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Abstract

Background Lactic Acid Bacteria such as Lactococcus lactis, Latilactobacillus sakei (basonym: Lactobacillus sakei)

and Lactiplantibacillus plantarum (basonym: Lactobacillus plantarum) have gained importance as recombinant cell
factories. Although it was believed that proteins produced in these lipopolysaccharides (LPS)-free microorganisms
do not aggregate, it has been shown that L. lactis produce inclusion bodies (IBs) during the recombinant production
process. These protein aggregates contain biologically active protein, which is slowly released, being a biomaterial
with a broad range of applications including the obtainment of soluble protein. However, the aggregation
phenomenon has not been characterized so far in L. plantarum. Thus, the current study aims to determine the
formation of protein aggregates in L. plantarum and evaluate their possible applications.

Results To evaluate the formation of IBs in L. plantarum, the catalytic domain of bovine metalloproteinase 9 (MMP-
9cat) protein has been used as model protein, being a prone-to-aggregate (PTA) protein. The electron microscopy
micrographs showed the presence of electron-dense structures in L. plantarum cytoplasm, which were further
purified and analyzed. The ultrastructure of the isolated protein aggregates, which were smooth, round and with an
average size of 250-300 nm, proved that L. plantarum also forms IBs under recombinant production processes of
PTA proteins. Besides, the protein embedded in these aggregates was fully active and had the potential to be used
as a source of soluble protein or as active nanoparticles. The activity determination of the soluble protein solubilized
from these IBs using non-denaturing protocols proved that fully active protein could be obtained from these protein
aggregates.

Conclusions These results proved that L. plantarum forms aggregates under recombinant production conditions.
These aggregates showed the same properties as IBs formed in other expression systems such as Escherichia coli or L.
lactis. Thus, this places this LPS-free microorganism as an interesting alternative to produce proteins of interest for the
biopharmaceutical industry, which are obtained from the IBs in an important number of cases.

Keywords Lactiplantibacillus plantarum, Inclusion bodies, Recombinant proteins, Active aggregates, Protein
aggregation

*Correspondence: 'Programa de Produccié de Remugants, Institut de Recerca i Tecnologia
Anna Aris Agroalimentaries (IRTA), Caldes de Montbui 08140, Spain
anna.aris@irta.cat ’Departament de Biologia Evolutiva, Facultat de Biologia, Ecologia
Elena Garcia-Fruitos i Ciencies Ambientals, Universitat de Barcelona, Av. Diagonal 643,
elena.garcia@irta.cat Barcelona 08028, Spain

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-023-02120-3&domain=pdf&date_stamp=2023-6-8

Balta-Foix et al. Microbial Cell Factories (2023) 22:111

Background

Different recombinant protein production systems were
developed with the appearance of recombinant DNA
technology [1, 2]. This technology opened a huge spec-
trum of possibilities, from the obtainment of proteins dif-
ficult to isolate from their natural origin to the de novo
fabrication of polypeptides of interest. Different types of
organisms are used for recombinant protein production
purposes, including bacteria, yeast, fungi, algae, insect
cells and mammalian cells [3]. For proteins that do not
need specific post-translational modifications such as
glycosylation, bacteria display the best performance-cost
ratio as recombinant cell factories. More specifically,
Escherichia coli has been by far the most used bacterium,
due to low production costs, and a myriad of engineering
tools that it offers as expression system. Despite all the
advantages, the lipopolysaccharides (LPS) present in the
outer E. coli membrane is an important drawback since
the presence of endotoxin or LPS traces in recombinantly
produced proteins produces undesirable inflammatory
effects. Thus, extra purification steps, which are costly
and low-yield procedures, are required to reduce or
eliminate LPS from the final recombinant product [4-9].
In this scenario, alternative expression systems such as
Lactic Acid Bacteria (LAB), which are LPS-free and are
classified as Generally Regarded As Safe (GRAS) organ-
isms by the Food and Drug Administration (FDA), have
gained importance. The potential of this group of bacte-
ria has been demonstrated with microorganisms such as
Lactococcus lactis, Latilactobacillus sakei (basonym: Lac-
tobacillus sakei) and Lactiplantibacillus plantarum (bas-
onym: Lactobacillus plantarum), which have been used
as recombinant cell factories [10—19], presenting similar
performance to E. coli in many cases.

The possibility to produce and isolate recombinant
soluble proteins from the cytoplasmic fraction of L. lac-
tis is well known, as well as the use of secretion strate-
gies to recover the protein of interest from the culture
media [10, 12, 19-22]. Although it is generally accepted
that L. lactis does not form aggregates during recombi-
nant production processes [12], the existence of protein
aggregates or inclusion bodies (IBs) in the cytoplasm of
this gram-positive microorganism has been documented
[11, 23].

