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Abstract 
The overproduction of recombinant proteins in Escherichia coli leads to insoluble aggregates of proteins called inclusion bodies  
(IBs). IBs are considered dynamic entities that harbor high percentages of the recombinant protein, which can be found in  
different conformational states. The production conditions influence the properties of IBs and recombinant protein recovery 
and solubilization. The E. coli growth in thermoinduced systems is generally carried out at 30 °C and then recombinant protein 
production at 42 °C. Since the heat shock response in E. coli is triggered above 34 °C, the synthesis of heat shock proteins 
can modify the yields of the recombinant protein and the structural quality of IBs. The objective of this work was to evaluate  
the effect of different pre-induction temperatures (30 and 34 °C) on the growth of E. coli W3110 producing the human  
granulocyte–macrophage colony-stimulating factor (rHuGM-CSF) and on the IBs structure in a λpL/pR-cI857 thermoinducible 
system. The recombinant E. coli cultures growing at 34 °C showed a ~ 69% increase in the specific growth rate compared to 
cultures grown at 30 °C. The amount of rHuGM-CSF in IBs was significantly higher in cultures grown at 34 °C. Main folding 
chaperones (DnaK and GroEL) were associated with IBs and their co-chaperones (DnaJ and GroES) with the soluble protein 
fraction. Finally, IBs from cultures that grew at 34 °C had a lower content of amyloid-like structure and were more sensitive to 
proteolytic degradation than IBs obtained from cultures at 30 °C. Our study presents evidence that increasing the pre-induction 
temperature in a thermoinduced system allows obtaining higher recombinant protein and reducing amyloid contents of the IBs.

Key Points 
• Pre-induction temperature determines inclusion bodies architecture
• In pre-induction (above 34 °C), the heat shock response increases recombinant protein production
• Inclusion bodies at higher pre-induction temperature show a lower amyloid content
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Introduction

The production of recombinant proteins for therapeutic use 
has become of great interest in current biotechnology and 
biomedicine. To achieve high product yields, make bio-
processes efficient, and minimize production costs, different 
biological platforms, expression systems, culture medium 
designs, and purification strategies have been explored 
(Assenberg et al. 2013; Terol et al. 2021; Kumar et al. 2020; 
Kaur et al. 2018). Escherichia coli as a host for recombinant 
protein production has numerous advantages compared to 
other bacteria, yeasts, or mammalian cells (Baeshen et al. 
2015; Sánchez-García et al. 2016). E. coli can grow on 
inexpensive substrates in a short time, it is a well-known 
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organism, high cell density cultures can be easily reached, 
and the accumulation of the recombinant protein can repre-
sent 30% or more of the total cellular protein (Huang et al. 
2012; Rosano and Ceccarelli 2014; Rosano et al. 2019). 
Additionally, within the biopharmaceuticals approved 
through 2018, ~ 22% were produced in E. coli (Walsh 2018).

When recombinant proteins are overexpressed in E. coli, 
the bacteria tend to form protein aggregates called inclu-
sion bodies (IBs) (Baneyx and Mujacic 2004; Williams 
et al. 1982). IBs are recombinant protein-enriched deposits 
with spherical or pseudo-spherical shapes and diameters 
between 50–800 nm (De Marco et al. 2019; Margreiter et al. 
2008; Castellanos-Mendoza et al. 2014). Its formation is a 
dynamic phenomenon that occurs mainly due to the inter-
actions between partially folded or misfolded polypeptide 
chains during the overexpression of recombinant proteins, 
stressful conditions, or the shortage of heat shock proteins 
(HSPs), which are responsible for maintaining the cell pro-
teome homeostasis (Baneyx and Mujacic 2004; Fahnert 
et al. 2004; Carrió and Villaverde 2003; Hartl and Hayer-
Hartl 2009). Although IBs were considered an obstacle in 
obtaining soluble and active recombinant proteins, recent 
studies have shown that proteins with native-like structure 
and polypeptides with amyloid characteristics coexist within 
IBs, giving them both biological functionality and mechani-
cal stability (González-Montalbán et al. 2007; Cano-Garrido 
et al. 2013; Rinas et al. 2017; Singhvi et al. 2020). This 
progress in the perception of IBs has increased the scien-
tific interest in the study of their molecular organization and 
application in various areas as materials for cell proliferation 
(García-Fruitós et al. 2010), drug release agents (Villaverde 
et al. 2012; Pesarrodona et al. 2019) and biocatalysts (Jäger 
et al. 2020). Nowadays, it is known that bioprocess condi-
tions such as pH (Castellanos-Mendoza et al. 2014; Calcines-
Cruz et al. 2018), temperature (de Groot and Ventura 2006; 
Peternel et al. 2008; Restrepo-Pineda et al. 2019), agitation 
(Valdez-Cruz et al. 2017), among others, can determine the 
formation, composition, and structure of IBs (De Marco et al. 
2019). However, the effect of different induction strategies on 
its properties, for example, the use of a temperature-induced 
system, is a subject that remains poorly explored.

The λpL/pR-cI857 thermoinducible expression system is 
a widely applied strategy in the industry to produce recom-
binant proteins in E. coli (Valdez-Cruz et al. 2010, 2011; 
Restrepo-Pineda et al. 2021). The use of this system avoids 
the addition of chemical inducers such as isopropyl-β-D-1-
thiogalactopyranoside (IPTG), the possibilities of contami-
nation are minimized through the external control of temper-
ature, and target recombinant protein yields of at least 30% 
can be obtained regarding the total protein (Remaut et al. 
1981; Caspeta et al. 2013; Singha et al. 2018). Below 37 °C, 
recombinant protein expression is regulated by the binding 
of the cI857 thermolabile repressor to the operator regions 

of the pL and pR promoters derived from bacteriophage λ, 
facilitating the formation of a DNA loop that inhibits RNA 
polymerase activity (Dodd et al. 2004; Lewis et al. 2016). 
By raising to 37 °C, cI857 is released and allows the tran-
scription of the gene of interest (Caulcott and Rhodes 1986; 
Villaverde et al. 1993; Valdez-Cruz et al. 2010). However, it 
has been reported that above 34 °C, E. coli initiates the heat 
shock response (HSR) to cope with heat stress and maintain 
cellular homeostasis (Yamamori et al. 1978; Morita et al. 
1999; Yano et al. 1990; Yura 2019). HSR is controlled by the 
transcription factor σ32 (RpoH), which regulates the expres-
sion of an extensive network of chaperones and proteases 
involved in folding of nascent proteins and the removal of 
damaged/unfolded proteins (Guisbert et al. 2004, 2008; 
Baneyx and Mujacic 2004; Balchin et al. 2016). The tem-
perature upshift during recombinant protein synthesis also 
involves a metabolic adaptation, reflected in the reduction 
of the specific growth rate, accumulation of organic acids, 
mainly acetate, and a readjustment in metabolic fluxes (Hoff-
mann and Rinas 2004; Hoffman et al. 2002; Wittmann et al. 
2007; Restrepo-Pineda et al. 2021). Recombinant protein 
production typically follows a two-phase strategy; initially,  
cells are grown at 30 °C (in batch or feed-batch cultures), and 
then recombinant protein expression is induced at a constant 
temperature between 38 °C and 42 °C (Caspeta et al. 2009, 
2013; Valdez-Cruz et al. 2010; Restrepo-Pineda et al. 2021).

In a thermoinduced system in addition to HSR, recombi-
nant protein overexpression and the IBs formation co-occur 
(Valdez-Cruz et al. 2010, 2011; Restrepo-Pineda et al. 2021). 
Also, HSPs are overexpressed in response to elevated tem-
perature and recombinant protein accumulation (Gill et al. 
2000; Carrió and Villaverde 2003). During thermoinduc-
tion, the mRNA levels of heat shock genes (dnaK, dnaJ, and 
groEL) increase between 2 and 9 times compared with 30 °C 
(Valdez-Cruz et al. 2011). At the proteomic level, Hoffmann 
and Rinas (2000) found that just 30 min after thermoinduc-
tion at 42 °C, HSPs reach their maximum synthesis rate, and 
IBs analyzed one-hour post-induction contains chaperones 
such as DnaK, GroEL, IbpA, and IbpB. Previous findings in 
our laboratory revealed that using a thermoinducible system, 
GroEL is present in both the soluble protein fraction and in 
the IBs. At the same time, DnaK predominated in the soluble 
fraction (Restrepo-Pineda et al. 2019). The presence of these 
chaperones in IBs has been related to their function in the 
dissolution of these aggregates or preventing their aggrega-
tion during thermoinduction (Rinas et al. 2007). Moreover, 
the assembly and morphology of IBs can also be modified 
depending on the absence or presence of specific HSPs 
(García-Fruitós et al. 2010). Furthermore, IBs harvested 
from E. coli cultures induced by IPTG at high temperatures 
(39 or 42 °C) were more accessible to be solubilized in urea 
than those obtained at lower temperatures (20 and 30 °C) 
(Singh et al. 2020).

