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Highlights 20 
• Improving the expression of multidomain biosynthetic proteins such as non-ribosomal21 

peptide synthetases (NRPSs) from high GC organisms in E. coli often remains a trial-22 
and-error process.  To probe this, we assessed a model NRPS, blue pigment synthetase A23 
(BpsA) from Streptomyces lavenduale evaluating constructs using native codons versus24 
E. coli codon optimization with and without a commercially available tRNA25 
complementation plasmid in a commonly used pET vector.26 

• Differences in inclusion body formation were detectable when comparing expression27 
conditions, however, for the protein that remained in solution, it was identically stable,28 
and all conditions were entirely post-translationally modified.29 

• Differences in indigoidine pigment titer catalyzed by BpsA were correlated to differences30 
in soluble protein production, and not misfolding of protein in the soluble fraction due to31 
differences in co-translational folding.32 

33 
Abstract: High GC bacteria from the genus Streptomyces harbor expansive secondary 34 
metabolism. The expression of biosynthetic proteins and the characterization and identification 35 
of biological “parts” for synthetic biology purposes from such pathways are of interest. 36 
However, the high GC content of proteins from actinomycetes in addition to the large size and 37 
multi-domain architecture of many biosynthetic proteins (such as non-ribosomal peptide 38 
synthetases; NRPSs, and polyketide synthases; PKSs often called “megasynthases”) often 39 
presents issues with full-length translation and folding.  Here we evaluate a non-ribosomal 40 
peptide synthetase (NRPS) from Streptomyces lavenduale, a multidomain “megasynthase” gene 41 
that comes from a high GC (72.5%) genome. While a preliminary step in revealing differences, 42 
to our knowledge this presents the first head-to-head comparison of codon-optimized sequences 43 
versus a native sequence of proteins of streptomycete origin heterologously expressed in E. coli. 44 
We found that any disruption in co-translational folding from codon mismatch that reduces the 45 
titer of indigoidine is explainable via the formation of more inclusion bodies as opposed to 46 
compromising folding or posttranslational modification in the soluble fraction. This result 47 
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supports that one could apply any refactoring strategies that improve soluble expression in E. 48 
coli without concern that the protein that reaches the soluble fraction is differentially folded.   49 

Keywords: heterologous expression • Streptomyces • natural products • synthetic biology • 50 
refactoring • codon optimization  51 

