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GRAPHICAL ABSTRACT

The temperature induction using the ApL/pR-cI857 system determines
productivity, but does it affect the architecture of the inclusion bodies?
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CONCLUSIONS: The thermoinduction at 39°C favored the biomass formation, but
42°C improved the accumulation of tHUGM-CSF in IBs, accelerating its disorderly
formation and yielding less soluble aggregates. While the IBs formed at 39°C were
enriched in alpha-helix and amyloidatlike structures, indicating that 1Bs
architecture is modified in response to small changes in temperature.
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ABSTRACT

Background: The temperature upshift has been widely used as an induction system to produce recombi-
nant proteins (RPs). However, thermoinduction could affect bacterial metabolism, RP production, and RP
aggregation. Understanding the structure and functionality of those aggregates, known as inclusion bod-
ies (IBs), is a research area of interest in bioprocesses being scarcely studied under thermoinduction.
Here, we describe the effect of the thermoinduction (39°C or 42°C) on the production of the recombinant
human granulocyte-macrophage colony-stimulating factor (rHuGM-CSF) using Escherichia coli W3110
under the system ApL/cI857.

Results: Results indicated that at 39°C, the production of biomass was almost doubled as well as the acet-
ate accumulation compared to 42°C. Cultures thermoinduced at 42°C improved 1.5-fold the total protein
over biomass yield and 1.25-fold the RP over total protein yield. Furthermore, 42°C accelerated the onset
of IB formation, changing its architecture. Additionally, IBs formed at 42°C were less soluble and pre-
sented higher disorderly structures compared with IBs formed at 39°C, enriched in o-helix and
amyloidal-like structures.

Peer review under responsibility of Pontificia Universidad Catélica de Valparaiso

* Corresponding author.

E-mail addresses: sarestrepo90@gmail.com (S. Restrepo-Pineda), hbeckful@gmail.com (D. Rosiles-Becerril), berenicevargascastillo@gmail.com (A.B. Vargas-Castillo),
Ipablo.ab@gmail.com, lpablo@comunidad.unam.mx (L.P. Avila-Barrientos), christian_axlj@hotmail.com, aluviano@ifc.unam.mx (A. Luviano), nsanchezpuig@gmail.com,
nuriasp@unam.mx (N. Sanchez-Puig), egarciah@unam.mx (E. Garcia-Herndndez), nestor.perez@probiomed.com.mx, noperezr@gmail.com (N.O. Pérez), maurotru@
iibiomedicas.unam.mx, maurotru@gmail.com (M.A. Trujillo-Roldan), adri@iibiomedicas.unam.mx, adrivaldez1@gmail.com (N.A. Valdez-Cruz).

https://doi.org/10.1016/j.ejbt.2022.08.004

0717-3458/© 2022 Pontificia Universidad Catélica de Valparaiso. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejbt.2022.08.004&domain=pdf
https://doi.org/10.1016/j.ejbt.2022.08.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sarestrepo90@gmail.com
mailto:hbeckful@gmail.com
mailto:berenicevargascastillo@gmail.com
mailto:lpablo.ab@gmail.com
mailto:lpablo@comunidad.unam.mx
mailto:christian_axlj@hotmail.com
mailto:aluviano@ifc.unam.mx
mailto:nsanchezpuig@gmail.com
mailto:nuriasp@unam.mx
mailto:egarciah@unam.mx
mailto:nestor.perez@probiomed.com.mx
mailto:noperezr@gmail.com
mailto:maurotru@iibiomedicas.unam.mx
mailto:maurotru@iibiomedicas.unam.mx
mailto:maurotru@gmail.com
mailto:adri@iibiomedicas.unam.mx
mailto:adrivaldez1@gmail.com
https://doi.org/10.1016/j.ejbt.2022.08.004
http://www.sciencedirect.com/science/journal/07173458
http://www.elsevier.com/locate/ejbt

S. Restrepo-Pineda, D. Rosiles-Becernl, A.B. Vargas-Castillo et al.

macrophage colony-stimulating factor
Recombinant proteins

Temperature upshift
Thermoinduction

Electronic Journal of Biotechnology 59 (2022) 94-106

Conclusions: This study highlights the observation that IBs attain different architecture in response to
small changes in environmental conditions, such as the induction temperature, being this helpful infor-
mation to improve thermoinduced bioprocesses.
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1. Introduction

The bacteria E. coli has been used as the cellular platform to
produce a variety of recombinant proteins (RPs) [1]. Soluble or
insoluble RPs can be obtained during overproduction in bacteria
[1,2]. RPs incorrect folding can promote self-aggregation in con-
junction with endogenous proteins to form self-assembled aggre-
gates known as inclusion bodies (IBs). Factors such as the selected
RP, strain, plasmid, inductor concentration, culture time, pH, bac-
terial growth rate, feeding culture strategies, agitation, and tem-
perature could affect the IB formation, composition, and
architecture [3,4,5,6,7,8]. In general, IBs are refractile and dense
particles, with diameters between 0.2 and 1.2 pm, presenting
semi-spherical or cylindrical structures with crossed B sheets,
amyloid fibers, and partial helix or coiled-coil structures [9].
The formation of IBs in bioprocesses is considered a bottleneck
for the recovery and purification of RPs. However, IBs are the
raw material for the RP downstream processes in biopharmaceu-
tical production [6,9,10]. The IB structure, amyloid content con-
formation, and the relationship of RP concerning endogenous
proteins are essential determinants for the efficient recovery of
RP from aggregates, its solubilization, purification, and refolding
[11,12,13]. Therefore, the study of the IB architecture has become
an important task due to their potential to increase RP recovery
that offers the opportunity to simplify the downstream process-
ing in sectors such as health, bioremediation, and the food indus-
try, among others [6,14,15,16,17].

The temperature inducible promoters pL and pR of the bacterio-
phage A are strong and regulated through the temperature-
sensitive repressor cI857 [18,19]. The cI857 exerts repression of
these promoters below 37°C, while an increase up to 38°C induces
a conformational change that allows the transcription of the gene
downstream of the pL or pR promoter [18,19]. Commonly, 42°C
has been used to induce the expression of different RPs produced
in E. coli [18,19]. Thermoinduction avoids the addition of chemical
inducers, high productivity is achieved, and it is a simple procedure
[18,19,20]. However, temperature up-shift can activate physiolog-
ical responses in E. coli, such as the heat shock response, stringent
and SOS responses depending on the temperature increase and the
time of the insult [18,19,20,21,22]. The heat shock response starts
the expression of genes coding for proteins that provide structure
and stability to nascent proteins such as chaperones and proteases
[18,19,20,21,22]. Moreover, the production of RPs inducible by an
increase in temperature can cause a negative effect on the biomass
growth, increase the secretion of acetate, and cause different stres-
ses related to heat shock, metabolic overload, and IBs formation
[18,19,20,21,22,23].