2884 Applied Microbiology and Biotechnology (2022) 106:2883–2902



1 3

Granulocyte–macrophage colony-stimulating factor (GM-
CSF) is a protein whose primary function is to stimulate 
germinal hematopoietic cells for the formation of the differ-
entiated myeloid lineage and takes part in regulating a wide 
variety of inflammatory responses (Francisco-Cruz et al. 
2014; Wicks and Roberts 2016; Hamilton 2019; Dougan 
et al. 2019). GM-CSF has been recombinantly expressed 
in mammalian cells, yeasts, and bacteria, receiving FDA 
(Food and Drug Administration) approval in 1991 for the 
treatment of neutropenia (Mehta et al. 2015; Dougan et al. 
2019). Even though the human GM-CSF contains O- and 
N- glycosylation sites (Walter et al. 1992), the non-glyco-
sylated form produced in E. coli is biologically active and 
has therapeutic relevance (Okamoto et al. 1991; Cumming 
1991). Recent studies have elucidated the protective role of 
GM-CSF in autoimmune diseases such as pulmonary alveo-
lar proteinosis (Trapnell et al. 2020; Zhang et al. 2020), its 
use in oncolytic immunotherapies, and adjuvant in cancer 
vaccines (Kaufman et al. 2014) as well as its possible admin-
istration in treatments against COVID-19 (Lang et al. 2020; 
Bonaventura et al. 2020).

Although some studies revealed the influence of induction 
temperature and induction time on IBs structure using a ther-
moinducible system (Caspeta et al. 2009, 2013; Restrepo-
Pineda et al. 2019), this report aimed to elucidate the effect 
of growth (or pre-induction) temperature on the subsequent 
formation process, protein composition and structural char-
acteristics of IBs from an E. coli bacterial culture produc-
ing the recombinant human GM-CSF (rHuGM-CSF). Here, 
bioreactor cultures of E. coli W3110 grown at either 30 or 
34 °C were subsequently thermoinduced at 42 °C. Growth 
curves, carbon source consumption, and acetate production 
were analyzed. SDS-PAGE evaluated the expression kinet-
ics of the rHuGM-CSF protein in the total protein fraction 
and IBs. Changes in the expression of some HSPs (DnaK/J, 
GroEL/ES) were identified by western blot. The structural 
analysis of the aggregates was carried out using attenuated 
total reflection-Fourier transform infrared spectroscopy 
(ATR-FTIR), binding to an amyloidogenic dye, proteolytic 
digestion, and denaturation with a chaotropic agent. Finally, 
the secondary structure of the refolded and purified rHuGM-
CSF from IBs was studied by circular dichroism (CD) to 
elucidate its biological activity indirectly.

Materials and methods

Strain, media composition, and bioreactor 
conditions

E. coli W3110 (ATCC® 27325™) was used as a host to 
produce the recombinant human granulocyte–macrophage 
colony-stimulating factor (rHuGM-CSF). The coding 

sequence for the rHuGM-CSF (GenBank accession num-
ber OL419360) was cloned in the pV3 plasmid containing 
the gene of the cI857 thermolabile repressor and the pL 
promoter from bacteriophage λ (Lowman and Bina 1990). 
pV3 is a low copy number plasmid based on the RepA-
CopB from R100 plasmid (Olsson et al. 2004) and the par 
sequence to increase plasmid stability from plasmid pSD101 
(Miller et al. 1983). A working cell bank containing ali-
quots of 1 ml at an optical density at 600 nm  (OD600) of 
1.09 absorbance units (AU) was generated with 40% (v/v) 
glycerol and stored at -75 °C (Restrepo-Pineda et al. 2019).

For inoculums and bioreactor cultures, a defined culture 
medium was prepared as described in Restrepo-Pineda et al. 
(2019), as follows (in g/l): 4.0  (NH4)2HPO4; 13.3  KH2PO4; 
1.7 citric acid; 1.2  MgSO4·7H2O; 0.045 thiamine; 0.1 kana-
mycin; 17.5 glucose; 3.0 casamino acids and trace elements 
(2.0 ml/l of 500X stock). Glucose,  MgSO4, and trace ele-
ments stocks were separately sterilized at 121 °C and 22 psig 
for 30 min (ES-215 sterilizer, Tomy Digital Biology, Tokyo, 
Japan). Thiamine, casamino acids, and kanamycin solutions 
were sterilized using 0.22-μm-pore-size filters (Merck Mil-
lipore, Billerica, MA, USA) and added before inoculation. 
The pH of the culture medium was adjusted to 7.0 ± 0.1 with 
3 N NaOH and 8 N HCl.

For preparing the inoculum, 500 µl of the working cell 
bank was cultured in conventional 250-ml Erlenmeyer flasks 
with 50 ml filling volume. Cells were incubated overnight 
(~ 14 h) at 30 °C and 200 rpm (New Brunswick Scientific 
Classic C25, Enfield, CT, USA). The inoculum volume was 
decided based on the  OD600 measurement to start the bio-
reactor experiments with the same cell concentration (~ 0.1 
AU). The batch cultures were carried out in 1.2-l bioreactors 
(Applikon, Delft, Netherlands) with a working volume of 
800 ml. Dissolved oxygen tension (DOT) was controlled at 
35% with respect to air saturation by a cascade of agitation 
between 100–1000 rpm and constant airflow rate (1 vvm, 
volume of air per volume of culture medium). Medium pH 
in bioreactors was maintained at 7.0 ± 0.1 by adding 3 N 
NaOH or 3 N HCl. The temperature was controlled to either 
30 or 34 °C (42 °C for induction) using a heating/cooling 
circulating water bath (PolyScience, Niles, IL, USA). To 
avoid foaming, a sterile antifoam agent was added manually 
when necessary. pH, DOT, and temperature were monitored 
and controlled online with the BioXpert software (Applikon, 
Delft, Netherlands).

Cell concentration estimation

Growth of the strain E. coli W3110 producing rHuGM-
CSF was determined by following the  OD600 (Spectronic 
Genesys 5, Thermo Electron Corporation, Westmont, IL, 
USA).  OD600 measurements were converted to dry cell 
weight (DCW) through a linear correlation standard curve. 
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Briefly, 10 ml samples from three independent cultures 
were centrifuged at 8,000 × g for 10 min. The cell pellet 
was washed with 1X PBS (pH 7.5) twice and filtered using 
0.22-μm-pore-size filters (Merck Millipore, Billerica, MA, 
USA). The wet cell paste was dried at 90 °C for 48 h. After 
complete drying, the filters were weighed again. The differ-
ence in mass was used to calculate the DCW. 1.0 AU was 
equivalent to 0.33 ± 0.04 g/l of DCW.

Recombinant protein thermoinduction

Bioreactor cultures were grown at either 30 or 34 °C until 
reaching the pre-stationary phase  (OD600 of 2.0–3.0 AU). At 
this point, the thermoinduction of rHuGM-CSF production 
was carried out by increasing to 42 °C, maintaining DOT 
and pH control (Restrepo-Pineda et al. 2019). The heating 
rate was the same in both conditions (0.5 °C/min). Samples 
of 1.0 ml were taken at different post-induction times (1, 3, 
5, 10, and 18/20 h) and centrifuged at 10,000 × g for 10 min. 
Supernatants were used for glucose and acetate estimation, 
while pellets were stored at -20 °C for further analysis. All 
experiments were performed in triplicate.