1. Introduction 52 

Bacteria from the order Actinomycetales, especially those from the genus Streptomyces are some 53 
of the most prolific producers of bioactive natural products.  Indeed, over half of the clinically 54 
used antibiotics arise from Streptomyces and related Actinomycetes [1,2]. Many of these natural 55 
products come from classes such as polyketide synthases (PKSs) and non-ribosomal peptide 56 
synthetases (NRPSs) which generate the polyketide and non-ribosomal peptide metabolites, 57 
respectively.  PKSs and NRPSs are megadaltons in size (often termed “megasynthases”) [3–58 
5].  The large size of PKSs and NRPSs combined with their high GC genomes (~75% GC) often 59 
results in poorly understood issues with protein expression and folding in heterologous hosts, 60 
especially those that are evolutionarily distinct and more moderate in GC content [6]. While 61 
numerous investigations have focused on the improvement of metabolic flux [7–10], the 62 
availability of phosphopantetheinyltransferases (PPtases) to provide sufficient posttranslational 63 
modification [11], and genome minimization [12–14] to remove potential drains on metabolic 64 
resources, such as host optimization efforts will be fundamentally limited if the key bottleneck 65 
remains to create full length, well folded and catalytically active protein.  Streptomycetes harbor 66 
biosynthetic genes involved in secondary metabolism in general, and particularly PKSs and 67 
NRPSs have had extensive investigation with the goal of creating engineered products including 68 
medicinal agents [7,9] as well as commodity and specialty chemicals [15–17]. None of these 69 
synthetic biology applications are feasible without the critical step of biochemical 70 
characterization of biosynthetic proteins. 71 
 72 
Well-established heterologous expression systems exist for various Streptomyces sp. [18–21], 73 
however, they typically remain a tool of last resort for the application of production of adequate 74 
protein for overexpression and biochemical characterization, which is a fundamental step for 75 
characterizing synthetic biology parts. This is due to their slow growth curves, less than ideal 76 
growth properties (e.g. mycelial clumping), and typical requirement of transfer of genetic 77 
material through specialized techniques (e.g. intergenic conjugation or lengthy protoplast 78 
preparations) results in less than ideal tractability for isolation and purification of protein [18]. 79 
Despite the vast evolutionary differences between E. coli and Streptomyces and related 80 
actinomycetes, the unparalleled genetic tractability, as well as the rapid doubling time and facile 81 
growth conditions, still fuels motivation for expressing high GC and large proteins within E. 82 
coli.  While Streptomyces species might be all-around better hosts for metabolite production in 83 
many settings [22], the downsides of expression for protein overexpression still typically weigh 84 
the scale towards optimizing expression in E. coli for this key application. With E. coli, due to 85 
the large differences in GC content between Streptomyces sp. and E. coli, this means that it is not 86 
always obvious whether an expression is improved by maintaining the native coding sequence or 87 
by performing codon optimization to better match the codon usage of E. coli when considering 88 
the need highly expressed appropriately folded soluble protein.  Additionally, the native coding 89 
sequence may be intractable to generate as a synthetic gene due to gene synthesis companies’ 90 
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lack of capacity to produce high GC DNA sequences, necessitating a synthetic gene that uses 91 
synonymous codons that are more synthetic accessible if the organism is not readily cultured 92 
and/or the gene is challenging to clone from genomic DNA. 93 
 94 
Despite the mechanistic knowledge that codon usage has an evolutionary basis to regulate the 95 
rate of translation and co-translational folding [23–26], there are contradictory anecdotal reports 96 
of success and failure of codon-optimized constructs among members of the natural products 97 
enzymology and synthetic biology communities. Even though the genetic code is universal, the 98 
usage frequencies of synonymous codons can differ substantially between organisms. Codon bias 99 
is when there is a preferred usage of one codon over another for the same amino acid. When 100 
codon usage differs in a heterologous host, codons that are rarely used in E. coli such as CUA 101 
(Leucine); AGA, AGG (Arginine); AUA (Isoleucine); CCC, (Proline); GGA, GGG (Glycine) 102 
essentially regulates the expression of different endogenous protein (AGG, CCC, GGA, and 103 
GGG are common in Streptomyces sp.).[27,28] The level of reduction of protein expression in E. 104 
coli corresponds with the relative positions of these rare codons in genes. Due to the lack of 105 
cognate tRNAs corresponding with rare codons in the host organism, the expression of 106 
heterologous proteins is limited. With such extreme GC bias, deciding whether to codon 107 
optimize or not is not always clear to the researcher. While some head-to-head comparisons of E. 108 
coli codon-optimized constructs compared to natively coded constructs exist for eukaryotic 109 
proteins [27], few analogous experiments have not been performed for high GC prokaryotes. To 110 
date, the only comparison of codon-optimized Streptomyces constructs to a natively coded 111 
construct has been for a beta-glucanase enzyme which indicated small but measurable 112 
differences in protein folding that affected protein activity between synonymous coding 113 
sequences[29]. Because there is high interest in expressing biosynthetic genes for synthetic 114 
biology purposes from such metabolically gifted bacteria, we sought to do a head-to-head 115 
comparison of a model megasynthase with the supplementation of tRNA for rare codon in E. 116 
coli. For our model, we chose blue pigment synthetase A (BpsA) from S. lavendulae which 117 
produces the blue pigment, indigoidine [30]. BpsA is an example of type 1 non-ribosomal 118 
peptide synthetase (NRPS) [31], which is a large, multi-domain protein with flexible linkers and 119 
an example of a protein that provides unique challenges to heterologous expression among 120 
relevant biosynthetic proteins from Streptomyces that we sought to interrogate (Scheme 1).  121 

 122 
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Scheme 1. Production of indigoidine by the single-module NRPS BpsA. Schematic diagram showing apo-BpsA 123 
activated to holo-BpsA via attachment of a phosphopanthetheinyl prosthetic group derived from Co-enzyme A, 124 
mediated by a phospopantetheinyltransferase. Two molecules of L-glutamine are converted by holo-BpsA into the 125 
easily detectable blue pigment indigoidine. BpsA consists of an adenylation (A) domain with an oxidase (Ox) 126 
domain present between subdomains of the A-domain, a peptidyl carrier protein (PCP) domain, and a thioesterase 127 
(TE) domain.  128 

