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Abstract
Background: Inclusion bodies (IBs) are aggregated proteins that form clusters when protein is overexpressed in
heterologous expression systems. IBs have been considered as non-usable proteins, but recently they are being
used as functional materials, catalytic particles, drug delivery agents, immunogenic structures, and as a raw material
in recombinant therapeutic protein purification. However, few studies have been made to understand how culture
conditions affect the protein aggregation and the physicochemical characteristics that lead them to cluster. The
objective of our research was to understand how pH affects the physicochemical properties of IBs formed by the
recombinant sphingomyelinase-D of tick expressed in E. coli BL21-Gold (DE3) by evaluating two pH culture strategies.
Results: Uncontrolled pH culture conditions favored recombinant sphingomyelinase-D aggregation and IB formation.
The IBs of sphingomyelinase-D produced under controlled pH at 7.5 and after 24 h were smaller (<500 nm) than those
produced under uncontrolled pH conditions (>500 nm). Furthermore, the composition, conformation and β-structure
formation of the aggregates were different. Under controlled pH conditions in comparison to uncontrolled conditions,
the produced IBs presented higher resistance to denaturants and proteinase-K degradation, presented β-structure, but
apparently as time passes the IBs become compacted and less sensitive to amyloid dye binding.
Conclusions: The manipulation of the pH has an impact on IB formation and their physicochemical characteristics.
Particularly, uncontrolled pH conditions favored the protein aggregation and sphingomyelinase-D IB formation. The
evidence may lead to find methodologies for bioprocesses to obtain biomaterials with particular characteristics,
extending the application possibilities of the inclusion bodies.
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Introduction
Bacteria like E. coli have been a successful cellular model
to produce useful recombinant proteins in modern biotechnology [1]. Nevertheless, when heterologous protein
over-expression occurs, an inefficient folding could occur,
which together with the shortage of chaperones may promote protein aggregation [2,3]. Those aggregates are called
inclusion bodies [4,5], and can be formed in the cytoplasmic or periplasmic area [6,7]. IBs are dynamic reservoirs
that contain a large amount of recombinant protein,
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various host proteins like chaperones, among other components of the cytoplasm [4,8]. IBs are highly hydrated
dense particles of porous structure [9,10], their surface varies from rough to smooth [6], and their size is normally in
the range of 50 to 700 nm, having spherical, cylindrical or
ellipsoidal teardrop shapes [10-15].
It has been demonstrated that inside an IB there are
heterologous and host proteins combining native-like
structures with partially folded and misfolded proteins
[13,16-21]. The IB formation and its maintenance involve a
complex network of intracellular responses related to culture conditions, leading to complex and stable structures
sometimes showing bioactivity [13,22]. Due to their different physicochemical properties, IBs have been proposed
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for various uses, such as catalysts, support materials, drug
delivery agents, cell therapy, and immunogens, and their recent application has become an important new topic in biology, medicine and biotechnology [11,23-30]. However, the
study of their physicochemical properties is a recent area,
and few reports have been published about that [18,31-33].
The IB characteristics, such as size, geometry, composition, and conformation, are associated with the
host strain employed, culture conditions, and medium,
and also the recombinant inducer used [6,13,25,34,35].
Margreiter et al. [35] reported that in fed cultures of E.
coli K12 producer of β-lactamase, the size of the IBs
increased over the cultivation time (an increase of
200 nm after 25 h). The IB size was also affected by the
different concentrations of IPTG, decreasing with the
decrease in IPTG concentration [34,35]. Importantly,
an analysis by sedimentation field-flow fractionation
(sedFFF) determined that cultures with part-induction
strategies resulted in broader IB size distributions and
higher overall protein yields [34]. By using asymmetrical
flow field-flow fractionation–multi-angle light scattering
(AsFlFFF-MALS), IBs of green fluorescent protein were
about 700 nm irrespectively of the induction times and
IPTG concentrations in cultures at 30°C, but in cultures
at 37°C the IB size is determined by the induction time
[12]. Furthermore, it has been reported that culture time
increases the resistance of IB to trypsin degradation [10],
implying differences in protein conformation inside them.
The culture time has also been associated to the IB shape,
finding that early-culture-time IBs were spherical, and at
the end of culture IBs were cylindrical or spherical [14].
Different culture strategies have been used to prevent
protein aggregation, but scarce approaches are proposed
to produce IBs with determined properties [27]. For example, a culture temperature decrease often improves
protein solubility as well as decreases the IB size [36-40].
Meanwhile, the protein accumulation in IB is favored at
temperatures above 37°C due to the augmentation in
hydrophobic interactions and β-sheet contents [13,41-43].
Thus IB become more stable to chemical denaturation
and proteolysis when the temperature increases [16].
Nevertheless, the activity in aggregates inversely correlates
to the temperature [16]. In thermoinducible systems, the
IB formation has also been attributed to the increase in recombinant protein synthesis rate and mRNA overexpression [43], recombinant protein amount [42-46], and
activation of some heat shock proteins that could favor
the disorder in folding reactions [3,42,43,47]. Furthermore,
IB formation is favored by shake flask conditions using
chemical [13] or thermo-inducible [48] recombinant strains.
Importantly, it has been demonstrated that under uncontrolled pH conditions using a thermo-inducible
strain cultured in shake flasks, the pH declined to 4.8
and caused an increase of IB formation [48]. Likewise,
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under uncontrolled conditions in bioreactors, IBs were
also formed. However, it was described that under controlled pH conditions the IB aggregation decreased
about 50% [48].
The tick Boophilus microplus (known also as the cattle
tick or southern cattle tick) is an economically important
parasite found in a variety of livestock species. This is
globally distributed with an important presence in Asia,
parts of Australia, Madagascar, Southeastern Africa, the
Caribbean, South and Central America and Mexico
[49,50]. Tick saliva contains numerous molecules like
sphingomyelinase-D (SMD) that might modulate host
immune responses [51] and combined with other proteins has been proposed as blood meal strategy for the
tick [52]. The SMD from tick B. microplus has a molecular weight of 33.1 kDa, a conserved structure of (α/β)8,
and a theoretical pI of 6.04. Since small quantities of
SMD are produced per tick, its recombinant production is
biotechnologically important to determine the mechanisms involved in its participation in blood feeding, to develop new antisera against this protein and the possible
future development of a control against tick infestations.
Nowadays, several bioprocesses accumulate high percentage of recombinant protein in IBs to facilitate largescale recovery by centrifugation [53-55]. Hence, it is important to understand how culture conditions modify
the aggregation properties inside IBs and how they
maintain certain characteristics to extract active proteins
or proteins with determined conformations. Therefore,
in this work we studied the effect of uncontrolled pH
cultures versus controlled physiological pH (7.5) cultures, on the physicochemical properties of the IBs produced in E. coli, which heterologously produce SMD
from the saliva of tick B. microplus, as a protein model.

Results
Variations in pH affect the growth and recombinant
protein production

The effects of the pH variation in cultures carried out at
a controlled pH (7.5 ± 0.1) and uncontrolled pH on biomass growth, total protein and rSMD yields were evaluated (Figure 1). By controlling the external pH at 7.5 ±
0.1, the cytoplasmic pH is maintained in the same range
simulating the physiological E. coli conditions [56]. In all
cultures, the dissolved oxygen tension was controlled at
30% (with respect to air saturation) in order to avoid
oxygen limitations and organic acids overproduction
[57,58]. Glucose was consumed at the same rates by
controlled and uncontrolled pH cultures, and a small
concentration of lactic acid was detected (<0.3 g/L) in
both pH strategies (data not shown). At uncontrolled pH,
the maximum biomass concentration achieved was approximately 28% higher than at controlled pH condition,
at the end of the exponential growth phase (Figure 1A).
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Figure 1 Biomass growth and production of sphingomyelinase-D
(rSMD) from tick (Boophilus microplus) by a recombinant strain of
E. coli BL21-Gold (DE3). A. Kinetics of biomass growth for the
recombinant strain of E. coli BL21-Gold (DE3). In the inset, the evolution
of pH on uncontrolled cultures is shown. Data show the average and
the standard deviation of the 24 h cultures that were carried out by
quadruplicated. Cultures were carried out under controlled pH at 7.5
(open squares), and uncontrolled pH (closed circles). B. Kinetic
behavior of the total protein yield based on biomass dry weight,
after chemical induction. Data shows the average and the standard
error of duplicate determination of total protein and biomass.
C. Kinetic behavior of rSMD yield based on total protein in inclusion
bodies, after chemical induction. Data show the average and the
standard error from two samples recovered from independent cultures
(5, 7 and 9 hours of culture). The average and standard deviation from
quadruplicate cultures is shown at 24 h of culture. D. Comparative
SDS-PAGE (left) and Western blot (right) of cytoplasmic soluble proteins
and those obtained from solubilized IB (with 10% of SDS), obtained at
20 h post-induction (24 h of culture). Lanes 1 and 2, soluble and IB
proteins harvested from uncontrolled pH cultures. Lanes 3 and 4,
soluble and IB proteins from controlled pH cultures. M means molecular
weight marker standard.