IBs are protein deposits that are generated in recom-
binant bacteria under overexpression conditions [5].
Their size ranges from 50 to 500 nm, mainly presenting
spherical shapes [23-25] and high stability [23, 26-29].
However, some differences in size and surface func-
tional group density have been described in IBs of the
same proteins produced by different bacterial systems
[26]. Besides, it has been broadly demonstrated that IBs
are formed by active forms of the overexpressed protein,
which are embedded in an amyloid-like structure [23].
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The activity of these protein nanoparticles produced
either in E. coli or L. lactis has led to study their appli-
cability in biotechnology, material sciences and medicine,
as biocatalysts [30-32], scaffolds in tissue engineer-
ing [24], immunomodulators [28, 29, 33], antimicrobial
agents [34], and drug delivery systems in cancer therapy
[35-37]. Besides, IBs can be used as a source of soluble
and active protein [5]. This strategy becomes very useful
for the purification of proteins that are either difficult-to-
express (DTE) or prone-to-aggregate (PTA), which pres-
ent low yields when they are directly isolated from the
bacterial cytoplasm in its soluble form.

Although soluble and aggregated forms have been very
well-characterized in E. coli and in L. lactis, they have
not been explored so far in other LPS-free systems like
L. plantarum. Thus, the current work aims to study and
characterize the aggregation phenomena in L. plantarum
to elucidate its capacity to produce IBs and their possible
applications. For that, the 39 KDa catalytic domain of
bovine metalloproteinase 9 (MMP-9cat) has been used as
model protein. It is an enzyme involved in many biologi-
cal processes such as extracellular matrix degradation,
wound healing, angiogenesis, reproduction, growth, and
tissue development [28, 38]. Although the whole bovine
MMP-9 has not been recombinantly produced so far, its
catalytic fragment has been previously produced in L.
lactis [5, 23] and in Clearcoli and it has been described as
a PTA protein [13].

Results

Solubility of MMP-9cat produced in L. plantarum

To analyze the MMP-9cat production and solubility using
L. plantarum as cell factory, we determined the percent-
age of protein in the soluble fraction and in the insoluble
(or aggregated) fraction at 1, 3 and 5 h post-induction.
The results obtained showed that MMP-9cat produced
in L. plantarum has a high aggregation rate with 100% of
protein aggregated at 1 and 3 h post-induction, and 97.9%
+ 1.1 at 5 h post-induction (Fig. 1).

Characterization of MMP-9cat IBs by electron microscopy
When L. plantarum cells were analyzed by Transmission
Electron Microscopy (TEM), clear electron-dense struc-
tures with an average size of 250-300 nm were observed
post-induction in the pole of the cells (Fig. 2B). These
aggregates observed after induction were not present in
TEM micrographs of L. plantarum cells at 0 h (Fig. 2A),
proving that they were formed during recombinant
production.

After production, IBs were purified following standard
protocols based on a cell disruption followed by several
washing steps with the presence of mild detergents. The
ultrastructural morphometry of purified IBs was charac-
terized by Field Emission Scanning Electron Microscopy
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Fig. 1 Percentage of aggregation of MMP-9cat produced in Lactiplantiba-
cillus plantarum at 1,3 and 5 h post-induction. The aggregated MMP-9cat
is represented in black and the soluble MMP-9cat is represented in white.
Error bars indicate the standard error (SE).

(FESEM) and micrographs showed smooth and round
nanoparticles (Fig. 2C) and confirmed the average size of
250-300 nm shown in TEM micrographs (Fig. 2B).

Solubilization and purification of MMP-9cat from IBs

After the characterization of IBs by electron microscopy,
the next step was to confirm the presence of MMP-9cat
inside the aggregates. Purified IBs were analyzed through
Western Blot and Coomassie staining (Fig. 3). The yield
and purity were calculated by densitometry analysis
(Table 1).

Aiming to determine if the aggregates produced in this
recombinant cell factory were constituted of biologically
active MMP-9cat, we analyzed their activity after a mild
solubilization process. For that, recombinant expression
of MMP-9cat in L. plantarum cells was induced with 50
ng/mL SppIP and 3 h post-induction, bacterial cells were
disrupted by a cell disruptor (Fig. 4). Then, purified IBs
were incubated at room temperature (RT) for 0, 24, 48
and 72 h and their activity was determined along the sol-
ubilization kinetics of MMP-9cat IBs (Fig. 4 (5), Fig. 5A).
The activity assay proved that purified IBs were active,
since although they showed activity at 0 h the specific
activity significantly increased after the non-denaturing
solubilization process (Fig. 5B, p<0.05).

