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Abstract

Background: Bacterial inclusion bodies (IBs) are non-toxic protein aggregates commonly produced in recombi-
nant bacteria. They are formed by a mixture of highly stable amyloid-like fibrils and releasable protein species with

a significant extent of secondary structure, and are often functional. As nano structured materials, they are gain-

ing biomedical interest because of the combination of submicron size, mechanical stability and biological activity,
together with their ability to interact with mammalian cell membranes for subsequent cell penetration in absence of
toxicity. Since essentially any protein species can be obtained as IBs, these entities, as well as related protein clusters
(e.g., aggresomes), are being explored in biocatalysis and in biomedicine as mechanically stable sources of functional
protein. One of the major bottlenecks for uses of IBs in biological interfaces is their potential contamination with
endotoxins from producing bacteria.

Results: To overcome this hurdle, we have explored here the controlled production of functional IBs in the yeast
Pichia pastoris (Komagataella spp.), an endotoxin-free host system for recombinant protein production, and deter-
mined the main physicochemical and biological traits of these materials. Quantitative and qualitative approaches
clearly indicate the formation of IBs inside yeast, similar in morphology, size and biological activity to those produced
in E. coli, that once purified, interact with mammalian cell membranes and penetrate cultured mammalian cells in
absence of toxicity.

Conclusions: Structurally and functionally similar from those produced in E. coli, the controlled production of IBs in P
pastoris demonstrates that yeasts can be used as convenient platforms for the biological fabrication of self-organizing
protein materials in absence of potential endotoxin contamination and with additional advantages regarding, among

others, post-translational modifications often required for protein functionality.
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Background

Inclusion bodies (IBs) are insoluble protein clusters
formed in Escherichia coli during recombinant pro-
tein production in the context of conformational stress
[1]. Although protein aggregation is an obstacle for the
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production of soluble proteins, the biological activity
shown by many IB-forming proteins represents an unex-
pected added value, of interest in the design of func-
tional soft materials for different biotechnological and
biomedical applications [2]. As an example, IBs formed
by enzymes display catalytic activities similar to those of
the enzyme in soluble form [3, 4]. In such immobilized
version, enzyme-based IBs (and the analogous mam-
malian aggresomes) can be used in catalysis, maintain-
ing their activity in several batch cycles of the reaction
process [5]. In addition, the unusual combination of
mechanical stability [6] (provided by amyloid-like fibrils,
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[7, 8]), membrane-crossing activities [9] and the ability
to release functional protein upon cellular uptake [10]
make IBs appealing substrate topologies and protein-
releasing materials in both tissue engineering [11] and
protein replacement therapies [10]. The above examples
underscore usefulness of IBs and make them an attractive
object of study with high potential for their application in
biomedicine and related fields.

A major obstacle in the development of IBs as materi-
als with biomedical applications is the presence of endo-
toxins in Gram-negative bacteria that must be cleared
up before application in biological interfaces. While the
removal of lipopolysaccharide (LPS) has been imple-
mented for soluble protein products [12-14], it is not
yet established for more complex materials such as IBs.
As an alternative to endotoxin removal, IBs might be
produced in endotoxin-free cell factories, a concept that
has been already explored in finely engineered E. coli
mutants but not in other common cell factories [15, 16].
In this context, the yeast Pichia pastoris (Komagataella
spp.) is not only an endotoxin-free cell factory but also
one of the most important microorganisms for recom-
binant protein production, both for soluble proteins
but also as for complex oligomeric ensembles [17-19].
Among others, self-assembling peptides [20, 21], heter-
ologous prion fibrils [22], oligomeric antigenic constructs
[23] and conventional virus-like particles (VLPs) [24]
have been successfully produced in this biological plat-
form. In this context, and although conformational stress
has been deeply examined in recombinant yeast [25-29],
there are no studies reporting the controlled production
of biologically active IBs or IB-like materials so far, and
only a limited number of olden reports described clus-
tered accumulation of non-functional recombinant pro-
tein in this system [30-35]. The controlled production
of functional IBs in yeasts would provide an additional
and highly appealing value. The composition of IBs, an
issue not fully determined in the regular producer E. coli,
might be largely variable and affected by process condi-
tions and the particular protein. Since many yeast spe-
cies have been formerly classified as generally recognized
as safe (GRAS) [36] and suitable for the production of
GRAS or food- or pharma-grade products [17, 19], IBs
from yeasts would surely be biologically safer in in vivo
administration (e.g., though oral delivery, [10]) than those
produced in bacteria. Thus, we set out to examine the
potential formation of IBs in P pastoris as model yeast,
by producing, intracellularly, an aggregation-prone GFP
fusion protein (VP1GFP) that forms fully fluorescent
IBs in E. coli. Since fluorescent, insoluble protein clus-
ters rich in cross-molecular beta-sheet architecture are
indeed formed upon recombinant gene expression, the
data presented here clearly demonstrate that P. pastoris,
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as a representative yeast species, can be used as a con-
venient factory for the desired production of biologically
active IBs.