However, in both cultures a similar biomass was obtained
at the end (24 h) of cultures (4.2 ± 0.9 g/L). No lag phase
was found in both cultures, but significant differences
were observed in the specific growth rate: 1.34 ± 0.06 h−1
in uncontrolled pH cultures, and 1.21 ± 0.04 h−1 in controlled pH conditions. In the inset of Figure 1A a typical
profile of the pH for said cultures under uncontrolled pH
is presented. Initially, the pH lowered down to 6.5 within
the first 3 h, then increased up to 8.5 after 6 h of culture,
and remained in this condition throughout the culture.
The chemical induction in all cultures was made at 4 h,
under uncontrolled pH cultures the induction occurred
when the pH was near 7.4 (Figure 1A).
The influence of the pH culture strategy over the total
protein yield on biomass (Yprot/biom) is shown in Figure 1B.
After induction, Yprot/biom was similar for both culture
conditions, but after 24 h almost 50% more protein was
obtained under controlled pH (0.48 ± 0.03 gprot/gbiom)
than at uncontrolled pH (0.32 ± 0.04 gprot/gbiom). The yield
behavior of the rSMD in IB (gSMD/gIB), quantified by
densitometry on gels stained with Coomassie Blue is
shown in Figure 1C. An rSMD enrichment in the IB was
obtained (0.16 ± 0.01 gSMD/gIB) at the end of pH controlled cultures, while a small decrease of this yield was
observed in uncontrolled cultures (0.09 ± 0.01 gSMD/gIB).
The final differences in rSMD yield in IB can be seen
on SDS-PAGE and Western Blots (Figure 1D), between
controlled cultures (lane 4), and uncontrolled cultures
(lane 2). This data demonstrated that rSMD accumulation occurs preferentially at controlled pH conditions
(Figure 1C and 1D). In addition, a reduced amount of
rSMD in the cytoplasmic soluble fraction was detected at
controlled pH cultures (lane 3). At uncontrolled pH cultures no soluble rSMD was observed (lane 1, Figure 1D).
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Effects of controlled-pH and uncontrolled-pH strategies
on IB size and morphology

The effect of the pH on the IB morphology inside cells
and their size were visualized by transmission electronic
microscopy (TEM) on fixed cells (Figure 2), as has been
performed by others [13,59]. Cells were harvested 5 min
before induction, and 5 h or 20 h after induction (induction was performed at 4 h). The micrographs show
cross-sections of E. coli producing rSMD. Under uncontrolled pH condition the formation of aggregates was favored (Figure 2). After 5 h of induction, around 61% of
cells with at least one IB were observed in uncontrolled
pH cultures, whereas at controlled pH only 7% of cells
presented one (or more) IB.
After 20 h of induction, IB formation was observed in
both culture strategies; at uncontrolled pH conditions,
around 58% of cells presented at least one IB, in contrast with controlled pH where 31% of the cells contained one or more IB (Figure 2). Moreover, the IBs
formed at uncontrolled pH conditions were larger; almost 65% of the IBs observed were ≥ 500 nm. While at
controlled pH, 65% of the IBs presented sizes smaller
than 500 nm.

5 min before induction
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Said differences were also observed with the analysis
of purified IBs by TEM at three culture times in both
pH strategies (Figure 3). Micrographs indicated that IB
formation in both cultures occurred at least during the
first hour after induction. During the first 5 h, the aggregation was favored by forming preferentially larger IBs at
uncontrolled pH conditions, compared to smaller IBs at
controlled pH conditions, although at uncontrolled pH
small IBs were also observed (<100 nm), as is shown in
the inset in Figure 3B at 5 h. Nevertheless, at controlled
conditions large aggregates seem to be formed by joined
small IBs (Figure 3A). Differences in IB size also were
evident after 20 h of induction; being larger in size
the IBs from uncontrolled pH cultures compared to
those formed at controlled pH conditions. The inset
of Figure 3B (at 20 h) shows IBs of about 450 nm in
diameter (no pH control). It should be noted that these
IBs were recovered in the same buffer (pH 8).
In order to facilitate the understanding of the results
and their discussion, logarithmic cumulative distributions [60] of the IB hydrodynamic diameters are presented in Figure 4. The IB size of all samples follows a
unimodal log-normal distribution, as previously reported

5 h after induction

20 h after induction

A

B

Figure 2 Cross-sections of E. coli bacteria producing rSMD viewed under the transmission electron microscope (TEM). A. Examination of
E. coli BL21-Gold (DE3) cells cultured under controlled pH 7.5. B. TEM micrographs of E. coli BL21-Gold (DE3) cells cultured under uncontrolled pH.
Cells harvested at non-induced time (left) (scale bars 2.0 μm), 5 h post-induction (middle), and 20 h post-induction (right) (scale bars of 0.5 and
1.0 μm). Inclusion bodies are marked with arrowheads.
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1 h after induction

5 h after induction
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20 h after induction

A

B

Figure 3 Electron micrographs of purified rSMD IB. A. IBs from cultures under controlled pH 7.5. B. IBs purified from uncontrolled pH cultures
strategies. 1 h post-induction (left) (scale bars of 0.5 and 1.0 μm), 5 h post-induction (middle) (scale bars 2.0 μm), and 20 h post-induction (right)
(scale bars 2.0 μm). Small IBs found at 5 h post-induction (B middle inset) (scale bar represents 0.1 μm). Examination of IBs produced after 20 h of
induction (B right inset) (scale bar represents 200 nm).

[12,61]. This IB size distribution of samples collected at
four cultures times (1, 3, 5 and 20 h after induction)
from two pH culture strategies, was measured in a Particle Sizer (Zetasizer Nano, Malvern Inst. UK, Figure 4).
The comparability was based on the maximum size
reached by 50% of the IB population (IB50), and the mean/
IB50 ratio (as described in Materials and methods).
In controlled pH cultures, the IB50 and the mean were
458 and 800 nm in diameter, respectively by the first
post-induction hour. These sizes increased up to 615
and 1112 nm after 3 h post-induction (IB50 and mean,
respectively). Then, IB50 and mean decreased after 5 h
(396 and 735 nm) and 20 h (341 and 694 nm) postinduction. In uncontrolled pH cultures the IB50 and the
mean increased from 1 h after induction (320 and
659 nm, respectively), to 3 h (458 and 802 nm), and
remained similar from 5 h (432 and 740 nm) to 20 h (430
and 780 nm). Moreover, to have an idea of the broadness
and the deviation of the log-normal distribution of IB
sizes, the polydispersity of data calculated as the IB50/
mean was in the range of 1.6 to 2.0 in all samples.
Resistance of IB to proteinase-K degradation and its
solubilization in guanidine hydrochloride

To understand the effect of pH variations on the aggregation and physical properties of IBs, the kinetics of

differential disintegration by proteinase-K [61,62] on
purified IBs recovered at different culture post-induction
times are presented in Figure 5. All experiments start
with the same protein content (150 μg/mL), and a
normalization of the absorbance was done. The IBs
formed under constant pH 7.5 at 3, 5 and 20 h were
found to be resistant to proteinase-K since only 60, 55
and 20% of disintegration, respectively, was observed
after 30 min of incubation (Figure 5A). Whereas, a rapidly disintegration was observed with IBs harvested at
3 h post-induction under uncontrolled pH conditions.
The end of the proteinase-K reaction in IBs collected at
3, 5 and 20 h was reached after 7, 18 and 23 min, respectively (Figure 5B).
The solubilization of IBs collected at the end of
cultures using different concentrations of guanidine
hydrochloride [63] was analyzed (Figure 6). The denaturation profiles showed significant differences from
the addition of 1.0 M of GnCl agent. Almost a complete
solubilization of the IBs recovered from uncontrolled
pH cultures occurred at 4.0 M of GnCl, whereas the
IBs from controlled pH cultures reached 40% of
solubilization at 5.0 M of GnCl (Figure 6). Therefore,
the IBs formed under controlled conditions presented
an improved resistance to GnCl and proteinase-K
degradation.
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Figure 4 Comparison of logarithmic cumulative volume (%)
distributions of the rSMD IB sizes harvested at 1, 3, 5 and 20 h
after induction under controlled pH 7.5 condition (A), and
under uncontrolled pH strategy (B). Distribution of IB size
was determined in a Particle Sizer (Zetasizer Nano). The graphs
were cut at 1300 μm because the contribution to scattering by
particles > 1300 μm in size was only approximately 3%, except
in data from controlled pH cultures at 3 h post-induction (12%).
Figures show the accumulated values ± standard deviation of
data from experiments performed by triplicate.
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Figure 5 Kinetics comparison of proteinase-K digestion of rSMD
IBs harvested at 3, 5 and 20 h post-induction. A. Digestion of IBs
collected under controlled pH. B. Digestion of IBs obtained from
uncontrolled pH strategies. The progressive degradation was followed
by absorbance and data were normalized. Data show the average of
triplicate experiments.