Glucose and acetate quantification

Supernatants were filtered using sterile syringe filters with a 
0.22-µm-pore-size before injection. Glucose concentration 
was determined in a biochemistry analyzer YSI 2900D (YSI 
Inc, Yellow Springs, OH, USA) equipped with a glucose 
oxidase membrane (YSI 2365), a buffer solution (YSI 237), 
and a standard calibrator solution (2.5 g/l of glucose). The 
concentrations of acetate were determined by high-perfor-
mance liquid chromatography (HPLC) in a Shimadzu LC-
20AT (Shimadzu, Kyoto, Japan) using an Aminex HPX-87H 
column (300 × 7.8 mm; 9-μm internal diameter, Bio-Rad, 
Hercules, CA, USA). The mobile phase consisted of 0.008 N 
 NH2SO4 with 0.6 ml/min at 50 °C and 215 nm UV absorb-
ance. A commercial standard solution was used for acetate 
(No. 125–0586, Bio-Rad), and data obtained were processed 
in the LC Solution software (Shimadzu, Kyoto, Japan).

Recovery and purification of IBs

For IBs isolation, the method described in Calcines-Cruz 
et al. (2018) was followed with minor modifications. Briefly, 
the cell biomass pellets from 1 ml culture were diluted in 
lysis buffer (50 mM Tris–HCl, 100 mM NaCl, 1 mM EDTA, 
pH 7.5) containing protease inhibitor (0.1 mM PMSF, phe-
nylmethylsulfonyl fluoride). Each sample was disrupted by 
sonication using a Soniprep150 (Sanyo Gallenkamp PLC, 
Loughborough, UK) at 8 µm amplitude in 3–10 cycles of 
30 s, keeping on ice. The lysed cell mixture was centrifuged 
at 14,000 × g for 15 min at 4 °C, and both the supernatant 

with the total soluble protein and the pellet with the insolu-
ble protein (IBs) were recovered. Insoluble protein fraction 
was incubated in lysis buffer with 1% (v/v) IGEPAL (Sigma 
Aldrich, St. Louis, MO, USA) for 30 min under agitation 
at 4 °C and centrifuged at 14,000 × g for 5 min. The pellet 
was resuspended in lysis buffer containing 0.5% (v/v) Triton 
X-100 and centrifuged at 14,000 × g for 15 min. Finally, the 
pellet was washed 3 to 5 times with deionized water, centri-
fuged between each wash (14,000 × g for 15 min), and the 
purified IBs were stored at -20 °C.

Protein quantification, rHuGM‑CSF identification, 
and chaperones immunodetection

The concentration of total soluble protein and protein in the 
IBs was measured by Bradford assay (Bio-Rad, Hercules, 
California, USA) according to supplier recommendations. 
Insoluble proteins were previously solubilized in isoelectric 
focusing (IEF) buffer (final 1:5 dilution) at room temperature 
for at least 3 h. Calibration curves with bovine serum albu-
min (BSA, Equitech-Bio, Kerrville, TX, USA) were made. 
Both samples and standards were prepared in triplicate, and 
 OD600 was measured on a Stat Fax 2100 Microplate Reader 
(Awareness Technology Inc., Palm City, FL, USA).

Samples collected were used to analyze the production 
of the total soluble protein and rHuGM-CSF accumulation 
in IBs on 15% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE). Previously, equal amounts of 
protein were solubilized using 2.5% SDS for 12 h at room 
temperature, and 20 µg of protein was loaded in each lane. 
Gels were stained with Coomassie Brilliant Blue R-250 
(Bio-Rad, Hercules, CA, USA), and the percentage of 
rHuGM-CSF in IBs was determined by densitometry using 
the Image-Lab software and Gel Doc EZ Imager (Bio-Rad, 
Hercules, CA, USA).

The specific detection of chaperones was carried out by 
western blot, as reported by Restrepo-Pineda et al. (2019). 
Proteins in the polyacrylamide gels were transferred to a 
polyvinylidene difluoride (PVDF) membrane (Immobilon, 
Millipore, Bedford, MA, USA) by a semi-wet approach via 
Trans-Blot system (Bio-Rad, Hercules, California, USA). 
Membranes were blocked for 40 min with 1X TBS plus 
5% skim-milk at room temperature and gentle shaking. 
Two washes for 10 min each were made with wash buffer 
(1X TBS plus 0.06% Tween-20), and primary antibodies 
(mouse DnaK ADI-SPA-880 dilution 1:7500, rabbit GroEL 
ADI-SPA-875 dilution 1:7500, rabbit DnaJ ADI-SPA-410 
dilution 1:2000, and rabbit GroES ADI-SPA-210 dilution 
1:7500; Enzo Life Sciences, Farmingdale, NY, USA) were 
added for 1 h at room temperature. Later, membranes were 
washed three times, followed by incubation with the cor-
responding secondary antibodies (goat anti-mouse IgG 
A9044 dilution 1:2500 and goat anti-rabbit IgG A0545 
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dilution 1:2500, HRP-conjugated, Merck-Sigma-Aldrich, 
St. Louis, MI, USA) for 1 h at room temperature. Three 
more washes were done, and the proteins were detected by 
chemiluminescence using SuperSignal West Pico and Femto 
substrates (Thermo Fisher Scientific, Waltham, MA, USA) 
in a C-DIGIT blot scanner (LI-COR, Lincoln, NE, USA). A 
homemade chemiluminescence marker was used to reveal 
the images, and the membranes were incubated with mild 
stripping buffer (glycine, SDS, Tween-20, pH 2.2) to remove 
the antibodies.

ATR‑FTIR spectroscopy

The components of the secondary structure of IBs were 
identified by attenuated total reflection (ATR)–Fourier 
transform infrared (FTIR) spectroscopy (Valdez-Cruz et al. 
2017; Calcines-Cruz et al. 2018; Singh et al. 2020; Gil-
Garcia et al. 2020). Freshly purified IBs were dried at room 
temperature for 1 h using a speed vacuum concentrator and 
placed on Specac Quest ATR diamond accessory (Specac 
Limited, Slough, UK) coupled to an infrared spectrometer 
IRAffinity-1S (Shimadzu, Kyoto, Japan). Each sample con-
sisted of 40 acquisitions with a resolution of 2  cm−1 in the 
range of 1500–1700  cm−1 and subsequently averaged. After 
13 points of smoothing, the second derivatives of the spec-
trum of the amide I region were determined with the IR 
LabSolutions program (Shimadzu, Kyoto, Japan) and nor-
malized with respect to the absolute value of the tyrosine 
peak (~ 1508  cm−1) (Ami et al. 2005). The analysis of the 
location frequencies indicated the abundance of the different 
elements of the secondary structure in the IBs.

Thioflavin T binding assay

The amyloidogenic properties of IBs were evaluated by 
measuring the fluorescence after binding to the thioflavin 
T (Th-T) dye (Castellanos-Mendoza et al. 2014; Calcines-
Cruz et al. 2018; Singh et al. 2020; Gil-Garcia et al. 2020). 
50 mg/ml of protein in IBs were resuspended in phosphate 
buffer (pH 7.5) containing 75 µM of Th-T (Sigma Aldrich, 
St. Louis, MO, USA) and incubated for 1 h at 25 °C. The 
fluorescence signal was measured in a Cary Eclipse Fluores-
cence Spectrophotometer (Agilent Technologies, Palo Alto, 
CA, USA) with an excitation wavelength of 440 nm and 
5 nm bandwidth. The emission spectrum was recorded from 
450 to 560 nm with a spectral resolution of 5 nm. Each spec-
trum was acquired five times, averaged, and smoothed. The 
spectrum of Th-T without protein was obtained as a control.

Proteinase K digestion

The resistance of the IBs to enzymatic degradation was 
determined by incubating 50 mg/ml of sample with 25 µg/ml 

of proteinase K (PK, Sigma Aldrich, St. Louis, MO, USA). 
The proteolytic digestion was carried out in 1 ml of buffer 
(50 mM Tris–HCl and 150 mM NaCl, pH 8.0) at room tem-
perature. Changes in absorbance were monitored at 350 nm 
for 100 min in a UV/Vis DU®730 spectrophotometer (Beck-
man Coulter Inc., Brea, CA, USA) mixing by pipetting every 
minute. Data were normalized with respect to the initial 
absorbance value (Upadhyay et al. 2012; Castellanos-Men-
doza et al. 2014; Valdez-Cruz et al. 2017; Calcines-Cruz 
et al. 2018; Singh et al. 2020).

