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Abstract

Efficient protocols for the production of recombinant proteins are indispensable for the
development of the biopharmaceutical sector. Accumulation of recombinant proteins in
naturally-occurring protein aggregates is detrimental to biopharmaceutical development.
In recent years, the view of protein aggregates has changed with the recognition that they
are a valuable source of functional recombinant proteins. In this study, bovine interferon-
gamma (rBolFN-y) was engineered to enhance the formation of protein aggregates, also
known as protein nanoparticles (NPs), by the addition of aggregation-prone peptides (APPs)
in the generally recognized as safe (GRAS) bacterial Lactococcus lactis expression system.
The L6K2, HALRU and CYOB peptides were selected to assess their intrinsic aggregation
capability to nucleate protein aggregation. These APPs enhanced the tendency of the
resulting protein to aggregate at the expense of total protein yield. However, fine physico-

chemical characterization of the resulting intracellular protein NPs, the protein released
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from them and the protein purified from the soluble cell fraction indicated that the
compactability of protein conformations was directly related to the biological activity of
variants of IFN-y, used here as a model protein with therapeutic potential. APPs enhanced
the aggregation tendency of fused rBolFN-y while increasing compactability of protein
species. Biological activity of rBolFN-y was favored in more compacted conformations.
Naturally-occurring protein aggregates can be produced in GRAS microorganisms as protein
depots of releasable active protein. The addition of APPs to enhance the aggregation
tendency has a positive impact in overall compactability and functionality of resulting

protein conformers.

Abbreviations

NPs, nanoparticles; APPs, aggregation-prone peptides; GRAS, Generally Recognized as Safe;
rBolFN-y, recombinant bovine IFN-y; IBs, inclusion bodies; HSA, hot spot area; NHSA,

normalized hot spot area; a®vAHS, average aggregation-propensity hot spot

Keywords

Interferon-gamma, protein nanoparticles, protein aggregation, Lactococcus lactis,

Generally Recognized as Safe, conformational compactability

Introduction
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The efficient production and purification of recombinant proteins in a wide range of
expression hosts has driven the launch of a large number of biopharmaceutical products.
One of the most-studied and most-used gene expression systems for biopharmaceutical
products is Escherichia coli [1,2]. Prokaryotic endotoxin-free expression systems are being
explored to avoid the presence pro-inflammatory contamination by lipopolysaccharide
(LPS) components of the outer leaflet of the outer membrane of E. coli, including E. coli LPS
mutant strains [3,4] and Generally Recognized As Safe (GRAS) microorganisms, such as

Lactococcus lactis [5-7].

During recombinant gene expression, the stress imposed on the protein quality control
machinery leads, in most cases, to the accumulation of the recombinant protein in
aggregates that form intracellular nanoparticles (NPs), known as inclusion bodies (IBs) [8-
10]. These are dynamic and complex nanostructures with a variable content of recombinant
protein [11-13]. The trapped protein was formerly thought to be biologically inactive due to
aberrant protein conformations or inactive partially folded species incompatible with
biological activity. The recombinant protein can often be recovered, with low efficiency,
from the insoluble cell fraction by in vitro denaturing/refolding processes [14]. However,
this view of naturally occurring protein aggregates has changed radically since the detection
of biologically active protein embedded in these aggregates [15-17]. The classic view of
protein aggregates as mere inactive folding intermediates has been transformed into one
of heterogeneous porous multimeric structures stabilized by a scaffold of cross beta-sheet
structures containing conformers of the recombinant protein in which a spectrum of species

containing quasi-native conformations are incorporated [9]. It has been reported that
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biologically active protein species can be extracted from IBs, indicating the biologically
active nature of proteins forming these aggregates [18]. Hence, IBs are envisionaged as non-
toxic, biocompatible and mechanically stable materials from which biologically active
molecules of the recombinant protein can be released under mild solubilization and

physiological conditions [13,16,18-21].

