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Abstract

Non-viral protein nanocages (NVPNs) are highly ordered, nanometer scale architectures, which
are typically formed by homo- or hetero-self-assembly of multiple monomers into symmetric structures
with different dimensions and morphologies. The intrinsic characteristics of protein nanocages make
them very attractive as a biological nanomaterial, and include a high surface/volume ratio, multi-
functionality, ease to modify or manipulate genetically or chemically, high stability, monodispersibility,
and biocompatibility. Several applications have been implemented in a wide range of scientific areas
from biotechnology to biomedicine, showing that these nanocages can be a promising and interesting
tool. The development of such applications for NVPNs requires large amounts of pure and well-folded
assemblies. Consequently, the availability of more effective biomanufacturing processes is needed to
transform protein nanocages into valuable bioproducts. Moreover, these manufacturing processes
should be supported by analytical techniques adequate for the quality control and characterization of
the structure and biological function of nanocages.

The main objective of this work is the development of scalable and efficient processes for the
biomanufacturing of NVPNs. Two models of this type of protein nanocages, one natural and the other
artificial, were used throughout the work. Firstly, the production of both model nanocages in Escherichia
coli cells was set up and used as a benchmark manufacturing method. Additionally, the same production
was performed in the alternative bacterial host Vibrio natriegens, followed by an optimization process of
several relevant conditions. Afterwards, a purification strategy was developed using the NVPNs
produced both in E. coli and V. natriegens. The process was based on chromatographic approaches,
which were optimized to obtain a highly purified product. The final structure of the protein nanocages
synthesized in both bacteria was studied and characterized using a range of analytical techniques,

namely microscopy and optical spectroscopy assays.

Key-words: analytical techniques, biomanufacturing, downstream processing, protein nanocages,

upstream processing






Resumo

As nanocages proteicas ndo-virais (NVPNs) s&do arquiteturas altamente ordenadas a escala
nanomeétrica, geralmente formadas pela auto-organizagao de varios monémeros iguais ou diferentes
em estruturas simétricas com dimensdes e morfologias variadas. As caracteristicas intrinsecas das
nanocages proteicas, que as tornam muito atrativas como nanomaterial biolégico, incluem uma razao
superficie/volume elevada, multifuncionalidade, facilidade de modificagdo ou manipulagédo genética ou
quimica, elevada estabilidade, mono-dispersibilidade e biocompatibilidade. Varias aplicagbes em
diversas areas cientificas tém sido estudadas, desde a biotecnologia a biomedicina, que demonstram
que estas nanocages podem ser uma ferramenta promissora € interessante. O desenvolvimento deste
tipo de aplicacbes de NVPNs implica a obtengao de elevadas quantidades de nanoestruturas puras e
com a montagem correta. Torna-se assim necessario dispor de processos de bio-manufatura eficazes
que permitam transformar as nanocages proteicas em bioprodutos reais. Para além disso, esses
processos devem ser suportados por técnicas analiticas adequadas ao controlo de qualidade e a
caracterizagao da estrutura e fungéo biolégica das nanocages.

O principal objetivo deste trabalho é desenvolver processos escalaveis e eficientes para a bio-
manufatura de NVPNs. Dois modelos de nanocages proteicas, um natural e outro artificial, foram
utilizados ao longo do trabalho. Primeiramente, foi implementada a produgdo de ambos os modelos de
nanocages em células de Escherichia coli, tendo depois sido esta considerada como método de
referéncia para a manufatura. Adicionalmente, a producdo foi também estabelecida em células de
Vibrio natriegens, seguida de um processo de otimizagdo de diversas condi¢cdes relevantes.
Posteriormente, foi desenvolvida uma estratégia de purificagdo utilizando as NVPNs produzidas em E.
coli e V. natriegens. O processo baseou-se em abordagens cromatograficas que foram otimizadas de
modo a obter um produto altamente purificado. As estruturas finais das nanocages proteicas expressas
nas duas bactérias foram analisadas e caracterizadas utilizando varias técnicas analiticas,

nomeadamente ensaios de microscopia e de espectroscopia 6tica.

Palavras-chave: técnicas analiticas, bio-manufatura, processamento a jusante, nanocages

proteicas, processamento a montante
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BL21(DE3) cells using two different aeration conditions (250 mL shake flask without and with baffles)
for the induction of protein expression, maintaining the remaining parameters as previously established
(enhanced 2xYT; 37°C and 250 rpm; induction of protein expression at ODeoo nm Of 0.5-0.6, with 0.1 mM
of IPTG, for 4 hours at 37°C). (A) 250 mL shake flask without baffles, and (B) 250 mL shake flask with
baffles. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-
PAGE. The abbreviation MWM refers to the molecular weight marker (NZYColour protein marker ll;
NZYtech Lisbon, POrUGAI). ...........oiiiiie ettt ettt et e e emb e e e snee e e sneeeeeneeeens 104

Figure 111.26 — Parameters of MjsHSP nanocages production obtained for E. coli BL21(DE3) cells using
two different aeration conditions (250 mL shake flask without and with baffles) for the induction of protein

expression, maintaining the remaining parameters as previously established (enhanced 2xYT; 37°C and
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250 rpm; induction of protein expression at ODeoo nm of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at
37°C). (A) Production yield, (B) volumetric productivity, and (C) specific productivity. Standard aeration
condition for induction of protein expression (100 mL shake flask without baffles) was also included as
a reference point. Each result represents the mean of two biological replicates, with error bars indicating

the respective standard deviation. ...........oooi e 106

Figure 111.27 — Growth curve obtained for the E. coli BL21(DE3) cells producing MjsHSP nanocages in
the optimized conditions (enhanced 2xYT culture medium, 0.1 mM of IPTG, 37°C during protein
expression, time point of induction at ODsoo nm = 0.6 and shake flask without baffles). Arrow indicates
IPTG induction time point. Each data point represents the mean of two biological replicates, with error

bars indicating the respective standard deviation. The y-axis is on a logarithmic scale. .................... 107

Figure 111.28 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in E. coli
BL21(DE3) cells using the optimized conditions for the induction of protein expression (enhanced 2xYT
culture medium, 0.1 mM of IPTG, 37°C during protein expression, time point of induction at ODsoo nm =
0.6 and shake flask without baffles). Lane 1 corresponds to the sample collected from the bacterial
culture at the IPTG induction time point and lanes 2 to 6 correspond to the samples collected after 2, 4,
6, 8 and 24 hours, respectively, from the beginning of the protein expression induction. Arrow indicates
the protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5
kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation

MWM refers to the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal).

Figure 111.29 — Parameters of MjsHSP nanocages production obtained for E. coli BL21(DE3) cells using
the optimized conditions for the induction of protein expression (enhanced 2xYT culture medium, 0.1
mM of IPTG, 37°C during protein expression, time point of induction at ODeoo nm = 0.6 and shake flask
without baffles). (A) Production vyield, (B) volumetric productivity, and (C) specific productivity
determined considering the samples collected from the bacterial culture after 2, 4, 6, 8 and 24 hours
from the beginning of the protein expression induction. Each result represents the mean of two biological

replicates, with error bars indicating the respective standard deviation..................ccccoii i 110

Figure 111.30 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP
nanocages in six culture media with different compositions, maintaining the remaining parameters as
established in the standard cultivation and protein expression (non-baffled shake flask with 30% volume
of culture medium; 37°C and 250 rpm; induction of protein expression at ODeoo nm 0of 0.5-0.6, with 1 mM
of IPTG, for 4 hours at 37°C). Standard culture medium (LB + V2 salts) was also included as a reference
point. Arrows indicate IPTG induction time points. Each data point represents the mean of two biological
replicates, with error bars indicating the respective standard deviation. The y-axis is on a logarithmic

Figure I11.31 — Growth parameters of V. natriegens Vmax™ X2 producing MjsHSP nanocages in six
culture media with different compositions, maintaining the remaining parameters as established in the

standard cultivation and protein expression (non-baffled shake flask with 30% volume of culture
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medium; 37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, with 1 mM of IPTG,
for 4 hours at 37°C). (A) Specific growth rate, (B) generation time, and (C) maximum ODseoo nm. Standard
culture medium (LB + V2 salts) was also included as a reference point. Each result represents the mean

of two biological replicates, with error bars indicating the respective standard deviation.................... 114

Figure 111.32 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens
Vmax™ X2 cells using six culture media with different compositions, maintaining the remaining
parameters as established in the standard cultivation and protein expression (non-baffled shake flask
with 30% volume of culture medium; 37°C and 250 rpm; induction of protein expression at OD600 nm
of 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C). (A) LB3, (B) 2xYT, (C) enhanced 2xYT, (D) TB + V2
salts, (E) M9 minimal + V2 salts + glucose, and (F) M9 minimal + V2 salts + sucrose. Arrows indicate
the protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5
kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation

MWM refers to the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal).

Figure 111.33 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells
in six culture media with different compositions, maintaining the remaining parameters as established in
the standard cultivation and protein expression (non-baffled shake flask with 30% volume of culture
medium; 37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, with 1 mM of IPTG,
for 4 hours at 37°C). (A) Production yield, (B) volumetric productivity, and (C) specific productivity.
Standard culture medium (LB + V2 salts) was also included as a reference point. Each result represents

the mean of two biological replicates, with error bars indicating the respective standard deviation... 117

Figure 111.34 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP
nanocages with the induction of protein expression using three different concentrations of IPTG,
maintaining the remaining parameters as previously established (non-baffled shake flask with 30%
volume of culture medium; 37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, for
4 hours at 37°C ). Standard concentration of IPTG (1 mM) was also included as a reference point.
Arrows indicate IPTG induction time points. Each data point represents the mean of two biological

replicates, with error bars indicating the respective standard deviation. The y-axis is on a logarithmic

Figure I11.35 — Growth parameters of V. natriegens Vmax™ X2 producing MjsHSP nanocages with the
induction of protein expression using three different concentrations of IPTG, maintaining the remaining
parameters as previously established (non-baffled shake flask with 30% volume of culture medium;
37°C and 250 rpm; induction of protein expression at ODesoo nm of 0.5-0.6, for 4 hours at 37°C). (A)
Specific growth rate, (B) generation time, and (C) maximum ODsoo nm. Standard concentration of IPTG
(1 mM) was also included as a reference point. Each result represents the mean of two biological

replicates, with error bars indicating the respective standard deviation..................cccooiie 120

Figure 111.36 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens

Vmax™ X2 cells using three different concentrations of IPTG for the induction of protein expression,
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maintaining the remaining parameters as previously established (non-baffled shake flask with 30%
volume of culture medium; 37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, for
4 hours at 37°C). (A) 0.1 mM, (B) 0.5 mM, and (C) 1.5 mM of IPTG. Arrows indicate the protein bands
referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is
separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to

the molecular weight marker (NZY Colour protein marker Il; NZYtech Lisbon, Portugal). .................. 121