Methods

Strains and plasmids

The VPIGFP gene sequence was codon-optimized
for expression in P pastoris and provided by GeneArt
(Thermo Fisher Scientific, Waltham, MA, USA). An
optimized gene containing an Mfel restriction site at 5
and Sfil at 3’ (Additional file 1) was inserted into a con-
stitutive pPM2dZ30-pGAP plasmid with the glyceral-
dehyde-3-phosphate dehydrogenase (GAP) promoter
and Zeocin resistance as selection marker. Cloning was
performed first using E. coli DH10B grown in Lysogeny
Broth (LB) rich media with 25 pg mL~! Zeocin, and plas-
mids were extracted and purified through a miniprep kit
(Stid-Laborbedarf Gauting, Germany). Before transfor-
mation into P pastoris, plasmids were linearized with
Avrll restriction enzyme in the GAP promoter region
for subsequent genome integration. Electrocompetent
wild type P. pastoris strain CBS7435 (= K. phaffii) cells
were transformed by electroporation (2000 V, 25 pF and
200 Q) with 2.5 pg of the linearized plasmid, and plated
on YPD-agar (per liter: 10 g yeast extract, 20 g soy pep-
tone, 20 g glucose, 10 g agar—agar, pH set to 7.5 with
NaOH) containing 50 pug mL™" Zeocin and cultivated for
48 h at 28 °C. Ten positive transformants were selected
and re-plated on YPD-agar On the other hand, plasmids
and media as well as the production and purification of
VP1GEFP IBs from E. coli MC4100 were described in a
previous study [37].

Screening of transformants

Selected P. pastoris clones were pre-cultured in 24 deep
well cultivation plates with selective YPD medium (2 mL
per well) overnight at 28 °C and 180 rpm. 2 mL of fresh
BM medium (per liter: 20 g glucose monohydrate, 10 g
yeast extract, 10 g peptone, 100 mM potassium phos-
phate buffer pH 6.0, 13.4 g yeast nitrogen base with
ammonium sulfate, 0.4 mg biotin) were then inoculated
to an initial ODgy, = 0.1, Glucose (1 %) was added every
12 h during cultivation at 28 °C and 180 rpm. Later, cul-
tures were diluted to an ODg,, = 0.5 and fluorescence
emission at 510 nm (excitation at 450 nm) was measured
in a 96 well plate reader (Infinity m200, Tecan, Minne-
dorf, Switzerland). Two clones per construct with high
(HY) and low (LY) fluorescence emission/protein yield
were selected.

Fluorescence microscopy
After cultivation in BM medium for 48 h, 1 mL of
each culture was diluted to ODgy,, = 10. Samples were
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centrifuged at 3000x g and resuspended in PBS and 5 pL
of the suspension were pipetted on a glass slide, covered
with a cover slip and viewed in a Leica DMI 6000 fluores-
cence microscope using an HCX PL APO CS 100 x 1.4
NA oil-immersion objective, differential interference
contrast (DIC) and a Leica L5 filter for GFP fluorescence
(Leica Microsystems, Germany). Images were analyzed
using LAS AF lite software (Leica Microsystems), and
Image J software.