Interest in the possibility of controlling the aggregation of recombinant proteins in these
types of nanostructures is increasing, and several aggregation-prone peptides (APPs) have
been identified for fusion with recombinant proteins to enhance the aggregation process in
the producing cell [22]. In this study, interferon (IFN)-y was selected as a model protein in
order to study the effect of the addition of APPs in naturally occurring protein aggregates
due to interest in this activity in biomedicine and its potential use in animal health. IFN-y is
the sole type Il IFN. IFN-y secretion by natural killer (NK) cells and antigen-presenting cells
enhances the innate immune response, while T-lymphocytes are involved in the secretion
of IFN-y in the adaptive immune response [23,24]. The activity of IFN-y depends on its
interaction, as a dimer, with the IFN-y receptor (IFNGR). Approved recombinant human IFN-
v can be obtained from the E. coli expression system, but novel protein formulations need
to be developed in GRAS expression systems due to safety concerns. In most reported
studies of the expression and purification of IFN-y, the recombinant protein is recovered

from the purified IBs through extensive denaturation-refolding processes [25-28].



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

In this work, the mature form of bovine IFN-y (rBolFN-y) protein (UniProtKB P07353,
residues 24 to 166) was produced in GRAS lactic acid bacteria (L. lactis) in the form of protein

NPs.

The ability of APPs fused to rBolFN-y to enhance the aggregation propensity of the
recombinant cytokine was analyzed and the link assessed between the biological activities
contained in protein NPs of IFN-y variants and their physicochemical characteristics. It was
found that the activity of the IBs is related to the specific biological activity of the
recombinant protein they contain, whereas the proportion of released protein is not the
main factor. The data presented illustrate the potential of endotoxin-free protein NPs as
active biomaterials to formulate, at the nanoscale level, releasable proteins of biomedical

interest.

Materials and methods

Bacterial strains and plasmids

E. coli MC4100 (StrepR) [29] was used for cloning genes for protein production in L. lactis.
E. coli DH5a was used for cloning genes in E. coli. L. lactis cremoris NZ9000 (Boca Scientific,
MA, USA), and ClearColi® BL21(DE3) (Lucigen, WI, USA) were used in experiments for each

expression system. Gene sequences were codon optimized for the L. lactis expression host



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

(Geneart, MA; USA, Suppl. Figure S1). For L. lactis expression vectors, IFN-y of bovine origin
(Bos Taurus; NM_174086.1 in Suppl. Figure S1) was cloned into the CmR pNZ8148 plasmid
(MoBiTech, Goettingen, Germany) as described in Supplementary Materials and Methods
and [6]. In addition, fusions of rBolFN-y with APPs were constructed (rBolFN-y_L6K2,
rBolFN-y_HALRU and rBolFN-y_CYOB; Figure 1). L6K2 is a surfactant-like peptide with
aggregating properties [30]. HALRU and CYOB are aggregating-prone peptides from
Cytochrome bo3 ubiquinol oxidase subunit 1 from E. coli (UniProtKB POABI8), HALRU:
Aragonite protein AP7 (UniProtKB Q9BP37) selected with AGGRESCAN [31] (see Table 1).
For Clearcoli®, the L. lactis codon-optimized bovine IFN-y gene was cloned into pETDuet-1
(Novagen, WI, USA) (Suppl. Figure S2 and Supplementary Materials and Methods). The
recombinant proteins were produced as the mature form of the IFN-y (from GIn24 to
Thr166; NP_776511.1) (Figure S2). All genes were C-terminally fused to a His-tag for
detection and quantification by western blot analysis and a linker with a predicted random

coil conformation was positioned between the IFN-y and APP as previously described [30].

Selection of APPs

APPs were selected by scanning the Disprot v6.02 database [32] with AGGRESCAN
software [31]. The selection was based on the assumption that APPs in solvent-exposed
regions were the best candidates for the purposes of this study. Two unstructured regions
were selected from two different proteins namely CYOB: Cytochrome bo3 ubiquinol oxidase

subunit 1 from E. coli (UniProtkKB POABI8) and HALRU: Aragonite protein AP7 (UniProtkB
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Q9BP37). CYOB was selected as the peptide displaying the highest hot spot area (HSA).
HALRU showed a high normalized hot spot area (NHSA) and average aggregation-propensity
hot spot (a4vAHS) while maintaining a significantly high HSA value relative to the other
identified peptides. L6K2 was selected based on previous experimental results [30] after
analysis with AGGRESCAN showed that this peptide had a high normalized HSA (NHSA) and
high average aggregation-propensity hot spot (a*vAHS) despite having shorter sequence

(Table 1 and Figure 1a).