Dye binding to structures in IBs produced under different
pH conditions

The conformation of proteins inside an IB has been determined by binding to Congo red (CR), which recognizes entities enriched in β-pleated fibrillar conformation
[64-66], and to Thioflavin-T (Th-T) which has been described as a dye that binds to the β-sheet surface along
channels structured by “cross-strand ladders” [67-69].
Hence we determined the CR and Th-T binding properties of IBs obtained at different culture times.
The spectrum for CR alone exhibited a maximum absorbance at 490 nm [61,65] as it is shown in the insets
of Figure 7. When CR binds to amyloid material in the
IB, the signal shifts to higher wavelength from 550 to
565 nm. The comparison of the absorption spectra
shows differences between the IB produced under controlled and uncontrolled pH conditions. As time increases, an increase in the IB binding to CR was
observed at uncontrolled conditions (Figure 7B) showing

Figure 6 Solubilization profiles of purified rSMD IBs collected
at final culture time using different concentrations of
guanidinium chloride. Solubilization of rSMD IBs collected from
controlled pH conditions (filled cirles) and IBs harvested in uncontrolled
pH conditions (open circles). Graphs present the protein solubilization
quantified by 2D quant method and each experiment was performed
by triplicate.

Castellanos-Mendoza et al. Microbial Cell Factories 2014, 13:137
http://www.microbialcellfactories.com/content/13/1/137

Figure 7 Differential spectra of Congo-Red (CR) binding to
rSMD IBs obtained from controlled (A) and uncontrolled pH
cultures (B). The rSMD IBs were isolated at 1, 3, 5 and 20 h postinduction. CR spectra were obtained in the presence of IB showing
the absorbance shift at ~575 nm. In insets, the spectra for Congo
red alone are shown.

broad peaks at 565 nm. Whereas, IBs from controlled
pH cultures show a small shift of absorbance (Figure 7A),
indicating that both types of IBs had an amyloidogenic
nature. Two CR binding experiments were carried out
for each culture time from two different cultures.
The intercalation of Th-T into extended β-sheet of
amyloid structures in IB was measured as the enhancement of the maximum fluorescence emission compared
to free Th-T dye [70]. The fluorescence spectra of Th-T
incubated with IBs harvested at different times of culture
are compared in Figure 8. The maximum fluorescence
emission was around 465 and 475 nm for controlled and
uncontrolled conditions. It can be observed that IBs
formed under uncontrolled pH conditions and recovered
1 h after induction, exhibited limited binding to Th-T,
and to CR. Furthermore, the fluorescence emission increased with time, reaching a maximum intensity of
150 AU at the end of culture (Figure 8B). Nevertheless,
IBs aggregated at constant pH conditions, formed at 1 h
and 3 h after induction, presented a maximum of
fluorescence intensity of 214 and 258 AU, respectively.
Finally, the fluorescence decreased in IBs harvested after
5 h and 20 h of culture (Figure 8A).
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Figure 8 Emission spectral characteristics of Th-T binding with
rSMD IBs harvested at 1, 3, 5 and 20 h post induction. A. Th-T
spectra with IBs collected under controlled pH conditions. B. Th-T
spectra with IBs recovered from uncontrolled pH cultures. An
emission spectrum of Th-T alone is shown in A as a grey lane near
zero. Concentrations of Th-T and IBs used for assay were 75 mM and
50 μg/mL respectively.

Discussion
The formation of IBs and the nature of intermediates involved in aggregation, are determined by the biochemical
properties of the proteins [9,61,71] and the environmental
production conditions [16,35,72-74]. The IB formation is
enhanced in uncontrolled pH strategies, compared to controlled pH [48]. Furthermore, it has been reported that the
pH affects the tendencies of β-peptides to form amyloid
deposits in vitro [75] that display similar features with IBs
[9]. Then, the cytoplasmic pH conditions in E. coli will be
crucial in the IB formation, their secondary structural determinations and their properties. Here, we presented our
main findings relative to how controlled cultures at
physiological pH (7.5) or uncontrolled pH conditions
affect the sphingomyelinase-D inclusion bodies formation
and their physical-chemical properties. We observed
protein aggregation under uncontrolled pH culture
conditions, similar to experiments reported where SpAβ-galactosidase was expressed under thermo inducible
promoter culturing E. coli RR1 in shake flask or bioreactor [48,76]. In those cultures, the pH declined from
6.7 to 5.1, but in our results the pH was initially
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acidified from 7.4 to 6.8 (inset of Figure 1), and then increased up to 8.5 (induction was made at pH 7.4).
To analyze the IBs size during cultures inside cells and
purified IBs we used TEM, which was complemented
with DLS, considering that DLS only provides an insight
to the “hydrodynamic diameter” of the IB and not in its
form [12,23,25,61], i.e. from spheres to ellipsoids up to
the rod like shapes (Figures 2 and 3). Under controlled
physiological pH conditions (7.5), the rSMD aggregation
to form IBs was slow and their sizes were smaller compared to those formed under uncontrolled pH conditions (Figures 2, 3, and 4). Moreover, at constant pH,
active rSMD in a soluble form was obtained (Figure 1D),
which was detected qualitatively (data not show) by the
assay of sphingomyelinase activity [77]. It is important
to note that although the percentage of rSMD in inclusion bodies was about 8 to 16% in the two conditions,
the nucleation was sufficient to cause the formation of
IBs, as has been observed by others [48]. The aggregation in large IBs at uncontrolled pH conditions was favored with culture time (Figures 2B, 3B, and 4B),
compared to those IBs formed under at controlled pH
where by the first hour of post-induction small aggregates were observed, as well as at the end of the culture
(Figures 2A, 3A and 4A). This suggests that under controlled pH conditions, the entry to the stationary phase
might have caused shrinkage of the IB relative to time.
In Figure 3A, IBs appear to be more compact than those
obtained in uncontrolled pH cultures. The presence of
disordered fibers (observed mainly in controlled pH)
could be due to globular protein elements forming complex macro-aggregates. Similar fibers structures have
been observed previously [78,79]. In addition, the differences in IBs size probably are due to differences in nucleation and IB growth properties during formation, as
well the host proteins that interact with them. Differences in the composition of IBs were observed in SDSPAGE at the end of cultures (Figure 1D). Then, in order
to understand the effect of pH on the IB composition
and on the host proteins involved in IB formation, it
would be interesting to perform a proteomic approach
during the post-induction processes.
The heterologous expression of sphingomyelinase-D in
E. coli under uncontrolled conditions resulted in larger
IBs, with more available protein extractable by proteinaseK (Figure 5B), compared to the resistant nature of those
IBs produced under controlled pH conditions. Anyway,
the resistance to proteinase-K activity of the IBs produced
with any of the culture strategies increased over time.
Data obtained from proteinase-K digestion were in agreement with those obtained from solubilization with guanidinium chloride (Figure 6). It has been described that
proteinase-K selectively cleave the peptide bond adjacent
to the carboxyl group of aliphatic and aromatic amino
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acids located in hydrophilic domains as loops and αhelical, like non-infectious cellular prion protein [80,81].
Therefore, peptide bonds located inside or close to βstrands are partially resistant to proteolysis [82,83], as prion
proteins composed preferentially by β-sheet [62,83]. Then,
this suggests that IBs formed under constant pH presented
more β-sheet conformation. Likewise, IBs produced at
physiological (controlled) and uncontrolled pH conditions
have differences in aggregation and structure composition.
Furthermore, the IBs produced under the two pH culture strategies, showed binding to amyloid specific dyes
Th-T and CR. Particularly, the IBs formed at uncontrolled pH conditions presented binding to both dyes,
which increased with time. This indicates that the amyloidogenic characteristic of those IBs, in conjunction with
α-helix structures, β-extended conformation and random
coils, allow their rapid disintegration by proteinase-K.
Thus, the pH variation might activate the expression of
proteins related to the pH stress and homeostasis [84],
contributing to the different protein compositions of the
IBs in comparison to those produced at controlled pH
(Figure 1D, lane 2 and 4). In contrast, IBs formed under
controlled pH conditions presented low CR interaction
but showed high binding to Th-T at the initial times. After
5 h post induction the affinity for Th-T decreased. This
may indicate that the interaction of Th-T along the channels of β-sheet surfaces was diminished [9], probably due
to the IB size reduction observed by light scattering after
5 h post induction (Figure 4A), or because of a conformational change that limited the Th-T interactions. Overall,
differences in CR and Th-T binding to the IBs could be
due to the variation of the aggregation at the beginning of
the IB formation, the secondary structural elements
present inside aggregates, and the arrangement of proteins
and their proportion inside the IBs.
It has been described that “non-classical” inclusion
bodies are soluble in mild denaturants concentration,
susceptible to degradation by protease and less amyloid
nature [14,22,71]. Interestingly, the IBs produced under
uncontrolled pH conditions presented a “non-classic”
nature, being less resistant to degradation by proteinase
K and GnCl, and presented less binding to Th-T, compared to IBs formed under controlled conditions, which
were resistant to degradation by proteinase-K and GnCl,
and exhibit higher affinity for Th-T. Hence, these last
IBs were formed as “classical inclusion bodies”.
Different reports had demonstrated the recovery of
“non-classical” IBs with recombinant protein in active
form, produced in shake flasks under uncontrolled conditions, such as pH and dissolved oxygen [25,61,71], regardless of their secondary and tertiary structure. These
results are in agreement with our results in uncontrolled
cultures where the obtained IBs presented sphingomyelinase activity (data not show).
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The cytoplasmic pH is normally maintained within a
range of 7.4 to 7.8 when the external pH is in the range
of 5.0 to 9.0 in suspension or 5.0 to 8.0 in adherent E.
coli cultures [56,85-88]. In adherent E. coli cultures the
cytoplasmic pH is similar to the external pH of 8.5 to
9.0 [87]. Whereas, in suspended cells at pH 9.0, E. coli
has an inverted pH differential between the external and
the internal cell membrane becoming less alkaline
[56,86,89,90]. Moreover, in suspension cultures at high
pH, proteomic data proposes that cells have strategies to
reach the pH homeostasis, including acid production
through amino acid catabolism using deaminases and
sugar fermentation that presumably release acids, which
neutralize alkalinity [91-95]. Also, it has been suggested
the inward flow of protons through cation/proton antiporters, the proton capture via the F1F0-ATPase, and the
reduction of cytoplasmic protons loss [56,90,96-98].
In addition, other experiments demonstrated that cell
homeostasis responses [86-88], and the recombinant
protein production process occur in a similar time order
[99]. Then, we can hypothesize that during those cell responses, cellular microenvironments favor the nucleation and formation of proto-aggregates, which later
allow the formation of IBs. The alkalization of the culture medium can cause small cytoplasmic changes forming environments that favor the accumulation and
precipitation of host and recombinant proteins, whose
isoelectric points are similar to the perturbed cytoplasmic pH. This study showed how the variation in pH due
to E. coli metabolism during recombinant expression
modified the formation of IBs beyond that aggregation
directed by physical and structural characteristics of recombinant proteins. Furthermore, stress proteins such as
those coded by ibpB, lon, dnaJ, dnaK, clpB, clpX and grpE,
among others [97] might be involved in maintaining proteostasis (protein folding homeostasis), as a response to
recombinant protein production and pH external changes.