IB production and purification

Isolated HY and LY clones were pre-cultured in 10 mL
of YPD selective medium at 28 °C and 180 rpm over-
night. 500 mL of BM medium in 2 L flasks were inocu-
lated with the pre-cultures to an initial ODgy;, = 0.1 and
were fed with 1 % glucose every 12 h during 48 h. Cul-
tures were centrifuged at 5000xg for 15 min and pellets
were resuspended in 25 mL of PBS (sterile and filtered).
The new suspensions were again centrifuged and pellets
were stored at —80 °C. Afterwards, pellets were diluted
in 20 mM Tris-buffer pH 8.0 containing 0.5 M NaCl and
yeast cells were disrupted by pressuring twice at 40 Kpsi
below 40 °C, using a cellular disruptor TS-5 4KW (Con-
stant Systems, Daventry Northants, UK). Disrupted sam-
ples were centrifuged and resuspended in 200 mL of PBS
containing 0.4 mM phenylmethylsulfonylfluoride (PMSF)
and EDTA-free protease inhibitor cocktail (Roche Diag-
nostics, Indianapolis, IN, USA). Mixtures were frozen
and thawed several times until there was no evidence of
bacterial contamination upon plating 100 pL of sample
on LB-agar. Then, 100 uL of nonylphenoxypolyethoxyle-
thanol (NP-40) (Roche Diagnostics) were added and sam-
ples incubated at 4 °C for 1 h. Later, 1 mM MgSO, and
DNase (1 pg/mL) were added and samples incubated at
37 °C for 1 h with shaking at 250 rpm and centrifuged at
15,000x g for 15 min at 4 °C. Pellets were resuspended in
25 mL of lysis buffer (50 mM TrisHCI, pH 8.0, 100 mM
NaCl, 1 mM EDTA) containing 0.5 % Triton X-100 and
100 pL of each sample were plated again in LB agar as
a contamination test. The samples were centrifuged at
15,000xg for 15 min at 4 °C and pellets resuspended in
PBS and divided in 5 mL aliquots. All of the aliquots were
centrifuged again at the same conditions as above and
pellets were finally stored at —80 °C until use.

Western blot

Disrupted samples were centrifuged at 7000xg for
30 min at 4 °C and supernatant (soluble cell fraction)
were separated from pellet (insoluble cell fraction). Pel-
lets were resuspended in 500 ml of 20 mM Tris pH = 8.0
and 0.5 M NaCl, containing EDTA-free protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, USA). Samples
were then heated at 98 °C (10 min for the soluble fraction
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and 45 min for the insoluble fraction). 20 uL of both sol-
uble and insoluble fraction were loaded separately into
10 % polyacrylamide gels for SDS-PAGE according to
Laemmli’s method. After running, proteins were trans-
ferred to a nitrocellulose membrane (GE Healthcare,
Buckinghamshire, UK) at 100 V 60 min using 0.2 M gly-
cine, 25 mM Tris, and 20 % methanol (v/v) as a transfer
buffer. The membrane was blocked with a 5 % milk pow-
der-PBS blocking buffer and incubated 2 h with anti-GFP
diluted 1/500 (sc-8334, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) as primary antibody following of 1 h
incubation with HRP conjugated anti-rabbit IgG (H+L)
antibody (Bio-Rad, Hercules, CA, USA) diluted 1/1000 as
secondary antibody. Bands were developed with a Super-
Signal Chemiluminescent Kit (Thermo Scientific) and
visualized in a VersaDoc MP imaging system (Bio-Rad).

Fluorescence and Attenuated Total Reflectance
spectroscopy

IB pellets were resuspended in 1 mL of PBS and fluores-
cence was measured in a Cary Eclipse fluorescence spec-
trometer (Agilent Technologies, Mulgrave, Australia) at
25 °C. The measurements were performed at a excitation
wavelength of 450 nm and emission of 510 nm.