Temperature is a parameter that affects RP production and
aggregation [6,23,24,25,26,27]. Using other E. coli induction sys-
tems, temperature below 37°C favors the RP obtention in the sol-
uble fraction, or the IBs formed could present biological activity
since they could contain correctly structured protein
[3,6,18,19,25], while 37°C or higher can promote the formation of
aggregates, favoring intermolecular interactions with low native
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intramolecular contacts that decrease the correct folding of pro-
teins inside the aggregates [18,19,24,25,28]. The RP production
under thermoinducible systems commonly leads to IB formation
[18,19,22], but the architecture and physicochemical characteris-
tics of these IBs have been scarcely determined. Interestingly, in
bioreactor cultures with an initial growth phase at 30°C and fur-
ther thermoinduction at 39°C, the amount of IBs of SpA-
galactosidase increased twice with respect to 42°C. However, at
42°C, the specific activity (U mg of cell dry weight™') of the SpA-
galactosidase increased, showing important differences in IBs for-
mation [28], while the comparison of the IBs formed in chemically
induced systems and kept at 42°C or 37°C showed that IBs at 37°C
are enriched with RP and present fewer host cell proteins than
those obtained at 42°C [29]. Therefore, IBs produced at 37°C or
above could have a lower proportion of well-structured protein
than those formed at lower temperatures [24,30]. Moreover, IBs
formed at 37°C or 42°C containing other RPs (G-CSF, GFP,
His7dN6TNF-a) showed lower extractability in mild detergents
compared with those formed at 25°C [25]. Thus, depending on
the RP, temperature increases can affect the aggregation properties
differently, as the IBs of asparaginase II produced at higher temper-
atures presented higher biological activity and less amyloid con-
tent [31]. Those observations suggest that optimizing
temperature up-shift and other environmental parameters must
be assessed protein by protein.

The human granulocyte and macrophage colony-stimulating
factor (HuGM-CSF) has been produced recombinantly in E. coli in
its non-glycosylated form, which has been used in the therapeutics
of neutropenia and as an immunomodulator [32]. Typically, the
industrial production bioprocesses of rHuGM-CSF contemplate
the recovery of the recombinant protein from IBs, to later be dena-
tured, refolded, and purified [33]. Recently, the recombinant form
(rHuGM-CSF) has been used as a therapy in autoimmune pul-
monary alveolar proteinosis [34] and is currently being tested in
COVID-19 clinical trials [35]. The mature HuGM-CSF is composed
of 127 amino acids with a theoretical molecular mass of
14.4 kDa and two disulfide bridges (Cys54-Cys96 and Cys88-
Cys121) [36]. Despite the native protein-containing O- and N-
glycosylation post-translational modifications, the rHuGM-CSF
produced in E. coli which lacks these modifications has therapeutic
effectivity [37].

The above highlights indicate that induction by temperature
up-shift activates the RP overproduction and the heat shock
response that can affect the productivity, associated with changes
in metabolism and the content of RP in IBs [18,19,28]. However,
the effect of thermoinduction on RP productivity and the IB archi-
tecture has been scarcely described [30,38,39]. Furthermore, the
relationship between productivity and changes in structural IB
characteristics has not been described at different temperatures
of thermoinduction. Hence, we evaluated the kinetic thermoinduc-
tion effect (at 39°C and 42°C) in the growth and metabolism of a
recombinant E. coli W3110 under ApL/cI857 system as also on
rHuGM-CSF productivity and especially on RP aggregation and
the architecture of IBs.
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2. Materials and methods
2.1. Strain, media, and cultivation conditions

E. coli W3110 (ATCC® 27325™) competent cells were trans-
formed with plasmid pV3-uri200N (property of PROBIOMED S.A.
de CV.) encoding rHuGM-CSF (GeneBank accession number
0OL419360) under the promotor ApL and expressing the cI857
repressor and the kanamycin resistance marker [40] constitutively.
The rHuGM-CSF expressed was identified by Western Blot using
the anti-hGM-CSF mouse antibody (MAB215 R&D Systems, Min-
neapolis, USA) and the antibody rabbit anti-mouse IgG-HRP
(Zymed 61-6020). The Molgramostim European Pharmacopoeia
(EP) Reference Standard was used as a control. Also, protein iden-
tification was performed in-gel digestion with trypsin or endopro-
teinase Glu-C and mass spectrometry [41]. The obtained peptides
were extracted, concentrated, desalted, and analyzed by liquid
chromatography in an Agilent nanoflow LC 1100 (Agilent, Wald-
bron Germany) coupled to mass spectrometry using a hybrid triple
quadrupole and linear ion trap 3200 Q-TRAP (Applied Biosystems/
MDS Sciex, Concord ON, Canada). The precursor ions were selected
in Q1 with inspection spectra (enhanced mass spectra, EMS) fol-
lowing charge determination of the three main ions taking a
high-resolution spectrum, and then for the fragmentation of such
ions by collision active dissociation, using nitrogen in the collision
cell Q2. The product ions were captured and analyzed in Q3 (en-
hanced product ion spectra). The MS/MS spectra interpretation
was obtained with the Mascot program  (https://
www.matrixsicence.com).

One positive clone was used to elaborate the master and work-
ing cell banks containing 30% of glycerol in LB media and main-
tained at —70°C. Inoculum and cultures were grown in defined
medium (MM) at pH 7.2 + 0.2 [30,40], composed by (in g/L):
(NH4)>,HPOy4, 4.0; KH,PO,4, 13.3; citric acid, 1.7; MgS04-7H,0, 1.2;
thiamine hydrochloride, 0.045; kanamycin, 30 pg/mL; glu-
cose,17.5; casamino acids, 3.0; and trace element solution, 2 mL.
Concentrated solution (500X) of trace elements had the following
composition (g/L): Fe-(Ill) 100.08, ZnSO4-2H,0 32.0, MnCl,-4H,0
15.0, H3BOs, 3.0, EDTA 14.1, CoCl,-6H,0 2.5, Na,Mo0O,4-2H,0 2.1,
CuCl; 0.1. Glucose solution, MgS04-7H,0, and trace elements were
sterilized separately from the culture medium. Thiamine, casamino
acids, and kanamycin solutions were sterilized by filtration
(0.22 um membrane filter, Merck-Millipore, USA) and incorporated
into the culture media [40].