Conclusions
Results presented here demonstrate that under different
pH conditions, the IB formation and their characteristics
changed over the culture time. Particularly, under uncontrolled pH conditions, rSMD IBs formation was favored with non-classical IB characteristics, while those
formed under controlled conditions were more resistant
to proteinase-K degradation, a usual characteristic of
classical IB. Information presented could be useful to reproducibly produce biomaterials with specific features,
and to develop better protein recovery processes.
Materials and methods
Chemicals and reagents

Tris buffer, glycine, sodium dodecyl sulphate, phenylmethylsulfonyl fluoride (PMSF), and deoxy cholic acid
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were from Amresco (USA). Ammonium persulphate,
acrylamide and bis-acrylamide, TEMED and EDTA, were
from Biorad (USA). Coomassie Brilliant Blue R-250,
Nonidet-P40, DNase I, Triton X-100, Bovine Serum
Albumin (BSA), Congo red, IPTG, urea, proteinase-K,
thioflavin-T, ampicillin and kanamycin were from SigmaAldrich (USA). SDS-PAGE molecular weight marker was
purchased from Fermentas Thermo Scientific (USA).
Glucose and NaCl from REASOL (Mexico), all other reagents were from J.T. Baker (USA). Paraformaldehyde,
glutaraldehyde, osmium tetraoxide, Epon/Araldita, uranyl
acetate and citrate were from Electron Microscopy
Sciences (USA).
Strain, plasmids and culture conditions

The coding gene for SMD from saliva of the tick Boophilus
microplus (GeneBank KJ854238) was under the control of
the phage T5 promoter in the expression plasmid pQE-30
(Qiagen, USA), and transformed in E. coli BL21-Gold
(DE3) cells. A cryovial with 2.0 mL of recombinant E. coli
(20% glycerol) with an optical density (OD 600 nm) of
1.5 AU (kindly provided by Dr. Alagón), was grown in
two 250 mL Erlenmeyer flasks with 50 mL of culture
media, at 37°C and 200 rpm overnight (C25I, New
Brunswick - Eppendorf Co. USA), in the presence of
ampicillin (50 μg/mL). All shake flasks and bioreactor
cultures were grown on Super Broth medium (3.2% w/v
peptone, 2% w/v yeast extract, and 0.5% w/v NaCl). Both
shake flasks were cultured overnight and used to inoculate
a 1.0 L bioreactor (Applikon, Netherlands) with an initial
OD 600 nm of 0.1 AU (Spectronic Genesys 20, Thermo
USA), where 1 OD was equivalent to 0.50 g dry cell weight
per liter, similar to the data obtained by Baig et al. [4].
The batch cultures were carried out at 37°C with an
operation volume of 600 mL. Dissolved oxygen tension
(DOT) was controlled at 30% (with respect to air saturation) by cascade changing the agitation speed (between
200 and 900 rpm), and enriching the air with pure oxygen when required, maintaining an airflow of 0.6 L/min
(1 vvm), by using a proportional-integral-derivative
(PID) control strategy [100]. The culture medium was
adjusted prior to inoculation to pH 7.5 in either of two
conditions (controlled and uncontrolled pH conditions).
In controlled cultures, pH was maintained at 7.5 by
using an automatic addition of NaOH (1 M) through an
on-off control strategy. In uncontrolled cultures, the pH
varied freely according to the cell metabolism. Foaming
was controlled by addition of silicone based antifoaming
agent (Corning®, USA), when required. DOT, temperature,
agitation, and pH were controlled by ADI-1030 and/or
ADI-1010 Biocontrollers (Applikon, Netherlands), displayed online and stored in a hard drive for further
analysis using the BioXpert® data acquisition program
(Applikon, Netherlands). The chemical inductor, isopropyl-
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β-D-thiogalactoside (IPTG), was added before the prestationary phase at a final concentration of 0.1 mM.
Glucose and lactate were measured using YSI2900 (YSI
Life Sciences, USA). The data presented in this manuscript show the average and the standard deviation of the
24 h cultures that were carried out by quadruplicated.
Total, soluble and IB protein separation and
quantification

The biomass was recovered by centrifugation at 7000 × g
for 10 min, at each sampling time. The cell pellet was
suspended in 50 mM TrisHCl, 100 mM NaCl, 1 mM of
EDTA and 1 mM of PMSF. The cell suspension was
sonicated in a SoniPrep150 (Sanyo-Gallen-Kamp, UK)
with an amplitude of 10 microns in 10 steps of 30 s
alternated with 30 s of rest, on ice. The lysate was
centrifuged at 8000 × g for 10 min to isolate the cytoplasmic soluble protein. The pellet was recovered in
0.1% of Nonidet-P40, and incubated at 4°C for 2 h and
centrifuged at 8000 × g for 10 min. Then, the pellet
was suspended in PBS and 3 μL of MgSO4 (1 M) were
added, and it was submitted to DNase I treatment for
3 h. Thereafter, IBs were recovered by centrifugation
and the pellet was washed with 0.5% Triton X-100 for
2 h at 4°C. Then the pellet was washed twice with deionized water to remove the excess of salts and detergent.
The solution was centrifuged for 30 min at 8000 × g
and the solids obtained were washed 3 times with
deionized low conductivity water. Finally, the IB were
stored at -80°C [10,101,102].
The concentration of total, cytoplasmic soluble and IB
proteins was determined by 2D-Quant kit (G-Biosciences, USA), following the supplier recommendations.
IBs were suspended in denaturing buffer (Tris-HCl
250 mM pH 6.8, 40% v/v glycerol and 5% v/v SDS) [103]
to measure protein concentration, and incubated at 2427°C for 12 h in order to obtain a complete dissolution
of the aggregates. Calibration curves were prepared
using BSA. Samples and standards were prepared at least
by duplicate and measured at 480 nm in a plate reader.
Sphingomyelinase-D protein identification and qualitative
measurement activity