2. Materials and Methods 129 

2.1 Bacterial strain, plasmid vectors, and chemicals 130 

Chemically competent E. coli DH5α cells, E. Coli BL21(DE3) Rosetta were purchased from 131 
Novagen, USA. BL21(DE3) Rosetta strain contains a plasmid harboring tRNA genes for the 132 
following rare codons: AGG, AGA, AUA, CUA, CCC, and GGA on a chloramphenicol-resistant 133 
plasmid. Chemically competent E. coli BAP1 was obtained from Prof. Christopher Boddy 134 
(University of Ottawa, Ottawa, Canada). E. coli BAP1 essentially is a derivative of the 135 
commonly used of E. coli BL21(DE3) strain, which has the promiscuous PPTase sfp to provide 136 
the required phosphopantetheinyl post-translational modification.[11] Hence, with present of sfp 137 
allows BAP1 to generate phosphopantetheinylated active holo-ACPs and PCPs. Native bpsA in 138 
the pET28 vector was obtained from Prof. Michael Burkart (University of California San 139 
Diego) [32]. The E. coli codon-optimized sequences of bpsA were ordered as two gene blocks 140 
(part 1 and part 2) from Integrated DNA Technology’s (USA) (supplementary information). 141 
GoldenGate cloning kit, DNA ladder (1kb), and protein ladder were purchased from New 142 
England BioLabs, USA. PrimeSTAR GXL Premix was purchased from Takara Bio Inc., USA. 143 
PCR cleanup kits, miniprep kits, and gel recovery kits were purchased from Zymo Research, 144 
USA. Primers were obtained from Thermofisher, USA. Chemicals required for SDS-PAGE, 145 
purification, Luria Bertani (LB) broth, and agar were purchased from Thermofisher. Pre-made 146 
protein gel was purchased from NuSep, USA. All constructs were confirmed by Sanger 147 
sequencing. 148 

2.2 Codon optimization and gene synthesis 149 

The DNA sequence of the native bpsA in the pET28 vector has been previously described [32]. 150 
The E. coli codon-optimized sequence of bpsA was designed using Integrated DNA 151 
Technology’s (IDT, USA) codon optimization tool. 152 

 153 

2.3 Plasmid Construction 154 

Natively coded bpsA cloned into pET28 was generously provided by Michael Burkart 155 
(University of California San Diego, See supplementary) [32]. The E. coli codon-optimized bpsA 156 
and pET28 vector were amplified by PCR. The construct was cloned using GoldenGate cloning 157 
kit (NEB, USA) and included an N-terminal His6-tagged and a stop codon (TAA). Primers were 158 
designed with the J5 algorithm [33]. Primers used in this study are listed in Table 1.  159 

 160 

Table 1 Primers used in this study. 161 
Primer name Sequence 
E. coli bpsA part 1 CACACCAGGTCTCAGCATGACGTTGCAAGAGACTTCGG 
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Forward 
 

E. coli bpsA part 1 
Reverse 

CACACCAGGTCTCAAACGATGCAGCCTGGTACACGG 

E. coli bpsA part 2 
Forward 

CACACCAGGTCTCACGTTTGGAATTTCAGTATATAGTCGCGC 

E. coli bpsA part 2 
Reverse 

CACACCAGGTCTCAGTGTTATTCACCAAGTAAATAGCGGATAT
GC 

pET28 with E. coli 
bpsA Forward 

CACACCAGGTCTCAACACCACCACTGAGATCCGGCTGCTAAC 
 

pET28 with E. coli 
bpsA Reverse 

CACACCAGGTCTCAATGCTGCCGCGCGGCACCAG 

 162 

2.4 Expression and Purification of BpsA 163 

Expression of BpsA was conducted using either E. coli BAP1[11] as a host strain or E. coli 164 
BAP1 transformed with the tRNA complementation plasmid isolated from E. coli BL21(DE3) 165 
Rosetta (Novagen, USA).  Cultures were grown in LB broth (Miller) supplemented with 166 
appropriate antibiotics (kanamycin at 50 µg/mL and 25 µg/mL chloramphenicol as 167 
appropriate).  Overnight seed cultures were grown in 25 mL LB broth and kanamycin (50 168 
µg/mL) inoculated with a single colony at 37 °C, shaking at 210 rev/min.  2L of expression 169 
cultures were inoculated from these cultures in a ratio of 1:100 and incubated at 37 °C shaking at 170 
210 rev/min until an OD800 of 0.3-0.4 was reached.  Note that OD800 rather than the more typical 171 
OD600 was used to monitor growth to ensure that interference from the signal from indigoidine 172 
would not interfere with measurements of cellular turbidity.  This strategy was adapted from 173 
Beer and coworkers [34] and a reproduction of the correlation between the OD600 and OD800 is 174 
shown in (Fig. 1).  The temperature was then lowered to 16 °C and cooled for 15 minutes prior 175 
to induction by the addition of IPTG to a final concentration of 0.5 mM.  The cultures were then 176 
incubated for ~20 hours at 16 °C prior to harvesting by centrifugation (4000 x g, 45 min at 4 °C). 177 