Inoculum started with 1.0 mL of the working cell bank in a
250 mL Erlenmeyer flask with 50 mL of MM for 12 h at 30°C and
200 rpm (C-25, New Brunswick Scientific, USA). Bioreactors were
inoculated with 10% of working volume with initial absorbance
of ~0.1 absorbance units (A.U.) for all cultures, which were per-
formed by triplicate in a working volume of 0.8 L of media in a
glass stirred bioreactor (1.2 L nominal volume) with two standard
Rushton turbines, an L-type sparger and heating jacket (Applikon
Biotechnology, Netherlands) [30,40]. The pH (AppliSens, Applikon
Biotechnology, Netherlands) and dissolved oxygen tension (DOT,
Mettler Toledo, USA) sensors were connected to ADI1010 Biocon-
troller (Applikon Biotechnology). DOT was calibrated for bubbling
air (100%) and bubbling nitrogen (0%) when culture conditions
were established (temperature, airflow, and stirrer speed). The Bio-
expert Lite software (Applikon Biotechnology, Netherlands) was
used to follow and acquire the online data [30,40].

Initial growth was controlled at 30°C, 400 rpm, and 0.8 standard
air liters per minute. The temperature was increased to 39°C or
42°C to induce the RP production when the culture reached 3.0
absorbance units (A.U., around 7 h). DOT started near 100% and
decreases according to bacterial metabolism, and during
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thermoinduction, DOT was controlled at 30% by agitation cascade
(400-1000 rpm) by a proportional-integral-derivative strategy
[30,40]. During all cultures, pH was controlled at 7.2 + 0.2 by add-
ing 2 N NaOH and 2 N HCI. Foaming was controlled by adding a
silicone-based antifoam (New Brunswick 2097-87).

2.2. Analytical methods (cell concentration, glucose, and organic-acid
quantification)

Bacterial growth was measured by optical density at 600 nm
(ODggo) (Genesys 5 spectrophotometer, Thermo Fisher Scientific,
USA) [30,40]. Cell absorbance was converted to dry cell weight
using a linear correlation standard curve (1 A.U. = 0.35 = 0.03 g/L).
Biomass was harvested by centrifugation at 5,900 g at 4°C for
10 min (Eppendorf 5415C Centrifuge Hamburg, Germany). Glucose
concentration was measured by the Biochemistry Analyzer
YSI-2900 (YSI Life Sciences, USA) and corroborated in the Y15
automatized analyzer (Biosystems, Barcelona, Spain). Organic acids
were analyzed by high-performance liquid chromatography (HPLC,
Shimadzu, Japan) using an Aminex HPX-87H column (300 x 7.8 m
m; 9 pum internal diameter, BioRad, USA) equipped with a UV
detector. Supernatant samples were prefiltered (0.22 pm Minisart®
Syringe Filters, Sartorius, Germany) and then separated with a
mobile phase of 0.004 M H,SO,4 with a constant flow rate of
0.6 mL/min at 50°C (LC Solutions v1.25 software Shimadzu, Japan).
The separation of organic acid standard under the same conditions
allowed for their quantification (Catalog No. 125-0586, BioRad,
USA).

2.3. IB isolation

IBs were recovered from biomass pellet resuspended in lysis
buffer (50 mM HCI-Tris 50, 1 mM EDTA, 100 mM NaCl, pH 7.5) with
1 mM of a protease inhibitor, PMSF (Merck-Sigma, USA). The cellu-
lar suspension was lysed by sonication (SoniPrep 150, Richmond
Scientific, UK) at an amplitude of 8 um in 6 steps of 30 s intervals,
on ice [4,5], as an efficient method for cell disruption [42,43]. The
cellular suspension was centrifuged at 10,000 g for 10 min at 4°C.
The pellet fraction was agitated in the same buffer supplemented
with 1.0% (v/v) of IGEPAL CO-630 (Merck-Sigma) for 30 min at
4°C and centrifuged at 10000 g for 10 min at 4°C. This second pellet
enriched in IBs was resuspended in a buffer containing 0.5% (v/v) of
Triton X-100 (Merck-Sigma, USA), agitated for 30 min, and cen-
trifuged at 10000 g for 10 min at 4°C. The IBs were washed seven
times with deionized low-conductivity water. The total protein
was quantified from the lysed pellet fraction previously solubilized
for 3 h in IEF buffer (7 M urea, 2 M thiourea, 2% CHAPS w/v, and
40 mM DTT) [44].

2.4. Total cellular protein and recombinant-protein quantification and
identification

The Bradford assay was used to measure the protein concentra-
tion in 96-well microplates using Dye Reagent Concentrate follow-
ing the manufacturer’s recommendations (Bradford, 1976; Bio-Rad
Protein Assay, USA). Total cellular protein, insoluble protein, and
IBs were treated with IEF buffer for 3 h and diluted 5 times in water
before quantification. Bovine serum albumin (GE Healthcare Bio-
Sciences, MA, USA) was used as a standard. The samples were pre-
pared in biological triplicates and technical duplicates.

The percentage of rHuGM-CSF in total protein was estimated in
samples collected from three bioreactors, using densitometry anal-
ysis after separation by 12% SDS-PAGE stained with Coomassie
Brilliant Blue R-250 (Bio-Rad, USA) with the Image Lab software
on Gel Doc EZ System (Bio-Rad, USA) and corroborated by GelAna-
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lyzer 19.1 software (https://www.gelanalyzer.com). We added
50 pg of protein per lane. The percentage of recovered rHuGM-
CSF in IBs from three bioreactors was estimated by densitometry
analysis in 15% SDS-PAGE stained with Coomassie Brilliant Blue
R-250 (Bio-Rad, USA). IBs harvested at 1, 5, and 10 h post-
induction were extracted at the same absorbance, and equal vol-
umes were added to each well. The page ruler pre-stained protein
ladder (Thermo Fisher Scientific, MA, USA) was used as a molecular
weight marker. As a reference, we used rHuGM-CSF (Y0000251,
Molgramostim CRS, European Pharmacopoeia Reference
Standards).