Spectra were acquired at room temperature on a
Variant Resolutions Pro spectrometer coupled to an
Attenuated Total Reflectance (ATR) accessory. Pellets
were resuspended in D,O, placed in the crystal surface
(10 pL) and nitrogen gas dried. Two hundred fifty spec-
tra, recorded at a scan rate of 95 cm™!/min and a nomi-
nal resolution of 2 cm™?, were averaged for each sample.
The obtained series were corrected against a background
and the buffer was subtracted (D,0). Data treatment and
band deconvolution of the original amide I band were
performed by using the GRAMS software (Thermo Sci-
entific). Deconvolution was performed into a Lorentzian
curve, using a band shape of 20 and a K factor in the bes-
sel apodization of 2. The fitting of the bands to the origi-
nal spectra was performed by setting the band shape to a
Gaussian curve. The fitting was obtained by iteration in
two steps: first, the band positions were fixed and then
were left floating.

Internalization trials

HeLa cells (ATCC reference CCL-2) were cultured into
a treated 24 well plate (6 x 10* cells per well) with Mini-
mum Essential Medium (MEM, Gibco, Thermo Scien-
tific) supplemented with 10 % FBS and 2 mM Glutamax
(MEMa-FBS-G) 24 h at 37 °C and 5 % CO, After 24 h,
medium was removed and cells were immediately washed
twice with DPBS. Afterwards, 5 pg of VP1GEFP IBs along
with Optipro medium (Gibco, Thermo Scientific) supple-
mented with 2 mM L-Glutamine were added. The plate
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was incubated 24 h at 37 °C and after incubation, 250 puL
of trypsin (1 mg/mL) were added for 15 min to detach
cells and to remove IB protein that might be externally
associated. Trypsin was inactivated by the addition of
750 uL of MEMa-FBS-G and the cells were centrifuged
at 1200xg, at 4 °C for 5 min. Obtained samples were
analyzed on a FACS Canto system (Becton-Dickinson,
Franklin Lakes, NJ, USA) using a 15 W argon-ion laser at
488 nm excitation and fluorescence emission was meas-
ured with a 530/30 nm band pass filter.

Electron microscopy

Microdrops of VP1GFP IBs were deposited during 2 min
in silicon wafers (Ted Pella Inc., Redding, CA, USA), air-
dried and IBs morphometry (size and shape) at a nearly
native state was studied with a field emission scanning
electron microscope (FESEM) Zeiss Merlin (Oberkochen,
Germany) operating at 1 kV and equipped with a high
resolution in-/ens secondary electron detector.

Pellets of VP1GFP IBs and P. pastoris cells were fixed
in 4 % (w/v) paraformaldehyde (TAAB Lab., Reading,
Berkshire, UK) and 0.1 % (v/v) glutaraldehyde (EM grade,
Merck, Darmstadt, Germany) in phosphate buffer 0.1 M
(Sigma-Aldrich, Steinheim, Germany), cryoprotected
in glycerol (Sigma-Aldrich), cryofixed in propane in a
EMCPC (Leica Microsystems, Wetzlar, Germany), dehy-
drated in methanol (Merck), and embedded in Lowicryl
HM20 resin (Polysciences Inc., Warrington, PA, USA)
in a EMAFS automatic freeze substitution system (Leica
Microsystems). Ultrathin sections of selected areas were
placed on carbon-coated gold grids and labelled following
standard procedures for transmission electron micros-
copy (TEM). Briefly, sections were placed in blocking
buffer BSA-PBS containing glycine, incubated overnight
at 4 °C with a rabbit polyclonal anti-GFP diluted 1/25
(ab-6556, Abcam, Cambridge, UK) as primary antibody
followed by 40 min incubation with protein A coupled to
10 nm-gold particles diluted 1/50 (BBI Solutions, Cardiff,
Wales, UK). Grids were contrasted and examined with a
TEM JEM-1400 (Jeol Ltd., Tokyo, Japan) equipped with a
CCD Gatan ES1000 W Erlangshen camera.

Confocal microscopy

HeLa cells were cultured as described above, re-plated
into MatTek dishes (MatTek Corporation, Ashland, MA,
USA) at 1.5 x 10° cells per plate and incubated 24 h at
37 °C. Then, medium was removed and cells on the plates
were carefully washed twice with DPBS. 5 pg of insolu-
ble VP1GFP material were resuspended in 1 mL of Opti-
pro medium supplemented with 2 mM L-Glutamine and
added to plates for cell exposure, for 24 h at 37 °C. Plasma
membrane was labeled with 5 pg/mL Cell Mask " Deep
Red (Life Technologies, Carlsbad, CA, USA) and DNA
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with 5 pg/mL Hoechst 33342 (Life Technologies) in dark-
ness for 10 min.