 178 
Fig. 1. Correlation of the optical density of BAP1 between OD800 and OD600 measurements. The accuracy of the R2 179 
shows that we can measure the growth in this study at OD800. 180 
 181 
Cell pellets were resuspended in a wash buffer (5 mM imidazole, 0.5 M NaCl, 10% v/v glycerol, 182 
50 mM sodium phosphate, pH 7.8) and lysed by sonication (3x 30 min on, 1 min off).  After 183 
sonication, the lysate was clarified via centrifugation (11,000 x g, 45 min, 4 °C) and purified via 184 
IMAC on an AktaPure system (Cytiva, USA) using a 5 mL HisTrap column (Cytiva, 185 
USA).  Protein was eluted with elution buffer (400 mM imidazole, 0.5 M NaCl, 10% v/v 186 
glycerol, and 50 mM sodium phosphate, pH 7.8) with the gradient from 20-60%, 1 column value 187 
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(CV), 60-100, 1 CV, and hold at 100% for 3 CV.   After purification, the collected fractions were 188 
dialyzed (10K MWCO dialysis tubing Thermofisher) for 2 passes for a minimum of six hours 189 
into storage buffer (50 mM sodium phosphate pH 7.8, 100 mM NaCl, 10% v/v glycerol).  The 190 
protein was then concentrated using a 100 K MWCO concentrator (Thermofisher, USA).  Purity 191 
was assessed via SDS-PAGE using 4-20% pre-made gels (NuSep, USA). 192 
 193 
2.5 Indigioidine Purification and Preparation of the Indigoidine Standard Curve 194 

A 10 mL seed culture containing BAP1 harboring E. coli coded bpsA was grown from a fresh 195 
single colony overnight (37 °C, 2010 rev/min) in LB medium supplemented with 50 µg/mL 196 
kanamycin.  After ~20 hours, 1L of culture was inoculated with the overnight seed culture in a 197 
ratio of 1:100 and incubated at 37 °C shaking at 210 rev/min.  At an OD800 of 0.3-0.4, the 198 
overnight culture was induced with 0.5 mM IPTG, grown at 16 °C for 20 h, and then lyophilized 199 
for 36 hours.  The dry cell mass was then washed with three rounds of water, methanol, ethanol, 200 
isopropanol, and hexanes to remove metabolites, salts, and proteins.  Finally, the product was 201 
dried for ~one week under vacuum.  Purity was verified via 1H NMR: (400 mHz, D6MSO) δ 202 
11.30 ppm (s, NH), 8.18ppm (s, CH), and 6.46ppm (s, NH2) which is in agreement with the 203 
previous literature report [35,36].  Afterward, 0.5 mg of dry indigoidine was dissolved in 1 mL 204 
DMSO.  This solution was then serially diluted to six different concentrations (0.01, 0.025, 0.5, 205 
0.1, 0.2, and 0.25 mg/mL).  200 µL of the solution was added to a 96-well plate in triplicate to 206 
measure A595 to generate a standard curve. 207 
 208 
2.6 Measurement of Titer 209 

 210 
E. coli BAP1 transformed with the appropriate plasmid(s) were grown in 250 mL Erlenmeyer 211 
flasks containing 40 mL of LB broth (~15% filling volume) supplemented with 50µg/ml 212 
kanamycin (37˚C, 210 rpm). The experiment was performed in triplicate. When the OD800 value 213 
reached 0.3-0.4, 500 µM IPTG was added to induce the expression of BpsA. After the induction, 214 
the fermentation broths were incubated at 16˚C and 210 rpm for 45 min, and then L-glutamine 215 
was added with the final concentration at 1.5 g/l. The broths were maintained growing for an 216 
additional 24 hours. The cultures were then harvested to measure the titers of indigoidine. 1 ml 217 
of fermentation broth was centrifuged (11000 x g for 30 minutes), the supernatant was discarded, 218 
and the cell pellets were washed with 1ml of water, ethanol, methanol, isopropanol and then 219 
dissolved in 1ml of DMSO by pipette. The insoluble component was removed by centrifugation 220 
(8000 xg, 20 minutes). The absorption value of the DMSO solution was measured at 595 nm 221 
triplicated. The titer of indigoidine was then calculated based on the standard curve of pure 222 
indigoidine.  223 
 224 
 2.7 Thermal shift assay: 225 

A Thermal shift assay was used to determine the melting temperature (Tm) of BpsA using 226 
SYPRO orange [37]. Each BpsA expressed under each expression condition was purified to 227 
homogeneity. Triplicate reactions of three separate preparations were established for the assay. 228 
In a 96-well plate, reaction conditions were as follows 20µL storage buffer (50 mM phosphate 229 
pH7.8, 100mM NaCl, 10%(v/v) glycerol), 5 µL 50x SYPRO orange dye, 15 µL Millipore water, 230 
and 10 µL of protein with the concentration between 0.5-7 mg/mL. Lysosome (1mg/ml) was 231 
used as the positive control. Briefly, each well was measured from 20 °C to 98 °C with the rate 232 
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was 1 °C. The corresponding of the lowest measurement of the derivative data used to determine 233 
Tm of BpsA (supplementary information). 234 