Production and purification of rBolFN-y protein from the soluble cell fraction

Cultures of ClearColi® BL21 (DE3) cells transformed with the plasmid pETDuet-rBolFN-y
(Supplementary Materials and Methods) were incubated in a shake flask at 37 °C and
250 rpm in LB medium supplemented with 100 pg/ml ampicillin. Protein expression was
induced by adding 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG). The cultures were
then incubated at 20 °C and 250 rpm overnight for protein production. Cells were collected
by centrifugation (15 min, 6,000 x g, 4 °C), and soluble rBolFN-y protein was purified as
described in Supplementary Materials and Methods. Protein expression of L. lactis cells
transformed with plasmid containing the rBolFN-y gene was induced and purified as
described in Supplementary Materials and Methods and [6]. The control protein rBolFN-
v_Std, produced in E. coli was obtained from R&D Systems (2300-BG-025, R&D System:s,

MN, USA).
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Production and purification of rBolFN-y protein nanoparticles.

L. lactis cells transformed with expression plasmids (pNZ8148-rBolFN-y, pNZ8148-
rBolFN-y L6K2, pNZ8148-rBolFN-y HALRU and pNZ8148-rBolFN-y_CYOB) were grown as
above. NP production was induced by adding 12.5 ng/ml nisin (Sigma-Aldrich, MO, USA) to

L. lactis cultures. After induction, the cultures were grown for 5 h.

The protein NPs were purified using the protocol described previously (Supplementary

Materials and Methods and [6]).

Quantitative protein analysis
Recombinant proteins were quantified by denaturing SDS-PAGE as described previously
(Supplementary Materials and Methods and [33]). In addition, the yields of purified proteins

in each of the formats are shown in Table S1.

Ultrastructural characterization

To characterize the morphometry of the NPs, microdrops of protein aggregate
suspensions were deposited for 2 min on silicon wafers (Ted Pella Inc.), air-dried and
observed in a near-native state under a field emission scanning electron microscope
(FESEM) Zeiss Merlin (Zeiss, Obercochen, Germany) operating at 1 kV. Micrographs were
acquired with a high-resolution in-lens secondary electron (SE) detector. Images were taken

at magnifications ranging from 20,000x to 80,000x.

Z potential analysis
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Z potential (ZP) characterization of each kind of protein NP was carried out by Dynamic
Light Scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments Ltd, Malvern, UK). To
prevent the electrodes from burning, the samples were prepared in deionized (MilliQ)

water. Each sample was analyzed in triplicate.

Determination of rBolFN-y biological activity in bovine cells

The different rBolFN-y formulations described here were analyzed by a modified
kynurenine bioassay (Supplementary Materials and Methods and [34]). The
antiproliferative activity of IFN-y in this assay is related to the induction of the expression of
the indoleamine 2,3-dioxygenase 1 (IDO1) gene, which is the first and rate-limiting enzyme
in tryptophan catabolism. IDO1 catalyzes oxidative cleavage of tryptophan to N-
formylkynurenine. Following a hydrolysis step, the latter is transformed into L-kynurenine
by Ehrlich’s reagent, giving a yellow-colored compound absorbing at 490 nm [35]. The
absorbance vs IFN-y concentration (nmol/L) curves were adjusted to Eq. 1 [20]. Abs490 is
the absorbance at 490 nm, which represents an indirect measurement of IFN-y binding to
the receptor, Absmax is the maximal binding of IFN-y to the receptor, and Kp is the
equilibrium dissociation constant. A low value of Kp indicates high IFN-y affinity to the

receptor.

Absmax x [FNy (l)

Abs490 = [IFN7]+Kp

Assay of protein solubilization from protein nanoparticles

10
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The rBolFN-y protein NPs (rBolFN-y_L, rBolFN-y_L6K2, rBolFN-y_CYOB and rBolFN-
v_HALRU) were solubilized in PBS. In all cases, the concentration was adjusted to 1 umol/L.
After manual agitation, each sample was incubated at 37 °C for 96 h to reproduce the
conditions used during the biological activity analysis. Protein concentration was quantified
and the biological activity determined at a single concentration (0.72 nmol/L) as described

in previous section.

Interferon size determination

The volume size distribution of IFN-y was determined by DLS. A 60-ul aliquot (stored
at -80 °C) was thawed, and the volume size distribution of each protein format was
immediately determined at 633 nm (Zetasizer Nano ZS, Malvern Instruments Ltd, Malvern,

UK).