Stability in guanidinium chloride

The stability of IBs against chemical solubilization was 
examined by adding 1.0 mg/ml of protein in IBs to 100 μl 
of 10 mM Tris–HCl buffer (pH 7.5) containing different 
concentrations (0, 1, 3 and 5 M) of guanidinium hydrochlo-
ride (GndHCl, Sigma-Aldrich, St. Louis, MO, USA). After 
24 h of gentle shaking at room temperature, the samples 
were centrifuged at 8000 × g for 10 min. The supernatants 
were recovered, and the solubilized protein was quantified 
by the Bradford method described above. The solubility pro-
files of the IBs harvested at different times after induction 
were obtained by plotting the soluble protein concentration 
against GndHCl concentration (De Groot and Ventura 2006; 
Espargaró et al. 2008; Castellanos-Mendoza et al. 2014).

IBs solubilization, refolding, and purification 
of rhGM‑CSF

Purified IBs of rHuGM-CSF were resuspended in a solu-
bilization buffer (6 M GndHCl, 50 mM 2-mercaptoethanol 
in 100 mM Tris base, pH 8.2, adjusted with 3 M HCl) at 
700 rpm, 1 h and 25 °C to a final protein concentration of 
1.0 mg/ml. Then, the protein folding process was carried out 
at 25 °C, 100 rpm, and 4 h by drop-by-drop dilution (1:10) 
of the solubilized product in a Tris base buffer (20 mM, pH 
8.2). The reaction was stopped by adding 4 M acetic acid to 
a final concentration of 0.2 M (Burgess et al. 1987; Belew 
et al. 1994; Thomson et al. 2012).

The folded protein solution was purified by reverse-phase 
HPLC in a Shimadzu LC-20AT (Shimadzu, Kyoto, Japan) 
using a Zorbax Eclipse XDB-C8 column (Agilent Tech-
nologies, Santa Clara, CA, USA). A standard curve of the 
European Pharmacopoeia reference standard for human GM-
CSF (Molgramostim, Y0000251, Sigma Aldrich, St. Louis, 
MO, USA) was carried out at 1.345 mg/ml, 0.672 mg/ml, 
and 0.336 mg/ml. The folded protein sample (~ 10 µg) was 
loaded in the HPLC at 50 °C with a detector wavelength of 
214 nm and a maximum column pressure of 3000 psig. Solu-
tions of 0.1% v/v trifluoroacetic acid (TFA) in water (mobile 
phase A) and 0.1% v/v TFA in 90% acetonitrile (mobile 
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phase B) were used for the linear gradient elution at a flow 
rate of 1.2 ml/min (Nicola et al. 1983; Das et al. 2011).

Circular dichroism (CD) spectroscopy

CD spectra of purified rHuGM-CSF in water were recorded 
at 37 °C in the far-UV region with a JASCO J-720 spec-
tropolarimeter (Jasco Inc., Easton, MD) described elsewhere 
(Luviano et al. 2019). Protein solutions of ~ 0.05 mg/ml 
were loaded into a quartz cell of 0.1-cm length path. Each 
spectrum corresponded to the average of three repetitive 
scans and was corrected by the buffer signal. Ellipticities 
are reported as mean residue ellipticity, [θ]mrw. Secondary 
structure content was calculated from CD spectra using the 
deconvolution software K2D3 (Louis-Jeune et al. 2012).

Statistical analysis

Statistically significant differences between the data were 
calculated using analysis of variance (ANOVA), followed 
by Tukey’s test. The quantitative results are expressed as 
mean ± standard error of the mean. A p-value < 0.05 was 
considered statistically significant.

Results

Pre‑induction temperature affects the specific 
growth rate (µ) in thermoinduced E. coli cultures.

Cultures of E. coli W3110 were grown at either 30 or 34 °C 
until reaching the pre-stationary phase of growth  (OD600 nm 
of 2.0–3.0 AU). Thermoinduction (at 42 °C with a heating 
rate of 0.50 °C/min) was done in the pre-stationary phase 
to have a large number of viable cells and take advantage 
of the fact that the stress responses associated with enter-
ing the stationary phase, due to nutrients limitation or the 
presence of secondary metabolites, has not been triggered 
(Hengge-Aronis, 1993; Overton, 2014). The dry cell weight 
(DCW) determination indicated that 1.0 AU was equivalent 
to 0.33 ± 0.04 g/l of DCW, similar to that reported in other 
works: 0.32 g/l for recombinant E. coli W3110 (Sandoval-
Basurto et al. 2004); 0.31 ± 0.05 g/l for recombinant E. 
coli 53,606 (Restrepo-Pineda et al. 2019) and 0.28 g/l for a 
recombinant strain derived from E. coli K-12 (Mansey et al. 
2014). Figure 1 compares the kinetics of biomass, the con-
sumption of the carbon source, and the production of ace-
tate. The maximum biomass  (Xmax) for the cultures grown at 
30 °C →  42 °C was 3.48 ± 0.19 g/l at 21 h (Fig. 1A, Table 1) 
and for those grown at 34 °C →  42 °C was 3.48 ± 0.31 g/l 
at 15 h (Fig. 1B, Table 1).

A significant difference in the specific growth rate (µ) 
before thermoinduction is observed between cultures of 

30 °C →  42 °C (0.53 ± 0.01  h−1) and cultures of 34 °C 
→  42 °C (0.90 ± 0.07   h−1) as shown in Table 1. This 
represents an increase of ~ 69% in the µ of recombinant E. 
coli growing at a higher temperature (34 °C). Glucose was 
consumed entirely in both cases, reaching values close to 
zero after 20 h of culture (Fig. 1C, D). Interestingly, no 
significant differences were observed in the biomass per 
glucose yield  (YX/S) and the acetate per biomass yield 
 (YAC/X) between cultures with different pre-induction 
temperatures (30 and 34 °C; Table 1). However, cultures 
growing at 34 °C →  42 °C consumed the carbon source 
faster, yielding a specific glucose consumption rate  (qs) 
of 3.74 ± 0.34 g/g·h, which is 1.5 higher than for cultures 
grown at 30 °C →   42 °C with  qs of 2.64 ± 0.20 g/g·h 
(Table 1). Similarly, the specific acetate production rate 
 (qp) was ~ 65% higher in the cultures at 34 °C →  42 °C 
than at 30 °C →  42 °C (Table 1). Acetate reached similar 
maximum concentrations of 6.58 ± 0.39 g/l at 30 °C →  
42 °C and 6.38 ± 0.63 g/l at 34 °C →  42 °C after 17 h of 
culture (Fig. 1E, F).

The DOT was controlled in the bioreactors through a 
proportional–integral–derivative (PID) control algorithm 
(Trujillo-Roldán et al. 2001). DOT oscillated around the 
setpoint of 35%, confirming no oxygen limitation in the 
cultures (Supplemental Fig. S1A, B). Likewise, the pH of 
the medium was kept close to 7.0 ± 0.1 using an automatic 
addition system of 3 N NaOH or 3 N HCl (Supplemental 
Fig. S1C, D).

rHuGM‑CSF is preferentially accumulated in IBs 
using a thermoinducible system, and the amount 
of recombinant protein within IBs increased to 34 °C 
→  42 °C

To determine the amount of rHuGM-CSF produced after 
thermoinduction, fractions of total protein obtained from 
cultures growing at either 30 °C → 42  °C or 34 °C →  
42 °C were analyzed on 15% SDS-PAGE (Supplemental 
Fig. S2). Samples of different post-induction times (1, 3, 5, 
and 18/20 h) were loaded in gels, and a sample before ther-
moinduction (0 h) was used as a negative control. A band 
corresponding to the molecular weight of the rHuGM-CSF 
protein (~ 14–15 kDa) was seen after thermoinduction for 
both conditions (Supplemental Fig. S2). The densitometric 
analysis of the gel 1 h after thermoinduction revealed that 
rHuGM-CSF corresponds to ~ 22% of the total protein for 
the 34 °C →   42 °C cultures (Supplemental Fig. S2B), while 
for the 30 °C →  42 °C cultures, rHuGM-CSF band repre-
sented ~ 11.5% of the total protein (Supplemental Fig. S2A). 
The amounts of recombinant protein increased with the 
induction time, reaching at the end of the culture percent-
ages of ~ 34% of rHuGM-CSF at 30 °C →  42 °C and ~ 30% 
of rHuGM-CSF at 34 °C →  42 °C (Supplemental Fig. S2). 
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Similar final concentrations of 0.34 ± 0.10 g/l at 30 °C →  
42 °C and 0.26 ± 0.04 g/l at 34 °C →  42 °C of rHuGM-CSF 
were obtained (Table 1). Our results agree with previous 

reports, where recombinant protein yields close to 30% of 
the total protein were achieved in a thermoinducible expres-
sion system (Remaut et al.1981; Valdez-Cruz et al. 2010).