2.5. Resistance to proteolytic digestion of isolated IBs

IBs harvested at 5 h and 10 h after induction were digested with
50 pg/mL of proteinase-K (PK, Sigma Aldrich, St. Louis, MO, USA) at
room temperature, and the reaction was monitored for 30 min
measuring OD at 350 nm (UV/Vis DU 730, Beckman Coulter,
USA) mixing by pipetting every minute. The proteolytic digestion
containing 200 pg/mL of purified IBs was resuspended in 50 mM
Tris-HCI and 150 mM Nacl pH 8.0 buffer. The maximal absorbance
was used for normalization [4,5]. Each analysis was carried out in
biological triplicates.

Also, 50 pg/mL of IBs was digested for 30 min in the presence of
12.5 pg/mL of PK in 200 pL of 50 mM Tris-HCl, 150 mM NacCl pH 8.0
buffer. The reaction was centrifuged at 8,000 g for 5 min, and the
supernatant was concentrated to 20 pL in a SpeedVac Concentrator
Savant ISS110 (Thermo Fisher Scientific, USA). The reaction was
loaded onto an SDS-PAGE 18% gel and silver-stained [45]. The
quantification of the solubilized protein was performed by the
Bradford method.

2.6. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR)
spectroscopy of isolated IBs

IBs harvested at 3 h, 5 h, and 10 h were evaluated by ATR-FTIR
spectroscopy to determine their secondary structure. IBs were pre-
viously dried in a SpeedVac Concentrator Savant ISS110 (Thermo
Fisher Scientific, USA). Samples were analyzed on a Shimadzu
IRAffinity-1S FTIR spectrophotometer (Shimadzu, Japan) with a
Specac Quest ATR diamond accessory (Specac Limited, UK). At least
40 interferograms between 1500 and 1700 cm ™' was acquired
using a 2 cm™! resolution, registered, and averaged per sample
after blank subtraction. Spectra data were subjected to the second
derivative and smoothing with 13 points following the Savitzky-
Golay method using IR Solutions software (Shimadzu, Japan). The
bands corresponding to respective secondary structures were iden-
tified in the second derivative spectra [46,47] and were normalized
to a tyrosine peak at ~1510 cm™! [4]. Each analysis was carried out
in biological triplicates and technical duplicates.

2.7. IB Thioflavin-T binding assays

Thioflavin-T (Th-T) binding assays were carried out to deter-
mine the amyloid content in IBs harvested at 5 h and 10 h after
induction at 39°C and 42°C. A concentration of 70 pg/mL of IBs
was resuspended in PBS pH 7.5 together with 75 uM of Th-T
(Merck-Sigma-Aldrich) [4,40,48] and incubated for 30 min at room
temperature. The excitation wavelength used was 445 nm, and
emission spectra were recorded from 450 to 560 nm (Cary Eclipse
fluorescence spectrophotometer, Agilent, USA). Apertures of the
slits in the excitation and emission were set at 5 nm. Th-T
(75 uM) in PBS was used as a control. A Gaussian distribution
analysis of Th-T binding to IBs obtained in heat-induced cultures
at 39°C and 42°C at different culture times was performed.
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2.8. IBs in cells image analysis by Transmission Electron Microscopy
(TEM)

The morphology and size of the IBs were analyzed using TEM.
The protocol for fixing and staining the samples for TEM has been
described by Castellanos-Mendoza et al. [5]. Briefly, samples of
cells isolated at 1 h and 5 h post-induction were fixed for 4 h with
4% paraformaldehyde and 2.5% glutaraldehyde in sodium cacody-
late buffer (0.16 M pH 7.4) at 4°C. Cell samples were post-fixed
with 1% osmium tetraoxide for 90 min at 4°C and rinsed twice in
chilled buffer and six times in cold distilled water, followed by
dehydration in a series of ethanol solutions and then embedded
in Epon. Thin sections were stained with uranyl acetate and lead
citrate. A Libra 120 plus (Zeiss, USA) electron microscope was used.
The percentage of cells containing IBs was estimated by observing
at least 300 cells from different frames and obtaining their propor-
tion with electrodense material. The maximal size of IBs within
cells harvested after thermoinduction was also measured.

2.9. Solubilization of isolated IBs with guanidine hydrochloride

The purified IBs harvested at 5 h and 10 h after induction were
solubilized using different concentrations of GnHCl (1, 2, and 4 M;
Sigma-Aldrich) and 50 mM Tris-HCl buffer, 5 mM DTT, pH 7.5 dur-
ing 24 h [5,40]. IBs at an initial concentration of 200 pg/mL were
incubated. The content in the soluble fraction was determined by
Bradford assay (Bio-Rad Protein Assay). Each analysis was carried
out in biological triplicates and technical duplicates.

2.10. IB solubilization, refolding, and purification of rHuGM-CSF

About 300 pg of IBs was solubilized in IEF buffer and was sep-
arated on 18% of SDS-PAGE, and only a fraction of the gel was visu-
alized by Coomassie blue staining. The rHuGM-CSF band was
separated with a blade from the unstained gel, washed, and eluted
at 4-8¢°C for 24 h in water [49]. Protein was refolded at 4-8°C by
slow dilution (1:10) in Tris base buffer (20 mM, pH 8.2) and then
concentrated in a 3-kDa cutoff Millipore Amicon concentrator [40].

The folded protein solution (~10 pg) was purified by reverse-
phase HPLC (LC-20AT, Shimadzu, Kyoto, Japan) using a Zorbax
Eclipse XDB-C8 column (Agilent Technologies, Santa Clara, CA,
USA) at 50°C with a detector wavelength of 214 nm and a maxi-
mum column pressure of 3,000 psig [40]. The reference human
GM-CSF (Molgramostim, Y0000251, Sigma Aldrich, St. Louis, MO,
USA) was used as standard. Trifluoroacetic acid (TFA) in water
(0.1% v/v) (mobile phase A) and 0.1% v/v TFA in 90% acetonitrile
(mobile phase B) were used for the linear gradient elution, using
a flow rate of 1.2 mL/min [40].

2.11. Circular dichroism (CD) spectroscopy

CD spectra were recorded at 37°C as previously reported [40].
The far-UV region was used in a JASCO ]-720 spectropolarimeter
(Jasco Inc., Easton, MD) [50]. In a quartz cell (0.1-cm length path),
the refolded protein solutions (~0.05 mg/mL) were loaded. Each
spectrum corresponds to the average of three repetitive scans cor-
rected by the buffer signal. Ellipticities are reported as mean resi-
due ellipticity, [0]mw. The secondary structure composition of
rHuGM-CSF was calculated using the deconvolution software
K2D3 [51].

2.12. Statistical analysis
Each condition was evaluated at least in triplicate. Independent

samples and multiple-comparison tests were used to estimate sig-
nificant differences in the culture parameters (two-way analysis of
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variance ANOVA and Tukey’s posthoc test were used). A threshold
significance level of 95% (P < 0.05) was applied.