Analysis of protein conformation by intrinsic tryptophan fluorescence

Fluorescence spectra were recorded on a Cary Eclipse spectrofluorometer (Agilent
Technologies, CA, USA). A quartz cell with a 10-mm path length and a thermostatic holder
was used. The excitation and emission slits were set at 5 nm. The excitation wavelength
(Mex) was set at 295 nm. Emission spectra were acquired within a range from 310 to 550 nm.
The protein concentration was 14 umol/L in PBS DEFINE. To evaluate conformational
differences between the proteins, the center of spectral mass (CSM), was applied, the

weighted average of the fluorescence spectrum peak. The CSM was calculated for each of

11
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the fluorescence emission spectra [36] according to Eqg.2, where |; is the fluorescence

intensity measured at wavelength Ai.

.- Z/Ii.-li 2

CSM values were analyzed at room temperature and under thermal heating at 5 °C/min

rate.

Statistical analysis

Prior to the use of parametric tests, normality and homogeneity of variances were tested
using the Shapiro-Wilk test for all quantitative data or the Levene test for raw or
transformed data. Divergences between groups were tested with one-way ANOVA, and
pairwise comparisons were made with Student’s t tests. The results were expressed as the
arithmetic mean for non-transformed data * the standard error of the mean (x * SEM),
except otherwise stated.

The least squares method was applied to fit functions through a regression analysis to
determine the Kp values according to Eqg. 1. Significance was accepted at p <0.05, and
Bonferroni correction was applied for sequential comparisons. All statistical analyses were

performed with SPSS v. 18 for Windows.

Results and Discussion

Production of rBolFN-y in L. lactis

12
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In L. lactis, most of the rBolFN-y protein was detected in the soluble cell fraction in the
absence of any APP (Figure 1b, upper panel). This observation is in agreement with previous
results for the expression of the natural DNA sequence of the bovine IFN-y gene in E. coli
[37]. The presence of the APPs in the recombinant protein caused a noticeable shift of the
final products toward the insoluble cell fraction, as expected (Figure 1b, lower panel). The
purity of the protein aggregates ranged between 50-60 % in all constructs (Suppl. Figure
S3). The APP resulting in the highest aggregation tendency was the L6K2 peptide. In
addition, the presence of an APP tag also had a negative effect on the total recombinant
protein produced in the cell (Figure 1a, upper panel). The best APP in terms of aggregation
propensity and protein yield in the insoluble cell fraction, corresponded to the IFN-y L6K2
formulation. The performance of this surfactant-like peptide exceeded the predicted

aggregation-prone capabilities of CYOB and HALRU peptides (Table 1).

Nanoarchitectonic characterization of protein nanoparticles

The morphometry of purified protein NPs of the rBolFN-y variants was examined by
FESEM (Figure 2a). The images revealed the presence of multimeric complexes comprising
discrete NPs in addition to isolated protein NPs (inset Figure 2a). The NPs were similar to
rBolFN-y protein NPs obtained previously in this expression system [6]. ZP measurements
showed that all of the NPs presented negatively charged surfaces with negative values
ranging from -38 to -28 mV (Figure 2b), indicating the stability of the NP suspension. The

higher values of ZP obtained for the IFN-y variants provide information about particle

13
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stability, as NPs displaying higher ZP values (>+30 mV or <-30 mV) exhibit increased stability

due to greater electrostatic repulsion between particles [38].

Biological activity of soluble IFN-y and NPs of IFN-y

The activity of IFN-y is usually determined by an antiviral assay [39]. However, alternative
assays have been developed to simplify the procedure. One approach to evaluate IFN-y
activity mediated by IFN-y receptor binding is the detection of L-kynurenine. The activity of
IFN-y is highly species-specific and, a specific assay for the bovine IFN-y was developed and
validated in this study [34]. For validation, the activity of three soluble rBolFN-y proteins
was tested (Figure 3a). rBolFN-y_Std exhibited the lowest dissociation constant (Kp) among
the proteins purified from the soluble cell fraction (Figure 3a) with a similar value
determined for the human IFN-y [40]. The difference in this parameter with in-house IFN-y
produced in Clearcoli (rBolFN-y_E. coli) may be related to the absence of C-terminal variants
in this sample, the effect of the fused His-tag at the C-terminus, or other variables [41]. The
protein obtained from the L. lactis expression system displayed less activity, which may be
due to differences in the folding efficiency during the production process among prokaryotic
expression systems [42,43]. Once the activity assay was validated, the biological activity
contained in the IFN-y protein NPs produced in L. lactis was determined. The results showed
that all cells were able to elicit responses to the presence of the protein NPs, and the IFN-
v_L6K2 formulation displayed the highest initial rate and kynurenine production (Figure 3b).