Taking 48 h as solubilization time, the protein solu-
bilized from IBs was recovered and further purified by
affinity chromatography (Fig. 4 (6)) and the soluble pro-
tein obtained from the solubilized aggregates was further
characterized. The purification chromatogram of the
soluble MMP-9cat showed that the protein was eluted in
4 different peaks (Fig. 6A). The final yield and the purity
of each peak were quantified by Western Blot and Coo-
massie staining, respectively (Fig. 6B). All the purified
peaks contained pure protein at concentrations ranging
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Fig. 2 Electron microscopy characterization of MMP-9cat IBs in Lactiplan-
tibacillus plantarum and purified MMP-9cat IBs. (A) Representative TEM
micrographs of ultrastructure of longitudinal and transversal bacilli sec-
tions at 0 h post-induction without the presence of MMP-9cat IBs and (B)
3 h post-induction with the presence of MMP-9cat IBs. Bars size represents
100 nm. (C) Representative FESEM micrographs showing smooth surface,
similar size, and round shape of purified MMP-9cat IBs. Bars size represents
100 nm.

from 0.21 to 1.90 mg/L, with peak 1 being the most con-
centrated (Table 2).

Soluble MMP-9cat and MMP-9cat IBs specific activity

The activity assay proved that soluble MMP-9cat was
more active than IBs, which needed much greater con-
centrations to achieve similar activities (Fig. 7). Peak
1 showed a specific activity higher than peaks 2, 3 and
4 (p<0.001), which did not statistically differ in activ-
ity (Fig. 7). The specific activity of the 4 peaks of soluble
MMP-9cat was also compared with that of the purified
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Fig. 3 Confirmation of MMP-9cat presence in Lactiplantibacillus planta-
rum 1Bs by Western Blot with Anti-His antibody and Coomassie staining.
The arrow indicates the band with the theoretical size of the protein.

Table 1 Yield and purity of purified MMP-9cat IBs produce in
Lactiplantibacillus plantarum.

Yield
4.56 mg/L

Purity
80.69%

MMP-9cat IBs

IBs, which presented a specific activity similar to peaks
2, 3 and 4 (Fig. 7). However, it is important to note that
amount of IBs used in the assay is higher (100 pg) than
that of the soluble version (1 pg).

Discussion

Different authors have shown that L. plantarum can be
used as recombinant expression system, obtaining prod-
ucts for different biological applications [17, 18, 39-43].
The expression of enzymes has been widely explored,
obtaining high yields and good enzymatic activities of
secreted a-amylases [39], B-galactosidases [18, 41], chi-
tinases [17], reductases [42] or decarboxylases [43].
Moreover, L. plantarum has been exploited as life vector
for the surface displaying of foreign antigens, being able
to induce good immune responses in chickens [44] or
mice [45, 46], to recruit T cells [47] or to stimulate mono-
cytes in vitro [48]. Although these studies have proven
that L. plantarum is an interesting bacterial expression
system, the production and aggregation rates of PTA
proteins have not been explored so far in this LPS-free
bacterial cell factory. L. plantarum has been used on
some occasions as an alternative to E. coli, to avoid or
reduce the aggregation of proteins during the recom-
binant production process [49], but no studies focusing
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on the possible formation of IBs have been reported so
far. Thus, in the present study, we used as model protein
the catalytic domain of metalloproteinase 9 (MMP-9cat),
which has previously been described to be a protein
with a high tendency to aggregate [13, 23]. As previ-
ously observed in L. lactis [23] and Clearcoli [13], when
the catalytic domain of MMP-9 is produced in L. plan-
tarum practically all the produced protein was found in
the aggregated fraction (Fig. 1), which proved that the
MMP-9cat’s high tendency to aggregate is not expression
system-dependent. When L. plantarum cells were ana-
lyzed under electron microscopy typical bacilliform cells
were observed (Fig. 2A and B) and after the induction of
MMP-9cat expression, electron-dense structures were
localized in the cell pole (Fig. 2B). Thus, TEM micro-
graphs clearly proved for the first time the formation of
intracytoplasmic protein deposits in L. plantarum under
overproduction conditions, as previously described
in E. coli [50], L. lactis [23], and P. pastoris [51]. When
these protein aggregates were purified, the morphology
of this nanomaterial was analyzed by FESEM (Fig. 2C).
The ultrastructure of the protein aggregated formed in
L. plantarum (Fig. 2C) clearly resembled that of the IBs
formed in E. coli [25, 52, 53] and L. lactis [23, 26], being
smooth and round particles within the nanoscale range
with a size around 250-300 nm. Although this size is
slightly smaller than MMP-9cat IBs formed in L. lactis,
it is a size in the range of the spectrum of IBs previously
described in the literature [54]. Previous studies have
shown that production conditions and strain can slightly
impact on IB size and shape [23]. Thus, the size and shape
of the IBs purified from L. plantarum are evidences of the
consolidated aggregation process that occurs during the
recombinant protein production in this GRAS expression
system.