2.8 Proteomics Analysis: 235 

50 ug of each purified protein sample was precipitated using the established acetone precipitation 236 
method [38]. Proteins were resuspended in 100 mM ammonium bicarbonate buffer supplemented 237 
with 20% methanol, followed by reduction using 5 mM tris 2-(carboxyethyl) phosphine (TCEP) 238 
for 30 min at room temperature, and alkylation with 10 mM iodoacetamide (IAM; final 239 
concentration) for 30 min at room temperature in the dark. Overnight digestion with trypsin was 240 
accomplished with a 1:50 trypsin: total protein ratio. The resulting peptide samples were 241 
analyzed on an Agilent 1290 UHPLC system coupled to a Thermo scientific Obitrap Exploris 242 
480 mass spectrometer for the discovery of proteomics [39]. Briefly, 20 µg of tryptic peptides 243 
were loaded onto an Ascentis® (Sigma–Aldrich) ES-C18 column (2.1 mm × 100 mm, 2.7 μm 244 
particle size, operating at 60°C) and were eluted from the column by using a 10-minute gradient 245 
from 98% buffer A (0.1 % FA in H2O) and 2% buffer B (0.1% FA in acetonitrile) to 65% buffer 246 
A and 35% buffer B. The eluting peptides were introduced to the mass spectrometer operating in 247 
positive-ion mode. Full MS survey scans were acquired in the range of 300-1200 m/z at 60,000 248 
resolutions. The automatic gain control (AGC) target was set at 3e6, and the maximum injection 249 
time was set to 60 ms. The top 10 multiply charged precursor ions (2-5) were isolated for higher-250 
energy collisional dissociation (HCD) MS/MS using a 1.6 m/z isolation window and were 251 
accumulated until they either reached an AGC target value of 1e5 or a maximum injection time 252 
of 50 ms. MS/MS data were generated with a normalized collision energy (NCE) of 30, at a 253 
resolution of 15,000. Upon fragmentation precursor ions were dynamically excluded for 10 s 254 
after the first fragmentation event. The acquired LCMS raw data were converted to mgf files and 255 
searched against the latest UniProt E. coli protein database supplemented with BpsA and other 256 
common contaminant protein fasta sequences using Mascot search engine version 2.3.02 (Matrix 257 
Science). Phosphopantetheine modification to L-serine was defined as a variable modification in 258 
addition to other common structural modification parameters, such as carbamidomethyl and 259 
oxidized methionine. The resulting search results were filtered and analyzed by Scaffold v 5.0 260 
(Proteome Software Inc.). The quantitative report of phosphopantetheine-modified peptide was 261 
analyzed by Skyline v 22.2 (University of Washington). 262 
 263 
Data Availability 264 

The generated mass spectrometry proteomics data have been deposited to the ProteomeXchange 265 
Consortium via the PRIDE[40] partner repository with the dataset identifier PXD040627 and 266 
10.6019/PXD040627.  267 

3. Results and Discussion 268 

3.1 Expression and purification of BpsA 269 

 270 
To test the hypothesis that the difference in coding sequence might impact BpsA stability via 271 
disruptions to co-translational folding, we cloned two synonymously coded constructs of bpsA 272 
into the commonly used expression vector, pET28a. Because of the T7 promoter, high copy 273 
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number origin, and lac-inducible operon, this is typically a commonly used vector for 274 
overexpression and purification for biochemical characterization and is usually the first choice 275 
for the application of biochemical characterization.  First, we used a coding sequence that was 276 
cloned directly from genomic DNA[32] of S. lavendulae as the native coding sequence.  Next, 277 
we ordered bpsA as a gene block from Integrated DNA Technologies using their Codon 278 
Optimization Tool to create a synonymously coded E. coli codon-optimized construct of bpsA. 279 
The natively coded bpsA gene had a GC content of 68% whereas the E. coli codon-optimized 280 
gene had a GC content of 51%.  The overall genome of Streptomyces lavenduale has a GC 281 
content of 72.5%, thus the GC content of bpsA is lower than a typical gene from Streptomyces 282 
lavenduale. 283 
 284 
We measured purified protein as a proxy for how much fully translated, soluble protein was 285 
present. The electrophoretic analysis of the complete purification process as well as the purity 286 
was assessed via SDS-PAGE (Fig. 2, Fig. S1). The expression of both plasmids was performed 287 
in E. coli BAP1, a derivative of the commonly used BL21(DE3) strain specifically designed for 288 
PKS and NRPS expression a copy of the promiscuous phosphopantetheinyl transferase, sfp is 289 
integrated into its genome (PKS and NRPS expression require phosphopantetheinylation for 290 
catalytic activity).  We saw a lower purified yield of protein with the native codon construct than 291 
with the E. coli codon-optimized construct (1.4±0.1 mg/L versus 2.1±0.17 mg/L respectively, 292 
Table 2). 293 