The addition of HALRU and CYOB APP to IFN-y had a moderate effect on the cell response.

14
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It is of interest to know why the sample corresponding to protein NPs of IFN-y_L6K2 had the
highest activity and initial rate, even compared with commercial IFN-y. Consistent with this
observation, a previous analysis of the activity of recombinant 3-galactosidase produced in
E. coli in the form of protein NPs revealed higher specific activity than the corresponding
soluble version of the protein [15]. However, protein NPs obtained from E. coli have not
been characterized in detail. The activity displayed by E. coli IBs has been attributed to the
release of a spectrum of conformers of the recombinant protein, which leaves a scaffold
that is resistant to proteolysis and has an extensive cross-beta-pleated sheet conformation
[44,45]. For protein NPs of rBolFN-y produced in L. lactis, 30-40 % of the material is resistant
to proteolysis, indicating that the protein NPs obtained in this expression system follow
similar principles to the E. coli system [6]. Thus, the activities displayed by the protein NPs
are probably due to the partial release of the IFN-y that forms part of the macromolecular
complex [46]. To evaluate better the ability of the protein NPs to release protein, they were
incubated in PBS for 96 h to emulate the protein release conditions established during the
biological activity assay (see the experimental design used to obtain the different protein
samples in Figure 3c). Release of 52.67 %, 5.30 %, 0.42 % and 0.46 % was observed for IFN-
v, IFN-y_L6K2, IFN-y_HALRU and IFN-y_CYOB NPs, respectively. In order to analyze the
specific activity of the proteins released from the protein NPs, an activity assay was
performed and the results compared with proteins obtained directly from the soluble cell
fraction (Figure 3d). The results showed that the maximal specific activity corresponded to
the IFN-y_L6K2 protein released from NPs. In addition, the comparison of the specific

activity of the rBolFN-y protein produced in L. lactis and purified from the soluble cell
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fraction with that of the corresponding protein released from NPs suggested that the
released protein elicited better conformational performance (compare the second and last

bars in Figure 3d).

The addition of APPs to the rBolFN-y protein improved the aggregation profile of the
produced protein (Figure 1b). However, the presence of this type of peptide had a negative
effect on the overall production of the protein and, in the case of HALRU and CYOB, a major
impact on biological activity (Figure 3). From this, AGGRESCAN software is able to predict
the propensity of the resulting APP-containing recombinant IFN-y to aggregate and is a

reliable tool for analyzing solubility performance in the design of recombinant genes [31].

Physicochemical characterization of soluble IFN-y and nanoparticles of IFN-y

The precise physicochemical analysis of recombinant proteins is important for safety
concerns [47,48]. To further analyze the protein in different formats, DLS measurements
were performed (Figure 4a-4d). The rBolFN-y_Std exhibited a peak with a maximum at
7.6 nm, similar to the peak at 6.13 nm for the IFN-y produced in L. lactis. This configuration
(6-8 nm) might correspond to the dimeric form of the cytokine. However, the IFN-y obtained
from E. coli showed a tendency towards a larger size. Therefore, the specific activity of the
different rBolFN-y formats is not simply linked to the dimeric configuration, which is the
functional conformation when binding to the cell receptor, and some other variables might
be involved. When analyzing the size of the purified NPs, a peak above 1,000 nm was

detected, exceeding the upper sensitivity limit of the equipment (Figure 4b). The NPs were

16
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clustered in higher-order complexes from monomeric versions of 200 nm (Figure 2a). All
samples exhibited the same profile. After solubilization of the protein embedded in the NPs,
the size of the remaining material remained above 1,000 nm since the scaffold of the NPs
retained the overall structure after the protein was released (Figure 4d). The released
protein showed a narrow dispersion ranging from the dimeric size of the protein identified
in the samples obtained from the commercial IFN-y or the soluble version purified from L.
lactis detected in the upper panel of Figure 4a (Figure 4c). In addition, the polydispersity
index (Pl) of these samples was higher than that of the soluble IFN-y versions. The PI
corresponds to an estimate of the width of the distribution, and higher values of PI are
consistent with the data showing a pool of conformers in the folding of recombinant
proteins when the proteins are produced in the cell [49]. In contrast, in the protein versions
purified from the soluble cell fraction, the downstream processing based on affinity
chromatography selects only a narrow collection of conformers (only those that are able to
bind to the Ni%* in the resin). This indicates that the protein obtained during solubilization
assays from protein NPs is more representative of the diversity in conformations of a single

protein that are produced in the expression system.