Besides, the protein yield and purity (Fig. 3B) were
comparable to other expression systems such as E. coli
or L. lactis. Considering that all the MMP-9cat pro-
duced in L. plantarum aggregated, the insoluble fraction
was further characterized in terms of protein activity.
In previous studies, it has been widely demonstrated
that IBs are active in their aggregated format [23, 32, 34,
55] and capable to release the protein embedded inside
them [56]. Thus, to evaluate the L. plantarum IBs char-
acteristics, an initial solubilization kinetics test was
done (Fig. 4 (5), incubating IBs for 24, 48 and 72 h. The
results showed that this simple solubilization process
was enough to observe a significant time-dependent
increase in the activity (Fig. 5), which indicated that pro-
tein bioavailability increases. That was the first evidence
that the proteins embedded in L. plantarum IBs were
active and the first sign of protein release from these
aggregates. This showed that L. plantarum 1Bs have the
same properties as protein aggregates formed in other
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Fig. 4 Schematic representation of production, isolation and solubilization of MMP-9cat IBs. Lactiplantibacillus plantarum NC8 cells were transformed
with the pSIP:MMP-9cat plasmid carrying the catalytic fragment of the bovine MMP-9 (1). Cells were grown in MRS medium, and the protein production
was induced with sakacin P inducing peptide (SpplP) (2). After protein production, Lactiplantibacillus plantarum cells were disrupted (3) and centrifuged
to recover the pellet containing MMP-9cat IBs (4). In an intermediate step, IBs were partially solubilized to evaluate their potential activity (5). Finally, the
pellet was completely solubilized using a non-denaturing process and the soluble protein obtained after a centrifugation process was further purified by

immobilized metal affinity chromatography (IMAC) (6).

bacterial expression systems, having therefore the poten-
tial to be used as a source of soluble protein or as active
nanoparticles in their aggregated form for a wide range of
applications.

Taking it a step further, the solubilized protein from
the IBs using a non-denaturing protocol was purified by
affinity chromatography (Fig. 4(6)). Four different MMP-
9cat peaks were eluted (Fig. 6A) as described in previ-
ous studies where the same protein was produced in
Clearcoli and L. lactis [13]. The yield and purity achieved
(>99%) in the 4 eluted peaks in L. plantarum (Fig. 6B

and C) was comparable to that observed when MMP-
9cat was produced in L. lactis [13]. However, in Clearcoli
the purity and yields of the protein solubilized found in
a previous study were lower [13]. In L. plantarum, the
protein activity differed among the 4 peaks (Fig. 7). Peak
1 of soluble protein showed an activity higher than that
observed with peaks 2, 3 or 4, which showed similar lev-
els among them (Fig. 7). The same profile was observed
in a previous study in L. lactis, where peak 1 showed the
highest activity values [13]. In Clearcoli, however, peak 2
was the most active one and peaks 1, 3 and 4 showed just
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Fig. 5 Enzymatic activity of MMP-9cat IBs solubilized. (A) MMP-9cat activity kinetics of Lactiplantibacillus plantarum MMP-9cat I1Bs solubilized at RT for
0, 24, 48 and 72 h. (B) Specific activity of the solubilized MMP-9cat IBs for 0, 24, 48 and 72 h. Different letters depict significant differences between the

samples (p <0.05).
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Fig. 6 Characterization of soluble MMP-9cat after purification. (A) Chromatogram of soluble MMP-9cat with four elution peaks. (B) Western Blot with
Anti-His antibody and Coomassie staining of the purified protein (P1: peak 1; P2: peak 2; P3: peak 3; P4: peak 4). The black arrow marks MMP-9cat bands.

Table 2 Yield and purity of soluble MMP-9cat 4 peaks.

Yield Purity
Peak 1 1.92 mg/L >99%
Peak 2 0.70 mg/L >99%
Peak 3 0.56 mg/L >99%
Peak 4 0.21 mg/L >99%

residual activity [13]. In terms of activity values, peak 1
of L. lactis [13] showed an activity approximately 2-fold
higher than the presented by peak 1 in L. plantarum in
this study (Fig. 7). In the case of Clearcoli, the activity
values of peak 2, which was the most active one, [13] was
significantly lower than those shown by L. plantarum
and L. lactis [13]. Differences of activity observed in the
different elution peaks could be attributed to different

conformations of the protein eluted in each specific peak,
indicating that proteins with different conformations are
coexisting in the same protein aggregate.