Figure 111.37 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells
using three different concentrations of IPTG for the induction of protein expression, maintaining the
remaining parameters as previously established (non-baffled shake flask with 30% volume of culture
medium; 37°C and 250 rpm; induction of protein expression at ODeoo nm Of 0.5-0.6, for 4 hours at 37°C).
(A) Production yield, (B) volumetric productivity, and (C) specific productivity. Standard concentration of
IPTG (1 mM) was also included as a reference point. Each result represents the mean of two biological

replicates, with error bars indicating the respective standard deviation..................ccocoii i 123

Figure 111.38 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP
nanocages with the induction of protein expression using three different temperatures, maintaining the
remaining parameters as previously established (non-baffled shake flask with 30% volume of culture
medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein expression at ODeoo nm 0f 0.5-0.6, with
0.1 mM of IPTG, for 4 hours). Standard temperature for induction of protein expression (37°C) was also
included as a reference point. Arrows indicate IPTG induction time points. Each data point represents
the mean of two biological replicates, with error bars indicating the respective standard deviation. The
y-axis is 0N @ 10garithmMiC SCAIE. .......ooi et eaaa e as 124

Figure 111.39 — Growth parameters of V. natriegens Vmax™ X2 producing MjsHSP nanocages with the
induction of protein expression using three different temperatures, maintaining the remaining
parameters as previously established (non-baffled shake flask with 30% volume of culture medium;
enhanced 2xYT; 37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, with 0.1 mM
of IPTG, for 4 hours). (A) Specific growth rate, (B) generation time, and (C) maximum ODsoo nm. Standard
temperature for induction of protein expression (37°C) was also included as a reference point. Each
result represents the mean of two biological replicates, with error bars indicating the respective standard
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Figure 111.40 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens
Vmax™ X2 cells using three different temperatures for the induction of protein expression, maintaining
the remaining parameters as previously established (non-baffled shake flask with 30% volume of culture
medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein expression at ODeoo nm 0f 0.5-0.6, with
0.1 mM of IPTG, for 4 hours). (A) 15°C, (B) 20°C, and (C) 30°C. Arrows indicate the protein bands
referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is
separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to

the molecular weight marker (NZY Colour protein marker Il; NZYtech Lisbon, Portugal). .................. 127
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Figure Il1.41 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells
using three different temperatures for the induction of protein expression, maintaining the remaining
parameters as previously established (non-baffled shake flask with 30% volume of culture medium;
enhanced 2xYT; 37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, with 0.1 mM
of IPTG, for 4 hours). (A) Production yield, (B) volumetric productivity, and (C) specific productivity.
Standard temperature for induction of protein expression (37°C) was also included as a reference point.
Each result represents the mean of two biological replicates, with error bars indicating the respective
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Figure 111.42 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP
nanocages with the induction of protein expression using two different time points, maintaining the
remaining parameters as previously established (non-baffled shake flask with 30% volume of culture
medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein expression with 0.1 mM of IPTG, for
4 hours at 37°C ). Standard time point for induction of protein expression (ODsoo nm =~ 0.6) was also
included as a reference point. Arrows indicate IPTG induction time points. Each data point represents
the mean of two biological replicates, with error bars indicating the respective standard deviation. The
y-axis is 0N @ 10garithmiC SCAIE. .......ooi i ea e e as 130

Figure 111.43 — Growth parameters of V. natriegens Vmax™ X2 producing MjsHSP nanocages with the
induction of protein expression using two different time points, maintaining the remaining parameters as
previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT;
37°C and 250 rpm; induction of protein expression with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Specific
growth rate, (B) generation time, and (C) maximum ODsoo nm. Standard time point for induction of protein
expression (ODsoo nm =~ 0.6) was also included as a reference point. Each result represents the mean of

two biological replicates, with error bars indicating the respective standard deviation. ...................... 132

Figure 1l1.44 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens
Vmax™ X2 cells using two different time points for the induction of protein expression, maintaining the
remaining parameters as previously established (non-baffled shake flask with 30% volume of culture
medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein expression with 0.1 mM of IPTG, for
4 hours at 37°C). (A) ODeoo nm~ 0.2, and (B) ODsoonm ~ 1.4. Arrows indicate the protein bands referring
to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is separated
and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the

molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon, Portugal). ..........cccccoceee.. 132

Figure 111.45 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells
using two different time points for the induction of protein expression, maintaining the remaining
parameters as previously established (non-baffled shake flask with 30% volume of culture medium;
enhanced 2xYT; 37°C and 250 rpm; induction of protein expression with 0.1 mM of IPTG, for 4 hours at
37°C). (A) Production yield, (B) volumetric productivity, and (C) specific productivity. Standard time point

for induction of protein expression (ODsoo nm ~ 0.6) was also included as a reference point. Each result
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represents the mean of two biological replicates, with error bars indicating the respective standard
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Figure 111.46 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP
nanocages with the induction of protein expression using two different aeration conditions (250 mL
shake flask without and with baffles), maintaining the remaining parameters as previously established
(enhanced 2xYT; 37°C and 250 rpm; induction of protein expression at ODeoo nm Of 0.5-0.6, with 0.1 mM
of IPTG, for 4 hours at 37°C). Standard aeration condition for induction of protein expression (100 mL
shake flask without baffles) was also included as a reference point. Arrows indicate IPTG induction time
points. Each data point represents the mean of two biological replicates, with error bars indicating the

respective standard deviation. The y-axis is on a logarithmic scale. ..........ccocceeiiiini e, 136

Figure 111.47 — Growth parameters of V. natriegens Vmax™ X2 cells producing MjsHSP nanocages with
the induction of protein expression using two different aeration conditions (250 mL shake flask without
and with baffles), maintaining the remaining parameters as previously established (enhanced 2xYT;
37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, with 0.1 mM of IPTG, for 4
hours at 37°C). (A) Specific growth rate, (B) generation time, and (C) maximum ODeoo nm. Standard
aeration condition for induction of protein expression (100 mL shake flask without baffles) was also
included as a reference point. Each result represents the mean of two biological replicates, with error

bars indicating the respective standard deviation. ... 138

Figure 111.48 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens
Vmax™ X2 cells using two different aeration conditions (250 mL shake flask without and with baffles)
for the induction of protein expression, maintaining the remaining parameters as previously established
(enhanced 2xYT; 37°C and 250 rpm; induction of protein expression at ODeoo nm Of 0.5-0.6, with 0.1 mM
of IPTG, for 4 hours at 37°C). (A) 250 mL shake flask without baffles, and (B) 250 mL shake flask with
baffles. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-
PAGE. The abbreviation MWM refers to the molecular weight marker (NZYColour protein marker ll;
NZYtech Lisbon, POrUGAI). ...........oiiiiie ettt e e sae e e embe e e snee e e sneeeeeneeeens 139

Figure 111.49 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells
using two different aeration conditions (250 mL shake flask without and with baffles) for the induction of
protein expression, maintaining the remaining parameters as previously established (enhanced 2xYT;
37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, with 0.1 mM of IPTG, for 4
hours at 37°C). (A) Production yield, (B) volumetric productivity, and (C) specific productivity. Standard
aeration condition for induction of protein expression (100 mL shake flask without baffles) was also
included as a reference point. Each result represents the mean of two biological replicates, with error

bars indicating the respective standard deviation. ... 141

Figure 111.50 — Growth curve obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP
nanocages in the optimized conditions (enhanced 2xYT culture medium, 0.1 mM of IPTG, 37°C during

protein expression, time point of induction at ODeoonm = 0.6 and shake flask with baffles). Arrow indicates
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IPTG induction time point. Each data point represents the mean of two biological replicates, with error

bars indicating the respective standard deviation. The y-axis is on a logarithmic scale. .................... 142

Figure 111.51 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens
Vmax™ X2 cells using the optimized conditions for the induction of protein expression (enhanced 2xYT
culture medium, 0.1 mM of IPTG, 37°C during protein expression, time point of induction at ODsoo nm =
0.6 and shake flask with baffles). Lane 1 corresponds to the sample collected from the bacterial culture
at the IPTG induction time point and lanes 2 to 6 correspond to the samples collected after 2, 4, 6, 8
and 24 hours, respectively, from the beginning of the protein expression induction. Arrow indicates the
protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa),
which is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM

refers to the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal). .... 143

Figure 111.52 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells
using the optimized conditions for the induction of protein expression (enhanced 2xYT culture medium,
0.1 mM of IPTG, 37°C during protein expression, time point of induction at ODeoo nm = 0.6 and shake
flask with baffles). (A) Production yield, (B) volumetric productivity, and (C) specific productivity
determined considering the samples collected from the bacterial culture after 2, 4, 6, 8 and 24 hours
from the beginning of the protein expression induction. Each result represents the mean of two biological

replicates, with error bars indicating the respective standard deviation..................ccocoiiiiie 146

Figure I11.53 — Plasmid pTRAP provided by the Heddle Lab (Krakéw, Poland). The plasmid map

presented was created using the SnapGene 3.2.1. SOftware. ........ccccoccviiiee i 147

Figure Il1.54 — Agarose gel analysis of the plasmid pTRAP. This plasmid was linearized with the
restriction enzyme Xhol (lane 1, band size of 5592 bp) and double digested with the restriction enzymes
Sphi-HF and Xhol (lane 2, band sizes of 5070 bp and 522 bp). The abbreviation MWM refers to the
molecular weight marker (NZYDNA ladder lll; NZYtech Lisbon, Portugal)..........ccccoooiiiiiiiiiinnnnne 147

Figure I11.55 — Growth curve obtained for the E. coli BL21(DE3) () cells harboring the plasmid pTRAP.
Bacterial culture was performed at a shake flask scale using LB, as detailed in section 111.2.8.
Determination of growth curves. Each data point represents the mean of three biological replicates, with

error bars indicating the respective standard deviation. The y-axis is on a logarithmic scale. ........... 148

Figure 111.56 — Plasmid copy number values obtained for E. coli BL21(DE3) cells harboring the plasmid
pTRAP at different growth times (corresponding to an ODsoo nm of 0.1, 0.3, 0.5, 0.7, 0.9, 1.1 and 1.3).
These results were determined through a gPCR analysis, following the experimental procedure
described in the section 111.2.9. Determination of plasmid copy number by qPCR. Each data point
represents the mean of three biological replicates, with error bars indicating the respective standard
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Figure 111.57 — Growth curve obtained for the E. coli BL21(DE3) (=) cells producing TRAP O-rings in
standard conditions for cultivation and protein expression (non-baffled shake flask with 30% volume of

culture medium; LB; 37°C and 250 rpm; induction of protein expression at ODeoo nm of 0.5-0.6, with 1 mM
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IPTG, for 4 hours at 37°C). Arrow indicates IPTG induction time point. Each data point represents the
mean of three biological replicates, with error bars indicating the respective standard deviation. The y-

axis iS 0N @ 10garithMiC SCAIE. .........uuiiiiiee e 151

Figure 111.58 — SDS-PAGE analysis obtained in the production of TRAP O-rings in E. coli BL21(DE3)
cells considering the standard conditions for cultivation and protein expression (non-baffled shake flask
with 30% volume of culture medium; LB; 37°C and 250 rpm; induction of protein expression at ODeoo nm
of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C). Arrow indicates the protein band referring to the
monomer of TRAP O-rings (expected molecular weight of 8.3 kDa), which is separated and visualized
under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight
marker (NZYColour protein marker II; NZYtech Lisbon, Portugal). ..........cccoooeiiiiiiniiiee e 153

