the ternomatriterion is met.



The search can be terminated when the best solabtained exceeds a targeted value, or

when the number of iterations exceeds a pre-sét lim

For the codon optimization, it is natural to use RNA coding sequence as the
“chromosome”, where each character triplet (cod@mcodes an amino acid. The
recombination and mutation operators operate orctidens with reference to the standard
codon translation table, ensuring that the encquetein remains unchanged. In this work,
the search was set to terminate if the changetmeds was less than 0.5% for across 100

iterations, or 10000 iterations had passed.

Similarly, the procedure for SS design follows C&sé&d codon optimization
algorithm, with modified target sequences on thsidaf secondary structures of genes
considered. Given the secondary structure infownative separately take codon context of
the sequences corresponding to alpha helices, dbetats, and the remaining structural
regions. Therefore, the objective function is réien as:
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whereq* denotes the occurrence frequency of each possiilen pair (64x61 = 3904). The

subscripts, from left to right, denote secondarycttre type ¢ for alpha helicess for beta
sheets, andX for other structures) and organism (0 for host dndor sequence). The
computed score for each secondary structure isal@®ad by the number of possible codon
pairs. The objective function value is negativewas wish to minimize the codon context

difference between the expression host and thedlet@us protein sequence.

2.2. Gene synthesis and cloning

Three variants of the wild-type invertase frdmermotoga maritima enzyme (UniProt ID:
033833.1) were designed with respect to CV, CC, 8dptimization based on the highly
expressed genes found Hscherichia coli. CV was provided by commercial vendor while
CC and SS were designed based on the codon cdimesss of the sequences of whole gene
and each secondary region, respectively, as deskciib Section 2.1. The genes were then
synthesized by a commercial vendor, amplified vidRPwith the respective primer pairs
(Table 1), and the resulting bands were spin-colypmrfied (Qiagen). pET28a (Novagen)

was used as the expression plasmid vector, andlimeaized with Ncol and Xhol. The



linearized vector was gel-purified. The In-FusioD Hloning kit (Clontech) was used for
insertion of the various invertase sequences imtditearized vector, as per manufacturer’'s
protocol. Recombinant pET28a-invertase plasmideweguenced (Axil Scientific) to ensure

no mutations were present.

2.3. Expression and isolation of invertase i&. coli

The various pET28a-invertase recombinant plasmideeviransformed int&. coli BL21
(DE3) (Invitrogen) as per manufacturer’s proto@okingle colony was picked and incubated
overnight at 37C with shaking in 5 ml of 2YT media supplementedhvwglucose (per litre:
16 g tryptone; 10 g yeast extract; 5 g NaCl; 1 gcgse), and containing kanamycin at a
concentration of 50 pg/ml. The overnight cultureswesed to inoculate a larger culture
volume of 2YT/kanamycin to an QR of 0.05, and incubated at 3 with shaking. Upon
reaching an OEyo of 0.5, IPTG was added to a final concentratiorD&f mM to induce
invertase expression. Protein induction was caroiedfor 5 hours before harvesting. One
ODeqo Of cells were collected for subsequent analysis.

The harvested cells were centrifuged for 5 minaie$2,000g, and the resulting cell
pellet was washed with 0.5 ml of LEW buffer (perdi 50 mM NaHPQ,; 300 mM NacCl; pH
8.0). The cell pellet was resuspended in 0.5 mlE#V buffer, and sonicated six times for
25s each, at a power output of 4 W. The suspensi@s centrifuged at 12,000g for 20
minutes at £C. The supernatant (soluble fraction) was collgcéedl the pellet was washed
with 0.5ml of LEW buffer. The washed pellet wasrttiboroughly resuspended in 0.5 ml of
LEW buffer containing 8 M urea, before being cdatred at 12,000g for 20 minutes atGt

The supernatant was also collected (insolubleitrarfor further analysis.