Fig. 1  Kinetics of bacterial growth (A, B), glucose consumption (C, 
D), and acetate production (E, F) of E. coli W3110 producing the 
rHuGM-CSF protein in 1.2-l bioreactors. Two pre-induction tempera-
tures were evaluated: 30 °C (filled circles) and 34 °C (open circles) 
with subsequent thermoinduction at 42 °C. Vertical dotted lines indi-

cate the start of the temperature increase (7 h for 30 °C and 4 h for 
34  °C), which correspond to an  OD600 of ~ 2.0 AU. The graph pre-
sents the mean with their respective standard deviation of three inde-
pendent experiments
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Afterward, IBs from E. coli cultures growing at 30 or 
34 °C with induction at 42 °C were purified by multiple 
washing steps. The band corresponding to rHuGM-CSF was 
visible only in the IBs after the upshift to 42 °C, regardless 
of the growth temperature, but not in the soluble protein frac-
tion (Supplemental Fig. S3). Subsequently, to determine the 
rHuGM-CSF yields in the insoluble fraction, 20 µg of IBs 
obtained at different post-induction times (1, 3, 5, 10, and 
18/20 h) from E. coli cultures that grew at 30 or 34 °C were 
analyzed on 15% SDS-PAGE (Fig. 2). The European Phar-
macopoeia reference standard for human GM-CSF (Molgra-
mostim) was used as a positive control (Molgra St. in Fig. 2). 
The accumulation of rHuGM-CSF in IBs showed differ-
ences depending on the growth (pre-induction) temperature 
(Fig. 2). Densitometric analysis of the rHuGM-CSF protein 
in IBs indicated the content of ~ 45 ± 2% and ~ 53 ± 3% of 
recombinant protein in thermoinduced cultures, from 5 h to 
the end of the culture, that grew at 30 and 34 °C, respectively 
(Table 1). Although the total protein concentration at the end 

of cultures was higher in those that follow 30 °C →  42 °C, 
(Fig. 3A), the amount of protein (Fig. 3B) and rHuGM-CSF 
within the IBs was higher in those 34 °C →  42 °C (Table 1). 
The rHuGM-CSF per biomass yield  (YRP/X) was two times 
higher for cultures of 34 °C →  42 °C (0.12 ± 0.02 g/g) than 
for those of 30 °C →  42 °C (0.06 ± 0.03 g/g), demonstrating 
that the bacterial growth at 34 °C favored the accumulation 
of rHuGM-CSF in IBs during thermoinduction (Table 1).

Main folding chaperones (DnaK and GroEL) are 
associated with IBs and their co‑chaperones 
(DnaJ and GroES) to the soluble protein fraction 
during thermoinduction

Here, immunodetection of the main folding chaperones 
(DnaK and GroEL) and their co-chaperones (DnaJ and 
GroES) was carried out (Fig. 4). As positive controls, total 
protein lysates of the recombinant E. coli W3110 growing 
at 30 or 34 °C without thermoinduction and whole protein 

Table 1  Comparison of 
the kinetic parameters of 
E. coli W3110 bioreactor 
cultures growing at two 
different temperatures: 30 °C 
and 34 °C with subsequent 
thermoinduction of rHuGM-
CSF at 42 °C. The mean and 
standard deviation of three 
biological replicates per 
condition are presented

Abbreviations: µ, specific growth rate; td: doubling time;  Xmax, maximum biomass concentration; DCW, 
dry cell weight; GLC, glucose; AC, acetate;  YX/S, biomass per substrate yield;  YAC/X, acetate per biomass 
yield;  qS, specific glucose consumption rate;  qP, specific acetate formation rate; TP, total protein; IBs, 
inclusion bodies; RP, recombinant protein;  YTP/X, total protein per biomass yield;  YRP/X, rHuGM-CSF per 
biomass yield; rHuGM-CSF, recombinant human granulocyte–macrophage colony-stimulating factor
Data are presented as mean ± standard deviation
A non-statistically significant test result (P > .05) is represented with the same letter, and a statistically sig-
nificant test result (P < .05) is represented with a different note
A: μ after induction was calculated from cell growth just after thermoinduction until the beginning of 
steady state
B:  Xmax was reached at 21 h in cultures grown at 30 °C and 15 h in cultures grown at 34 °C
C, E:  YX/S and  YAC/X were calculated using the glucose and acetate concentrations at  Xmax

D, F:  qs and  qp were calculated using the μ before induction and the yields obtained at  Xmax

G, I:  YTP/X and  YRP/X were calculated using maximum values of protein concentrations
H, J: Percentage of rHuGM-CSF in TP and IBs was based on the densitometric analysis from bands identi-
fied in SDS-PAGE gels

Growth at 30 °C 
Induction at 42 °C

Growth at 34 °C 
Induction at 42 °C

Before induction After induction Before induction After induction

A µ  (h−1) 0.53 ± 0.01 a 0.14 ± 0.03 b 0.90 ± 0.07 c 0.11 ± 0.01 b

td (h)                              1.30 ± 0.03 a                               0.78 ± 0.08 b
B Xmax  (gDCW/L)                              3.48 ± 0.19 a                               3.48 ± 0.31 a
C YX/S  (gDCW/gGLC)                              0.20 ± 0.02 a                               0.25 ± 0.03 a
D qs  (gGLC/gDCW·h)                              2.64 ± 0.20 a                               3.74 ± 0.34 b
E YAC/X  (gAC/gDCW)                              1.61 ± 0.76 a                               1.56 ± 0.20 a
F qP  (gAC/gDCW·h)                              0.86 ± 0.41 a                               1.41 ± 0.20 b

Total protein, TP (g/l)                              1.01 ± 0.10 a                               0.85 ± 0.03 b
G rHuGM-CSF in TP (%)                                 34 ± 3 a                                  30 ± 4 a

rHuGM-CSF in TP (g/l)                              0.34 ± 0.10 a                               0.26 ± 0.04 a
H YTP/X  (gTP/gDCW)                              0.29 ± 0.08 a                               0.24 ± 0.05 a
I rHuGM-CSF in IBs (%)                                 45 ± 2 a                                  53 ± 3 b
J YRP/X  (gRP/gDCW)                             0.06 ± 0.03 a                               0.12 ± 0.02 b
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lysates from wild-type E. coli W3110 were used. In both 
control fractions, the HSPs mentioned were identified, as 
expected (Lanes 1 and 2, Fig. 4). DnaK chaperone with an 
approximate molecular weight of 70 kDa (Bardwell and 
Craig, 1984) was found weakly expressed 1 and 3 h after 
thermoinduction, but the intensity of the band increased at 
5 h after thermoinduction and returned to a baseline level 
at the end of cultivation, both in IBs from E. coli that grew 
at 30 °C →  42 °C (Fig. 4A, Panel 1) and 34 °C →  42 °C 
(Fig. 4B, Panel 1). However, at 34 °C →   42 °C the band 
for DnaK (Fig. 4B, Panel 1) was noticeably stronger than at 
30 °C →  42 °C (Fig. 4A, Panel 1). In the case of the GroEL 
chaperone, a band close to 60 kDa was observed in the IBs 
obtained either at a growth temperature of 30 °C (Fig. 4A, 
Panel 3) or 34 °C (Fig. 4B, Panel 3), being of similar inten-
sity during all time after thermoinduction at 42 °C.

The immunodetection of the co-chaperones DnaJ 
with ~ 41 kDa (Fig. 4, Panel 2) and GroES with ~ 15 kDa 
(Fig. 4, Panel 4) was performed, and the bands corresponding 

to these two proteins were only observed in lanes 1 and 2, 
which belong to the positive controls. That is, DnaJ and 
GroES are not associated with IBs under either of the two 
pre-induction temperatures tested but remain in the soluble 
fractions of the non-induced recombinant and the wild-type 
strains. Finally, GroES and DnaJ co-chaperones were immu-
nodetected in the total soluble protein from E. coli cultures 
growing at 30 °C and 34 °C with thermoinduction at 42 °C 
(Supplemental Fig. S4).