To further analyze the link between the physicochemical properties and the specific
activity of the proteins, the fluorescence emission of Trp was recorded. Each fluorescence
emission spectrum was transformed into a CSM value. This parameter is related to the
relative exposure of the Trp to the protein environment. The maximum red-shift in the CSM
of the Trp spectrum is compatible with large solvent accessibility [50-52], whereas the blue

shift in the CSM corresponds to a Trp hidden in a more hydrophobic milieu [53]. The mature
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form of BolFN-y has a unique Trp at position 36, which is partially buried in the 3D structure
of the protein (PDB 1D9C) [54] and is not involved in either monomer or in cytokine-
receptor interactions, as shown in the 3D structure of the human tetrameric complex of the
cytokine dimer with the receptor (PDB 1FG9) [55]. A remarkable aspect of the intrinsic
fluorescence analysis is that all the rBolFN-y variants within the NPs or after solubilization
from the protein NPs exhibited lower CSM values than the samples obtained from the
soluble fraction (Table 2). These results suggest that the protein forming part of the NPs
and the protein solubilized from the aggregates have a more compact conformation than
the soluble version. The most active IFN-y soluble version corresponded to the commercial
IFN-y, which had the lowest CMS due to its highly compacted structure. The proteins
obtained from the soluble fraction of E. coli and L. lactis exhibited higher CMS values than
the commercial protein. These differences might be related to the distinct sizes detected
(Figure 4a). The rBolFN-y_E. coli was approximately three times larger than the same
protein produced in L lactis, indicating that the Trp residue was located in a more polar
environment compared with the L lactis form (Table 2). For the protein originating from the
particulate form, a blue shift was observed compared with the soluble versions, and the
CSM increased as it was resolubilized (lines 4 and 6 of Table 2). The CSM value of the
solubilized rBolFN-y_L. lactis protein sample did not reach that of the soluble counterpart
(lines 3 and 4 of Table 2). When the APPs were incorporated in the engineered protein
constructs, the solubilized proteins showed a decrease in the CSM values compared with
the protein NPs samples (lines 5 and 7). This behavior suggests a possible self-arrangement

of the tag within the protein that could replace water molecules and increase the
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hydrophobicity of the Trp environment. The CYOB construct (line 6 of Table 2) required a
specific analysis as this tag contributes five additional Trp residues to the whole protein
structure. In this case, the solubilized protein spectrum exhibited a modest red shift (higher
CMS value) compared with the particulate form, indicating that the solubilization process
exposed some of the Trp residues to a hydrophilic environment. The CSM values of the
CYOB and HALRU protein NPs remained unaltered after solubilization (Table 2, lines 6 and
7). These data are in accordance with the higher stability of the particulate forms, which

exhibited low levels of protein release.

The NP form of IFN-y also favored the specific activity (insets, Figure 3, L. lactis and non-
tagged rBolFN). This phenomenon is not only due to more active conformation of the
protein (Figure 4 and Table 2, line 3 vs line 4) [56] but also to the heterogeneous distribution
of the protein and the ability of the protein NPs to increase the effective concentration of
protein in the proximity of the receptor. Moreover, the formulation containing L6K2 was
the most efficient, even compared with the commercial protein. Solubilization clearly
conferred the most active and altered conformation of the protein without the tag.
Although a low percentage of protein was released from the NPs containing L6K2, at least
in PBS, this released protein seems to be sufficient to surpass the activity of the released
protein without a tag (Figure 3). Furthermore, the CSM thermal profile of the released
proteins demonstrated that L6k2 tag not only confers the highly compact structure (low
CSM value, Table 2) but also contribute to a unique and complete thermal unfolding profile

(Figure S4).