The recombinant sphingomyelinase-D (rSMD) expression was confirmed by SDS-PAGE [94] and Western
Blot. Samples were collected at different times to analyze
the soluble protein as well the recombinant protein in
the IB. The 15% SDS gels were stained with Coomassie
Brilliant Blue R-250, and quantification was done by
densitometry using the Image-Lab™ software and Gel
Doc™ EZ System (Bio-Rad, USA). For Western Blot, the
cytoplasmic soluble proteins and the proteins solubilized
from IBs were separated on 15% SDS-PAGE under reducing conditions. Then, they were transferred to a
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polyvinylidene difluoride (PVDF) membrane (Millipore,
USA), which was blocked in buffer PBS, Tween-20
(0.5%), and BSA (3%). Incubated with 1:5000 mouse
Anti-His6-Peroxidase antibody IgG1 (Roche, USA) for
60 min at 25°C. The immunoreactive bands were detected by chemiluminescence using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific,
USA) and visualized using the C-DIGIT blot scanner
(LI-COR, USA). Qualitative SMD activity from soluble
and IB proteins, was confirmed coupling the assay using
the substrate AMPLEX (Molecular Probes) and fluorimetric detection as described by the manufacturer and
reported by Ramos-Cerrillo et al. [77]. Sphingomyelinase
C from Staphylococcus aureus was used as positive control and reference standard. The negative control consisted in the same reaction without protein sample.
Size analysis of IBs inside cells

Morphology and size were analyzed under transmission
electron microscopy. Cell samples and IBs were taken at
different kinetics times, washed three times with 0.16 M
sodium cacodylate buffer at pH 7.2 at 4°C, fixed with 4%
paraformaldehyde and 2.5% glutaraldehyde in sodium
cacodylate buffer pH 7.4 during 2 h at 4°C. Post-fixed
samples with 1% osmium tetraoxide during 90 min at 4°C,
were rinsed twice in chilled buffer and six times in cold
distilled water. Then, samples were dehydrated in ethanol
series and embedded in Epon/Araldita [104]. Thin sections were stained with uranyl acetate and lead in citrate
and observed with a ZEISS Libra 120 plus electron microscope. At least 100 cells were analyzed for each sample,
and samples were obtained from two independent cultures for each pH strategy.
Size analysis of inclusion bodies by dynamic light
scattering

The hydrodynamic diameter of the IBs harvested at different time points after induction was determined by dynamic light scattering (DLS) performed in a Zetasizer
Nano ZS (Malven Inst. Ltd, Worcestershire, UK) at 173°
backscatter using a 50-μL quartz cuvette [105]. Samples
were analyzed with and without centrifugation to evaluate the size and quality of the IBs by using the normal
resolution mode. Absorbance values at 350 nm were acquired and samples were diluted with water to obtain an
absorbance value of 0.5 AU before carrying out the
measurement by DLS. Sizes are reported as the diameter
of the equivalent sphere of the particles analyzed [105].
DLS has been recently widely used to determine the
hydrodynamic diameter of IBs [12,23,25,61,106-108].
Each sample was measured in triplicate and the hydrodynamic diameter represents the mean value. Dispersants used in this manuscript were water and PBS
buffer. All samples were analyzed at 27°C. To evaluate
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the IB stability in the solvents used, the scattering intensity and hydrodynamic diameter were monitored as a
function of time.
The IB50 was defined as the maximum size reached by
50% of the IB population, and can be seen as the statistical median equal to the 50th percentile. Also, the arithmetic mean (average) was calculated for all collected
samples. In order to measure the broadness and the deviation of the log-normal distribution of IB sizes we defined the arithmetic mean/IB50 ratio as a form to
compare the polydispersity of the IB sizes.
Proteolytic digestion of inclusion bodies

The IBs containing rSMD harvested from two different
pH culture strategies after induction were digested using
proteinase-K at 12 μg/mL (final concentration). The proteolytic digestion was carried out with 150 μg/mL of IBs
suspended in 50 mM Tris-HCl, 150 mM NaCl pH 8.0 buffer, and it was monitored for 100 minutes measuring the
changes in optical density at 350 nm in UV-2450 spectrophotometer (DU 730 Beckman coulter USA) [61].
Solubilization of purified IBs

The solubilization profile of purified IBs was determined
using different concentrations of guanidine hydrochloride (GnCl). The IBs were solubilized in the presence of
different concentrations of GnCl (0 M to 5 M), and
50 mM Tris-HCl, 5 mM DTT, pH 8.5, during 24 h
[31,32]. The initial concentration of proteins in the IBs
was in the range of 0.1 mg/ml. The IB solubilization was
determined measuring the liberation of protein by 2DQuant kit (G-Biosciences, USA), following the supplier
recommendations.
Amyloid specific assays of IB using dyes

A spectroscopy assay was used to determine the beta
sheet conformation inside the IB by using Congo red and
analyzing the band shift [9,61]. A total of 50 μg of protein
in IBs was diluted in buffer (10 mM sodium phosphate,
pH 7.0 containing 150 mM NaCl) with 10 μM of Congo
red. Each sample was incubated for 10 min at room
temperature before the spectra acquisition data in UV2450 spectrophotometer (DU 730 Beckman coulter USA).
The change in absorbance spectra was measured in the
wavelength range of 400 to 700 nm. The spectra controls
were obtained from the dye in the absence of protein, and
form protein in absence of dye, which were subtracted
from their respective problem samples [61]. The fluorescence from the binding of Thioflavin-T to IB was analyzed
using a spectrofluorometer Luminescence spectrometer
LS55 (Perkin Elmer Instruments, MA; USA). 50 μg/mL of
IBs were diluted in 10 mM phosphate pH 7.0 buffer,
150 mM NaCl, and 75 mM Thioflavin-T [61]. The reaction product was incubated for 1 h at room temperature.
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The emission spectra were recorded from 460 to 600 nm
using an excitation wavelength of 440 nm [61]. Slit widths
of 5 nm were used for both excitation and emission, and a
scan speed rate of 50 nm/min. The data were acquired
with the FLWinlab software (Perkin Elmer Instruments,
MA; USA).
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
ACM and NAVC performed most of the experiments (shake flask and bioreactor
cultures, IB separations, proteins quantification, Western blot and amyloid dyes
binding experiments). ACM, RMCA and MATR analyzed the inclusion bodies
size by dynamic light scattering. AO, MMV and ACM performed enzyme activity
determinations. EGH and ACM performed protein degradation analysis. GZ
carried out the transmission electron microscopy studies and size IB analysis.
AO and AA designed and developed the clone used and contributed with
reagents and materials. ACM, MATR and NAVC analyzed all data and prepared
the figures. NAVC directed the work and prepared the manuscript. All authors
read and approved the final manuscript.
Acknowledgements
This work was partially financed by Consejo Nacional de Ciencia y Tecnología
(CONACYT 178528 and 220795), and Programa de Apoyo a Proyectos de
Investigación e Innovación Tecnológica, Universidad Nacional Autónoma de
México (PAPIIT-UNAM IN-210013 and IN-209113). ACM, RMCA and MMV thank
the scholarship from CONACYT-México. We thank to Dr. Abel Moreno Cárcamo
for helpful discussion in DLS. We also thank Vanessa Hernández, Rosa Roman
Miranda and Ramsés I. García-Cabrera for their technical assistance, and Ana
Carmen Delgado for reviewing the English version of the manuscript. Finally,
we specially thank Professors Laura A. Palomares and Octavio T. Ramírez for
allowing the use of the equipment of the Molecular Medicine and Bioprocess
laboratory at IBT-UNAM.
Author details
1
Departamento de Biología Molecular y Biotecnología, Instituto de
Investigaciones Biomédicas, Universidad Nacional Autónoma de México, AP.
70228, México, Mexico D.F CP. 04510, México. 2Departamento de Medicina
Molecular y Bioprocesos, Instituto de Biotecnología, Universidad Nacional
Autónoma de México, Cuernavaca, Mor., Mexico. 3Unidad de Microscopía.
Instituto de Biotecnología, Universidad Nacional Autónoma de México,
Cuernavaca, Mor., Mexico. 4Instituto de Química, Universidad Nacional
Autónoma de México, Mexico D.F, Mexico.
Received: 12 June 2014 Accepted: 4 September 2014