The confocal images were collected on an inverted TCS
SP5 Leica Spectral confocal microscope using a HCX PL
APO lambda blue 63x/1.4 oil immersion objective. Image
size was set to 1024 x 1024 pixels. Excitation was via a
405 nm blue diode laser, 488 nm line of an argon ion laser
and 633 nm helium-neon laser. Optimized emission
detection bandwidths were configured at 425-485 nm
(Hoechst), 500-550 nm (GFP) and 650-800 nm (Cell
Mask) by hybrid detector. Sequential acquisition settings
were used to avoid inter-channel cross-talk. The confo-
cal pinhole was set to 1 Airy unit. Z-stack acquisition
intervals were selected to satisfy Nyquist sampling crite-
ria. Confocal Z-stacks comprising up to 50 images were
deconvolved using Huygens Essential software version
4.4.0 p6 (SVI, Leiden, The Netherlands) and were recon-
structed into 3D projections with the aid of Imaris x64 v.
7.2.1. software (Bitplane; Ziirich, Switzerland) with Sur-
pass mode.

Statistical analysis

All data were analyzed by ANOVA procedures and sig-
nificant differences between soluble and insoluble yield of
VP1GEFP protein in P. pastoris were established by paired
T test. In addition, specific fluorescence between E. coli
and P, pastoris IBs were compared by a Tukey HSD statis-
tical test. Raw data for all the experiments is provided in
the Additional file 2.

Results
Pichia pastoris cells were successfully transformed with
the plasmid pPM2dZ30-pGAP encoding a VP1GFP ver-
sion with a yeast-optimized gene sequence (Additional
file 1). The fusion protein VP1GFP forms fluorescent IBs
when overproduced in E. coli [3], because of the aggre-
gation-prone nature of the VP1 moiety (derived from a
foot-and-mouth disease virus VP1 protein). Ten P. pasto-
ris transformants were cultivated in deep well plates and
screened for their fluorescence. HY and LY clones were
selected as representative of higher and lower producers
within the set, respectively (Fig. 1), to evaluate the poten-
tial impact of gene dosage on the aggregation of encoded
proteins and possible IB formation. LY and HY clones
were checked by epifluorescence microscopy (Fig. 2). In
both of them, the cytoplasm of individual cells appeared
as fluorescent with heterogeneous areas of emission
(Fig. 2b), an observation that might be compatible with
protein deposition as aggregates. Essentially, all observed
individual cells were fluorescent (Fig. 2c).

In agreement with light microscopy examination, west-
ern blot analysis of cell extracts revealed the occurrence
of both soluble and insoluble VP1GFP versions (Fig. 3a),
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Fig. 1 Fluorescence screening of P. pastoris clones producing VP1GFP.
Clone # 3 was selected as low yield producer (LY) while # 10 as high
yield producer (HY)

with a higher fraction of soluble protein in both selected
clones (Fig. 3b). Both soluble and insoluble VP1GFP ver-
sions were fluorescent (Fig. 3a), and the specific fluo-
rescence of insoluble VP1GFP was comparable in HY
and LY clones (Fig. 3c), but significantly lower than
that shown by VP1GFP IBs produced in the wild type
MC4100 E. coli strain.

All these data were indicative for the occurrence of
insoluble but fluorescent VP1GFP produced in P pas-
toris, which appeared being organized as protein clus-
ters (Fig. 2b) similar to bacterial IBs. To check for
the presence of IB-like material, ultrathin sections of
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VP1GFP-producing cells were labeled for GFP and exam-
ined by TEM.

The obtained images showed the occurrence of GFP-
containing protein aggregates, of around 500 nm of
size and with regular, pseudo-spherical shape, not sur-
rounded by cell membranes (Fig. 4a—c). These materi-
als showed mechanical stability since they appeared as
pseudo-spherical nanoparticles once purified upon cell
disruption by harsh mechanical methods (Fig. 4c). The
surface of pure inclusions was rough (Fig. 4c), as generi-
cally observed in bacterial IBs (including those formed by
VP1GEFP) [9]. However, surrounding material, probably
debris from producing cells, were also observed in some
of the particles (Fig. 4c).