19



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

Another interesting aspect is the effect of the size of the tag on the structure-function of
the protein. The incorporation of a tag larger than 17 amino acids beyond the linker (Figure
1a) could generate steric problems preventing the interaction of tagged IFN-y with the
receptor. As shown in Figure 1, L6K2 is only 8 amino acids, compared with 17 amino acids
for HALRU and 38 amino acids for CYOB. The short size of the L6K2 tag might reduce the
difficulty of the interaction between L6K2-IFN-y and the receptor compared with the longer
IFN-y tags since the C-terminal end of the protein, where the APPs are fused, is located in

close proximity to the receptor in the 3D structure in PDB 1FG9.

In the recombinant protein production platform, the general consensus for improving
protein vyield is to improve the solubility of the protein. However, solubility and
conformational quality are not necessarily coincident parameters [57]. The functionalities
of the protein obtained from the soluble cell fraction or the protein NPs of rBolFN-y_L. lactis
in the present work supported these previous findings, as the protein obtained from the
soluble cell fraction was less active than that recovered from the protein NPs. The
compactabilities of the conformations of these proteins were in agreement with their
dissimilar biological activity. Therefore, results obtained in this study may indicate that the
compactability of protein conformations is a significant parameter related to stability and

function [58,59].

Conclusions
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In this study, it was demonstrated that the addition of aggregation-prone peptides
(APPs) promoted the production of naturally occurring protein nanoparticles (NPs) of
interferon gamma (IFN-y) in the generally recognized as safe (GRAS) Lactococcus lactis
expression system. The fine physico-chemical characterization of the resulting proteins
revealed that conformational compactability was directly related to the biological

performance of the recombinant IFN-y.
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FIGURE AND TABLE LEGENDS (DO NOT SUBMIT AS A SEPARATE FILE)

FIGURE 1 IFN-y constructs produced in E. coli and L. lactis (a) The general organization of

IFN-y constructs is configured (IFN-y)-Linker-APP-H6. The amino acid sequences of the linker
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and the APPS are shown below the schematic representation of the protein designs. (b)
Quantification of the production of IFN-y in IB-like nanoparticles in L. lactis (top) and
solubility (bottom) of IFN-y in L. lactis. Significant results are shown as * p <0.05 and **

p < 0.005.

FIG 2 (a) Ultrastructural characterization by FESEM of protein aggregates and purified
protein nanoparticles of rBolFN_y, rBolFN- y_CYOB, rBolFN-y_HARLU and rBolFN- y_L6K2.

Scale bars correspond to 200 nm. (b) ZP of purified protein nanoparticles.

FIG 3 Kynurenine levels measured by absorbance at 490 nm after treatment of EBTr cells
for 96 h with increasing amounts of rBolFN-y from different origins. (a) Soluble rBolFN-y
produced in the indicated expression system. (b) Protein nanoparticles of rBolFN-y
produced in L. lactis. The Kp values are indicated in the plot. (c) Schematic representation
of the protein samples used in the activity assays: soluble protein obtained from the soluble
cell fraction, protein NPs purified from the insoluble cell fraction, soluble protein obtained
from the protein NPs, and the NP core after a resolubilization procedure. (d) Comparison of
the activity between rBolFN-y protein obtained from solubilization of protein NPs and
purified rBolFN-y from the soluble cell fraction as indicated at 0.72 nmol/L. Different letters
depict differences between proteins (p < 0.001) except rBolFN-y from protein NPs and

rBolFN-y_E (p = 0.024).
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FIG 4 Recombinant IFN-y sizes in different supramolecular arrangements (purified soluble
IFN-y and INF-y IBs). (a) Soluble rBolFN-y from different origins: commercial rBolFN-y_Std,
in-house rBolFN-y from E. coli and L. lactis. (b) rBolFN-y IBs produced in L. lactis. (c) PBS
solubilized rBolFN-y from IBs after interferon release. (d) Scaffold of rBolFN-y IBs incubated
for 96 hours at 37 °C. The mean size and polydispersity index are indicated in brackets. The
average size data of the soluble proteins were analyzed by one-way ANOVA (! corresponds

to P<0.07).

Table 1 Selection of APPs from predictions of “hot spots (HS)” of aggregation in
polypeptides by AGGRESCAN [31]. CYOB: Cytochrome bos ubiquinol oxidase subunit 1
from E. coli, HALRU: Aragonite protein AP7. NA: Not applicable. HS: hot spot. HSA: hot

spot area. NHSA: normalized HSA. aavAHS: average aggregation-propensity in each HS.

Table 2 Center of spectral mass (CSM) of IFN-y protein preparations in soluble formats

or in protein NPs analyzed before and after the resolubilization protocol.
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