References
1. Sahdev S, Khattar SK, Saini KS: Production of active eukaryotic proteins
through bacterial expression systems: a review of the existing
biotechnology strategies. Mol Cell Biochem 2008, 307:249–264.
2. Rinas U, Boone TC, Bailey JE: Characterization of inclusion bodies in
recombinant Escherichia coli producing high levels of porcine
somatotropin. J Biotechnol 1993, 28:313–320.
3. Rinas U, Hoffmann F, Betiku E, Estape D, Marten S: Inclusion body anatomy
and functioning of chaperone-mediated in vivo inclusion body
disassembly during high-level recombinant protein production in
Escherichia coli. J Biotechnol 2007, 127:244–257.
4. Baig F, Fernando LP, Salazar MA, Powell RR, Bruce TF, Harcum SW: Dynamic
transcriptional response of Escherichia coli to inclusion body formation.
Biotechnol Bioeng 2014, 111(5):980–999.
5. Williams DC, Van Frank RM, Muth WL, Burnett JP: Cytoplasmic inclusion
bodies in Escherichia coli producing biosynthetic human insulin proteins.
Science 1982, 215:687–689.
6. Bowden GA, Paredes AM, Georgiou G: Structure and morphology of
protein inclusion bodies in Escherichia coli. Biotechnol 1991, 9:725–730.
7. Khodabakhsh F, Zia MF, Moazen F, Rabbani M, Sadeghi HM: Comparison of
the cytoplasmic and periplasmic production of reteplase in Escherichia
coli. Prep Biochem Biotechnol 2013, 43:613–623.

Castellanos-Mendoza et al. Microbial Cell Factories 2014, 13:137
http://www.microbialcellfactories.com/content/13/1/137

8.
9.
10.
11.
12.

13.

14.
15.

16.
17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.
33.

Carrio M, Villaverde A: Localization of chaperones DnaK and GroEL in
bacterial inclusion bodies. J Bacteriol 2005, 187:3599–3601.
Carrio M, Gonzalez-Montalban N, Vera A, Villaverde A, Ventura S: Amyloid-like
properties of bacterial inclusion bodies. J Mol Biol 2005, 347:1025–1037.
Carrio M, Cubarsi R, Villaverde A: Fine architecture of bacterial inclusion
bodies. FEBS Lett 2000, 471:7–11.
Garcia-Fruitos E: Inclusion bodies: a new concept. Microb Cell Fact 2010, 9:80.
Luo J, Leeman M, Ballagi A, Elfwing A, Su Z, Janson JC, Wahlund KG: Size
characterization of green fluorescent protein inclusion bodies in E. coli
using asymmetrical flow field-flow fractionation-multi-angle light
scattering. J Chromatogr A 2006, 1120:158–164.
Peternel S, Jevsevar S, Bele M, Gaberc-Porekar V, Menart V: New properties
of inclusion bodies with implications for biotechnology. Biotechnol Appl
Biochem 2008, 49:239–246.
Peternel S, Komel R: Active protein aggregates produced in Escherichia
coli. Int J Mol Sci 2011, 12:8275–8287.
Tustian AD, Salte H, Willoughby NA, Hassan I, Rose MH, Baganz F, Hoare M,
Titchener-Hooker NJ: Adapted ultra scale-down approach for predicting
the centrifugal separation behavior of high cell density cultures. Biotechnol
Prog 2007, 23:1404–1410.
de Groot NS, Ventura S: Effect of temperature on protein quality in
bacterial inclusion bodies. FEBS Lett 2006, 580:6471–6476.
de Groot NS, Ventura S: Protein activity in bacterial inclusion bodies
correlates with predicted aggregation rates. J Biotechnol 2006,
125:110–113.
Morell M, Bravo R, Espargaro A, Sisquella X, Aviles FX, Fernandez-Busquets X,
Ventura S: Inclusion bodies: specificity in their aggregation process and
amyloid-like structure. Biochim Biophys Acta 2008, 1783:1815–1825.
Oberg K, Chrunyk BA, Wetzel R, Fink AL: Nativelike secondary structure in
interleukin-1 beta inclusion bodies by attenuated total reflectance FTIR.
Biochem 1994, 33:2628–2634.
Przybycien TM, Dunn JP, Valax P, Georglou G: Secondary structure
characterization of beta-lactamase inclusion bodies. Protein Engin 1994,
7:131–136.
Rudolph R, Lilie H: In vitro folding of inclusion body proteins. FASEB J
1996, 10:49–56.
Jevsevar S, Gaberc-Porekar V, Fonda I, Podobnik B, Grdadolnik J, Menart V:
Production of nonclassical inclusion bodies from which correctly folded
protein can be extracted. Biotechnol Prog 2005, 21:632–639.
Cano-Garrido O, Rodriguez-Carmona E, Díez-Gil C, Vazquez E, Elizondo E,
Cubarsi R, Seras-Franzoso J, Corchero JL, Rinas U, Ratera I, Ventosa N,
Veciana J, Villaverde A, Garcia-Fruitos E: Supramolecular organization of
protein-releasing functional amyloids solved in bacterial inclusion
bodies. Acta Biomater 2013, 9:6134–6142.
Ferrer-Miralles N, Villaverde A: Bacterial cell factories for recombinant protein
production; expanding the catalogue. Microb Cell Fact 2013, 12:113.
Garcia-Fruitos E, Seras-Franzoso J, Vazquez E, Villaverde A: Tunable geometry
of bacterial inclusion bodies as substrate materials for tissue engineering.
Nanotechnology 2010, 21:205101.
Garcia-Fruitos E, Vazquez E, Gonzalez-Montalban N, Ferrer-Miralles N,
Villaverde A: Analytical approaches for assessing aggregation of protein
biopharmaceuticals. Curr Pharm Biotechnol 2011, 12:1530–1536.
García-Fruitós E, Vázquez E, Díez-Gil C, Corchero JL, Seras-Franzoso J, Ratera I,
Veciana J, Villaverde A: Bacterial inclusion bodies: making gold from waste.
Trends Biotechnol 2012, 30:65–70.
Liovic M, Ozir M, Zavec AB, Peternel S, Komel R, Zupancic T: Inclusion
bodies as potential vehicles for recombinant protein delivery into
epithelial cells. Microb Cell Fact 2012, 11:67.
Talafova K, Hrabarova E, Chorvat D, Nahalka J: Bacterial inclusion bodies as
potential synthetic devices for pathogen recognition and a therapeutic
substance release. Microb Cell Fact 2013, 12:16.
Vazquez E, Villaverde A: Microbial biofabrication for nanomedicine:
biomaterials, nanoparticles and beyond. Nanomedicine (Lond) 2013,
8:1895–1898.
Espargaro A, Castillo V, de Groot NS, Ventura S: The in vivo and in vitro
aggregation properties of globular proteins correlate with their
conformational stability: the SH3 case. J Mol Biol 2008, 378:1116–1131.
Espargaro A, Sabate R, Ventura S: Kinetic and thermodynamic stability of
bacterial intracellular aggregates. FEBS Lett 2008, 582:3669–3673.
Espargaro A, Villar-Pique A, Sabate R, Ventura S: Yeast prions form infectious
amyloid inclusion bodies in bacteria. Microb Cell Fact 2012, 11:89.