 294 
Fig. 2. Two constructs of BpsA were purified to homogeneity with a molecular mass of 145 kDa. The expression of 295 
E. coli codon-optimized bpsA and native-coded bpsA was performed in E. coli BAP1, which is a subsequence strain 296 
of the commonly used BL21(DE3). Because PKS and NRPS expression requires phosphopantetheinylation for 297 
catalytic activity, sfp is integrated into BL21(DE3) genome to create BAP1 strain for the expression of PKSs and 298 
NRPSs.  This figure indicates the purity of each construct purified to homogeneity. 299 

Table 2. Tm values, purified protein yields, and indigoidine titers for each expression condition 300 
of BpsA 301 

Construct Tm (˚C) Purified 
Protein Yield 

Titer of 
indigoidine 
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(mg/L) (mg/ml) 

E. coli codon-optimized bpsA 41.3 ± 0.06 2.1 ± 0.17 0.41 ± 0.03 

Natively coded bpsA 41.3 ± 0.12 1.4 ± 0.10 0.21 ± 0.06 

E. coli codon optimized bpsA expressed 
with the Rosetta plasmid 

41.2 ± 0.10 4.8 ± 0.48 0.49 ± 0.005 

Natively coded bpsA expressed with the 
Rosetta plasmid 

41.1 ± 0.05 5.2 ± 0.38 0.49 ± 0.003 

 302 
3.2 tRNA Supplementation for Rare Codons in E. coli. 303 

Because the E. coli codon-optimized construct showed a higher yield of purified protein than the 304 
native codon construct, we decided to pursue another common strategy to improve the 305 
expression of genes with a codon usage that differs from E. coli, using tRNA complementation 306 
plasmids. The commercially available BL21(DE3) Rosetta strain contains a plasmid harboring 307 
tRNA genes for the following rare codons: AGG, AGA, AUA, CUA, CCC, and GGA on a 308 
chloramphenicol-resistant plasmid. To ensure that we retained phosphopantetheinylation, we 309 
isolated this plasmid from the commercially available BL21(DE3) Rosetta strain and 310 
transformed it into E. coli BAP1. When supplemented with the rare tRNA complementation 311 
plasmid, the yield of purified protein becomes comparable within prep-to-prep variability, with 312 
the native coding sequence slightly higher yielding (5.2±0.38 mg/L versus 4.8±0.48 mg/L for 313 
native coding and E. coli codon-optimized constructs, respectively) (Table 2).  However, the 314 
levels of insoluble protein become more comparable between the two conditions when 315 
qualitatively comparing via SDS page gel evaluating the soluble versus insoluble fractions (Fig. 316 
3). The additional tRNA not only improves the yield of the native construct but also improves 317 
the yield of the E. coli-coded construct. This can be explained that the Rosetta plasmid provides 318 
a rich source of tRNA in the translation process, hence the yields are increased for both 319 
constructs. Interestingly, even though there is an increase in the insoluble protein of the E. coli 320 
codon-optimized constructs when adding the Rosetta plasmid, the yield of purified protein also 321 
increased. This means that the total proteins that are expressed are significantly increased along 322 
with the inclusion bodies, and the increase in recovered soluble protein is significant.  323 

     324 



 10

Fig. 3. Solubility of BpsA. BpsA expressed in E. coli BAP1 with and without the addition of tRNA from 325 
BL21(DE3) Rosetta. Without the Rosetta plasmid, the native coding sequence is less soluble than the E. coli codon-326 
optimized construct. With the Rosetta plasmid, the expression between the two constructs is improved. 327 

 328 
3.3 Measurement of Indigoidine Titer 329 

As an output for the functional activity of BpsA in a context relevant to metabolite production, 330 
we measured the titer of indigoidine to better understand the functional consequences of codon 331 
optimization. A standard curve for purified indigoidine was established (Fig. S3). We saw a 332 
distinct difference in titer with approximately 2-fold more indigoidine production in the E. coli 333 
codon-optimized construct than in the native construct (0.41 ± 0.03 mg/mL and 0.21± 0.06 334 
mg/mL, respectively for the E. coli codon-optimized construct versus the native construct). (Fig. 335 
6, Table 2). This result also correlates with purified protein yield (Table 2).  These trends are 336 
largely explainable by the fact that more protein was observed in the insoluble fraction as 337 
inclusion bodies via qualitative examination of the soluble versus insoluble fractions via SDS-338 
PAGE (Fig. 3). When supplemented with the rare tRNA complementation plasmid, the titers 339 
became comparable between the two coding constructs (0.49 mg/mL) (Fig. 6). Because the 340 
levels of insoluble protein become more comparable between the two conditions when 341 
supplemented with Rosetta plasmid when qualitatively comparing via SDS page gel evaluating 342 
the soluble versus insoluble fractions (Fig. 3), which explains why both the titer of iindigoidine, 343 
and yield of purified protein were comparable for each coding sequence. 344 
 345 