2.4. Gel electrophoresis and Western blot analysis

The soluble and insoluble fractions were run orl®2% reducing gradient gel (Invitrogen),
and transferred to a nitrocellulose membrane whgeaed with a Trans-Blot SD Semi-Dry
Electrophoretic Transfer Cell (Bio-Rad). The menmeravas probed with anti-His-HRP

antibodies (Novagen). All protocols were perfornasdoer manufacturers’ protocols.



2.5. Enzyme activity assay for invertase

The protocol for determining the enzyme activitytlodé expressed recombinant invertase was
adapted from Liebét. al. [27]. Briefly, 1 pg of protein (as determined by Bradfagkay) in
40 pul of either LEW buffer (soluble fraction) orM8 urea (insoluble fraction) was added to
0.5 ml of Reaction buffer (per litre: 50 mM sodiuacetate; 120 mM sucrose, pH 5.5,
adjusted at 75C), and the solution was incubated at°Z5for 15 minutes in a heat block
with shaking. The mixture was cooled t8Gton ice, and 750 pl of Stop solution (per 100 ml:
1 g 3,5-dinitrosalicyclic acid; 20 ml 2 N NaOH; 80Rochelle salt; 0.05 g sodium sulphite)
was added. The mixture was further incubated &t®for 15 minutes in a heat block with
shaking, after which it was cooled immediately t6C4on ice and centrifuged briefly. The
absorbance at 575 nm was measured to determinantibeint of invertase activity. The
volume of crude protein samples used was propa@itimnthe volume of culture, factoring in

the metabolic burden of protein expression as bgehe differing biomass yield.



3. Results and Discussion

3.1. Codon context fitness to improve protein expssion in heterologous hosts
Among several design criteria for codon optimizaticecently codon context-based fitness
has been shown to significantly improve proteinregpion in yeast and mammalian systems
[16, 24]. Therefore, we have applied same critetmrthe microbial production systebn
coli, in order to evaluate its efficacy and relevarseuably, the protein translation rates
should match the protein folding rates, especialhen molecular chaperones are not co-
expressed [28]. As such, we may increase the @raaf soluble proteins and at the same
time reduce the formation of inclusion bodies. Thtie relative importance of protein
secondary structure for designing sequences of éxginession protein can be explored by
implementing an SS based strategy (Methods); tldorcqair fithess of the secondary
structure regions of a given gene sequence cadjbsted by matching with those of the host
organism (Figure 1). To do so, each type of seagnduauctures, i.e., alpha helices, beta
sheets, and others remaining regions were extrdiiedhost genome information based on
structural data in the Protein Data Bank; accoilgintdpeir codon pair patterns were
established as reference inputs to the algoritt8h Rmilarly, secondary structure regions of
the target gene were collected based on the stalctoodel and matched to the host
reference inputs by the codon optimization, resgltin SS-based sequence. The current
strategy was applied to invertase fréhermotoga maritima, which has extensive amounts of

beta sheets in its secondary structure.

3.2. Sequence alignment and protein expression

Invertase is an enzyme used in the food industrgremk down sucrose into glucose and
fructose. The wild-type invertase sequence deriveh the hyperthermophili@hermotoga
maritima is characterized by a bimodular arrangement witeresive beta sheets [30].
Initially, the enzyme sequence (WT) was codon ot for expression ik, coli using
three different criteria: (1) CV, (2) CC, and (3.3t should be noted that the resulting amino
acid sequences of the various codon optimized taser were identical to the native enzyme.
The difference among the nucleotide sequences (@¥1,CC and SS) are highlighted in
Supp. Figure 1.

Subsequently, the WT, CV, CC, and SS sequencestregrgformed and expressed in

E. coli shake flask culture, and the optical density an®@@OD;o) was measured at regular



intervals. Figure 2A illustrates that cells expnegghe codon-optimized invertase (CV, CC,
and SS) have similar growth curves, with WT havinglightly lower final biomass. Cells
expressing the WT coding sequence exhibited aehexponential phase, with a subsequent
linear growth rate, reaching a lower final g3Pas compared to the other coding sequences.
This is most likely explained by the higher metabdlurden imposed on the cell from the

non-codon-optimized invertase, which may depletielee pools of rare tRNA [12].