Figure 111.59 — Growth curve obtained for the E. coli BL21(DE3) cells producing TRAP O-rings in the
optimized conditions (enhanced 2xYT culture medium, 0.1 mM of IPTG, 37°C during protein expression,
time point of induction at ODeoonm = 0.6 and shake flask without baffles). Arrow indicates IPTG induction
time point. Each data point represents the mean of two biological replicates, with error bars indicating

the respective standard deviation. The y-axis is on a logarithmic scale. .............cccccooiiiiiininne 155

Figure 111.60 — SDS-PAGE analysis obtained in the production of TRAP O-rings in E. coli BL21(DE3)
cells using the optimized conditions for the induction of protein expression (enhanced 2xYT culture
medium, 0.1 mM of IPTG, 37°C during protein expression, time point of induction at ODeoo nm = 0.6 and
shake flask without baffles). Lane 1 corresponds to the sample collected from the bacterial culture at
the IPTG induction time point and lanes 2 to 6 correspond to the samples collected after 2, 4, 6, 8 and
24 hours, respectively, from the beginning of the protein expression induction. Arrow indicates the
protein band referring to the monomer of TRAP O-rings (expected molecular weight of 8.3 kDa), which
is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers
to the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal). .............. 156

Figure 111.61 — Parameters of TRAP O-rings production obtained for E. coli BL21(DE3) cells using the
optimized conditions for the induction of protein expression (enhanced 2xYT culture medium, 0.1 mM
of IPTG, 37°C during protein expression, time point of induction at ODeoo nm = 0.6 and shake flask without
baffles). (A) Production yield, (B) volumetric productivity, and (C) specific productivity determined
considering the samples collected from the bacterial culture after 2, 4, 6, 8 and 24 hours from the
beginning of the protein expression induction. Each result represents the mean of two biological

replicates, with error bars indicating the respective standard deviation..................ccoooiiii. 158

Figure IV.1 — AEX chromatography as the first step for the standard purification of MjsHSP nanocages
produced in E. coli BL21(DE3). (A) Chromatogram obtained using a 1 mL pre-packed column with the
traditional agarose resin HiTrap Q FF (Cytiva; Marlborough, MA, USA). A feed stream corresponding to
approximately 2 mg of total protein was injected into this column previously equilibrated with buffer A
composed of 50 mM sodium phosphate, pH 6.0 (1 = 5.8 mS cm™). Unbound material was washed with
this buffer A and elution was performed using a linear gradient (20 CV) with increasing salt concentration
up to 100% of buffer B composed of 50 mM sodium phosphate, 1 M NaCl, pH 6.0 (k =~ 79.6 mS cm™).
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(B) SDS-PAGE analysis of fractions collected during the chromatographic run (peaks 1, 2, 3, and 4)
together with the clarified lysate feed sample. Peak 1 corresponded to the flowthrough and peaks 2 to
3 to the eluted material. Arrow indicates the protein bands referring to the monomer of MjsHSP
nanocages (expected molecular weight of 16.5 kDa), which is separated and visualized under
denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight marker
(NZYColour protein marker IlI; NZYtech Lisbon, Portugal).............cccoviiiiiiiiiiiii e 194

Figure IV.2 — SEC as the second step for the standard purification of MjsHSP nanocages produced in
E. coli BL21(DE3). (A) Chromatogram obtained using a 24 mL size exclusion resin Superdex™ 200
(Cytiva; Marlborough, MA, USA) packed in an appropriate chromatographic column. The feed stream
was comprised by the previously concentrated MjsHSP nanocages. The column was equilibrated with
a PBS solution (1x) (k ~ 14.2 mS cm™) at a flow rate of 1 mL min-'. (B) SDS-PAGE analysis of fractions
collected during the chromatographic run (peaks 71 and 2) together with the concentrated protein
nanocages feed sample. Arrow indicates the protein bands referring to the monomer of MjsHSP
nanocages (expected molecular weight of 16.5 kDa), which is separated and visualized under
denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight marker
(NZYColour protein marker 1l; NZYtech Lisbon, Portugal)...........cccooiiiiiiiiiii e 196

Figure IV.3 — Optimization of the AEX chromatography for the purification of MjsHSP nanocages
produced in E. coli BL21(DE3). Chromatograms obtained using a 1 mL chromatographic column with
the resin Capto™ Q ImpRes (Cytiva; Marlborough, MA, USA) (A) and the resin POROS™ 50 HQ
(Thermo Fisher Scientific; Waltham, MA, USA) (C), and a 1 mL monolith CIMmultus® QA (Sartorius;
Gottingen, Germany) (E). A similar feed stream corresponding to approximately 2 mg of total protein
was injected into the columns and the monolith previously equilibrated with buffer A composed of 50
mM sodium phosphate, pH 6.0 (k ~ 5.8 mS cm™"). Unbound material was washed with this buffer A and
elution was performed using a linear gradient (20 CV) with increasing salt concentration up to 100% of
buffer B composed of 50 mM sodium phosphate, 1 M NaCl, pH 6.0 (k ~ 79.6 mS cm™). SDS-PAGE
analysis of fractions collected during the chromatographic run together with the clarified lysate feed
sample for the three strong AEX chromatographic supports tested: Capto™ Q ImpRes (B), POROS™
50 HQ (D) and CIMmultus® QA (E). Peak 1 corresponded to the flowthrough and peaks 2 to 4 or 5 to
the eluted material. Arrow indicates the protein bands referring to the monomer of MjsHSP nanocages
(expected molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions
of SDS-PAGE. The abbreviation MWM refers to the molecular weight marker (NZYColour protein
marker 11; NZYtech Lisbon, POrUGAal).........cooiiiiiiiiiiiiie ettt neaee e s 199

Figure 1V.4 — Optimized AEX chromatography strategy for the purification of MjsHSP nanocages
produced in E. coli BL21(DE3). (A) Chromatogram obtained using a 1 mL chromatographic column with
the gigaporous resin Capto™ Q ImpRes (Cytiva; Marlborough, MA, USA). A feed stream corresponding
to approximately 2 mg of total protein was injected into this column previously equilibrated with buffer A
composed of 50 mM sodium phosphate, 250 mM NaCl, pH 6.0 (k ~ 26.1 mS c¢m™"). Unbound material
was washed with this buffer A and elution was performed using a two-step gradient, the first step with
23% of buffer B (k ~ 40.5 mS cm™) and the second step with 100% of this buffer B (x ~ 81.5 mS cm™).
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Buffer B was composed of 50 mM sodium phosphate, 1 M NaCl, pH 6.0. (B) SDS-PAGE analysis of
fractions collected during the chromatographic run (peaks 1, 2, and 3) together with the clarified lysate
feed sample. Peak 71 corresponded to the flowthrough and peaks 2 and 3 to the eluted material. Arrow
indicates the protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight
of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The
abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon,
o4 (8o TR PP SRR 200

Figure IV.5 — SEC as the second step for the optimized purification of MjsHSP nanocages produced in
E. coli BL21(DE3). (A) Chromatogram obtained using a 24 mL size exclusion resin Superdex™ 200
(Cytiva; Marlborough, MA, USA) packed in an appropriate chromatographic column. The feed stream
was comprised by the previously concentrated MjsHSP nanocages (from optimized AEX
chromatography). The column was equilibrated with a PBS solution (1x) (k = 14.2 mS cm™) at a flow
rate of 1 mL min™'. (B) SDS-PAGE analysis of fractions collected during the chromatographic run (peaks
1 and 2) together with the original and concentrated protein nanocages feed samples. Arrow indicates
the protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5
kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation
MWM refers to the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal).

Figure 1V.6 — Multimodal chromatography as an alternative to SEC as a second step for the optimized
purification of MjsHSP nanocages produced in E. coli BL21(DE3). (A) Chromatogram obtained using a
1 mL resin Capto™ Core 400 (Cytiva; Marlborough, MA, USA) packed in an appropriate
chromatographic column. The feed stream was comprised by the MjsHSP nanocages previously subject
to the optimized AEX chromatography. The column was equilibrated with a PBS solution (1x) (k ~ 14.2
mS cm™). At the end, the column was washed with a 1 M NaCl solution to remove material that had
bound to the resin. (B) SDS-PAGE analysis of fractions collected during the chromatographic run (peaks
1, 2, and 3) together with the protein nanocages feed sample. Arrow indicates the protein bands referring
to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is separated
and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the

molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon, Portugal). ...........ccccocece.. 203

Figure IV.7 — Two-step approach for the purification of MjsHSP nanocages produced in E. coli
BL21(DE3): pre-treatment with DNase followed by optimized AEX chromatography. (A) Chromatogram
obtained using a 1 mL chromatographic column with the gigaporous resin Capto™ Q ImpRes (Cytiva;
Marlborough, MA, USA). A feed stream (initial total protein mass of about 2 mg) previously subjected to
an additional treatment with TURBO™ DNase (8 U) (Thermo Fisher Scientific; Waltham, MA, USA) was
injected into this column earlier equilibrated with buffer A composed of 50 mM sodium phosphate, 250
mM NaCl, pH 6.0 (k ~ 26.1 mS cm™"). Unbound material was washed with this buffer A and elution was
performed using a two-step gradient, the first step with 23% of buffer B (k ~ 40.5 mS c¢cm™) and the
second step with 100% of this buffer B (x ~ 81.5 mS cm™'). Buffer B was composed of 50 mM sodium

phosphate, 1 M NaCl, pH 6.0. (B) SDS-PAGE analysis of fractions collected during the chromatographic
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run (peaks 1, 2, and 3) together with the clarified lysate feed sample. Peak 1 corresponded to the
flowthrough and peaks 2 and 3 to the eluted material. Arrow indicates the protein bands referring to the
monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is separated and
visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular

weight marker (NZY Colour protein marker II; NZYtech Lisbon, Portugal). ..........ccoccoeiiiiiniiennne 205