Page 12 of 14

34. Margreiter G, Messner P, Caldwell KD, Bayer K: Size characterization of
inclusion bodies by sedimentation field-flow fractionation. J Biotechnol
2008, 138:67–73.
35. Margreiter G, Schwanninger M, Bayer K, Obinger C: Impact of different
cultivation and induction regimes on the structure of cytosolic inclusion
bodies of TEM1-beta-lactamase. Biotechnol J 2008, 3:1245–1255.
36. Doyle SA: Screening for the expression of soluble recombinant protein in
Escherichia coli. Methods Mol Biol 2005, 310:115–121.
37. Galloway CA, Sowden MP, Smith HC, Galloway CA, Sowden MP, Smith HC:
Increasing the yield of soluble recombinant protein expressed in E. coli
by induction during late log phase. Biotechniques 2003, 34:524–526.
528, 530.
38. Schein CH: Optimizing protein folding to the native state in bacteria. Curr
Opin Biotechnol 1991, 2:746–750.
39. Vasina JA, Peterson MS, Baneyx F: Scale-up and optimization of the lowtemperature inducible cspA promoter system. Biotechnol Prog 1998,
14:714–721.
40. Xu HM, Zhang GY, Ji XD, Cao L, Shu L, Hua ZC: Expression of soluble,
biologically active recombinant human endostatin in Escherichia coli.
Protein Expr Purif 2005, 41:252–258.
41. Gatti-Lafranconi P, Natalello A, Ami D, Doglia SM, Lotti M: Concepts and
tools to exploit the potential of bacterial inclusion bodies in protein
science and biotechnology. FEBS J 2011, 278:2408–2418.
42. Valdez-Cruz NA, Caspeta L, Perez NO, Ramirez OT, Trujillo-Roldan MA:
Production of recombinant proteins in E. coli by the heat inducible
expression system based on the phage lambda pL and/or pR promoters.
Microb Cell Fact 2010, 9:18.
43. Valdez-Cruz NA, Ramirez OT, Trujillo-Roldan MA: Molecular responses of
Escherichia coli caused by heat stress and recombinant protein
production during temperature induction. Bioeng Bugs 2011, 2:105–110.
44. Babu KR, Swaminathan S, Marten S, Khanna N, Rinas U: Production of
interferon-alpha in high cell density cultures of recombinant Escherichia
coli and its single step purification from refolded inclusion body
proteins. Appl Microbiol Biotechnol 2000, 53:655–660.
45. Schmidt M, Babu KR, Khanna N, Marten S, Rinas U: Temperature-induced
production of recombinant human insulin in high-cell density cultures
of recombinant Escherichia coli. J Biotechnol 1999, 68:71–83.
46. Tabandeh F, Shojaosadati SA, Zomorodipour A, Khodabandeh M, Sanati MH,
Yakhchali B: Heat-induced production of human growth hormone by
high cell density cultivation of recombinant Escherichia coli. Biotechnol
Lett 2004, 26:245–250.
47. Schlieker C, Bukau B, Mogk A: Prevention and reversion of protein
aggregation by molecular chaperones in the E. coli cytosol: implications
for their applicability in biotechnology. J Biotechnol 2002, 96:13–21.
48. Strandberg L, Enfors SO: Factors influencing inclusion body formation in
the production of a fused protein in Escherichia coli. Appl Environ
Microbiol 1991, 57:1669–1674.
49. de la Fuente J, Rodriguez M, Montero C, Redondo M, Garcia-Garcia JC,
Mendez L, Serrano E, Valdes M, Enriquez A, Canales M, Ramos E, Boue O,
Machado H, Lleonart R: Vaccination against ticks (Boophilus spp.): the
experience with the Bm86-based vaccine Gavac. Genet Anal 1999, 15:143–148.
50. de la Fuente J, Almazan C, Canales M, Perez de la Lastra JM, Kocan KM,
Willadsen P: A ten-year review of commercial vaccine performance for
control of tick infestations on cattle. Anim Health Res Rev 2007, 8:23–28.
51. Arcon-Chaidez FJ, Boppana VD, Hagymsi AT, Adler AJ, Wikel SK: A novel
sphingomyelinase-like enzyme in Ixodes scapularis tick saliva drives host
CD4+ T cells to express IL-4. Parasite Immunol 2009, 31:210–219.
52. Carvalho WA, Maruyama SR, Franzin AM, Abatepaulo ARR, Anderson JM,
Ferreira BR, Ribeiro JMC, Moré DD, Augusto Mendes Maia A, Valenzuela JG,
Garcia GR, De Miranda Santos IK: Rhipicephalus (Boophilus) microplus:
Clotting time in tick-infested skin varies according to local inflammation
and gene expression patterns in tick salivary glands. Exp Parasitol 2010,
124:428–435.
53. Khalilzadeh R, Mohammadian-Mosaabadi J, Bahrami A, Nazak-Tabbar A,
Nasiri-Khalili MA, Amouheidari A: Process development for production of
human granulocyte-colony stimulating factor by high cell density
cultivation of recombinant Escherichia coli. J Ind Microbiol Biotechnol 2008,
35:1643–1650.
54. Kim CK, Choi JH, Lee SB, Lee SM, Oh JW: Expression and purification of
recombinant human granulocyte colony-stimulating factor in fed-batch
culture of Escherichia coli. Appl Biochem Biotechnol 2014, 172(5):2425–2435.

Castellanos-Mendoza et al. Microbial Cell Factories 2014, 13:137
http://www.microbialcellfactories.com/content/13/1/137

55. Zhou Y, Ma X, Hou Z, Xue X, Meng J, Li M, Jia M, Luo X: High cell density
cultivation of recombinant Escherichia coli for prodrug of recombinant
human GLPs production. Protein Expr Purif 2012, 85:38–43.
56. Slonczewski JL, Rosen BP, Alger JR, Macnab RM: pH homeostasis in
Escherichia coli: measurement by 31P nuclear magnetic resonance of
methylphosphonate and phosphate. Proc Natl Acad Sci U S A 1981,
78:6271–6275.
57. Khalilzadeh R, Shojaosadati SA, Maghsoudi N, Mohammadian-Mosaabadi J,
Mohammadi MR, Bahrami A, Maleksabet N, Nassiri-Khalilli MA, Ebrahimi M,
Naderimanesh H: Process development for production of recombinant
human interferon-gamma expressed in Escherichia coli. J Ind Microbiol
Biotechnol 2004, 31:63–69.
58. Losen M, Frolich B, Pohl M, Büchs J: Effect of oxygen limitation and
medium composition on Escherichia coli fermentation in shake-flask
cultures. Biotechnol Prog 2004, 20:1062–1068.
59. Carrio M, Corchero JL, Villaverde A: Dynamics of in vivo protein
aggregation: building inclusion bodies in recombinant bacteria. FEMS
Microbiol Lett 1998, 169:9–15.
60. Shekunov B, Chattopadhyay P, Tong H, Chow A: Particle size analysis in
pharmaceutics: principles, methods and applications. Pharm Res 2007,
24:203–227.
61. Upadhyay AK, Murmu A, Singh A, Panda AK: Kinetics of inclusion body
formation and its correlation with the characteristics of protein
aggregates in Escherichia coli. PLoS One 2012, 7:e33951.
62. Vázquez-Fernández E, Alonso J, Pastrana MA, Ramos A, Stitz L, Vidal E, Dynin
I, Petsch B, Silva CJ, Requena JR: Structural organization of mammalian
prions as probed by limited proteolysis. PLoS One 2012, 7:e50111.
63. Tsumoto K, Ejima D, Kumagai I, Arakawa T: Practical considerations in
refolding proteins from inclusion bodies. Protein Expr Purif 2003, 28:1–8.
64. DeLellis RA, Glenner GG, Ram JS: Histochemical observations on amyloid
with reference to polarization microscopy. J Histochem Cytochem 1968,
16:663–665.
65. Glenner GG, Eanes ED, Page DL: The relation of the properties of Congo
red-stained amyloid fibrils to the -conformation. J Histochem Cytochem
1972, 20(10):821–826.
66. Klunk WE, Pettegrew JW, Abraham DJ: Quantitative evaluation of congo
red binding to amyloid-like proteins with a beta-pleated sheet
conformation. J Histochem Cytochem 1989, 37:1273–1281.
67. Biancalana M, Makabe K, Koide A, Koide S: Aromatic cross-strand ladders
control the structure and stability of beta-rich peptide self-assembly
mimics. J Mol Biol 2008, 383:205–213.
68. Levine H: Thioflavine T interaction with synthetic Alzheimer’s disease
beta-amyloid peptides: detection of amyloid aggregation in solution.
Protein Sci 1993, 2(3):404–410.
69. Naiki H, Higuchi K, Hosokawa M, Takeda T: Fluorometric determination of
amyloid fibrils in vitro using the fluorescent dye, thioflavin T1. Anal
Biochem 1989, 177:244–249.
70. Levine AD, Rangwala SH, Horn NA, Peel MA, Matthews BK, Leimgruber RM,
Manning JA, Bishop BF, Olins PO: High level expression and refolding of
mouse interleukin 4 synthesized in Escherichia coli. J Biol Chem 1995,
270:7445–7452.
71. Peternel S, Grdadolnik J, Gaberc-Porekar V, Komel R: Engineering inclusion
bodies for non denaturing extraction of functional proteins. Microb Cell
Fact 2008, 7:34.
72. Garcia-Fruitos E, Aris A, Villaverde A: Localization of functional
polypeptides in bacterial inclusion bodies. Appl Environ Microbiol 2007,
73:289–294.
73. Hoffmann F, Rinas U: Roles of heat-shock chaperones in the production
of recombinant proteins in Escherichia coli. Adv Biochem Eng Biotechnol
2004, 89:143–161.
74. Thomson NM, Saika A, Ushimaru K, Sangiambut S, Tsuge T, Summers DK,
Sivaniah E: Efficient production of active polyhydroxyalkanoate synthase
in Escherichia coli by coexpression of molecular chaperones. Appl Environ
Microbiol 2013, 79:1948–1955.
75. Barrow CJ, Yasuda A, Kenny PTM, Zagorski MG: Solution conformations
and aggregational properties of synthetic amyloid beta-peptides of
Alzheimer’s disease. analysis of circular dichroism spectra. J Mol Biol 1992,
225(4):1075–1093.
76. Strandberg L, Veide A, Enfors SO: Production of the hybrid protein
staphylococcal protein A/Escherichia coli β-galactosidase with E. coli.
J Biotechnol 1987, 6:225–238.