Invertase was expressed in the cytoplasm and éatidxy cell lysis using sonication.
The crude samples were separated into soluble resaluble fractions, and examined for
protein expression by Western blot (Figure 2B).Awvector (BL21) and no insert (pET28a)
control were run to confirm that the protein isyoekpressed in the engineered vector upon
induction. A clear visible band representing inasé (~50 kDa) was seen on the Western
blot. Visual comparison of the soluble protein bawbdtween the different samples revealed a
stronger signal for CC and SS based fitness, bbtivhich were optimized based on the
codon pair frequency, as compared to WT and CV.[Bgre we assume that SS based
fithness may have improved activity since the adpgsit of codon context based on the

secondary structure should result in a higher peage of folded proteins.

3.3. Comparison of codon-optimized invertase usingn enzyme activity assay

We used an enzyme activity assay which exploitedriase’s ability to hydrolyse sucrose to
form glucose and fructose. Glucose further undeygaereaction where it reduces 3,5-
dinitrosalicylic acid to 3-amino,5-nitrosalicylicia, the presence of which can be detected
by measuring the absorbance at 575 nm. Thus, lasé#oe stoichiometric relationship, the
amount of absorbance of 3-amino,5-nitrosalicylilas directly proportional to the level of
invertase activity present in the sample (Figurg. 3bsorbance at 575 nm (after correcting
for background) was plotted in Figure 3B, and th€ &id CV measurements were seen to be
similar, indicating that no significant improvementas observed when the gene was
optimized based on the CV. Expectedly, the CC dpemh invertase clearly showed an
increased activity of 39.8% and 41.8% greater thenWT and CV, respectively. However,
SS optimized invertase, which was assumed to hapeoved activity compared to the CC

optimized invertase, was seen to have the lowestitaqp<0.05).



To interpret the enzyme activity result (Figure 38)Y, CC, and SS sequences were
mapped into the optimized codon sequences plaring of both individual codon usage and
codon context scores in Figure 4. It should be achdbat the solutions on the Pareto front
(black circles), generated by the multi-objectiyimization algorithm, are not dominated by
any other solutions. One of the solutions is the §¥guence which was obtained by
optimizing the single objective of codon contextdatherefore has the best fithess with
respect to this design parameter. From the plat, atear that the CV sequence is positioned
relatively far from the Pareto front, indicatingatht was not optimized with respect to either
individual codon usage or codon context. This was surprising as the sequence was
designed by the vendor based on multiple desiganpeters. Similarly, the SS sequence has
a lower codon context fithess compared to the Gfliesece, although it is still higher than
the CV sequence.

From the Western blot results, the CC and SS seggeshowed higher expression
levels compared to the CV and WT sequences; thishaacorrelated with the codon context
fitness scores. In addition, the highest enzymevigctof the CC optimized invertase
confirmed that codon context is one of most reléyamameters for synthetic gene design in
E. coli expression system. However, the comparatively togveymatic activity measured
for the SS sequence raises new question of thdityatif secondary structure based design
parameter for codon optimization and its relatiathyprotein folding. One possible reason to
explain such a lower activity in the SS sequendbaseffect of individual codon usage bias.
From Figure 4, the SS sequence has the lowest f$oorimdividual codon usage when
compared to the CV and CC sequences. Although we peeviously shown that codon
context is more effective and relevant than indraldcodon usage for codon optimization
[25], there may be a threshold that separate th@nms where the importance of codon
context or individual codon usage dominate the rottmethe current set of experiments, the
individual codon usage did not affect protein espren levels as seen in the Western blot.
Instead, the use of rare codons could have inadetiaaslational pauses to an extent that
ribosomes detached, leading to misfolding and tdssnzyme activity [23]. Clearly, further
investigation should be required to deconvolutedfiects of codon context and individual

codon usage on protein expression and folding.