Figure 1V.8 — Two-step approach for the purification of MjsHSP nanocages produced in E. coli
BL21(DE3): pre-treatment with RNase followed by optimized AEX chromatography. (A) Chromatogram
obtained using a 1 mL chromatographic column with the gigaporous resin Capto™ Q ImpRes (Cytiva;
Marlborough, MA, USA). A feed stream (initial total protein mass of about 2 mg) previously subjected to
an additional treatment with RNase A (4 U) (Roche; Basel, Switzerland) was injected into this column
earlier equilibrated with buffer A composed of 50 mM sodium phosphate, 250 mM NaCl, pH 6.0 (k ~
26.1 mS cm™"). Unbound material was washed with this buffer A and elution was performed using a two-
step gradient, the first step with 23% of buffer B (kx =~ 40.5 mS cm™') and the second step with 100% of
this buffer B (x ~ 81.5 mS cm™). Buffer B was composed of 50 mM sodium phosphate, 1 M NaCl, pH
6.0. (B) SDS-PAGE analysis of fractions collected during the chromatographic run (peaks 7, 2, and 3)
together with the clarified lysate feed sample. Peak 7 corresponded to the flowthrough and peaks 2 and
3 to the eluted material. Arrow indicates the protein bands referring to the monomer of MjsHSP
nanocages (expected molecular weight of 16.5 kDa), which is separated and visualized under
denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight marker
(NZYColour protein marker IlI; NZYtech Lisbon, Portugal).............ccccoviiiiiiiiiiiiie e 206

Figure 1V.9 — Optimized AEX chromatography strategy for the purification of MjsHSP nanocages
produced in V. natriegens Vmax™ X2. (A) Chromatogram obtained using a 1 mL chromatographic
column with the gigaporous resin Capto™ Q ImpRes (Cytiva; Marlborough, MA, USA). A feed stream
corresponding to approximately 2 mg of total protein was injected into this column previously
equilibrated with buffer A composed of 50 mM sodium phosphate, 250 mM NaCl, pH 6.0 (x ~ 26.1 mS
cm™). Unbound material was washed with this buffer A and elution was performed using a two-step
gradient, the first step with 23% of buffer B (k ~ 40.5 mS cm™) and the second step with 100% of this
buffer B (k ~ 81.5 mS cm™). Buffer B was composed of 50 mM sodium phosphate, 1 M NaCl, pH 6.0.
(B) SDS-PAGE analysis of fractions collected during the chromatographic run (peaks 7, 2, and 3)
together with the clarified lysate feed sample. Peak 7 corresponded to the flowthrough and peaks 2 and
3 to the eluted material. Arrow indicates the protein bands referring to the monomer of MjsHSP
nanocages (expected molecular weight of 16.5 kDa), which is separated and visualized under
denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight marker
(NZYColour protein marker 1l; NZYtech Lisbon, Portugal)...........cccooiiiiiiiiiii e 208

Figure IV.10 — SEC as the second step for the optimized purification of MjsHSP nanocages produced
in V. natriegens Vmax™ X2. (A) Chromatogram obtained using a 24 mL size exclusion resin Superdex™
200 (Cytiva; Marlborough, MA, USA) packed in an appropriate chromatographic column. The feed
stream was comprised by the previously concentrated MjsHSP nanocages (from optimized AEX

chromatography). The column was equilibrated with a PBS solution (1x) (k = 14.2 mS cm™) at a flow
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rate of 1 mL min™'. (B) SDS-PAGE analysis of fractions collected during the chromatographic run (peaks
1, 2, and 3) together with the original and concentrated protein nanocages feed samples. Arrow indicates
the protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5
kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation

MWM refers to the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal).

Figure 1IV.11 — AEX chromatography as the first step for the standard purification of TRAP O-rings
produced in E. coli BL21(DE3). (A) Chromatogram obtained using a 1 mL pre-packed column with the
traditional agarose resin HiTrap Q FF (Cytiva; Marlborough, MA, USA). A feed stream comprising 1 mL
of the clarified lysate containing the TRAP O-rings together with 4 mL of buffer A was injected into this
column previously equilibrated with this buffer A composed of 50 mM Tris-HCI, 50 mM NaCl, pH 7.9 (k
~ 7.2 mS cm™). Unbound material was washed with this buffer A and elution was performed using a
linear gradient (20 CV) with increasing salt concentration up to 100% of buffer B composed of 50 mM
Tris-HCI, 1 M NaCl, pH 7.9 (k ~ 80.2 mS cm™). (B) SDS-PAGE analysis of fractions collected during the
chromatographic run (peaks 1, 2, 3, 4, and 5) together with the clarified lysate feed sample. Peak 1
corresponded to the flowthrough and peaks 2 to 5 to the eluted material. Arrow indicates the protein
bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which
is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers

to the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal). .............. 212

Figure IV.12 — SEC as the second step for the standard purification of TRAP O-rings produced in E. coli
BL21(DE3). (A) Chromatogram obtained using a 24 mL size exclusion resin Superdex™ 200 (Cytiva;
Marlborough, MA, USA) packed in an appropriate chromatographic column. The feed stream was
comprised by the previously concentrated MjsHSP nanocages. The column was equilibrated with 50
mM Tris-HCI, 150 mM NaCl, pH 7.9 buffer (x ~ 16.4 mS cm™) at a flow rate of 1 mL min™'. (B) SDS-
PAGE analysis of fractions collected during the chromatographic run (peaks 1, 2, and 3) together with
the original and concentrated protein nanocages feed samples. Arrow indicates the protein bands
referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is
separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to

the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal). .................. 214

Figure IV.13 — CEX chromatography as an alternative for the purification of TRAP O-rings produced in
E. coli BL21(DE3). Chromatograms obtained using the 1 mL HiTrap Capto™ S pre-packed column
(Cytiva; Marlborough, MA, USA). For all experiments, a feed stream corresponding to approximately 2
mg of total protein was injected into the column previously equilibrated with buffer A composed of 50
mM MES, pH 5.5 (k = 1.0 mS cm™). Unbound material was washed with this buffer A and elution was
performed using a linear gradient (20 CV) with increasing salt concentration up to 100% of buffer B
composed of 50 mM MES, 2 M NaCl, pH 5.5 (k ~ 139.8 mS cm™") (A), 50 mM Tris-HCI, pH 8.0 (k ~ 2.9
mS cm™) (C) and 50 mM Tris-HCI, 2 M NaCl, pH 8.0 (x = 140.9 mS cm™) (E). SDS-PAGE analysis of
fractions collected during the chromatographic run for the three distinct compositions of the buffer B in
terms of NaCl concentration and/or pH tested: 50 mM MES, 2 M NaCl, pH 5.5 (B), 50 mM Tris-HCI, pH
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8.0 (D) and 50 mM Tris-HCI, 2 M NaCl, pH 8.0 (F). Peak 1 corresponded to the flowthrough and peaks
2 to 4 or 6 to the eluted material. SDS-PAGE analysis of the clarified lysate feed sample used in all
these experiments is shown in Figure IV.11B. Arrow indicates the protein bands referring to the
monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is separated and
visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular

weight marker (NZY Colour protein marker Il; NZYtech Lisbon, Portugal). ..........ccoccceriiiiiiiienne 216

Figure IV.14 — CEX chromatography as an alternative for the purification of TRAP O-rings produced in
E. coli BL21(DE3). Chromatograms obtained using a 1 mL chromatographic column with the resin
Capto™ SP ImpRes (Cytiva; Marlborough, MA, USA). For all experiments, a feed stream corresponding
to approximately 2 mg of total protein was injected into the column previously equilibrated with buffer A
composed of 50 mM MES, pH 5.5 (k ~ 1.0 mS cm™"). Unbound material was washed with this buffer A
and elution was performed using a linear gradient (20 CV) with increasing salt concentration up to 100%
of buffer B composed of 50 mM MES, 2 M NaCl, pH 5.5 (k ~ 139.8 mS cm™") (A), 50 mM Tris-HCI, pH
8.0 (k 2.9 mS cm™) (C) and 50 mM Tris-HCI, 2 M NaCl, pH 8.0 (x = 140.9 mS cm™) (E). SDS-PAGE
analysis of fractions collected during the chromatographic run for the three distinct compositions of the
buffer B in terms of NaCl concentration and/or pH tested: 50 mM MES, 2 M NaCl, pH 5.5 (B), 50 mM
Tris-HCI, pH 8.0 (D) and 50 mM Tris-HCI, 2 M NaCl, pH 8.0 (F). Peak 1 corresponded to the flowthrough
and peaks 2 to 4 or 6 to the eluted material. SDS-PAGE analysis of the clarified lysate feed sample
used in all these experiments is shown in Figure IV.11B. Arrow indicates the protein bands referring to
the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is separated and
visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular
weight marker (NZY Colour protein marker IlI; NZYtech Lisbon, Portugal). ..........ccoccceriiiiiiiiennne 219

Figure 1V.15 — Optimized CEX chromatography strategy for the purification of TRAP O-rings produced
in E. coli BL21(DE3). (A) Chromatogram obtained using a 1 mL chromatographic column with the resin
Capto™ SP ImpRes (Cytiva; Marlborough, MA, USA). A feed stream corresponding to approximately 2
mg of total protein was injected into this column previously equilibrated with 8% of buffer B (k ~ 20.7
mS cm™'). Unbound material was washed with 8% of buffer B and elution was performed using a two-
step gradient, the first step with 35% of buffer B (x ~ 61.9 mS cm™') and the second step with 100% of
buffer B (k = 141.3 mS cm™). Buffers A and B were composed of 50 mM MES, pH 5.5 and 50 mM MES,
2 M NaCl, pH 5.5, respectively. (B) SDS-PAGE analysis of fractions collected during the
chromatographic run (peaks 1, 2, and 3). Peak 1 corresponded to the flowthrough and peaks 2 and 3 to
the eluted material. SDS-PAGE analysis of the clarified lysate feed sample used is shown in Figure
IV.11B. Arrow indicates the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-
PAGE. The abbreviation MWM refers to the molecular weight marker (NZYColour protein marker ll;
NZYtech Lisbon, POrUGAI). ........c..oiiiiie ettt e et e e emt e e e enne e e sneeeeeneeeens 223

Figure 1V.16 — SDS-PAGE analysis of cell lysates containing the TRAP O-rings produced in E. coli
BL21(DE3) that were subjected to a pre-treatment with heating during the development of a primary

isolation and purification strategy. Two alternative methodologies were evaluated, each using 750 pL to
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1 mL of the clarified cell lysate (with a concentration of about 2 mg mL™" in terms of total protein). The
first method involved a first incubation step at 37°C for 1 hour followed by a second incubation step at
85°C for 30 minutes (A). The second strategy involved a single incubation step at 85°C for 30 minutes
(B). In both experiments, at the end of the incubation period, the samples were centrifuged. The resulting
supernatant containing the TRAP O-rings (soluble fraction) was collected and the respective pellet
containing the protein impurities precipitated (insoluble fraction) was resuspended in 50 mM Tris-HClI,
100 mM NaCl, 1 mM EDTA, pH 8.0 buffer. Arrow indicates the protein bands referring to the monomer
of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is separated and visualized
under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight
marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal). ..........cccoooeiiiiiiniiieiieeeeee 225