We could also observe that the activity of MMP-9cat
IBs produced in L. plantarum was much lower than that
of the soluble version (Fig. 7). The amount of IBs ana-
lyzed in Fig. 7 were 100 pg while only 1 pg of the soluble
protein was used, which meant that an amount 100-time
higher of IBs is needed to reach the activity value of 1 pug
of soluble MMP-9cat (Fig. 7). This pattern is comparable
to that seen in E. coli and L. lactis with other proteins [13,
57] showing that the protein embedded in IBs has differ-
ent conformations and activities. Besides, it has already
been described that although IBs have lower activity than
their soluble counterpart, they have a huge potential
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Fig. 7 Specific activity of soluble MMP-9cat (1 ug) and MMP-9cat IBs
(100 pg). The specific activity of the 4 peaks of soluble MMP-9cat (purified
soluble MMP-9cat in Fig. 4) is represented in black and the SA of IBs (MMP-
9 cat IBs in Fig. 4) is represented in white. Different letters depict significant
differences between samples (p <0.001).

when administered in vivo due to their stability and their
capacity to slowly release the protein of interest [58].
Altogether we proved that L. plantarum IBs possess
the same properties as protein aggregates formed in
other bacterial expression systems, having the poten-
tial to be used as a source of soluble protein or as active
nanoparticles in their aggregated form for a wide range of
applications in biotechnology and biomedicine. The use
of IBs as a source of soluble protein is an extremely use-
ful approach when the protein of interest is not produced
in a soluble form. These proteins can be easily purified
in an active and highly pure form through a simple solu-
bilization process, which has proven to be effective also
for E. coli [34] and L. lactis [5] IBs. Therefore, L. planta-
rum arises as a new endotoxin-free environment system
to isolate IBs to obtain soluble and functional proteins in
any interested industry, which so far only uses E. coli IBs
as the starting material to produce an important percent-
age of the commercialized recombinant proteins [59].

Conclusions

These results demonstrated the aggregation process in L.
plantarum in general. The IBs produced by this expres-
sion system are another example that protein aggregation
is not a specific phenomenon occurring only in E. coli
and L. lactis. Moreover, the enzymatic activity of L. plan-
tarum IBs has been demonstrated and, in consequence,
this broadens the catalogue of possibilities to produce
proteins of industrial interest using IBs as a source of
soluble protein. Thus, L. plantarum gains relevance as
a promising LPS-free recombinant protein expression
alternative to E. coli.
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Methods

Strains and media

The bacterial strains used in this study were Lactococ-
cus lactis subsp. cremoris NZ9000 [60], Escherichia coli
JM110 (Stratagene, Ref: 200239-11) and Lactiplantiba-
cillus plantarum NC8 (CCUG 61,730, Culture Collec-
tion University of Gothenburg, Sweden) [61]. L. lactis
was grown in M17 media (Merck, Ref: 1,151,080,500)
supplemented with 0.5% glucose at 30 °C without shak-
ing. E. coli was grown in Luria-Bertrani media (10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl) at 37 °C with
continuous shaking at 250 rpm. L. plantarum was grown
at 30 °C without shaking in MRS media without glucose
(Conda, Ref: 1295) supplemented with 2% glucose when
necessary.

Plasmids and cloning

The part of the gene codifying for the catalytic domain
of bovine metalloproteinase 9 (MMP-9cat) (mmp9 gene
fragment; Phel07-Pro449 NM_174744)) was obtained
from L. lactis/pNZ8148:MMP-9cat (Cm®, chlorampheni-
col resistant) previously developed by our group [5, 23].
Plasmid pSIP409 (Erm®, erythromycin resistant), kindly
provided by Dr. Lars Axelsson [14], was used to clone
mmp9 gene fragment by replacing p-glucuronidase gene
(gus), flanked by Ncol and Xbal restriction sites. Briefly,
pSIP409 plasmid was transformed into E. coli JM110.
For the isolation of both plasmids pNZ8148:MMP-9cat
and pSIP409 the Spin Miniprep Kit (Qiagen, Ref: 27,104)
was used. For the purification of pNZ8148:MMP-9cat
from L. lactis [5] an extra lysis step adding 10 mg/mL of
lysozyme in the lysis buffer P2 for 1 h at 37 °C was added
being necessary for Gram-positive bacteria. Both plas-
mids (pNZ8148:MMP-9cat and pSIP409) were digested
by FastDigest Ncol and Xbal restriction enzymes (Ther-
moScientific, Ref: FD0574 and FD0684) for 1 h at 37 °C.
The mmp9 gene fragment obtained after this digestion
was ligated into digested pSIP409 (pSIP:MMP-9cat) by
T4 DNA ligase (ThermoFisher, Ref: EL0011) for 1 h at
22 °C. For this, 500 ng of vector and a 3:1 insert:vector
ratio were maintained within a final volume of 20 pL.
For its transformation in L. plantarum, ligation product
was purified to eliminate ligation buffers and T4 enzyme
using the Spin Miniprep columns (Qiagen), starting the
procedure after the lysis step.