3. Results
3.1. Identification of recombinant rHuGM-CSF

The rHuGM-CSF was identified by a specific Western Blot
(Fig. S1) and by mass spectrometry. The obtained peptides from
rHuGM-CSF digested in-gel with trypsin give two peptides, with
a Mascot global score of 76 for HuGM-CSF, and the rHUGM-CSF
digested in-gel with endoproteinase Glu-C obtained 51% of the
total sequence of HuGM-CSF.

3.2. Differential thermoinduction affects recombinant E. coli W3110
growth

The growth kinetics of E. coli W3110 and the rHuGM-CSF pro-
duction were analyzed using two induction temperature up-
shifts (from 30°C to 39°C and 30°C to 42°C). Before induction, cell
growth at 30°C was identical for both conditions (Fig. 1A, Table 1).
After induction, the culture with a temperature up-shift to 39°C
reached almost twice biomass after 12 h of culture compared with
the culture induced at 42°C (Fig. 1A, Table 1). The post-induction
specific growth rate (p) was ~25% higher in the cultures induced
at 39°C with respect to those induced at 42°C (Table 1). The p after
temperature up-shift was 0.28 = 0.02 h~! and 0.22 + 0.02 h™! for
39°C and 42°C, respectively (Table 1). Despite the differences in
maximum biomass concentration, it is interesting to note that
the glucose consumption in both cultures was similar during the
full cultivation course (Fig. 1B). However, there was a 23% higher
yield of biomass/glucose (Yxs), and a 20% higher specific glucose
consumption rate (qs) at 39°C in comparison with that observed
at 42°C (Table 1).

Table1
Stoichiometric and kinetic growth parameters of E. coli W3110 growing at two post-
induction temperatures and its production of rHuGM-CSF.

Parameter Temperature post-induction

39°C 42°C
u pre-induction (h™") 0.48 +0.05
An post-induction (h™1) 0.28 + 0.022 0.22 + 0.02°
Xinax (&/L) 5.52 + 0.222 421 +0.23°
BY,s (g/g) 031 £0.012 0.24 + 0.01°
CAcetate (g/L) 11.33 + 1.15° 5.85 + 1.06°
PMalate (g/L) 0.40 + 0.09° 3.80 + 0.60°
ETotal protein (g/L) 1.08 + 0.09* 132 £0.12°
Y oix (g/g) 0.21 £ 0.022 0.32 + 0.04°
SrHuGM-CSF in IB (%) 28 + 5% 43 + 5P
HrHuGM-CSF in total protein (%) 29 +2° 37 +2°
''HuGM-CSF (g/L) 0.31 + 0.022 0.49 + 0.03°
Igs (g/g*h) 0.33 £ 0.03° 0.27 + 0.02°

The values represent the mean and standard deviation for three biological replicates
per condition. The statistical differences are indicated with different letters
(p < 0.05).

A: specific growth rate post-induction was calculated from the slope of growth after
induction and before the stationary state.

B: Yy/s was calculated from glucose consumption until the Xp,x in each condition.
C, D, E, F, H: Acetate, malate, total protein, and Y, x were calculated at maximum
values.

G, H: rHuGM-CSF percentage in IBs was based on densitometric analysis from bands
identified in SDS-PAGE gels (Fig. 2).

I: rHuGM-CSF (g/L) was calculated by multiplying Total protein (g/L) x rHuGM-CSF
in total protein (%).

J: specific glucose consumption rate was calculated after induction (once cultures
reached ~3 A.U. until the glucose exhaustion).
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Fig. 2. Accumulation of rHuGM-CSF at two induction temperatures. (a) SDS-PAGE profiles of total protein of E. coli producing rHuGM-CSF at different induction temperatures
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CSF | total protein and (e) time-course kinetic comparison of rHuGM-CSF | IBs in cultures thermoinduced at 39°C and 42°C, respectively. In (d) and (e), data show the average

and standard deviation of the cultures carried out in triplicate.

3.3. Effect of thermoinduction on organic acid accumulation

Acetate is considered an undesirable by-product in aerobic
E. coli cultures when glucose is used as a carbon source [52]. Typ-
ically, acetate accumulation affects the RP yields and inhibits
growth depending on the strain; in the case of a growth inhibition
could occur between 7 and 13 g/L of acetate [52]. Although E. coli
W3110 can grow in acetate under certain conditions through the
glyoxylate by-pass [52,53]. The acetate accumulation was observed
at the end of the growth phase (after 12 h), with the highest con-
centration obtained at 39°C (11.33 + 1.15 g/L), while the cultures
induced at 42°C accumulated half of the concentration (5.85 + 1.
06 g/L, Fig. 1C, Table 1). Malate accumulation has been observed
in aerobic E. coli cultures under heat shock, possibly associated
with the up-regulation in genes coding for TCA enzymes [54]. Here,
malate accumulated reaching concentrations of 4 g/L in cultures at
42°C, while at 39°C, it was maintained lower than 1 g/L (Fig. 1D,
Table 1). Succinate, oxalate, and citrate were not detected in any
culture.
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3.4. Effect of thermoinduction on total protein and rHuGM-CSF
accumulation

In E. coli, temperature up-shift above 37°C causes heat stress,
metabolism changes, resource distribution to restore homeostasis,
and a decrease in biomass synthesis [18,19]. Furthermore, the
expression levels of genes involved in metabolism change contin-
uously when heat stress is applied steadily [54]. As a rearrange-
ment of metabolism happens, it is feasible to assume that the
intracellular conditions change modifying the RP accumulation
and aggregation [18,19]. Cultures induced at 42°C reached 20%
more total protein compared with those induced at 39°C
(Fig. 1D, Table 1). This indicates that induction at 39°C did not
unbalance cell homeostasis, favoring biomass accumulation with-
out affecting the total protein synthesis. At 42°C, the biomass
synthesis was reduced, and the total protein synthesis was
favored. Comparing the protein yield over biomass (Ypx), a 1.5-
fold improvement in the protein synthesis per cell cultured at
42°C is evidenced (Table 1).
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Fig. 3. Micrographs of cross-sections of E. coli W3110 producing rHuGM-CSF viewed under the transmission electron microscope (TEM) and harvested after 1 or 5 h of
thermoinduction at 39°C (upper images) or 42°C (bottom images). Left: cells harvested after 1 h of thermoinduction (scale bars 5.0 um). Center: cells collected after 5 h of
thermoinduction (scale bars 2.0 pm). Right: cells harvested after 5 h of thermoinduction (scale bars 1.0 um). Inclusion bodies are electrodense particles indicated by white

arrows. Scale bars represent the size indicated in each micrograph.