Figure IV.17 — Two-step approach for the purification of TRAP O-rings produced in E. coli BL21(DE3):
pre-treatment with two sequential heating steps followed by CEX chromatography. (A) Chromatogram
obtained using a 1 mL chromatographic column with the resin Capto™ SP ImpRes (Cytiva;
Marlborough, MA, USA). A feed stream (initial total protein mass of about 1.5 to 2 mg) previously
subjected to an additional treatment with heating at 37°C for 1 hour followed by heating at 85°C for 30
minutes was injected into this column earlier equilibrated with buffer A composed of 50 mM MES, pH
5.5 (k ~ 0.8 mS cm™). Unbound material was washed with this buffer A and elution was performed using
a linear gradient (20 CV) with increasing salt concentration up to 100% of buffer B composed of 50 mM
MES, 2 M NaCl, pH 5.5 (k ~ 138.9 mS cm™"). (B) SDS-PAGE analysis of fractions collected during the
chromatographic run (peaks 1, 2, 3, 4, and 5). Peak 1 corresponded to the flowthrough and peaks 2 to
5 to the eluted material. SDS-PAGE analysis of the pre-treated clarified lysate feed used is shown in
Figure IV.16A (soluble fraction). Arrow indicates the protein bands referring to the monomer of MjsHSP
nanocages (expected molecular weight of 16.5 kDa), which is separated and visualized under
denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight marker
(NZYColour protein marker 1l; NZYtech Lisbon, Portugal)...........cccooiiiiiiiiii e 226

Figure 1V.18 — Two-step approach for the purification of TRAP O-rings produced in E. coli BL21(DE3):
pre-treatment with a single heating step followed by CEX chromatography. (A) Chromatogram obtained
using a 1 mL chromatographic column with the resin Capto™ SP ImpRes (Cytiva; Marlborough, MA,
USA). A feed stream (initial total protein mass of about 1.5 to 2 mg) previously subjected to an additional
treatment with heating at 85°C for 30 minutes was injected into this column earlier equilibrated with
buffer A composed of 50 mM MES, pH 5.5 (k ~ 0.8 mS cm). Unbound material was washed with this
buffer A and elution was performed using a linear gradient (20 CV) with increasing salt concentration up
to 100% of buffer B composed of 50 mM MES, 2 M NaCl, pH 5.5 (k ~ 139.3 mS cm™). (B) SDS-PAGE
analysis of fractions collected during the chromatographic run (peaks 1, 2, 3, 4, and 5). Peak 1
corresponded to the flowthrough and peaks 2 to 5 to the eluted material. SDS-PAGE analysis of the
pre-treated clarified lysate feed used is shown in Figure 1V.16B (soluble fraction). Arrow indicates the
protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa),
which is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM

refers to the molecular weight marker (NZYColour protein marker Il; NZYtech Lisbon, Portugal). ....227
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Figure V.1 — Negative staining TEM images of the MjsHSP nanocages produced in E. coli BL21(DE3)
at distinct stages of the downstream processing. The three samples were collected from the fractions
post-centrifugal filtration containing concentrated protein nanocages (A), from the peak 7 fractions post-
SEC purification (B), and from the peak 2 fractions post-SEC purification (C). Blue arrows identify
individual MjsHSP nanocages, where structural details can even be observed. Green arrows indicate

potential aggregates of MjsHSP nanocages. Scale bars: 100 NM.........ccccceeviiiiiii e 259

Figure V.2 — AFM analysis of MjsHSP nanocages produced in E. coli BL21(DE3) at the final stage of
the downstream processing. The five samples analyzed were MjsHSP nanocages in an air environment
at a molar concentration of 1 nM in a PBS solution (1x) (A), MjsHSP nanocages in an aqueous
environment at a molar concentration of 1 nM in a PBS solution (1x) (B), MjsHSP nanocages at a molar
concentration of 10 nM in PBS solution (1x), with mica as supporting substrate passivated with MgCl2
prior to sample application, in an aqueous environment (C), MjsHSP nanocages at a molar
concentration of 10 nM in a Tris-based buffer containing MgClz, in an aqueous environment (D), and
MjsHSP nanocages at a molar concentration of 10 nM in a Tris-based buffer containing NiClz, in an
aqueous environment (E). For each sample, both a topography image and the corresponding amplitude
image are presented. Blue arrows identify individual MjsHSP nanocages. Green arrows indicate
potential aggregates of MjsHSP nanocages. Scale bars: 100 nm, 200 nm and 400 nm.................... 261

Figure V.3 — Absorption spectra between 250 and 750 nm of the fraction containing the labelled MjsHSP
nanocages from samples S1 (A) and S2 (B). The baseline spectra (PBS solution at 1x concentration)
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Figure V.4 — MCS-trace curves obtained for the fractions containing the labelled MjsHSP nanocages
(A1 and B1) and the unbound Alexa 647 fluorophore (A2 and Bz) from the samples S1 (A) and S2 (B).

Figure V.5 — Fluorescence intensity histograms obtained for the fractions containing the labelled
MjsHSP nanocages (A) and the unbound Alexa 647 fluorophore (B) from the samples S1 and S2. Inset
in (A) shows an amplification of the respective histogram in the interval of higher intensity values (both

AXES With lINEAI SCAIE). ... .eiiiiie ettt ettt e et e et e e e ente e e saee e e anbeeeenneas 266

Figure V.6 — Autocorrelation curves obtained in the FCS measurements of the fractions containing the
labelled MjsHSP nanocages (A) and the unbound Alexa 647 fluorophore (B) from the samples S1 and

S2. Light colors correspond to the experimental data and dark colors correspond to the fitted model.

Figure V.7 — Fluorescent decay curves obtained for the fractions containing the labelled MjsHSP

nanocages (A) and the unbound Alexa 647 fluorophore (B) from the samples S1 and S2. ............... 268

Figure V.8 — Negative staining TEM images of the MjsHSP nanocages produced in V. natriegens
Vmax™ X2 at distinct stages of the downstream processing. The three samples were collected from the
fractions post-centrifugal filtration containing concentrated protein nanocages (A), from the peak 1

fractions post-SEC purification (B), and from the peak 2 fractions post-SEC purification (C). Blue arrows
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identify individual MjsHSP nanocages, where structural details can even be observed. Green arrow

indicates potential aggregate of MjsHSP nanocages. Scale bars: 100 nm. ........ccccoocoiiiiiiiiiiinnenne 272

Figure V.9 — Negative staining TEM images of the TRAP O-rings produced in E. coli BL21(DE3) and
subsequent TRAP nanocages formed through an in vitro assembly reaction. Three samples were
analyzed: purified TRAP O-rings obtained after the CEX chromatography step (A), reaction mixture for
in vitro assembly of TRAP O-rings into nanocages after 5 days of incubation (B), and reaction mixture
for in vitro assembly of TRAP O-rings into nanocages after 1 month of incubation (C). Blue arrows
identify individual MjsHSP nanocages, where structural details can even be observed. Green arrows

indicate potential aggregates of MjsHSP nanocages. Scale bars: 100 nm. .........cccoocoiiiiiiiiiiinninnne 276

Figure V.10 — Schematic representation of the dynamic equilibrium involving the association and
dissociation processes that characterize TRAP O-rings and TRAP nanocages. (A) Irreversible reaction
between TRAP O-rings and their constituent monomers. (B) Irreversible reaction induced by a chemical
stimulus (gold in the form of Au®* ions) leading to the assembly of TRAP nanocages from TRAP O-rings.
(C) Irreversible reaction induced by a chemical stimulus (addition of a reducing agent such as TCEP)
causing the disassembly of TRAP nanocages into partially or completely incomplete structures. 3D

representations were created using the Mol* Viewer tool (107,108). ........ccoiieriiiiriiiiienee e 277

Figure V.11 — FCS measurements to evaluate the dynamic equilibrium between TRAP O-rings and their
constituent monomers. (A) Autocorrelation curves obtained for the unbound Alexa 647 fluorophore and
for a concentrated sample containing TRAP O-rings labeled with this fluorophore. Light colors
correspond to the experimental data and dark colors correspond to the fitted model. (B) Graphical
representation of the diffusion coefficients for the two populations (I and II) present in three samples of
TRAP O-rings labeled with different concentrations (high, original, and low). Additionally, the respective

ratios (pl/pll) are shown to assess the dynamics of association and dissociation. ...............ccccceuveee.. 278

Figure V.12 — FCS measurements to evaluate the dynamics of association and dissociation between
TRAP O-rings and TRAP nanocages. (A) Autocorrelation curves obtained for the unbound Alexa 647
fluorophore, for a concentrated sample containing TRAP O-rings labeled with this fluorophore, and for
a sample containing TRAP nanocages also labeled with the same fluorophore. Light colors correspond
to the experimental data and dark colors correspond to the fitted model. (B) Graphical representation of
the diffusion coefficients of one or two populations (I or I and II) present in these two samples (TRAP O-
rings and TRAP nanocages). The data reflect the assembly reaction of TRAP nanocages from pre-
labeled TRAP O-rings (triggered by a chemical stimulus via the addition of gold ions in the form of Au®*)
and the disassembly reaction of pre-labeled TRAP nanocages (induced by a chemical stimulus via the
addition of the reducing agent TCEP). Calculated average diffusion coefficients for each of the four
analyzed samples are also INAICAIE. ..........iiiiiiii e 280

Supplementary Figure 111.S1 — Standard curves for gDNA from E. coli BL21(DE3) () and V. natriegens
Vmax™ X2 () used in the determination of plasmid copy number by gPCR. Reactions were performed

in triplicate for each bacterial strain, with 5 log serial dilutions of the respective gDNA (10000, 1000, 100,
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10 and 1 pg). Note that the linear regression trendline is represented, as well as the corresponding

equation and the coefficient of determination value (R?). ...........ccccoeiiiiiiiie e 168

Supplementary Figure 111.S2 — Standard curves for pDNA (pMjsHSP) from E. coli BL21(DE3) (e) and V.
natriegens Vmax™ X2 (A ) used in the determination of plasmid copy number by gPCR. Reactions were
performed in triplicate for each bacterial strain, with 5 log serial dilutions of pMjsHSP (10000, 1000, 100,
10 and 1 pg) spiked with the respective E. coli or V. natriegens cells. Note that the linear regression
trendline is represented, as well as the corresponding equation and the coefficient of determination
VAIUE (R2). ottt t et e be et e b e e bt e bt e seese e s e eseeseessens e s e senseeseeseeseeseeaeeneeseeneeneeneeneeneenean 168

Supplementary Figure 111.S3 — Standard curve for gDNA from E. coli BL21(DE3) (m) used in the
determination of plasmid copy number by gPCR. Reactions were performed in triplicate, with 5 log serial
dilutions of the respective gDNA (10000, 1000, 100, 10 and 1 pg). Note that the linear regression
trendline is represented, as well as the corresponding equation and the coefficient of determination
VAIUE (R2). ottt t et e be et e b e e bt e bt e seese e s e eseeseessens e s e senseeseeseeseeseeaeeneeseeneeneeneeneeneenean 169