For L. plantarum electrocompetent cell preparation,
cells were grown in MRS broth without glucose with 1%
glycine at 30 °C overnight (O/N) in anaerobic conditions.
The O/N culture was inoculated in fresh MRS media
with 2% glucose and 1% glycine at an optical density
(ODggyonm) of 0.25. The culture was incubated anaerobi-
cally at 30°C until the ODg,,, reached 0.6. The culture
was harvested and chilled on ice for 20 min before start-
ing washes. Then, the culture was centrifuged at 4,000 x g
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for 15 min at 4 °C followed by two washes with an equal
volume to that harvested, first with ice-cold 1mM MgCl,
and second with ice-cold 30% polyethylene glycol 1500
(PEG-1500). Finally, competent cells were resuspended in
1/100 initial volume of PEG-1500.

The transformation of L. plantarum was performed
following the protocol described by Aukrust and Blom
[62]. Briefly, 0.24 ug of the ligation product were added in
40 pL of electrocompetent cells and it was electroporated
using a Bio-Rad GenePulser under the following electri-
cal conditions: 1,500 V, 400 Q, and 25 uF in pre-cooled
2 mm electroporation cuvettes. After the pulse, cells were
restored in 1 mL of MRS with 2% glucose for 2 h at 30 °C
[62] and plated in MRS 2% glucose agar with 10 ug/mL
Erm for selection of transformants.

MMP-9cat production in Lactiplantibacillus plantarum
L. plantarum hosting pSIP:MMP-9cat was cultured
O/N under the conditions previously described. The
O/N culture was inoculated in 200 mL shake flasks at
ODgponm=0.1. MMP-9cat production was induced by
adding 50 ng/mL of sakacin P inducing peptide (SppIP)
(GenScript, Sequence: MAGNSSNFIHKIKQIFTHR)
[14] when the cultures reached ODyg,,,=0.3. After the
induction, cultures were grown for 5 h and 25 mL sam-
ples were taken at 0, 1, 3, and 5 h post-induction. Erm
was used for plasmid maintenance at 10 pg/mL.

Samples were harvested by centrifugation at 6,000 x g,
4 °C for 15 min. Pellets were suspended in 0.5 mL PBS 1X,
jacketed in ice and disrupted by sonication with Branson
Digital Sonifier SFX 550 for 3 rounds (0.5 s ON/0.5 s OFF,
total time 1.5 min, 10% A). After, soluble and insoluble
fractions were separated by centrifugation at 15,000 x g,
4 °C for 15 min. Insoluble pellets were suspended in 0.5
mL PBS 1X when needed for protein determination. The
experiment was done by triplicate.

Protein solubility determination

The soluble and insoluble protein fractions were analyzed
by Western Blot. A 15% denaturing sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) was
prepared. All samples were resuspended in PBS with
Laemmli loading buffer (100 mM Tris base, 8% glyc-
erol, 55 mM SDS, 4% p-mercaptoethanol, 1.6 M urea).
Soluble and insoluble (inclusion bodies) fractions were
boiled for 10 and 40 min before electrophoresis, respec-
tively. Protein bands were electroblotted into polyvinyli-
dene difluoride (PVDF) membranes at 2.5 A and 25 V
for 10 min, followed by a blocking step with BSA O/N
at 4 °C (5% BSA in TBST buffer: 10 mM Tris, 150 mM
NaCl, 0.05% Tween 20). Anti poly-histidine (Santa Cruz
Biotechnology; mouse) was used as the primary antibody
at a 1/1,000 dilution in BSA-TBST butffer, in which mem-
branes were incubated for 2 h at RT, followed by 3 washes
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in TBST buffer. Then, membranes were incubated in a
1/20,000 dilution in TBST of an anti-mouse IgG-alkaline
phosphatase (Sigma), used as secondary antibody, along
1 h at RT followed by 3 washes in TBST buffer. Protein
bands were developed after adding the alkaline phospha-
tase substrate solution NBT/BCIP (Thermo Scientific). A
protein marker, PageRuler™ Prestained Protein Ladder,
has been loaded in all the gels (ref. 26,616, ThermoFisher
Scientific). Bands were quantified with a standard curve
of purified soluble MMP-9cat previously produced in L.
lactis [5] Densitometry analyses were performed with
Image] software.