The pre‑induction temperature influenced 
the content of amyloid‑like structure in IBs 
in a thermoinducible system

The effect of pre-induction temperature (30 or 34 °C) on the 
amyloid content of rHuGM-CSF IBs obtained under ther-
moinduction at 42 °C (1 h, 3 h, 5 h, 10 h, and 18/20 h) was 
analyzed by ATR-FTIR (Fig. 5). ATR-FTIR is a sensitive 
technique to determine the secondary structure of proteins 

Fig. 2  Analysis of protein in IBs by 15% SDS-PAGE gel stained with 
Coomassie blue. Purified IBs from E. coli W3110 bioreactor cultures 
growing at 30  °C (A) or 34  °C (B) with subsequent rHuGM-CSF 
thermoinduction at 42 °C are presented. Lane rE. coli 30 °C and lane 
rE. coli 34 °C: total protein of the recombinant E. coli W3110 with-
out thermoinduction growing at 30 or 34 °C, respectively; Lane WT 

E. coli: total protein from wild-type E. coli W3110 strain. Lane MW: 
molecular weight marker. IBs from different post-induction times 
(1, 3, 5, 10, and 18/20 h) to the two conditions evaluated are shown. 
Molgra St: Molgramostim reference standard (2 µg). Arrows indicate 
the band corresponding to the rHuGM-CSF protein (~ 14 kDa)

Fig. 3  The concentration of 
total protein (A) and protein in 
IBs (B) of E. coli W3110 cul-
tures under different pre-induc-
tion temperatures: 30 °C (black 
bars) or 34 °C (white bars) 
and subsequent rHu-GM-CSF 
thermoinduction at 42 °C. The 
mean and standard deviation for 
three biological replicates per 
condition are shown
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and studying aggregates formation (Miller et al. 2013). 
In particular, the absorbance spectra were obtained in the 
amide I region (1,700–1,500  cm−1), and second derivatives 
were used to identify the major bands and assign them to 
the protein secondary structure components (Fig. 5A, B). 
The major band at 1654  cm−1 was assigned as α-helices/
random coil, while the bands at 1636  cm−1 and 1625  cm−1 
were designated as β-sheets in native structure (β-sheets) 
and intermolecular β-structures related to amyloid confor-
mation (aggregates), respectively (Ami et al. 2006; Li et al. 
2019; Singh et al. 2020). The rHuGM-CSF IBs from cultures 
growing at 30 °C →  42 °C (Fig. 5A) exhibited a higher 
spectral intensity of the band at 1625  cm−1 compared to IBs 
from cultures growing at 34 °C →  42 °C (Fig. 5B), indicat-
ing a decrease in the content of amyloid aggregates when 
the pre-induction temperature is increased. The content of 

α-helices and β-sheets in the IBs did not differ significantly 
for both pre-induction temperatures. Furthermore, no clear 
differences were observed between the ATR-FTIR spectra of 
the IBs concerning the post-induction time (Fig. 5A, B). The 
minima of the second derivative of each structural compo-
nent allow to observe the differences between the secondary 
structure content under the evaluated conditions (Fig. 5C, D, 
E). From the first hour after thermoinduction, the content of 
amyloid aggregates was higher for IBs from cultures grown 
at 30 °C than at 34 °C (Fig. 5E). Moreover, the content of 
α-helices (Fig. 5C) and β-sheets (Fig. 5D) was similar in 
rHuGM-CSF IBs, regardless of the pre-induction tempera-
ture and post-induction time.

Alternatively, amyloid-diagnostic dyes are used to deter-
mine amyloid-like structure in IBs (Carrió et al. 2005; De 
Groot et al. 2009; Singh et al. 2020). Thioflavin T (Th-T) 

Fig. 4  Immunodetection of 
DnaK, DnaJ, GroEL, and 
GroES chaperones in rHuGM-
CSF IBs from cultures under 
different pre-induction tempera-
tures: 30 °C (A) or 34 °C (B) 
and subsequent thermoinduc-
tion at 42 °C. Lanes 1A and 
1B: total protein lysates of the 
recombinant E. coli W3110 
without thermoinduction grow-
ing at 30 or 34 °C, respectively. 
Lanes 2A and 2B: whole 
protein lysate from wild-type E. 
coli W3110 strain. Lane MW: 
molecular weight marker. IBs 
from different post-induction 
times (1, 3, 5, 10, and 18/20 h) 
to the two conditions evaluated 
are shown. Arrows indicate 
the bands corresponding to 
DnaK (~ 70 kDa, panel 1), DnaJ 
(~ 41 kDa, panel 2), GroEL 
(~ 60 kDa, panel 3), and GroES 
(~ 15 kDa, panel 4). The amount 
of protein in IBs (20 µg) loaded 
on the SDS-PAGE gels was 
used as a loading control for 
western blotting
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is a specific marker to study the amyloid conformation in 
aggregates since it binds to the surface of channels formed 
by cross-linked β-sheets (Krebs et al. 2005; Wu et al. 2009). 
A higher fluorescence indicates a higher amyloid content 
(LeVine 1995; Castellanos-Mendoza et  al. 2014). The 
change in the fluorescence spectra of Th-T was evaluated 
after incubation with the rHuGM-CSF IBs (Fig. 6). The 

maximum emission fluorescence was around 485 nm, both 
for IBs from cultures 30 °C →  42 °C and 34 °C →  42 °C, 
which is a typical feature of amyloid aggregates (Singh et al. 
2020). IBs collected from cultures grown at 30 °C →  42 °C 
showed a gradual increase in fluorescence intensity over 
time, that is, the amount of amyloid structure was greater at 
18 h post-induction (Fig. 6A). In contrast, the fluorescence 

Fig. 5  Amyloid content in rHuGM-CSF IBs by ATR-FTIR. Second 
derivatives of the absorbance spectra for IBs from cultures grow-
ing at 30 °C (A) or 34 °C (B) and harvested at different times after 
thermoinduction at 42  °C: 1  h (solid line), 3  h (dashed line), 5  h 
(dotted line), 10 h (dashed-dotted line) and 18/20 h (dashed double-
dotted line). Data were normalized with respect to the tyrosine peak 
(~ 1508  cm−1), and the major bands were used to identify and assign 
structural components as α helix/random coil (~ 1654  cm−1), β sheets 

(~ 1636   cm−1), and amyloid aggregates (~ 1625   cm−1). Spectra rep-
resent the average of three biological replicas. Comparison of the 
second derivatives minima corresponding to α helix/random coil 
(C), β sheets (D), and amyloid aggregates (E) of IBs from cultures at 
30 °C (black bars) or 34 °C (white bars) collected at different times 
after thermoinduction at 42 °C. The mean and standard deviation are 
shown for three independent experiments
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signal of Th-T was minimal for the IBs produced in cultures 
carried out at 34 °C →  42 °C (Fig. 6B), suggesting either a 
lack of amyloid structures in these aggregates or the inability 
of binding to them due to greater compaction or a small size 
(Carrió et al. 2005).

Pre‑induction temperature impacts the resistance 
to proteolytic degradation and solubilization of IBs.

Evaluation of the IBs resistance to proteolytic degradation 
with proteinase K (PK) has been helpful to characterize 
the molecular organization and stability of aggregates, as 
well as an indication of their amyloid content (Castellanos-
Mendoza et al. 2014; Calcines-Cruz et al. 2018; Restrepo-
Pineda et al. 2019; Singh et al. 2020). PK is a serine pro-
tease that exhibits low activity on regions structurally 
dominated by β-sheets, typical of amyloid fibrils, but it 
is highly active in hydrophilic domains enriched by loops 
and α-helices (De Groot et al. 2009; Vázquez-Fernández 
et al. 2012; Macedo et al. 2015). The enzymatic activity 
of PK on the IBs was monitored for 100 min at 350 nm 
(Fig. 7). IBs from E. coli cultures of 34 °C →  42 °C were 
more susceptible to proteolytic attack by PK (Fig. 7B) 
than IBs from cultures of 30 °C →  42 °C (Fig. 7A). In 
the first hours after thermoinduction, IBs from 30 °C →  
42 °C appeared to be more susceptible to PK digestion 
than IBs collected during the final hours (Fig. 7A); the 
same behavior was observed at 34 °C →  42 °C, where 
IBs obtained at 1, 3 and 5 h post-induction showed less 
resistance to PK activity than IBs harvested at 10 and 20 h 
(Fig. 7B). This means that the pre-induction temperature 
and the post-induction time affect the structural arrange-
ment of the protein aggregates and, at the same time, their 
resistance to enzymatic digestion.

Solubilization of rHuGM-CSF IBs against increasing 
concentrations of guanidinium chloride was determined. 