Supplementary Figure 111.S4 — Standard curve for pDNA (pTRAP) from E. coli BL21(DE3) (m) used in
the determination of plasmid copy number by gPCR. Reactions were performed in triplicate, with 5 log
serial dilutions of pTRAP (10000, 1000, 100, 10 and 1 pg) spiked with the respective E. coli cells. Note
that the linear regression trendline is represented, as well as the corresponding equation and the

coefficient of determination Value (R?). .........c.cecioieieieieieieiese et 169

Supplementary Figure IV.S1 — Example of a standard curve for gDNA from E. coli BL21(DE3) (m) used
in the quantification of total dsDNA (gDNA and pDNA) by gPCR. Reactions were performed with 5 log
serial dilutions of the respective gDNA (420, 42, 4.2, 0.42 and 0.042 ng). Note that the linear regression
trendline is represented, as well as the corresponding equation and the coefficient of determination
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Supplementary Figure 1V.S2 — Example of a standard curve for pDNA (pTRAP) from E. coli BL21(DE3)
(m) used in the quantification of total dsDNA (gDNA and pDNA) by qPCR. Reactions were performed
with 5 log serial dilutions of pTRAP (420, 42, 4.2, 0.42 and 0.042 ng). Note that the linear regression
trendline is represented, as well as the corresponding equation and the coefficient of determination
VAIUE (R2). ottt ettt sttt teebe et e e e e aeeaeese e st es e ese e s e ess e s e s e esesseeseeseeseeseeaeeneaseeneeneeneeneeneenean 235
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Thesis Outline

This thesis was developed within the scope of the PhD Program in Biotechnology and
Biosciences (BIOTECnico) at Instituto Superior Técnico (IST) — Universidade de Lisboa (ULisboa)
(Lisbon, Portugal). The scientific project was funded by Fundagéo para a Ciéncia e a Tecnologia (FCT)
through the PhD fellowship whose reference is PD/BD/150335/2019. The experimental work was mainly
performed at the Institute for Bioengineering and Biosciences (iBB) at IST — ULisboa, under the scientific
supervision of Professor Duarte Miguel F. Prazeres. Additionally, collaborations with Professor Jonathan
Heddle (Jagiellonian University / Krakow, Poland), Professor Ana M. Azevedo (IST — ULisboa),
Professor Pedro M. Paulo (IST — ULisboa) and Professor Mario S. Rodrigues (Faculdade de Ciéncias

— Universidade de Lisboa / Lisbon, Portugal) were also established.

The main research topic of this thesis was non-viral protein nanocages (NVPNs) and their
biomanufacturing processes. The document is divided into six distinct chapters, which are briefly

described below.

In Chapter I, a general introduction to protein nanocages is presented, with a particular focus on
these non-viral nanostructures. An overview of the progress made since the emergence of protein
nanocages as a novel class of biologics is provided. The most important applications of NVPNs in the
biotechnological and biomedical areas are also presented. As the main topic, the current processes
used for the production and purification of NVPNs are explored and discussed. Simultaneously,
conventional characterization techniques and alternative or complementary approaches in development

are assessed.

In Chapter ll, a brief contextualization of the thesis is performed, and the main purpose and
associated objectives of the entire work developed are also defined and described. Furthermore, the
two NVPNs models used in this research project are presented and their different structural and
functional characteristics are briefly explored.

Chapter lll is the first dedicated to the research work carried out during this thesis together with
Chapter IV and Chapter V. The initial steps for the preparation of expression vectors appropriate for
the in vivo production of both nanocages using Escherichia coli and Vibrio natriegens expression
systems are described. A study of the plasmid copy number in both species was also performed. The
production of the two model NVPNs in E. coli cells was then set up and considered as a benchmark
manufacturing method. Additionally, the same production was performed in V. natriegens cells, with the
existence of some challenges in transforming these cells with the desired plasmids. Then, the production
process was optimized by evaluating the impact of five different parameters considered more relevant

according to literature.

Chapter IV is focused on the downstream processes studied for the two model NVPNs. Mainly,
different strategies for purifying NVPNs from impurities such as host proteins and double stranded DNA
were described for both nanocages generated in E. coli and V. natriegens. The implemented processes
were based on chromatographic approaches, which were optimized to obtain a highly purified product.



Due to the alternative characteristics in terms of the assembly process, one of the model structures

required an additional step of purification that was addressed.

In Chapter V, the conventional and alternative analytical techniques and methodologies used to
study and characterize the biological structure of the NVPNs synthesized in vivo in both bacteria were

described.

To finalize the thesis, Chapter VI presents the conclusions obtained from this work as well as

future perspectives and challenges.
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General Introduction

This chapter was published as:

Jodo J, Prazeres DMF. Manufacturing of non-viral protein nanocages for biotechnological and
biomedical applications. Front. Bioeng. Biotechnol. 2023;11:1200729.






Abstract

Protein nanocages are highly ordered nanometer scale architectures, which are typically formed
by homo- or hetero-self-assembly of multiple monomers into symmetric structures of different size and
shape. The intrinsic characteristics of protein nanocages make them very attractive and promising as a
biological nanomaterial. These include, among others, a high surface/volume ratio, multi-functionality,
ease to modify or manipulate genetically or chemically, high stability, mono-dispersity, and
biocompatibility. Since the beginning of the investigation into protein nanocages, several applications
were conceived in a variety of areas such as drug delivery, vaccine development, bioimaging,
biomineralization, nanomaterial synthesis and biocatalysis. The ability to generate large amounts of
pure and well-folded protein assemblies is one of the keys to transform nanocages into clinically valuable
products and move biomedical applications forward. This calls for the development of more efficient
biomanufacturing processes and for the setting up of analytical techniques adequate for the quality
control and characterization of the biological function and structure of nanocages.

This Chapter I concisely covers and overviews the progress made since the emergence of protein
nanocages as a new, next-generation class of biologics. A brief outline of non-viral protein nanocages
is followed by a presentation of their main applications in the areas of bioengineering, biotechnology,
and biomedicine. Afterwards, the current processes used in the manufacturing of protein nanocages are
described, with particular emphasis on the most relevant aspects of production and purification. The
state-of-the-art on current characterization techniques is then described and future alternative or
complementary approaches in development are also discussed. Finally, a critical analysis of the
limitations and drawbacks of the current manufacturing strategies is presented, alongside with the
identification of the major challenges and bottlenecks.

Keywords: biomanufacturing, bottom-up synthesis, downstream processing, drug delivery,

nanostructure engineering, protein nanocages, self-assembly, upstream processing






I.1. Introduction

In recent years, nanoparticles have been explored for applications in several scientific areas from
nanobiotechnology and biomedical sciences to materials science and synthetic biology. Examples of
nanoparticles studied in the literature include protein-based nanoparticles, metal nanoparticles, polymer
micelles, silica nanoparticles and quantum dots (1). Among these, protein-based nanoparticles spurred
significant research interest given their enormous potential for biomedical purposes (1-3).

In Nature, the existence of cellular processes essential to life such as metabolic reactions and
information exchange is dependent on biological compartmentalization. In addition to lipids, proteins are
one of the main components of natural compartmentalization systems such as virus capsids.
Nanoparticles based on functional proteins constitute an additional example of such bio-compartments.
Several of these protein-based nano-compartments, with different structural and functional
characteristics, are described in the literature, including toroid- and donut-shaped proteins, tubes and
yoctowells, protein nanocages, bacterial microcompartments (BMCs), protein membrane-based
organelles (PMBOs) and gas vesicle protein nanoparticles (GVNPs) (3-5). For example, GVNPs, which
have membranes exclusively composed of proteins, are produced in a wide variety of prokaryotic
microorganisms, from heterotrophic bacteria to halophilic Archaea (e.g., Halobacterium sp. NRC-1).
These nanostructures are spindle- or cylinder-shaped with a hydrophobic interior, having dimensions
from 30 to 250 nm in width and from 50 to 2 ym in length. The most interesting properties of GVNPs
include structural stability, monodispersibility, non-toxicity, self-adjuvanticity and ease of engineering.
Some studies in the literature describe applications of GVNPs in drug delivery, in antigen display for
vaccines, as contrast agents for ultrasound imaging and as acoustic biosensors (6—11). Nevertheless,
among all these protein-based nanoparticles, protein nanocages are one of the most relevant (3-5).

Protein nanocages can be defined as highly ordered, nano-scale architectures. In general, they
are produced through the self-assembly of multiple monomers, which may be identical or distinct, into
symmetric and homogeneous structures of different shapes and size. These protein-based
nanoparticles allow spatial control of biological processes and compartmentalization of toxic, unstable,
and sensitive compounds (1,12—14).

The advantages of protein nanocages result from their distinctive intrinsic characteristics,
including a high surface/volume ratio, multi-functionality and ease of modification or manipulation
through genetic or chemical strategies. Additionally, high stability, monodispersibility, biocompatibility,
low toxicity and biodegradability are very attractive properties in the context of biotechnological and
biomedical applications. Other applications include biomineralization and nanomaterial synthesis
(1,2,14).

Protein nanocages can be classified as virus-like particles (VLPs) or NVPNs. VLPs, which
constitute the major group of protein nanocages, present an extensive variability in terms of structures
and dimensions (15-21). While structurally similar to viruses, VLPs are not infectious since they lack
genetic material (14). NVPNs, on the other hand, are unrelated to viral particles. NVPNs are formed by
the self-assembly of protein monomers. This process is critically determined by the nature of the
interface between adjoining subunits (2,5). A wide variety of NVPNs with different structural and
functional characteristics have been described in the literature.



Key biomedical applications include drug delivery, vaccine development and diagnostic
bioimaging (22-31). Non-natural, bioinspired NVPNs can also be designed de novo through the
assembly of artificial, functional monomers (2,3,14,32).

The development of biomedical applications of NVPNs requires large amounts of pure and well-
folded nanoassemblies (33). Consequently, more efficient, flexible, and universal bioprocess
technologies are needed to transform NVPNs into clinically valuable products. The development of such
biomanufacturing processes should be accompanied by the setting up of adequate quality control
strategies to characterize both biological function and structure of the obtained nanocages (13).

This Chapter | first overviews general and relevant concepts related to NVPNSs, followed by a
presentation of their main applications in bioengineering, biotechnology, and biomedicine. The
processes currently used to manufacture protein nanocages are described, and the most important
aspects of upstream and downstream processing are highlighted. State-of-the-art characterization
techniques are then presented and future alternative or complementary approaches in development are
also discussed. Finally, a brief critical analysis of the drawbacks of the current manufacturing strategies

is presented, alongside the identification of the major challenges.