The rHuGM-CSF produced in E. coli W3110 cultures was evalu-
ated at 1 h, 5 h, and 10 h after thermoinduction. The rHuGM-CSF
accumulated over time under both induction temperatures
(Fig. 2A, 2D). After 1 h, 5 h, and 10 h of cultivation at 42°C, there
was ~8% more accumulated RP per total protein compared to the
culture up-shift at 39°C (Fig. 2A, 2D, Table 1). The percentage of
the rHuGM-CSF present in IBs was determined by densitometry
of the SDS-PAGE from three independent cultures at 1 h, 5 h, and
10 h after thermoinduction (Fig. 2B, 2C, 2E, Fig. S2). In the cultures
induced at 42°C, the RP in IBs obtained 1 h after thermoinduction
was significantly higher than 39°C (Fig. 2B, 2E). This implies varia-
tions in protein synthesis that could be important for the formation
of the IBs. At the end of the culture, the percentage of rHuGM-CSF
with respect to the content of endogenous protein in IBs was lower
in the cultures induced at 39°C compared to those induced at 42°C
(Fig. 2E). Although a similar host cell protein banding pattern is
seen in IBs at 5 h and 10 h after thermoinduction (Fig. 2AA, 2B,
and 2C), the intensity and proportion of each one is different when
comparing both conditions.

3.5. Induction temperature modified the onset of IB formation

Cell morphology was analyzed after 1 h and 5 h of thermoin-
duction under Transmission Electron Microscopy (TEM) (Fig. 3).
IB shape and size can be modified by cultivation time, pH changes,
and agitation among others [4,5,6,55]. IBs are observed in TEM as
electrodense protein clusters with semispherical, spherical, or
cylindrical shapes [6]. The induction temperature affected the ini-
tial IB formation time (Fig. 3), although no significant differences in
shape or size were observed after 5 h of thermoinduction. The size
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of IBs inside the cells was around 600 to 800 nm. Examining at
least 300 cells, the percentage of cells in which IBs can be seen is
greater in cultures thermoinduced at 42°C than those at 39°C. At
1 h after induction at 39°C, only 12% of cells include IBs, while at
42°C, 40% of cells contain IBs (Fig. 3). At 5 h post-induction and
39°C, almost 32% of cells contained IBs but at 42°C, 63% of the
entire culture presented IBs.

3.6. Resistance of IBs to proteinase-K degradation

The kinetics of proteolytic degradation by PK was studied to
understand the effect of induction temperature on the aggregation
of IBs [4,5,48,55]. PK digestion analysis identifies differences in
loops and a-helical domains with hydrophilic characteristics easily
cleaved, in comparison with regions inside p-sheet which are par-
tially resistant to proteolysis [5,48]. All experiments started with
the same protein content (200 pg/mL), and a normalization of
the absorbance was done. The kinetics of IB sensitivity to proteol-
ysis was measured as the decrease in turbidity at 350 nm upon the
addition of PK. It is assumed that when measuring at 350 nm, the
aggregated protein contributes to the turbidity and when part of
the IBs is solubilized, this soluble state does not contribute to the
absorbance [24]. The IBs formed at 39°C and 42°C and harvested
after 5 h and 10 h of thermoinduction were degraded similarly
(Fig. 4A, 4B). The first 5 min data could be fitted to a second-
order equation and the differences in the apparent rate constants
of the fast phase were calculated. Comparing induction tempera-
tures, the degradation rate of IBs by PK (in the first 5 min of the
test) was statistically similar at the same harvest time. Importantly
at the end of the PK reaction time, the IBs formed at 39°C were less
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resistant to proteolysis reaching a degradation of around 60%,
while those IBs formed in cultures induced at 42°C only were
degraded by 35%, despite having similar sizes. This indicates that
the IBs formed at 39°C are different in protein composition and
internal structure compared with those formed at 42°C (Fig. 4A,
4B). When 50 pg/mL of IBs was digested in the presence of
12.5 pg/mlL, PK treatment releases almost twice the protein from
IBs formed at 39°C (18.0 £ 2.2 pg/mL) with respect to those formed
at 42°C (9.5 £ 2.1 pg/mL) measured by the Bradford method and
corroborated by silver-stained SDS-PAGE (Fig. S3).

3.7. Secondary structure of thermoinduced IBs by ATR-FTIR

We determine the effect of the induction temperature on the
elements of the secondary structure within the IBs formed at
39°C and 42°C by ATR-FTIR. The major bands were identified,
and respective secondary structures were assigned (Fig. 5). To
establish differences in structural composition, data were analyzed
for the main secondary structures based on the distribution previ-
ously assigned [31,46,47|. The bands in the region near
1652 + 5 cm™~! were assigned as o-helices, and bands close to
1630 + 4 cm~! were assigned as p-structure [31,47]. The bands in
region 1622-1626 cm~' were assigned as intermolecular B-
structures that can be related to the formation of aggregates and
mostly to their amyloid conformation [56,57].

We analyzed the effect of both induction temperatures on the
IBs harvested at 3 h, 5 h, and 10 h after thermoinduction by biolog-
ical triplicate. In the first 3 h of thermoinduction, significant differ-
ences can be observed in the o-helical content and in the presence
of the amyloid-like conformation associated with the 1655 cm™!
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and 1626 cm™! bands, respectively (Fig. 5A, 5D). These bands
increased in the IBs formed at 39°C compared with those obtained
at 42°C. Data suggest that IBs formed at 39°C show a higher
“amyloid-like” structure with respect to the time, and in compar-
ison, with those formed at 42°C (Fig. 5D, 5E, and 5F), while o-
helices and B-structure did not change after 5 h of
thermoinduction.

3.8. IBs from thermoinduced cultures at 42°C bind less Th-T

Binding to Th-T was measured to determine modifications in
the amyloid content of the IBs formed in the different induction
temperatures. The dye Th-T exhibits a maximal fluorescence at
485 nm when it binds to the B-sheet surface of structured chan-
nels, without binding to monomers or amorphous structures
[58]. Based on the Gaussian distribution fitting curve, the maximal
emission for rHuGM-CSF IBs binding to Th-T was between 486 and
493 nm (Fig. 6, Table S1). The highest fluorescence signal was
observed for the IBs produced under the thermoinduction of 39°C
compared with those IBs formed at 42°C (Fig. 6A). A ratio of 2.4
times more Th-T binding to IBs is seen in those from cultures
induced at 39°C than those at 42°C when the first parameter of
the Gaussian equation is compared (Table S1). Results suggested
a higher presence of cross-f structures in IBs formed at 39°C com-
pared with those at 42°C, in agreement with the FTIR results (Fig. 5,
Fig. 6).