GndHCl is a strong chaotropic agent whose ionic nature 
causes denaturation of globular proteins and provides an 
estimate of the conformational stability of IBs (Monera 
et al. 1994; Del Vecchio et al. 2002; Castellanos-Men-
doza et al. 2014). In Fig. 8, the solubilization profiles of 
rHuGM-CSF IBs exhibit a similar trend under the two 
evaluated pre-induction temperatures (30 and 34  °C). 
Protein aggregates obtained after thermoinduction were 
sensitive to chemical solubilization. At 1 M GndHCl, the 
amount of solubilized protein was small, but it increased 
at higher concentrations of GndHCl (3 and 5 M) (Fig. 8). 
Statistical analysis indicated that the concentrations of 
solubilized protein did not present significant differences 
with respect to the post-induction time (Fig. 8).

After IBs solubilization in GndHCl (6 M) and folding pro-
cess, rHuGM-CSF was purified by HPLC showing a reten-
tion time of ~ 24.5 min, in both, 30 °C →  42 °C and 34 °C 
→  42 °C (Fig. 9). A similar retention time was observed 
when the European Pharmacopoeia reference standard for 
human GM-CSF was injected in the HPLC (inset of Fig. 9). 
All the small peaks observed before and after the rHuGM-
CSF peak are surely the host cell proteins from the IBs. 
Finally, the refolding ability of the solubilized rHuGM-CSF 
was assayed by CD spectroscopy. In the far-UV region, the 
asymmetric environments of peptide bonds yield CD signals 
that are characteristic of each different structural element, 
allowing the secondary structure of a protein to be estimated. 
As shown in Fig. 10, protein samples obtained from both 
thermoinduction regimens showed DC spectra largely over-
lapping each other, exhibiting two minima centered ~ 208 
and ~ 220 nm that are typical of helical-type secondary 
structures. Deconvolution analysis of these spectra yielded 
α-helix and β-strand contents of 36% and 15%, respectively, 
which agree with those of the crystallographic structure of 
the protein, α-helix = 39% and β-strand = 9% (PDB code 
1csg; Walter et al. 1992).

Fig. 6  Fluorescence emission spectra of Th-T binding to rHuGM-
CSF IBs obtained under pre-induction temperatures of 30 °C (A) or 
34 °C (B) and thermoinduction at 42 °C. IBs were harvested at dif-
ferent times post-induction: 1 h (thin solid line), 3 h (dashed-dotted 

line), 5 h (dotted line), 10 h (dashed line), and 18/20 h (thick solid 
line). The spectrum of Th-T without protein was used as a control 
(dotted gray line), and the mean of two biological replicates per con-
dition is shown
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Discussion

Innumerable bioprocesses of recombinant protein produc-
tion for therapeutic use are carried out in E. coli, and the 
formation of bacterial aggregates has become a common 
phenomenon that, contrary to being relegated, has gained 
interest in recent years (García-Fruitós et al. 2010; De Marco 
et al. 2019; Pesarrodona et al. 2019; Jäger et al. 2020). Inclu-
sion bodies (IBs) are enriched reservoirs of recombinant pro-
tein, which can be considered a previous protein purification 
step (De Marco et al. 2019; Restrepo-Pineda et al. 2021). 
In thermoinducible systems, the recombinant protein over-
expression, the heat shock response, and IBs formation co-
occur in the cells (Valdez-Cruz et al. 2010; Restrepo-Pineda 

et al. 2021a). Therefore, understanding the communication 
between molecular responses and physiological events in 
this system can be useful to design optimized production 
bioprocesses that allow higher yields of biologically active 
recombinant protein with inexpensive and straightforward 
recovery steps from IBs (Rosano et al. 2019; Restrepo-
Pineda et al. 2021).

In thermoinducible systems, the temperature upshifts 
and the over synthesis of recombinant proteins and HSPs 
cause an increase in energy demand, metabolic alterations, 
and a decrease in cell growth (Hoffmann and Rinas 2004; 
Restrepo-Pineda et al. 2021). Our study shows the effect of 
pre-induction temperature on cell growth, chaperone com-
position, and structural characteristics of IBs collected at 

Fig. 7  Kinetics of proteolytic digestion of rHuGM-CSF IBs with 
proteinase-K from cultures obtained at different pre-induction tem-
peratures: 30 °C (A) or 34 °C (B) and subsequent thermoinduction at 
42 °C. IBs were collected at different times post-induction: 1 h (black 

circles), 3 h (white circles), 5 h (triangles), 10 h (white squares) and 
18/20 h (black squares). The progressive degradation was followed by 
absorbance at 350 nm for 100 min, and data were normalized. Traces 
represent the average of at least two independent experiments

Fig. 8  Solubilization profiles of rHuGM-CSF IBs obtained from pre-
induced cultures at 30 °C or 34 °C after different times of thermoin-
duction at 42 °C (1, 3, 5, 10 and 18/20 h). The amount of solubilized 
protein (mg/ml) after 24 h of incubation with 1 M (A), 3 M (B), and 

5  M (C) concentrations of guanidinium chloride is presented. Bars 
indicate the mean and standard deviation of the data obtained at each 
time from three independent experiments
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different times of thermoinduction from cultures producing 
the rHuGM-CSF. E. coli W3110 growing either at 30 °C 
or 34 °C reached similar maximum biomass. However, a 
significant increase in the specific growth rate (µ), the spe-
cific glucose consumption rate  (qs), and the specific acetate 

formation rate  (qp) was evidenced by increasing the pre-
induction temperature (Fig. 1, Table 1). In previous publica-
tions, the production of recombinant proteins under the λpL/
pR-cI857 thermoinducible system was also accompanied by 
the acetate accumulation, reporting values near 4.0 g/l in E. 

Fig. 9  Purification of the folded 
rHuGM-CSF by reverse-phase 
HPLC. The folded protein solu-
tion (~ 10 µg) from pre-induced 
cultures at 30 °C (continuous 
line) or 34 °C (dotted line) after 
thermoinduction at 42 °C was 
loaded in the HPLC at 50 °C 
with a detector wavelength 
of 214 nm. A standard curve 
(inset) of the European Phar-
macopoeia reference standard 
for human GM-CSF (Molgra-
mostim, Y0000251, Sigma 
Aldrich, St. Louis, MO, USA) 
was carried out at 1.345, 0.672, 
and 0.336 mg/ml

Fig. 10  Far-UV circular dichro-
ism spectra of purified rHuGM-
CSF in water from IBs obtained 
from pre-induced cultures at 
30 °C (filled circles) or 34 °C 
(open circles) after thermoin-
duction at 42 °C. Each spectrum 
corresponded to the average of 
three repetitive scans and was 
corrected by the buffer signal
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coli BL21 (Caspeta et al. 2009, 2013); 0.2 g/l in E. coli K-12 
(Mansey et al. 2014); 3.5–7.4 g/l in E. coli 53,606 (Restrepo-
Pineda et al. 2019) and 5.9–11.3 g/l in E. coli W3110 (this 
work). Aerobic E. coli cultures under conditions of excess 
glucose (20–40 g/l) are accompanied by metabolic overflow, 
which can lead to high excretion of acetate and other by-
products (Wittmann et al. 2007; Phue and Shiloach 2004). 
This acetate accumulation is due to a flow redirection from 
pyruvate dehydrogenase to pyruvate oxidase to remedy the 
pyruvate node load during induction (Wittmann et al. 2007; 
Shiloach and Rinas 2009). Concentrations above 2.4 g/l of 
acetate in the culture medium can generate a decrease in 
bacterial growth and inhibit recombinant protein produc-
tion (Dittrich et al. 2005; Eiteman and Altman 2006), which 
could be associated with the fall in biomass at the end of 
thermoinduced cultures (Fig. 1) as it can also be due to a 
complete depletion of the carbon (Restrepo-Pineda et al. 
2019).