I.2. Non-Viral Protein Nanocages

1.2.1. General Aspects

Non-viral protein nanocages are formed by multiple protein monomers that self-assemble into
precisely defined, symmetric, homogeneous and complex structures (1,5,12,34). These nanometer size
(10-100 nm) particles may originate from different prokaryotes and eukaryotes. Their structural
characteristics are critical for important cellular functions, which include storage of minerals, regulation
of iron homeostasis, chaperone activity for the protection of other proteins in response to high
temperature, protection of DNA from oxidative damage, cargo transport of nucleic acids and catalytic

support for enzymatic reactions (5,14,34).

|.2.2. Structural and Functional Characteristics

NVPNs are robust, monodisperse and water soluble, and present high biocompatibility and
biodegradability (2,5,14,35). Furthermore, they can be chemically or genetically modified to extend
functions and applications beyond the natural ones. Such strategies rely on molecular, genetic, and
crystal structure information available in the literature (14,30,36,37). This versatility and ability to be
used as a multipurpose platform constitutes one of their most interesting features. For example, since
most NVPNs have intrinsic catalytic characteristics as well as the ability to carry different molecules in
the inner core, it is possible to optimize them as reaction vessels and templates to synthesize metallic
nanoparticles (5).

New functionalities can be engineered at interface between monomers, and the external and
internal surfaces of protein nanocages (5,14,2,38). The external surface can be conjugated with
functional ligands to improve targeting of a therapeutic cargo, cell penetration and biodistribution. These



ligands can be peptides, epitopes, or other small molecules. The possibility for multiple conjugation with
different ligands is also attractive and limited only by steric hindrance (5,39—43). The amino acids in the
monomers that compose the inner surface of the NVPNs can be replaced by specific amino acids to
enable the creation of anchors for the loading of molecules with different dimensions. Depending on the
type of nanocage and on the dimensions of the molecule to be encapsulated, this loading process and
the subsequent binding to the inner surface can be mediated by chemical interactions (covalent, ionic,

hydrophobic) or through protein-protein interactions.

1.2.3. Self-Assembly Mechanism

Self-assembly is the key to nanocage architecture. If the underlying mechanism is known (44—
46), self-assembly can be modulated by destabilizing interactions at the subunit interface. Therefore,
nanocage disassembly and reassembly can be induced, which allows controlling both the molecular
cargo release from the inner core and the encapsulation of payloads (e.g., therapeutic molecules or
enzymes). Several reports study the conditions that permit disassembly without irreversibly damaging
the protein nanocage and the subsequent reassembly into its original architecture (5,47,48). Some of
the most relevant factors are the pH (47,49,50), the ionic strength (51), the presence of reducing agents
(52) and the presence of metals (53,54).

1.2.4. Designed NVNPs

Artificial nanocages can be designed and generated de novo by mimicking the intrinsic
mechanisms of self-assembly of natural NVPNs. Starting with the structural characteristics (e.g.,
geometry, size) required for the target nanocage, functional monomers are selected and modified
accordingly. The amino acid sequences in each monomer can be partially derived from natural
nanocages or designed anew to promote self-assembly. Strategies and sub-methodologies used may
include directed evolution, use of fusion proteins, redesign of key interfaces and the de novo design
(46). Ultimately, monomer selection and design must guarantee that protein-protein interactions take
place with minimal nonspecific aggregation (2,5,14,32,38,55).

Hybrid protein nanocages, which are conjugated with components such as polymers, nucleotides,
carbon hydrates or lipids, are yet another group of protein nanocages that can be considered. These
nanocages may be of major importance for diagnosis and therapy applications, for example in the
context of targeting or modulation of immune response. However, hybrid NVPNs are not extensively

described in the literature (2).

1.2.5. Functionalization

Natural and the artificial NVPNs can be functionalized to create nanoarchitectures more adjusted
to the end applications (2,30,37). Two main strategies for the functionalization of NVPNs are described:
genetic engineering and bioconjugation (14). Genetic modifications allow a more precise control over

the number, position and distribution of the introduced molecules (13). Specific techniques used include



modular assembly (41,56), improvement of payload encapsulation (57-59), interface engineering
(60,61), peptide display (62,63), and protein display (64). Bioconjugation on the other hand consists in
the attachment of molecules that cannot be introduced through genetic engineering. The conjugation
can be performed through covalent (62,65) or non-covalent bonds (2,14). The available literature
indicates that genetic modification alone or in combination with bioconjugation is clearly the most
efficient approach to modify NVPNs (14).

1.2.6. Examples of Natural and Artificial NVPNs

A broad spectrum of NVPNs, including both natural and artificial variants, are documented in
literature. Figure 1.1 presents a schematic representation of the three-dimensional (3D) structure of
natural NVPNs that have been more extensively studied. Similarly, Figure 1.2 shows a schematic

representation of the 3D structure of some artificial NVPNs.

1.2.6.1. Natural NVPNs

The most relevant structural and functional characteristics of natural NVPNs are summarized in
Table 1.1. Vault nanocages (Figure 1.1A) have extending caps at their ends, a hinged waist region, 8
small pores (2 nm in diameter) and a significant internal volume. Each vault nanocage is composed of
several protein and non-protein elements, with the major vault protein (MJV) representing 70% of the
overall mass. An interesting property is the dynamic ability of the vault nanocages, since they can open
and close transiently, allowing the incorporation of small molecules and macromolecules within the inner
core (66-74).

PepA nanocages are formed by the self-assembly of aminopeptidase (PepA), a zinc-dependent
metallopeptidase (Figure 1.1B). The resulting nanoparticles have an inner cavity with negative charge
and 8 pores on the edges and faces with diameters of 1 and 3 nm. The channels are useful for the traffic
of molecules. PepA nanocages were used as templates for the size-controlled synthesis of ultrasmall
platinum nanoparticles, with the formation of a multifunctional biohybrid catalyst (75,76).

DNA-binding protein from starved cells (Dps) belongs to the ferritin subfamily. Dps nanocages
(Figure 1.1C) have small pores (0.8 nm) through which small molecules can diffuse. Dps nanocages
were used as templates for the formation of metallic-protein nanoparticles to improve the endogenous
catalytic activity of ferritins (77—79).

Ferritin nanocages (Figure 1.1D) have an internal cavity that matches the size of the iron core. In
this core, iron is stored in an insoluble non-toxic state. The cages have 8 hydrophilic pores (4 nm) that
facilitate the movement of iron atoms and other small molecules. Ferritin nanocages are quite stable at
high temperature and in a wide range of pH values. Self-assembly, disassembly and reassembly can
be controlled by metal ions. The nanocages were applied in biomineralization and as nanocarrier of
biological and non-biological molecules (44,60,80-86).

Small heat shock protein (sHSP) nanocages (Figure 1.1E) have 8 pores (3 nm and 17 nm) that
allow molecular trafficking. Advantages of the cages include high stability at high temperatures (up to

70 °C) and in a broad range of pH values (5 to 11). sHSP nanocages were used as nanoreactors, for
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biomineralization, for drug delivery and for bioimaging. The functionalization reported includes the
introduction of modifications with organic molecules outside and inside of the nanocages (62,87-94).

Dihydrolipoyl acetyltransferase (E2) nanocages from Bacillus stearothermophilus (Figure 1.1F)
have 12 pores (5 nm) and high stability at extreme temperatures due to the thermophilic nature of the
native organism. E2 proteins can be modified simultaneously at the outer and inner surfaces to allow
loading of drugs inside and to display functional epitopes outside (43,95-98).

Encapsulin nanocages (Figure 1.1G) have a characteristic large central cavity (20 nm) that makes
them interesting as a cargo delivery nanoplatform and as a nanoreactor (30,37,57,99-101). Lumazine
synthase nanocages (Figure 1.1H), which have a 7.8 nm inner cavity with negative charge, were used
as molecular carriers through encapsulation. Other applications include the biomineralization of iron. A
key characteristic of these nanocages is the stability at high temperatures (up to 95 °C) (31,59,102—
106).

Figure 1.1 — 3D structures of the most studied natural NVPNs. (A) Vault (PDB ID: 4V60) (66). (B) Aminopeptidase
(PepA) (PDB ID: 3KL9) (76). (C) DNA-binding protein from starved cells (Dps) (PDB ID: 1QGH) (79). (D) Ferritin
(PDB ID: 2FHA) (80). (E) Heat shock protein (HSP) (PDB ID: 1SHS) (87). (F) Dihydrolipoyl acetyltransferase (E2)
(PDB ID: 1B5S) (95). (G) Encapsulin (PDB ID: 3DKT) (99). (H) Lumazine synthase (PDB ID: 1RVV) (102).

Representations created using the Mol* Viewer tool (107,108).

1.2.6.2. Artificial NVPNs

Table 1.2 summarizes structural characteristics of artificial NVPNs reported in the literature. The
formation of symmetric and homogenous 16-nm protein nanocages (Figure 1.2A) results from the self-
assembly of monomers obtained by a fusion process. Each monomer is a geometrically controlled fusion
of two natural protein oligomers, which are connected by an a-helical linker. One of those oligomers is

the trimeric bromoperoxidase and the other is a dimeric M1 virus matrix protein (109).
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His6-HuHF and His6-SF nanocages (Figure 1.2B) with regulatable self-assembly were created
based on two recombinant ferritins (rHuHF and rSF). Histidine motifs were incorporated in one of their
subunit interfaces. Two different switches (metal- and pH-based) were developed to control the
assembly-disassembly of the nanocages. This may lead to more efficient encapsulation of molecules
within the nanocages compared to the traditional methods reported (110).

The trp RNA-binding attenuation protein (TRAP) nanocages (Figure 1.2C) result from the
assembly of 24 ring-shaped proteins derived from the natural TRAP from Bacillus stearothermophilus.
Each constituent TRAP ring is formed by 11 monomers that were engineered to include a cysteine
residue. Contrary to the usual situation, the complete nanocage is formed not through a network of
protein-protein interactions but through the bridging of opposing thiols of the cysteine residues between
TRAP rings via single gold(l) ions. The fully assembled TRAP nanocages present 6 square apertures
(4 nm). TRAP nanocages are stable up to 95 °C and at high concentration of denaturing agents (e.g., 7
M urea). Although they are susceptible to reducing agents, this could be a promising characteristic for
delivery to targets that contain this type of agents. The fact that the assembly relies on a metal-induced
process is very useful since it provides a more rigorous control of assembly-disassembly and,
eventually, a programmable mechanism. The nanocages can also be labelled with a dye in each ring-
shaped monomer, which could be useful for bioimaging applications (111-116).

I13-01 nanocages (Figure 1.2D) are hollow architectures that result from the self-assembly of
multiple monomers corresponding to a trimeric 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase
from T. maritima. These aldolase monomers were engineered to contain complementary hydrophobic
interfaces. The nanocages have several large pores (9 nm). 13-01 nanocages are stable up to 80 °C
and in the presence of high concentration of denaturing agents (e.g., 6.7 M guanidine hydrochloride).
Applications include synthetic biology, targeted drug delivery, and vaccine development (117-120).