 346 
 347 

Fig. 4. Titer of indigoidine. Without the Rosetta plasmid, the native coding sequence produced less indigoidine than 348 
the E. coli codon-optimized construct. With the Rosetta plasmid, the production of indigoidine becomes comparable 349 
between the two constructs. Evaluated with a Student’s t test. *p-value <0.01. 350 
 351 
 352 
3.4 Thermal Melting Shift Assay 353 

 354 
To determine if the soluble, fully translated protein that we were able to purify to homogeneity 355 
(Fig. 2) was identically folded, we measured the thermal melting point using the SYPRO orange 356 
thermal shift assay [41].  All four expression conditions led to a thermal melting point of 41° C 357 
(Table 2). Because the thermal melting points were identical between the four expression 358 
conditions, this suggests that any differences between tRNA pool match and issues with co-359 
translational folding lead to the formation of inclusion bodies, but the protein that is well folded 360 
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enough to remain in the soluble fraction is folded appropriately. Consequently, we can conclude 361 
that provided that the protein reaches the soluble layer, it is equally well folded regardless of 362 
strategy used to promote increased soluble expression. Curiously, this result is different than 363 
what was found by Pradeep and coworkers’ experiments investigating synonymously coded Beta 364 
glucanase enzymes from Streptomyces althiiotiicus TBG-MR17 and Streptomyces cinereoruber 365 
subsp. Cinereoruber TBG-AL3 appeared to have minor but measurable differences in thermal 366 
stability between natively coded constructs[29].  This difference in results between different 367 
classes of proteins from related organisms indicates that more work needs to be done to 368 
understand the effects of recoding genes from high GC prokaryotes.  It is possible that the large 369 
size of BpsA may explain some of these differences, but further investigation needs to be done 370 
before we can determine this conclusively. 371 

 372 
3.5 Posttranslational modification of BpsA 373 

Phosphopantetheinylation is a post‐translational modification process, which is important for 374 
activation of NRPSs as the peptidyl carrier protein inactive without a posttranslational 375 
modification to a conserved serine residue. [42] Because we observed indigoidine production 376 
and similar Tm values among all expression conditions, we did not suspect to observe differences 377 
in the degree of phosphpantetheinyl posttranslational medication.  However, to confirm, a 378 
phosphopantetheinyl ejection assay was performed to determine the ratio of holo/apo-protein on 379 
the PCP domains. This assay was originally developed by Dorrestein and coworkers and was 380 
optimized by the Keasling lab.[43,44] Four proteins were purified via the His-tag purification 381 
method described above and 20 µL of the purified sample was used to measure their 382 
phosphopantetheinylation ratio. Targeted tandem mass spectrometry methods for the 383 
phosphopantetheine ejection assay were generated by the Skyline method.[45] The proteomic 384 
data were normalized to “global standards”, which is a peptide fragment from BpsA 385 
(VELDEISLAIENHDWVR) to minimize differences in the BpsA purity between samples. This 386 
fragment is identified in all of the samples at high intensity by using the Skyline ‘Global 387 
Standards’ normalization (Fig. S3). The tryptic PCP fragment containing NSL active site motif is 388 
the “parent” ion (ENASVQDDFFESGGNSLIAVGLVR, serine that is post-translationally 389 
modified with phosphopantetheine is bolded). This fragment carries the phosphopantetheine 390 
attachment sites including the acyl-phosphopantetheine. The phosphopantetheine fragment and 391 
acyl group is the ‘daughter’ ion (Fig. 5). 392 