Bacterial growth at 34 °C favored the accumulation of 
rHuGM-CSF in IBs during thermoinduction at 42 °C in 
comparison with a pre-induction of 30 °C, possibly due to 
those bacterial cells grown at 34 °C have an accelerated rate 
of cellular processes, reflected in a higher specific growth 
rate compared to 30 °C. This may be associated with an 
increased rate of translation, a higher concentration of nas-
cent recombinant polypeptide in the cytosol, and, therefore, 
the probability of stereo-specific interactions that lead to 
the increase of rHuGM-CSF aggregation (Singh et al. 2020; 
Adachi et al. 2015). In addition, it is possible that cells cul-
tivated at 30 °C require more resources to deal with heat 
stress; while the cells that grew at 34 °C already have a 
physiological and metabolic pre-adaptation to thermal stress, 
favoring productivity (Cullum et al. 2001). According to 
these, the pre-induction temperature is modifying not only 
the specific growth rate but also the post-induction recom-
binant protein synthesis rate and its accumulation in IBs. 
The cellular growth rate has been related to the IBs amount, 
and biological activity of the recombinant protein produced 
in them. Iafolla et al. (2008) found that at the fastest growth 
rate, more active EGFP (enhanced green fluorescent protein) 
was present in IBs, while at slower growth rate IBs are less 
abundant and with less active EGFP (Iafolla et al. 2008).

The tendency of GM-CSF to aggregation makes it 
an ideal candidate protein to study the behavior at the 
structural and compositional level of IBs obtained from 
thermoinduced cultures. The first studies about the GM-
CSF production in bacteria were based on a temperature-
inducible plasmid (from 28 to 42–48 °C). They reported 
that both murine GM-CSF (DeLamarter et al. 1985) and 
human GM-CSF (Burgess et al. 1987) accumulated in IBs 
when produced in E. coli, which agrees with our results. 
This knowledge has been corroborated in subsequent 
reports using chemical induction with IPTG (Schwanke 

et al. 2009; Thomson et al. 2012) or autoinduction (Male-
kian et al. 2019a). However, those did not analyze the 
protein secondary structure or the amyloid content of the 
aggregates, they only demonstrated the bioactivity of the 
recombinant GM-CSF obtained from IBs. The human GM-
CSF produced in E. coli under the regulation of a heat-
inducible promoter showed a specific activity of 2.9 ×  107 
units/mg with bone marrow cells (Burgess et al. 1987). 
Recombinant Murine-derived GM-CSF stimulated the 
growth of granulocyte and macrophage colonies of mouse 
bone marrow cells (DeLamarter et al. 1985). The refolded 
and purified rHuGM-CSF promoted the cell growth in a 
human hematopoietic cell line in a similar way to the com-
mercially available protein (Schwanke et al. 2009; Thom-
son et al. 2012). Notably, these results indicate that the 
recombinant protein reaches an active conformation after 
recuperation and refolding from IBs and, confirms that 
the absence of glycosylation or the addition of an extra 
N-terminal methionine residue does not affect the bioac-
tivity of the rHuGM-CSF obtained on a bacterial platform 
(Burgess et al. 1987; DeLamarter et al. 1985).

E. coli has robust control systems to assist the folding 
of newly synthesized proteins in the cytosol, including the 
DnaK chaperone with its DnaJ and GrpE co-chaperones, 
and GroEL chaperone with its GroES co-chaperone (Houry 
2001; Bhandari and Houry 2015). In this work, molecular 
chaperones were differentially associated with the protein 
fractions, detecting DnaK and GroEL in the IBs. At the same 
time, DnaJ and GroES were found in the total soluble pro-
tein, possibly reflecting the order in which they interact with 
the protein folding intermediates during aggregation. Differ-
ences in DnaK expression due to pre-induction temperature 
suggest that DnaK is preferentially required at elevated tem-
peratures to maintain viable cell growth and other multiple 
bacterial functions (Mayer 2021). Previous results indicate 
that E. coli cells with dnak null mutations can grow slowly 
at 30 °C and 37 °C, but at 42 °C they lose the ability to form 
colonies after 2 h of exposure (Paek and Walker 1987). In 
contrast, the constant production of GroEL throughout the 
thermoinduction stage and under the two growth tempera-
ture conditions evaluated corroborates its importance as a 
central regulator for protein folding in E. coli (Hayer-Hartl 
et al. 2015). Some studies have reported that GroEL com-
plies a job of protecting the bacterial growth in a wide range 
of temperatures, from low (17 to 30 °C; Fayet et al. 1989) 
to normal/high temperatures (20 to 40 °C; Kusukawa and 
Yura 1988). In brief, GroEL seems to act as a key piece 
in supporting growth at normal physiological temperatures, 
whereas DnaK might be essential mostly at higher tempera-
ture. Some studies have revealed the presence of chaperones 
such as DnaK, GrpE, GroEL, GroES, IbpA and IbpB in IBs 
isolated from E. coli after induction by IPTG or temperature 
increase, but they did not find DnaJ (Hoffmann and Rinas 
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2000; Rinas et al. 2007; Jürgen et al. 2010). The absence of 
DnaJ was not discussed in those reports, probably because 
is assumed that it remains in the soluble fraction like most 
HSPs (> 90%; Hoffmann and Rinas 2000).

In recent years, it has been proposed that the structural 
properties of IBs define the protocols of isolation, solubiliza-
tion, and refolding, mainly during recovery of a biologically 
active recombinant protein (Singh and Panda 2005; Singhvi 
et al. 2020). Structural changes of IBs depend not only on 
the dynamic of aggregation and nature of the recombinant 
protein but also on the bioprocess conditions (Castellanos-
Mendoza et al. 2014; Calcines-Cruz et al. 2018; Restrepo-
Pineda et al. 2019; De Marco et al. 2019). Structural anal-
yses by ATR-FTIR and binding to Th-T indicated that at 
a higher pre-induction temperature (34 °C), the IBs have 
a lower proportion of amyloid-like conformations than at 
30 °C (Figs. 5 and 6). Moreover, previous studies revealed 
that regions with higher amyloid-like conformation in IBs 
are more resistant to proteolysis with by PK (Upadhyay 
et al. 2012). Therefore, the degradation profiles in Fig. 7 
also confirm the results observed in the secondary structure 
analysis by ATR-FTIR and binding to Th-T, suggesting that 
the rHuGM-CSF IBs obtained at 30 °C →  42 °C have a 
higher proportion of amyloid-like structure compared to IBs 
obtained at 34 °C →  42 °C.

Usually, high concentrations of urea or GndHCl (6–8 M) 
are used in the solubilization of IBs, which can cause a sig-
nificant disturbance in the structure of the recombinant pro-
tein folded state and result in a low recovery of bioactive 
protein (Upadhyay et al. 2012, 2016; Singhvi et al. 2020). In 
this study, the rHuGM-CSF IBs were effectively solubilized 
in low concentrations of GndHCl (3 M and 5 M, Fig. 8), 
which is important in the downstream process at the indus-
trial level. When IBs can be solubilized at the lowest pos-
sible denaturant concentration, it can result in proteins that 
retain part of their folded structure, making refolding pro-
cesses more efficient and consequently recovering biological 
activity (Singh et al. 2015). Indeed, the removal of the dena-
turing agent yielded folded proteins with native-like second-
ary structure contents, as revealed by the HPLC purification 
recovering the folded rHuGM-CSF (Fig. 9), as also by solu-
tion CD spectroscopy (Fig. 10). CD is a widely used tool 
to identify changes in the secondary structure of proteins, 
which can impact their mechanism of action or in the regula-
tion of their biological activity (Kelly and Price 2000; Kelly 
et al. 2005). The application of CD to analyze the protein 
structure after denaturalization, and to associate these data 
with the rate of recovery of biological activity is common 
(Kelly and Price 1997). In this study, CD spectra of rHuGM-
CSF from E. coli cultures growing either at 30 or 34 °C were 
similar (Fig. 10) A typical helical conformation with two 
negative shoulders at ~ 208 and ~ 220 nm was observed. Cal-
culations of the secondary structure suggest 36% α-helix and 

15% β-strand for both conditions, which agrees with previ-
ously reported values of ~ 30% α-helix content for recombi-
nant GM-CSF by far-UV CD (Malekian et al. 2019b; Wing-
field et al. 1988). The refolded rHuGM-CSF characterization 
by CD allowed obtaining valuable insights to understand the 
protein structure–function relationship.

The claims obtained in this study could serve as a meth-
odological proposal to produce biopharmaceutical proteins in 
IBs using thermoinduced systems. By modifying the growth 
or pre-induction temperature, it is possible to have conforma-
tionally different IBs with a high content of recombinant pro-
tein, and easier to solubilize, lowering bioprocesses efforts 
and costs. Moreover, the similarity in the secondary structure 
content between the recombinant protein isolated from bac-
terial aggregates and the reported structure of rHuGM-CSF 
revealed the possibility of obtaining biologically active pro-
tein after solubilization and refolding processes.
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