4. Conclusion

A non-native gene to the. coli host coding for invertase derived frdrher motoga maritima
was optimized based on CV, CC, and SS, and exmtasseompare the activity of the
enzymes. Amongst the optimization criteria con®derCC was found to generate the
sequence with the highest enzyme activity per oelltwolume. Furthermore, SS, which
adopts the secondary structure as the key elenfeger®e design, showed a decrease in
enzyme activity compared to the wild-type. Our gtéutther illustrates the importance of CC
fitness as a design parameter for optimizing thgueece towards improved heterologous

protein expression.
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Figure Legends

Figure 1. Schematic illustrating the process of camh context based fithess of the
secondary structure regions. The hosts’ genes are categorized according to skebndary
structure, and the codon context profile for eamtoadary structure is derived (A, B, X). A
principal component analysis plot of codon contekbws the differences between the
secondary structure regions. Subsequently, theettgsgptein, invertase, with the protein
shown and its secondary structure regions idedtdi® obtained from the Protein Data Bank
(PDB ID: 1UYP; http://www.rcsb.org/pdb/) [30, 313, optimized based on the codon context
profile derived for each secondary structure frbmliosts’ genes.

Figure 2. Growth curve of invertase expressingE. coli and Western analysis and
enzyme activity assay(A) OD at 600nm was plotted against time for eathis. Cells
expressing the CV, CC, and SS optimized gene seqaeexhibited similar growth
characteristics, while the WT control had a lingeswth curve, reaching a similar final OD
after 8 hours. Induction with IPTG was performetdrs after inoculation, as indicated by
the arrow. (B) Protein expression was qualitativelgalysed by Western blot. The
overexpression of the protein at approximately B@ knatches is confirmed by detection of
the target protein.

Figure 3. Enzyme activity assay of wild-type and @on optimized invertase expressed in
E. coli. (A) Stoichiometric reaction of the enzyme activigsay to measure invertase
activity. Sucrose is hydrolysed to form glucose &mdtose; the glucose further reduces 3,5-
dinitrosalicylic acid to 3-amino,5-nitrosalicyliccia, which can be detected at 575 nm. (B)
Absorbance at 575 nm per cell culture volume waedofor each coding sequence. CC
optimized illustrated the highest level of enzymetivaty, with CV and WT having
comparable levels. SS optimized displayed the lowe&l of enzyme activity. Error bars
represent one standard deviation. Statistical fogmice was determined by t-test as a
comparison to WT (*: p<0.05; **: p<0.001).

Figure 4. Individual codon usage and codon contextharacteristics of wild type and
optimized sequencesk-igure shows a comparison of ICU and CC distrdnsgiin wild type,
CVO, SSO, and CCO sequences. The resulting difteenn host specific fithess are
depicted in the CC & ICU fitness plot. The Paretmf (denoted by black circles) depicts the
trade-off between individual codon usage and codomext fitness. The shading of plot
points (squares) indicates the codon adaptatioexinthe geometric mean of the weight of
each codon for the coding sequence.



Table 1.List of primers used.

Primer Nucleotide sequence (5-3’)
Inv-His-F AGGAGATATACCATGCACCACCACCACCACCAC
Inv-WT-R GGTGGTGGTGCTCGAGTCATTACAACCATATGTTCTCGAGTT

Inv-CVO-R * | GGTGGTGGTGCTCGAGTCATTACAGCCAGATGTTTTCCATTC

Inv-CCO-R* | GGTGGTGGTGCTCGAGTCATTACAGCCAGATGTTTTCGATTC

Inv-SSO-R GGTGGTGGTGCTCGAGTTATCATAACCAGATATTTTCCAGIICG

* Same sequence
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