The similarity in morphology and size, aside from the
occurrence of fluorescence of VP1GFP IBs produced in
E. coli and the inclusions formed by the same protein in
P pastoris strongly suggested structural and physiologi-
cal analogies between the protein materials produced in
these species, which can be generated efficiently in both
bacterial and yeast platforms. Bacterial IBs are charac-
terized by the cross-molecular beta-sheet organization
adopted by the forming polypeptide [7], indicative of the
occurrence of amyloid-like fibrils [8] that confer poros-
ity and mechanical stability [6]. To explore if the inner
molecular architecture was also comparable between
both materials we analyzed VP1GEFP inclusions by ATR/
FTIR (Fig. 5).

There are no differences between amide I band deter-
mined in E. coli (MC) and HY IBs (Fig. 5a), neither in
the result of their deconvolution (Fig. 5b). Both spectra

Fig. 2 Imaging of LY and HY clones of P, pastoris producing VP1GFP. a DIC images at 100x magnification (scale bar, 20 um). b Fluorescence images
at 100x magnification (scale bar, 20 um) with upper right insets (scale bar, 5 pm). € Merged images using LAS AF Lite Leica Software. Images might
be not fully representative of actual fluorescence intensity, which is quantitatively reported in Fig. 1
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Fig. 3 Characterization of VP1GFP produced in P pastoris. a Anti-GFP blotting of VP1GFP soluble (S) and insoluble (1) cell fractions: M molecular
weight standard (EZ-RUN Pre-Stained Rec Protein Ladder, reference BP3603). b Amount of insoluble VP1GFP vs soluble VP1GFP produced in both
LY and HY clones. ¢ Specific fluorescence of insoluble VP1GFP purified from P. pastoris compared with IBs produced in E. coli MC4100. (**p < 0.001).
Specific fluorescence activity was estimated by the relation between the fluorescence units and the protein amount determined by Western blot

o A ’»,‘v Sitd AR 3
Fig. 4 Ultrastructural assessment of VP1GFP IBs in the yeast Pichia pastoris. General immuno-TEM view and detail of GFP labeling of entire yeast
cells showing well defined intracellular IBs not surrounded by membrane (a), and isolated IBs (b). Note the heavy immunolocalization revealed
by gold particles in both intracellular IBs and purified IBs, demonstrating the significant amounts of GFP in these nanoparticles. Dashed lines are
included to stress the IB surfaces. € General FESEM view and detail of purified IBs showing their homogenous size, round shape, and rough surface.
Barsize:a, € 0.5 um; B 0.2 um
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Random coil 1649 72 1647 69 1643 22
Amyloid-like (IB) 1625 21 1624 19 1625 35

Fig. 5 ATR/FTIR spectra of IBs from E. coli MC4100 (MC) and P, pastoris, in HY and LY strains. a Amide | band (black) and components resulting from
deconvolution. The component featuring IBs is labelled in red. b Quantitative results of the deconvolution of the amide | spectra. The component

featuring IBs is labelled in bold

show an amyloid-like (typical IB) component centered at
around 1625 cm™! (accompanied by the high frequency
antiparallel p-sheet component, centered at around
1680 cm™}), and a random coil component at around
1647 cm™!, with similar values for the percentage of the
corresponding areas. LY, however, is somehow different;
the random coil component decreases, the component
for turns/loops appears (1660 cm™'), and the amyloid-
like (IB) component is increased. The band at 1691 cm™!
is negligible. The area of the amyloid-like (IB) compo-
nent is higher for LY IBs (35 vs—20 %, Fig. 5b), but the
band is centered at the same wavenumber as for E. coli
and HY IBs (1625 cm™'); therefore, these B-sheets have
a similar packing. As a general rule, the position of the
- sheets components shifts to lower wavenumbers as a
result of increased hydrogen bonding, flattening of the
sheet, or enlarged number of strands [38]. The compo-
nent centered at 1625 cm™! found for all three cases une-
quivocally features the typical IB supra-macromolecular
architecture. Because LY IBs are expected to be formed
at a lower rate than those for HY and E. coli materials,
it would make sense to attribute the differences found in

the LY spectrum to an easier assembling into the IB for
the incoming molecules.