 393 
Fig. 5. PPant ejection fragment after treatment with iodoacetamide during proteomic analysis. The “parent” ion is 394 
the tryptic PCP fragment containing NSL active site motif (S in NSL is the active serine). The phosphopantetheine 395 
fragment and acyl group is the ‘daughter’ ion. 396 
 397 
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We found purified BpsA protein across all expression conditions to be present in detectable 398 
amounts in the holo-form only without any evidence of detectable apo form, indicating that 399 
differences in the percentage of protein that was posttranslationally modified do not explain 400 
differences in the titer of indigoidine (Fig. 6). Different native and E. coli proteins in the LC-MS 401 
analysis across the samples were observed, suggesting that the purity of BpsA is lower in the 402 
tRNA complementation group. Since the analysis of the proteomic data focuses on the different 403 
states of the BpsA protein and it was detected with high sensitivity in all samples, the absolute 404 
abundance differences between the samples do not impact the conclusions drawn from the data. 405 
The “Expected” bar plot represents the predicted isotope distribution of the Holo-peptide as 406 
calculated by the software Skyline and corresponds to an idotp value of 1.0.  The idotp values of 407 
the Holo-peptide for the sample data indicate how close the observed isotope distribution 408 
(measured by a peak intensity of isotope ions) is to the predicted (Expected) distribution.  An 409 
idotp value greater than 0.9 is commonly accepted as a cutoff to explain the idotp value.  Thus, 410 
the idotp values of the Holo-peptide for the sample data indicate how close the observed isotope 411 
distribution (measured by peak intensity of isotope ions) is to the predicted (Expected) 412 
distribution.  While we did see variations in the total peak area of the holo-peptides among 413 
different purified sample sources, we believe this is explainable by 1) minor variation in the 414 
protein quantification assay used to measure the protein concentration of each sample, and 2) 415 
variation of the purity of BpsA enriched via the His-tag purification method.  We observed 416 
different native E. coli proteins in the LC-MS analysis across the samples, suggesting that the 417 
purity of BpsA may be lower in the tRNA complementation group.  Since the analysis of the 418 
proteomic data focuses on different states of the BpsA protein and it was detected with high 419 
sensitivity in all samples, the absolute abundance differences between samples do not impact 420 
conclusions drawn from the data. 421 

 422 
 423 
Fig. 6. Holo-BpsA across all expression conditions: E-BpsA is E. coli codon-optimized BpsA.  N-BpsA is natively 424 
coded BpsA. RE-BpsA is E. coli codon-optimized BpsA with tRNA from E. Coli BL21(DE3) Rosetta 425 
complementation.  RN-BpsA is natively coded BpsA with tRNA from E. Coli BL21(DE3) Rosetta 426 
complementation. The “Expected” bar plot represents the predicted isotope distribution of the Holo-peptide as 427 
calculated by the software Skyline and corresponds to an idotp value of 1.0.[45]  The idotp values of the Holo-428 
peptide for the sample data indicate how close the observed isotope distribution (measured by peak intensity of 429 
isotope ions) is to the predicted (Expected) distribution. 430 
 431 
4. Conclusion 432 

While there has been much discussion within the literature about how codon usage promotes 433 
correct protein folding via evolutionarily tuned co-translational folding events [24,25,46,47], the 434 
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details of what the consequences of this are at the protein level are not entirely clear. While one 435 
might expect there would be no minor differences in a well-folded protein such as model robust 436 
protein such as GFP [48], megasynthases like BpsA have multiple domains held with flexible 437 
linkers with multiple opportunities for partial misfolding that may compromise stability and, 438 
consequentially, activity.  Because many biosynthetic proteins of interest have more complexity 439 
than GFP, BpsA served as an appropriate proxy for proteins that are of more interest to 440 
investigating and engineering biosynthetic pathways [49]. 441 
 442 
We found that all expression strategies generated protein with identical Tms, suggesting no 443 
detectable difference in stability in the protein that was folded enough to be recovered from the 444 
soluble fraction.  The differences in protein yield and metabolite titer could be entirely explained 445 
by differences in the solubility of translated BpsA, and not protein stability or 446 
phophopantetheinylation. As there is evidence that codon usage affects secondary structure 447 
formation in E. coli, we wanted to decouple the effects on the solubility expressed protein versus 448 
the insoluble protein [50]. The identical stability of BpsA purified from different expression 449 
strategies has some important ramifications on refactoring in the context of heterologously 450 
expressed megasynthases. This means that regardless of the strategy used to improve expression 451 
(synonymous coding or complementation of rare tRNAs), provide that Streptomyces NRPS 452 
proteins can reach the soluble fraction, it appears to be structurally uncompromised. For proteins 453 
that are less tractable than BpsA in the aspect of solubility, which means proteins that are still 454 
present as inclusion bodies after codon optimization, suggests a more sophisticated approach 455 
such as codon harmonization wherein there is an effort to replace rare codons in the host 456 
organism with positions of rare codons in the native organism as opposed to just statistically 457 
using the most efficient codon for the new heterologous host as occurs in codon optimization 458 
[51,52]. Codon harmonization strategy matches rare codons to align stalling kinetics between the 459 
native and heterologous ribosomes may not affect protein folding in a detectable way as long as 460 
it is stable enough to reach the soluble fraction.  This has implications for exploring better 461 
expression strategies for complex biosynthetic proteins more generally so we can have improved 462 
biochemical characterization of parts for synthetic biology from Streptomyces and related 463 
actinomycetes. 464 
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