MMP-9cat Inclusion Bodies production and purification in
Lactiplantibacillus plantarum

Cultures of 1 L (1 L of media in 1 L bottles) of L. plan-
tarum/pSIP:MMP-9cat were grown at 30 °C with-
out agitation and induced with 50 ng/mL SppIP at an
ODgppnm=0.3. The whole volume was recovered after 3 h
of production and centrifuged at 6,000 x g for 15 min at
4 °C. Pellets of 500 mL of culture were suspended in 300
mL of PBS 1X with EDTA-free protease inhibitor cocktail
(Roche). Bacteria were mechanically disrupted by a cell
disruptor (Constant Systems Ltd) with 2 cycles at 40 kpsi.
Then, a freeze/thaw cycle was performed O/N at -80 °C.
After, lysozyme (50 mg/mL) at 0.01 mg/mL and mutano-
lysin (1,000 U/mL) at 1 U/mL were added and samples
were incubated for 2 h at 37 °C and 250 rpm. Just after
that, samples were frozen at -80 °C O/N and thawed the
next day. Then, samples were washed with 4 pL/mL Tri-
ton X-100 for 1 h at RT and 100 pL of sample were plated
onto MRS without glucose agar plates supplemented with
2% glucose. Plates were incubated O/N at 30 °C to evalu-
ate the presence of viable cells. If bacterial colonies were
observed, extra freeze/thaw cycles were performed until
complete elimination of viable bacteria. Once no colonies
were observed, the samples were washed in 0.25 pL/mL
Nonidet P40 for 1 h at 4 °C. After, they were then treated
with 6 pL/mL of 0.1 M MgSO, and 6 pL/mL of 1 mg/
mL DNase and incubated at 37 °C and 250 rpm for 1 h.
Finally, samples were centrifuged at 6,000 x g for 30 min.
Each pellet, containing IBs, of 50 mL of culture was
resuspended in 5 mL of lysis buffer (Tris 50 mM, NaCl
100 mM, 1 mM EDTA) with added 0.05% Triton X-100.
Once suspended, samples were frozen O/N at -80 °C and
thawed the next day. After thawing, samples were centri-
fuged at 6,000 x g for 30 min and suspended in 5 mL of
PBS. Finally, pure IBs were obtained after a centrifugation
step at 15,000 x g for 15 min discarding the supernatant.
IBs were quantified by Western Blot using the protocol
described in “Protein solubility determination”
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Electron Microscopy

Ultrastructural characterization of intracellular and iso-
lated IBs was performed with two high-resolution elec-
tron microscopy techniques. Imaging of intracellular
IBs was performed with standard Transmission Electron
Microscopy (TEM) procedures adapted to this type of
sample [23, 58, 63, 64]. Briefly, pellets of bacilli with and
without IBs were fixed with 2.5% glutaraldehyde in 0.1 M
phosphate buffer (PB) at pH 7.2, postfixed in 1% osmium
tetroxide containing 0.8% potassium ferrocyanide in PB,
dehydrated in acetone, embedded in Spurr resin and
polymerized at 60 °C during 48 h. Ultrathin Sect. (70 nm)
obtained with an ultramicrotome UCT?7 (Leica Microsys-
tems) were placed in Cu grids (200 mesh) and contrasted
following routine protocol of uranyl acetate and lead
citrate solutions. Samples were observed in a TEM JEM
1400 (Jeol) equipped with an Erlangshen CCD camera
(Gatan) and operating at 80 kV.

Ultrastructural morphometry (size and shape) of
nanoparticles was performed and characterized at
nearly native state with field emission scanning electron
microscopy (FESEM). Drops of 20 pL of IBs sample were
directly deposited on silicon wafers (Ted Pella Inc.) for
30 s and immediately observed without coating with a
FESEM Merlin (Zeiss) operating at 1 kV and equipped
with a high-resolution secondary electron detector.

Solubilization of MMP-9cat from IBs

MMP-9cat IBs were resuspended in Tris glycerol buffer
(20 mM Tris HCl pH=8 and 5% glycerol) at a concentra-
tion of 2 mg/mL. Aliquots of 50 pL containing 100 ug of
MMP-9cat IBs were solubilized at RT for 0 h, 24 h, 48
and 72 h. After solubilization, the mixture was recovered
to determine the activity kinetics and the specific activ-
ity (SA) of the partially solubilized MMP-9cat IBs, con-
taining a mixture of non-solubilized IBs and solubilized
protein.