Page 13 of 14

77. Ramos-Cerrillo B, Olvera A, Odell GV, Zamudio F, Paniagua-Solis J, Alagon A,
Stock RP: Genetic and enzymatic characterization of sphingomyelinase D
isoforms from the North American fiddleback spiders Loxosceles boneti
and Loxosceles reclusa. Toxicon 2004, 44:507–514.
78. Nielsen EH, Nybo M, Svehag SE: Electron microscopy of prefibrillar
structures and amyloid fibrils. Methods Enzymol 1999, 309:491–496.
79. Schrodel A, de Marco A: Characterization of the aggregates formed
during recombinant protein expression in bacteria. BMC Biochem 2005,
6:10.
80. Kraus E, Femfert U: Proteinase K from the mold Tritirachium album
Limber. specificity and mode of action. Hoppe Seylers Z Physiol Chem 1976,
357:937–947.
81. Wu CC, MacCoss MJ, Howell KE, Yates JR 3rd: A method for the comprehensive
proteomic analysis of membrane proteins. Nat Biotechnol 2003, 21:532–538.
82. Caughey BW, Dong A, Bhat KS, Ernst D, Hayes SF, Caughey WS: Secondary
structure analysis of the scrapie-associated protein PrP 27-30 in water by
infrared spectroscopy. Biochem 1991, 30:7672–7680.
83. Hubbard SJ, Beynon RJ, Thornton JM: Assessment of conformational
parameters as predictors of limited proteolytic sites in native protein
structures. Protein Eng 1998, 11:349–359.
84. Taglicht D, Padan E, Oppenheim AB, Schuldiner S: An alkaline shift induces
the heat shock response in Escherichia coli. J Bacteriol 1987, 169(2):885–887.
85. Slonczewski JL, Macnab RM, Alger JR, Castle AM: Effects of pH and
repellent tactic stimuli on protein methylation levels in Escherichia coli.
J Bacteriol 1982, 152:384–399.
86. Zilberstein D, Agmon V, Schuldiner S, Padan E: Escherichia coli intracellular
pH, membrane potential, and cell growth. J Bacteriol 1984, 158:246–252.
87. Martinez KA, Kitko RD, Mershon JP, Adcox HE, Malek KA, Berkmen MB,
Slonczewski JL: Cytoplasmic pH response to acid stress in individual cells
of Escherichia coli and Bacillus subtilis observed by fluorescence ratio
imaging microscopy. Appl Environ Microbiol 2012, 78:3706–3714.
88. Wilks JC, Slonczewski JL: pH of the cytoplasm and periplasm of
Escherichia coli: rapid measurement by green fluorescent protein
fluorimetry. J Bacteriol 2007, 189:5601–5607.
89. Saito H, Kobayashi H: Bacterial responses to alkaline stress. Sci Prog 2003,
86:277–282.
90. Padan E, Bibi E, Ito M, Krulwich TA: Alkaline pH homeostasis in bacteria:
new insights. Biochim Biophys Acta 2005, 1717(2):67–88.
91. Gale EF, Epps HMR: The effect of the pH of the medium during growth
on the enzymic activities of bacteria (Escherichia coli and Micrococcus
lysodeikticus) and the biological significance of the changes produced.
Biochem J 1942, 36:600–619.
92. Blankenhorn D, Phillips J, Slonczewski JL: Acid- and base-induced proteins
during aerobic and anaerobic growth of Escherichia coli revealed by
two-dimensional gel electrophoresis. J Bacteriol 1999, 181(7):2209–2216.
93. Bordi C, Théraulaz L, Méjean V, Jourlin-Castelli C: Anticipating an alkaline
stress through the Tor phosphorelay system in Escherichia coli. Mol
Microbiol 2003, 48(1):211–223.
94. Yohannes E, Barnhart DM, Slonczewski JL: pH-dependent catabolic protein
expression during anaerobic growth of Escherichia coli K-12. J Bacteriol
2004, 186(1):192–199.
95. Hayes ET, Wilks JC, Sanfilippo P, Yohannes E, Tate DP, Jones BD,
Radmacher MD, BonDurant SS, Slonczewski JL: Oxygen limitation
modulates pH regulation of catabolism and hydrogenases, multidrug
transporters, and envelope composition in Escherichia coli K-12. BMC
Microbiol 2006, 6:89.
96. Slonczewski JL, Fujisawa M, Dopson M, Krulwich TA: Cytoplasmic pH
measurement and homeostasis in bacteria and archaea. Adv Microb
Physiol 2009, 55:1–79. 317.
97. Maurer LM, Yohannes E, BonDurant SS, Radmacher M, Slonczewski JL: pH
regulates genes for flagellar motility, catabolism, and oxidative stress in
Escherichia coli K-12. J Bacteriol 2005, 187:304–319.
98. Stancik LM, Stancik DM, Schmidt B, Barnhart DM, Yoncheva YN,
Slonczewski JL: pH-dependent expression of periplasmic proteins and
amino acid catabolism in Escherichia coli. J Bacteriol 2002,
184(15):4246–4258.
99. Yu J, Xiao J, Ren X, Lao K, Xie XS: Probing gene expression in live cells,
one protein molecule at a time. Science 2006, 311:1600–1603.
100. Trujillo-Roldán MA, Peña C, Ramirez OT, Galindo E: Effect of oscillating
dissolved oxygen tension on the production of alginate by Azotobacter
vinelandii. Biotechnol Prog 2001, 17:1042–1048.

Castellanos-Mendoza et al. Microbial Cell Factories 2014, 13:137
http://www.microbialcellfactories.com/content/13/1/137

Page 14 of 14

101. Rodriguez-Carmona E, Cano-Garrido O, Seras-Franzoso J, Villaverde A,
Garcia-Fruitos E: Isolation of cell-free bacterial inclusion bodies. Microb Cell
Fact 2010, 9:71.
102. Rodriguez-Carmona E, Villaverde A, Garcia-Fruitos E: How to break
recombinant bacteria: does it matter? Bioeng Bugs 2011, 2:222–225.
103. Laemmli UK: Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 1970, 227:680–685.
104. Mollenhauer HH: Plastic embedding mixtures for use in electron
microscopy. Stain Technol 1964, 39:111–114.
105. Castro-Acosta R, Rodriguez-Limas W, Valderrama B, Ramirez O, Palomares L:
Effect of metal catalyzed oxidation in recombinant viral protein
assemblies. Microb Cell Fact 2014, 13(1):25.
106. Seras-Franzoso J, Peebo K, García-Fruitós E, Vázquez E, Rinas U, Villaverde A:
Improving protein delivery of fibroblast growth factor-2 from bacterial
inclusion bodies used as cell culture substrates. Acta Biomater 2014,
10(3):1354–1359.
107. Díez-Gil C, Krabbenborg S, García-Fruitós E, Vazquez E, Rodríguez-Carmona
E, Ratera I, Ventosa N, Seras-Franzoso J, Cano-Garrido O, Ferrer-Miralles N,
Villaverde A, Veciana J: The nanoscale properties of bacterial inclusion
bodies and their effect on mammalian cell proliferation. Biomaterials
2010, 31(22):5805–5812.
108. Datta I, Gautam S, Gupta MN: Microwave assisted solubilization of
inclusion bodies. Sustain Chem Process 2013, 1:2.
doi:10.1186/s12934-014-0137-9
Cite this article as: Castellanos-Mendoza et al.: Influence of pH control in
the formation of inclusion bodies during production of recombinant
sphingomyelinase-D in Escherichia coli. Microbial Cell Factories 2014 13:137.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