One of the IB properties that make these protein par-
ticles appealing from a biomedical point of view is their
membrane-crossing activity [9-11], which allows the
penetration of the materials into mammalian cells in
absence of toxicity while keeping the functionalities of the
IB-forming protein. HeLa cells were exposed to VP1GFP
IBs produced in yeast cells, and their potential inter-
nalization was monitored by GFP fluorescence retained
by cells after a harsh trypsin treatment described to be
effective in removing externally attached protein [39].
As observed (Fig. 6), when exposing the same amount of
aggregated protein, cells internalized yeast-derived IBs
with significantly higher efficiency than bacterial IBs,
measured by both percentage of uptaking cells (Fig. 6a)
and amount of internalized protein (Fig. 6b).

Intracellular localization of yeast IBs was assessed
by confocal microscopy and 3D image reconstruction
(Fig. 7a—c), showing in all cases a perinuclear localization.
Images were in all cases compatible with macropinocyto-
sis as main uptake mechanism, as recently demonstrated
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Fig. 6 In vitro internalization of VP1GFP IBs produced in E. coli
(MC4100 strain) and R, pastoris (HY and LY clones). a Penetration into
Hela cells was measured by flow cytometry counting the percentage
of fluorescent cells. b Mean fluorescence intensity was measured and
the relative amount of VP1GFP into Hela cells was estimated using
the specific fluorescence (FU/ug) of VP1GFP IBs. Row flow cytometry
data are shown in the Additional file 3

for bacterial IBs with similar size [9]. However, differ-
ential membrane staining showing more association of
yeast IBs with membranes was also observed (compare
Fig. 7a, b), which could be indicative of alternative routes
in the penetration of the material. Prior to further verifi-
cation of uptake routes, and since purified yeast IBs were
often observed with associated material (Fig. 4c), we
decided first to analyze the potential attachment of yeast
cell membranes to the particles. Membrane anchorage to
intracellular recombinant proteins is commonly observed
[40] and this fact is an intrinsic limitation of this particu-
lar cell factory [24]. Indeed, association of membranous
structures was observed in purified IBs from yeast but
not from bacteria (Fig. 7d), what prompted us to presume
that the differential imaging of IB engulfment (Fig. 7a,
b) was indeed due to preexisting IB-linked material. The
higher association of lipids in yeast IBs might also favor
the cellular penetrability of these materials.

Discussion

The exploration of self-organizing materials fabricated
in microbial cells offers appealing tools in different bio-
medical scenarios [41]. This issue specially applies to self-
assembling protein nanomaterials [42]. Resulting from
biological fabrication, they recruit regulatable structure
and functionality [43, 44] plus an inherent biocompat-
ibility absent in other composites within the nanoscale.
The non-toxic nature of most proteins has contributed
to the approval of hundreds of protein drugs for medi-
cal use with an increasing trend [45], while the poten-
tial to engineer protein self-assembling opens a plethora
of opportunities for the construction of functional and
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smart scaffolds in regenerative medicine [46] and in drug
delivery [47], among others. While E. coli is a choice sys-
tem for protein production, the removal of contaminant
endotoxins from the final product is an increasing matter
of concern, as it appears to be a common contaminant of
recombinant proteins that might cause, apart from tox-
icity, miss-consideration of protein activities in differ-
ent biological assays, both in vitro and in vivo [48-50].
Although endotoxin-free E. coli strains have been devel-
oped and appear as highly promising for protein produc-
tion [15, 16], the impact of relevant mutations in these
strains on complex protein structures still remains to be
fully determined [51]. In fact, features of both the genetic
background of the producing strain as well as details of
the purification process significantly affect the molecular
organization of fine protein oligomers [52, 53].