3.9. Solubilization of IBs in guanidinium chloride (GnHCl)

In bioprocesses, the purification of RPs begins with the solubi-
lization of the IBs [59,60]. Hence, we compared the solubilization
of IBs obtained at 3 h, 5 h, and 10 h after thermoinduction at
39°C and 42°C using 0 M, 1 M, 2 M, and 4 M of GnHCI (Fig. 7). It
was observed that those IBs obtained from cultures thermoinduced
at 39°C are easier to solubilize compared to those formed at 42°C at
all GnHCI concentrations evaluated irrespective of the time. At 4 M
of GnHCI, almost a complete denaturalization for the IBs harvested
at 3 h and 5 h in cultures thermoinduced at 39°C was observed, in
contrast with the 80% of the protein solubilized from those IBs col-
lected from thermoinduction at 42°C (Fig. 7A and 7B). However,
the IBs recovered after 10 h of thermoinduction at both tempera-
tures cannot be solubilized by the chaotropic agent to the same
extent as those harvested at earlier times (Fig. 7C), although the
greater solubility of the IBs formed under the thermoinduction of
39°C is maintained.

3.10. Refolding capacity of rHuGM-CSF from IBs

The refolding capacity of recovered rHUGM-CSF from IBs was
characterized by far-UV CD spectroscopy, a technique sensitive to
protein secondary structure content. The purified samples from
IBs of the two thermal induction regimes showed similar spectra,
typical of predominantly helical structures (Fig. 8). A deconvolu-
tion analysis of the CD spectra yielded a-helix and B-strand con-
tents of 35% and 21% for rHuGM-CSF refolded from IBs formed at
39°C, and 36% and 15% for the protein at 42°C, respectively, which
agree with those observed in the crystallographic structure of
HuGM-CSF [36] and with rHuGM-CSF obtained with a thermoin-
duced system under different pre-incubation temperatures [40].

4. Discussion

This study showed that the induction temperature is a deter-
mining environmental factor in the production of RP and the struc-
ture of the IBs in thermoinducible systems. Previous reviews about
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out in triplicate.

the production of RPs under thermoinduction conditions have dis-
cussed the advantages of high productivity in this regulable, simple
to operate, and scalable system [18,19,22]. Numerous proteins
have been produced under the ApL/pR-cI857 system, using diverse
configurations. The widest used strategy to promote biomass pro-
duction consists of growing cells at 30°C followed by an increase to
42°C to induce the recombinant gene expression [20,40,61,62].
Furthermore, studies suggest that IBs are formed by different fold-
ing intermediaries of RP [6,25] being the temperature a parameter
that can promote their aggregation [24,28,63]. However, to our
knowledge, no work had addressed the importance of small differ-
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ences in the induction temperature in the ApL/pR-cI857 system on
RP production, aggregation, and IBs architecture.

It was observed that during thermoinduction, the p is nega-
tively affected, because of the 'metabolic burden’, where nutrients
and energy are adjusted to synthesize RPs instead of biomass
[18,19]. In this study, cultures thermoinduced at 39°C reached
twice more biomass after 12 h of cultivation (~5 h of thermoinduc-
tion), compared to cultures grown at 42°C. Correspondingly, the
higher biomass production was accompanied by an increase in
the formation of acetate (Fig. 1) because of the unbalanced carbon
metabolism, being a signal of metabolic overflow that can affect
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the RP production [64]. Importantly, in the cultures induced at
42°C, the highest amount of total protein and RP was obtained,
compared to the induction at 39°C (Fig. 1D). In addition, the enrich-
ment of RP on total protein fraction and inside IBs increased with
the culture time under both temperatures (Fig. 2), being higher
at 42°C. The increase in production of total protein is possibly
caused by a decrease in specific growth rate and low biomass for-
mation (Table 1), lower production of acetate, and the use of build-
ing blocks to produce proteins and enhancement of translation
[18,19].

IB formation can be due to hydrophobic interactions between
protein chains, the elevated local concentration of proteins emerg-
ing on nearby ribosomes, and the diminished availability of chap-
erones [65]. Thermoinduction may improve protein synthesis
exposing a greater number of hydrophobic regions and elevating
the probability of interaction, and the formation of aggregates.
The protein composition of IBs formed at 39°C and 42°C was differ-
ent (Fig. 2). The IBs formed at 42°C were enriched with rHuGM-CSF
(Fig. 2). Fig. 2E shows the percentage representation of the rHuGM-
CSF inside IBs, considering each lane independently. The IBs
formed at 42°C contained around ~40% of rHuGM-CSF after the
first hour of induction, while in the IBs formed at 39°C at the same
time, the rHUGM-CSF was not detected (Fig. 2E). As observed in
Fig. 2B and 2C, the rHuGM-CSF accumulation was enriched in the
IBs formed at 39°C and 42°C, with respect to the time. Further-
more, the increment in the percentage representation of rHuGM-
CSF inside IBs formed at 42°C was statistically higher compared
to the percentage of the RP in IBs formed at 39°C. In the cultures
induced at 39°C, the IBs presented a greater accumulation of pro-
teins attached with molecular weights greater than 25 KDa
(Fig. 2B, 2C). The differences found in rHuGM-CSF | total protein
and rHuUGM-CSF |/ IB ratios (Fig. 2D and 2E) with respect to time
demonstrate differences in rHuGM-CSF production and aggrega-
tion kinetics.