Production and purification of the solubilized MMP-9cat

A culture of L. plantarum/pSIP:MMP-9cat was induced
for 3 h. The whole volume was centrifuged at 6,000 x g
for 15 min and 4 °C, and the pellets were frozen at -80 °C.
Pellets of 500 mL of culture were resuspended in 30
mL of PBS with EDTA-free protease inhibitor cocktail
(Roche). Samples were subjected to 4 rounds of French
Press disruption at 1,500 psi, intercalated by a minimum
of 5 min repose in ice. After that, 0.05 mg/mL lysozyme
(50 mg/mL) was added and samples were incubated for
2 h at 250 rpm and 37 °C. The mixture was centrifuged at
15,000 x g for 45 min and 4 °C, the supernatant was dis-
carded and the pellet was suspended in the same volume
of H,O and centrifuged again at 15,000 x g for 15 min
and 4 °C. Pellets were weighted and solubilized in 0.2%
N-lauroyl sarcosine and 40 mM Tris solution at a ratio
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1:40 (g:mL) for 48 h at RT under agitation. The superna-
tant was recovered through centrifugation at 15,000 x g
for 45 min at 4 °C.

NaCl and imidazole were added to the supernatant to
equilibrate the samples with the binding buffer composi-
tion (20 mM Tris pH=8, 500 mM NaCl, 20 mM Imidaz-
ole). After that MMP-9cat was purified by immobilized
metal affinity chromatography (IMAC) in an AKTA
purifier FPLC (GE Healthcare) using 1 mL HisTrap HP
columns (GE Healthcare). The selected fractions were
dialyzed in Tris Glycerol buffer (20 mM Tris HCI pH=8,
5% glycerol) O/N at 4 °C and with gentle agitation. The
amount of purified protein was determined by UV
absorbance measured with Nanodrop 1000 Spectropho-
tometer (Thermo Fisher Scientific). The integrity of the
proteins was analyzed by SDS-PAGE.

MMP-9cat purity determination

The purity of the soluble MMP-9cat purified by IMAC
and the purified MMP-9cat IBs was determined by
SDS-PAGE following a Coomassie staining (Bio-Rad
Laboratories) of the gel. After the electrophoresis, the
gel was stained for 1 h with gentle agitation. Then, the
excess stain was removed with distaining solution (30%
v/v methanol and 7% v/v acetic acid in distilled water).
Densitometry analyses by Image] software were per-
formed for purity calculation. Coomassie-stained bands
were compared with bands obtained by WB using the
protocol described in “Protein solubility determination®.
Coinciding bands in two techniques were considered as
MMP-9cat and the rest of the bands stained were con-
sidered impurities. The purity percentage was calculated
by dividing the densitometry outcomes of the bands of
interest by the densitometry outcomes of all bands.

Activity of the solubilized MMP-9cat, MMP-9cat IBs and
partially solubilized MMP-9cat IBs

The enzymatic activity of MMP-9 catalytic domain was
determined by DQ gelatin” assay (Invitrogen). Solubilized
MMP-9cat samples and MMP-9cat IBs samples were
diluted in Tris Glycerol buffer (20 mM Tris HCI pH=8,
5% glycerol) at specific concentrations depending on the
samples. Soluble MMP-9cat samples were diluted at a
concentration of 0.02 mg/mL and MMP-9cat IBs samples
were diluted at a concentration of 2 mg/mL. Partially
solubilized MMP-9cat IBs were totally recovered after
solubilization times of 0, 24, 48 and 72 h. The concentra-
tion of MMP-9cat IBs before solubilization was 2 mg/
mL. After samples preparation, 100 pL of Assay buffer
(50 mM Tris HCI pH=7.4, 150 mM NaCl, 5 mM CaCl,,
0.01% Tween 20) were loaded in an opaque 96-well plate
with transparent bottom. Then 50 pL containing either
1 pg of solublilized MMP-9cat or 100 pg of MMP-9cat
IBs or partially solubilized MMP-9cat IBs were plated by
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triplicate. Finally, 50 pL of 0.005 mg/mL dye-quenched
gelatin solution were added to each well. The degradation
of the gelatin (emission of fluorescence) was measured
in a Victor3™ Plate Reader (PerkinElmer’s) at 495/515
nm (excitation/emission wavelengths) every 30 s for
2 h for SA calculation, or every 3 min for 16 h for activ-
ity kinetics measurement. The SA of soluble MMP-9cat,
MMP-9cat IBs and partially solubilized MMPcat IBs was
extracted from the kinetic data, by obtaining the initial
velocity (relative fluorescence units per minute, rfu/min)
for each pg of MMP-9cat in the wells (rfu/min/pg). A
model using R was done to adjust data.

Statistics

SA experiments were analyzed by ANOVA and Tukey’s
multiple comparisons test (GraphPad) with different let-
ters depicting significant differences between samples.
All experiments were performed in triplicate and repre-
sented as the mean of non-transformed datatnon-trans-
formed standard error of the mean (SEM).
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