As an alternative, we explored the potential production
of IBs, namely functional protein aggregates of relevant
biomedical interest [54], in the yeast P pastoris. The
value of IBs is their unusual biophysical properties that
involve porosity, mechanical stability, membrane activity,
protein functionality and the ability to release active pro-
tein upon internalization in mammalian cells [2]. While
they are commonly observed in recombinant bacteria
and mammalian cells (as functional aggresomes [55, 56]),
reports about the formation of IBs or IB-like structures
in yeast cells are missing. Results obtained here indicate
that IBs are indeed formed in recombinant P pastoris
upon the overproduction of an aggregation-prone model
protein, under conventional production conditions and
without the need to apply stress pressures such as high
temperature. IB production appears as not being affected
by gene dosage as the protein clusters are formed with
comparable efficacies in both HY and LY clones (Fig. 3).
However, a slight difference in the inner molecular
organization of HY and LY clones (Fig. 5) might be indic-
ative of distinguishable conformational status of VP1GFP,
influenced in this case by gene dosage. In this context, the
specific fluorescence of VP1GEP yeast IBs is roughly the
50 % of that observed in the equivalent bacterial material
(Fig. 3). All these observations, in combination, indicate
that despite the different protein quality control network
and conformational stress responses acting in yeast and
bacteria [57], that might result in less functional IBs in
yeast, IB protein in P. pastoris can be found in a spec-
trum of conformational states, as it occurs in E. coli [4].
Of course, a significant number of IB-forming proteins
should be comparatively examined to determine generic
traits of yeasts regarding productivity and functionality
of IBs, compared to bacteria.

In any case, yeast IBs are structurally and functionally
similar from those produced in E. coli (Figs. 2, 4, 5). In
fact, these protein clusters, with a size and mechanical
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P.pastoris HY

‘4‘

P.pastoris LY

Fig. 7 Assessment of cell penetration of VP1GFP IBs exposed to mammalian cells by 3D reconstruction of confocal images. VP1GFP IBs (green
signals) were produced in a E. coli MC4100, (b) HY clone, and ¢ LY clone of P. pastoris. Membrane (red) and nuclear (blue) labelling is apparent. In d,
three-dimensional reconstruction of confocal microscopy images from VP1GFP IBs produced in either E.coli or P. pastoris. IBs were stained with cell
mask membrane labelling (red). Side view signal is displayed next to each image. The scale bar represents 500 nm

stability (even fluorescence intensity) comparable to
those from bacteria, (Figs. 2, 3, 6) penetrate cultured
mammalian cells very efficiently (Figs. 6, 7), proving their
membrane-active properties. The higher penetration of
yeast IBs in mammalian cells when compared to bacteria
IBs might be in part due to membrane contamination in
IB samples, as indicated by associated lipids (Fig. 7) and
supported by additional surrounding material seen in
electron microscopy (Fig. 4). For many potential applica-
tions, the removal of this cellular debris would probably
be a critical point in the optimization of IB purification in
yeast cells. Contrarily, in bacterial IBs, the separation of
whole bacterial cells itself has been an specially complex
issue [58].

Finally, the compositional analysis of bacterial IBs is
not yet a fully solved issue [59]. IBs are intrinsically com-
plex in composition, as they contain, apart for endotox-
ins, nucleic acids, lipids and proteins from the producing

cell, in proportions that are variable and depending on
parameters of the producing process and on the nature
of the IB-forming, recombinant polypeptide [1]. There-
fore, as their composition might vary from batch to
batch, production of these materials in biologically safe
microorganisms might smother regulatory constraints
even for soft applications such as in cosmetics, food
technologies and veterinary medicine, through mak-
ing the compositional profile less relevant. The food-
grade nature of many yeast species [60] as well as their
capacity to act as GRAS microorganisms and to produce
GRAS products [17, 25] are then additional appealing
properties regarding the use of yeasts as IB factories.
The recent discovery of IBs in recombinant lactic acid
bacteria [61, 62] also fits in this context. In brief, P. pas-
toris, as a representative species of protein-producing
yeasts, is revealed here as a suitable potential factory for
the production of functional IBs, in absence of potential
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endotoxin contamination and with the advantages
shown by yeast over bacteria regarding, among others,
biological safety and post-translational modifications
(mainly glycosylation) that are often required for protein
functionality.
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