Our results reveal formation details of the IBs composed of
rHuGM-CSF formed at different temperatures. At the first hour of
induction in thermoinduced cultures at 39°C, few cells with IBs
were observed (~12%), while in cells thermoinduced at 42°C, IBs
were evident (~40%) (Fig. 3). It is important to mention that the
IBs formed at 39°C and 42°C after 5 h presented similar sizes of
around 700 nm and semispherical shapes, without appreciating
differences in intracellular arrangement (Fig. 3).
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Reported data show that a decrease in temperature can favor
the formation of IBs with biological activity such as fluorescence
or enzymatic activity, since they consist of native-like conforma-
tions, possibly favored by the decrease in the synthesis rate [25].
However, in thermoinduced systems, a temperature up-shift is
necessary to obtain RPs, which favors disorderly aggregation with
less chance of reaching native-like conformations. Hence, studying
the effect of different induction temperatures on IB architecture is
essential to improve up- and down-stream steps of bioprocesses.
IBs produced under thermoinduction suggest differences in sus-
ceptibility to digestion with PK, being those formed at 39°C prone
to digestion in comparison with the IBs structured at 42°C (Fig. 4,
Fig. S3). Also, a greater amount of protein was solubilized in IBs
formed at 39°C, when using the chaotropic agent guanidinium
chloride (Fig. 7). The contribution of the solubility using mild chao-
tropic agent concentrations (2 M or 4 M) favors the rHuGM-CSF
recuperation from IBs formed at 39°C. This even, at the cost of los-
ing the productivity of the RP, that is higher at 42°C, but avoiding
extensive downstream steps [59].

Protein folding is a complex process, and even more when a
variety of RPs and host cell proteins with a diversity of structures
interact and are kept together inside the IBs [6,15,18,24,30]. IBs
consist of unfolded, partially folded, and even native structures of
proteins trapped in a complex network, with some capable of
acquiring an amyloid-like structure. The highest degradation of
IBs formed at 39°C by PK indicates that they present a higher
amount of exposed hydrophilic domains such as loops and o-
helical structures rich in peptide bonds of aliphatic and aromatic
amino acids in comparison with IBs from 42°C [5] corroborated
by the higher amount of proteins and peptides liberated at 39°C
compared with 42°C (Fig. S3). Since guanidinium chloride disrupts
the hydrophobic and van der Waals interactions in proteins [66],
results suggest that the hydrophobic domains are more accessible
to the chaotropic agent in IBs formed in thermoinduction at 39°C
and to a lesser extent (~20%) in the IBs produced at 42°C (Fig. 7).

The human GM-CSF is a glycoprotein formed by four short
chains of a-helices, as well as, by one short antiparallel B-
structure (PDB number: 2GMF). To analyze the architecture of
the IBs, ATR-FTIR spectroscopy and Th-T dye-binding were used.
The IBs produced at 42°C have a higher RP content, and a smaller
concentration of endogenous proteins than those IBs formed at
39°C (Fig. 2). Interestingly, the IBs formed at 42°C presented lower
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Fig. 7. Comparison of protein solubilization of rHuGM-CSF IBs collected at (a) 3 h,
(b) 5 h, and (c) 10 h after thermoinduction at 39°C and 42°C, using different
concentrations of guanidinium chloride. Data show the average of triplicate
experiments from three independent bioreactors each.

amyloid-like structures than those formed at 39°C (Fig. 5). The
comparison of the percentage of amyloid structure with respect
to the total structures (o-helix, p-strands, and amyloid) resulted
in a greater proportion in those IBs from cultures induced at
39°C (25-30%) with respect to those induced at 42°C (18-22%).
This observation agreed with the results obtained by the Th-T
binding assay (Fig. 6). A linear correlation (R? = 0.94) was found
between the harvest points and the data obtained for the
amyloid-like aggregation (~1626 cm™') by ATR-FTIR and cross B-
structures measured as fluorescence intensity by Th-T binding
(Fig. S4). Furthermore, the data obtained from ATR-FTIR suggested
a reduced content of amyloid type in the IBs produced under ther-
moinduction at 42°C, like data found in IBs of recombinant
asparaginase Il produced in E. coli grown in orbital shake flasks,
at 42°C and induced by IPTG [31].

We found that IBs formed at 39°C and 42°C initiated their struc-
turation under different amounts of synthesized RP, being slower
at 39°C, consistent with the lower amount of RP produced. These
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Fig. 8. Far-UV circular dichroism spectra of purified rHuGM-CSF in water from IBs
obtained from thermoinduced cultures at 39°C or 42°C. Each spectrum corre-
sponded to the average of three repetitive scans and was corrected by the buffer
signal. The solid lines correspond to the mean residue ellipticity fits using the
deconvolution K2D3 software [51].

differences could cause distinct relations between RP and host cell
proteins that could impact the conformers reached. Although IBs
formed at 39°C have more amyloid structures, they are more sol-
uble in a chaotropic agent and easily digested with PK, than those
IBs formed at 42°C. This suggests a greater disorder in IBs formed
at 42°C than those formed at 39°C, where the increase in protein
concentration and inter-specific interactions relapse in rapid
aggregation, without being able to acquire ultrastructure, as is
the case of amyloid structures that can be formed with low protein
concentration produced at 39°C. Hence, the high concentration of
RPs produced in the bacterial cytoplasm could cause the differ-
ences observed. At the beginning of IBs formation in thermoin-
duced cultures at 39°C, the RP concentration is lower than those
from 42°C, and endogenous proteins in high concentration might
be added to the IBs, which can dictate the formation of the ultra-
structure. While at 42°C, the formation of IBs is faster with higher
RP concentration governing disordered aggregation, acquiring
fewer amyloid forms, and being more resistant to degradation. This
correlates with the amorphous aggregates formed at a high con-
centration of B2-microglobulin in vitro, which presented a fewer
amyloid structure [65].

5. Conclusions

This study revealed that induction temperature determines
E. coli growth, RP synthesis, its concentration, and protein aggrega-
tion, which impacts IB composition, architecture, and solubility in
the thermoinducible system ApL-cI857, using the rHuGM-CSF as a
model RP. Thermoinduction per se favors the IB formation through
the RP overproduction. However, slight differences such as three
degrees (39°C vs 42°C) can cause differences in metabolism that
favor either biomass synthesis at 39°C, while raising the tempera-
ture to 42°C limits biomass growth and favors the rHuGM-CSF pro-
duction. These effects cause changes in protein production and the
initiation of nucleation, aggregation, and IB formation.

Differential characteristics in IB architecture were also
observed. IBs formed at 42°C were less prone to degradation and
presented less amyloid-like structures, related to a rapid IB forma-
tion. In comparison, IBs formed slowly at 39°C presented a higher
proportion of amyloid-like structures, being more susceptible to
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degradation. In both thermoinduction scenarios, IBs were more
resistant as the induction time increased. Altogether, the informa-
tion described will allow the strategic design of thermoinduction
to obtain a greater amount of RPs that can be extractable from
the IBs. Information can be helpful to develop an improved biopro-
cess to produce therapeutic RPs in thermoinducible systems and to
design rational protein recovery and purification strategies since
the architecture of IBs is a determining factor to start the down-
stream bioprocess.
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