Prototype oxygen-impermeable protein nanocages (OIPNC) (Figure 1.2E) are derived from the
pentameric B-carboxysome from Thermosynechococcus elongatus BP-1 (CcmL). Self-assembly of the
proteins into nanocages occurs in the presence of quantum dots as templates by protein-quantum dots
interfacial engineering. An advantage of these nanocages is the permeability to Oz in a switchable
process controlled by molecular patches. Future interesting applications include their use as
nanocarriers and nanoreactors (121).

TIP60 nanocages (Figure 1.2F) are hollow spheres with 20 triangular pores that were created
using a fusion protein design approach. Each monomer is a genetic fusion of two proteins (one
pentameric-LSm and one dimeric-MyoX-coil) with a three-residue linker. A reversible assembly and
disassembly mechanism based on metal ions and chelators was developed for TIP60 nanocages (122—
124).

1.3. Applications of Non-Viral Protein Nanocages

Applications of NVPNs can be found in a wide variety of areas and fields of study, with particular
emphasis on those related to bioengineering, biotechnology, and biomedicine. Representative

applications in drug delivery, vaccine development, bioimaging and diagnostic imaging,
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biomineralization and nanomaterials synthesis, and biocatalysis are briefly discussed in the following

sections and presented with more details in the Supplementary Table 1.S1.

Figure 1.2 — 3D structures of some artificial NVPNs. (A) 16-nm protein nanocages designed (PDB ID: 3VDX) (109).
(B) His6-HuHF and His6-SF nanocages (PDB ID: 7CPC) (110). (C) trp RNA-binding attenuation protein (TRAP)
nanocages (PDB ID: 6RVW) (111). (D) 13-01 nanocages (PDB ID: 8ED3) (117). (E) Prototype oxygen-impermeable
protein nanocages (OIPNC) (PDB ID: 7WKC) (121). (F) TIP60 nanocages (PDB ID: 7EQ9) (122). Representations
created using the Mol* Viewer tool (107,108).

1.3.1. Drug Delivery

NVPNs constitute an excellent vehicle for the encapsulation, targeted delivery, and controlled
release of drugs, which can range from small molecules to larger biomolecules like nucleic acids or
proteins. Several NVPNs (e.g., Dps, encapsulin, ferritin, sHSP and TRAP nanocages) were
functionalized through genetic or chemical modifications to contain targeting molecules (e.g., biotin,
hepatocellular carcinoma cell binding peptides, neuropilin 1-binding peptides and PTD4 cell-penetrating
peptides) and to allow the incorporation of different cargos (e.g., SnCe6 photosensitizer, aldoxorubicin,
doxorubicin, OSU03012 anticancer drug, small interfering RNA, curcumin). In general, results show that
NVPN-mediate delivery can be performed successfully and that the desired effect is achieved efficiently
(29,30,39,114,125-127).
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Table 1.1 — A summary of the structural and functional characteristics of the most studied natural NVPNs. The indicated code corresponds to the respective PDB ID.

Protein nanocages

Vault
(4ve0, Figure L.1A)

Aminopeptidase (PepA)
(3KL9, Figure 1.1B)

DNA-binding protein from
starved cells (Dps)
(1QGH, Figure 1.1C)

Ferritin
(2FHA, Figure 1.1D)

Heat shock protein (HSP)
(1SHS, Figure L.1E)

Dihydrolipoyl
acetyltransferase (E2)
(1B5S, Figure L.1F)

Encapsulin
(3DKT, Figure 1.1G)

Lumazine synthase

(1RVV or 1HQK, Figure I.1H)

Number of
monomers

78-96

12

12

24

24

60

60

60

Structural characteristics

Molecular

weight

13 MDa

457 kDa

216 kDa

509 kDa

396 kDa

1.6 MDa

1.9 MDa

1 MDa

Geometry

Dihedral (39-

fold) — Barrel-
like structure
Tetrahedral

Tetrahedral

Octahedral

Octahedral

Icosahedral

Icosahedral

Icosahedral

Dimensions*

OL: 75 nm;
OW: 42 nm

OD: 12 nm;
ID: 6 nm

OD: 9 nm;
ID: 5 nm

OD: 12 nm;
ID: 8 nm

OD: 12 nm;
ID: 6.5 nm

OD: 24 nm;
ID: n.a.

OD: 24 nm;
ID: 20 nm

OD: 14.7 nm;
ID: 7.8 nm

*OL, outer length; OW, outer width; OD, outer diameter; ID, inner diameter; n.a., not available.

Functional characteristics

Native organism

Eukarya (Example:
Rattus norvegicus)

Streptococcus
pneumonia

Listeria innocua

Homo sapiens

Methanococcus
Jjannaschii

Bacillus

stearothermophilus

Thermotoga maritima

Bacillus subtilis,
Aquifex aeolicus

Biological function

Involved in intracellular transport, cell
signalling, cell survival and innate
immunity

Hydrolysis of oligopeptides into free
amino acids

Prevention of oxidative damage of
DNA

Regulation of the storage and release
of iron

Chaperone activity in response to
cellular stress

Component of the pyruvate
dehydrogenase (PDH) multienzyme
complex

Involved indirectly in oxidative stress
responses through the encapsulation
of other related proteins

Enzyme complex involved in the
synthesis of lumazine (riboflavin
precursor)

References

(66,67,72,74)

(75,76,128)

(77-79)

(44,82,128)

(87,88,90-92)

(43,97,98,128)

(37,57,99,101)

(102,103,106)
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Table 1.2 — A summary of the structural characteristics for some artificial NVPNs. The indicated code corresponds to the respective PDB ID.

Protein nanocages

16-nm protein nanocages
designed
(3VDX, Figure 1.2A)

His6-HuHF and His6-SF
nanocages
(7CPC, Figure 1.2B)

trp RNA-binding attenuation
protein (TRAP) nanocages
(6RVW, Figure 1.2C)

13-01 nanocages
(8EDS, Figure 1.2D)

Prototype oxygen-impermeable
protein nanocages (OIPNC)
(7WKC, Figure 1.2E)

TIP60 nanocages
(7TEQ9, Figure 1.2F)

Structural characteristics

References
Number of Molecular

monomers weight

Geometry Dimensions*

OD: 16 nm;

12 600 kDa Tetrahedral . (109)
ID: n.a.
OD: 12 nm;
24 514 kDa Octahedral ID: n.a. (110)
OD: 22 nm;
24 2.2 MDa Octahedral ID- 16 nm (111-116)
60 1.3 MDa Icosahedral 0—%_22 o (117-120,128)
n.a. n.a. Icosahedral ob: _14 nm, (121)
ID: n.a.
60 1.1 MDa lcosahedral ~ 9D: 21.7-24.7.nm; (122-124)
ID: 15 nm

*OD, outer diameter; ID, inner diameter; n.a, not available.



1.3.2. Vaccine Development

NVPNs can be used as platforms for antigen display, offering the possibility of co-delivery of
adjuvants, targeted delivery, immune modulation, and antigen stabilisation. Engineered protein
nanocages including E2, ferritin, 13-01, lumazine synthase, sHSP and vault nanocages were
demonstrated as a potential vaccine platform, with the triggering of strong immune responses (namely
CD8+ and CD4+ T-cell responses). Different types of antigens and other molecules were displayed on
the outer and/or inner surfaces of the nanocages, such as human melanoma-associated antigen gp100,
MHC I-restricted SIINFEKL peptide epitopes, SIINFEKL and ISQAVHAAHAEINEAGR peptides, and

transmission-blocking and blood-stage malaria antigens (31,119,129-132).

1.3.3. Bioimaging and Diagnostic Imaging

The incorporation of contrast agents into NVPNs offers the possibility of extending their
applications to the visualization of biological processes, detection of diseases, and monitoring of
therapies. Ferritin and sHSP nanocages were tested in the context of bioimaging and diagnostic imaging
applications. For example, the conjugation of NVPNs with targeting peptides (e.g., RGD and DEVD)
and a fluorescent molecule (e.g., Cy5.5) allowed the imaging of caspase activity inside tumor cells (40).
In another study, labelled protein nanocages loaded with an iron oxide nanoparticle catalyzed the
oxidation of peroxidase substrates, which allowed the subsequent visualization of tumor tissue (133).
Protein nanocages combined with metallic nanoparticles also showed promise in real-time in vivo
photoacoustic imaging of tumor cells, and in positron emission tomography imaging when combined
with a copper radionuclide (134). Finally, molecular magnetic resonance imaging was possible with a
protein nanocage engineered with a targeting molecule (e.g., neuropilin 1-binding peptide) and

combined with gadolinium(lll)-chelated contrast agents (135).

1.3.4. Biomineralization and Nanomaterials Synthesis

NVPNs can be used to control and direct the formation of nanomaterials with specific properties,
for example by serving as templates for the growth of inorganic minerals, by encapsulating metal
nanoparticles, quantum dots, or magnetic nanoparticles, or by acting as microreactors for the controlled
synthesis of nanomaterials. For example, natural and engineered Dps and sHSP nanocages were used
as a nanoscale platform for the synthesis of monodisperse and homogeneous iron oxide nanoparticles
(92,136). A synthetic polymer with modifiable groups was successfully incorporated in another type of

protein nanocages (93).

1.3.5. Biocatalysis

The use of NVPNs for enzyme encapsulation and immobilization, substrate channelling and
modulation/tuning of enzyme properties offers an opportunity to improve catalytic efficiency, alter

selectivity and specificity, and enhance stability and recyclability. For example, bioinorganic hybrid

16



catalysts with interesting characteristics (namely, greater stability and prevention of agglomeration) were
created by incorporating an enzyme (e.g., manganese peroxidase) inside a NVPN (such as ferritin,
PepA, sHSP and vault nanocages) and using the biomineralization capacities (e.g., iron oxide and

platinum) of these nanostructures (94,137).

1.4. Non-Viral Protein Nanocages Manufacturing

.4.1. Overview

Efficient manufacturing of NVPNs nanostructures, all the way from the laboratory to the industrial
scale, is crucial for the development of applications. However, few scientific studies available in the
literature have dealt with the biomanufacturing of natural and artificial NVPNs. In addition to basic and
applied research, it is essential to focus on bioprocess development, as this will play a pivotal role in
bringing protein nanocages closer to the market.

Like in the case of other biological and biopharmaceutical products, the manufacturing of NVPNs
involves a sequence of actions that are designed with the objective of producing a certain amount of
product with specific quality features (138). These actions can be categorized into the upstream and
downstream processing sections (1.4.2. Upstream Processing and 1.4.3. Downstream Processing)
(Figure 1.3). The upstream processing involves the generation of the producer host cells (including host
selection and cloning), cell banks implementation, inoculum preparation, cell cultivation and protein
nanocage expression (139,140). The downstream processing includes all the unit operations required
to purify the NVPNs to a point where final product specifications are met. Lastly, the manufacturing will
require a final processing stage, which may comprise formulation, functionalization and sterilization
steps to yield the desired final nanocages (14,138).

Since NVPNs are complex biologicals with an intrinsic variability in terms of composition, stability
and biological activity, another important aspect to consider during process development is the
implementation of analytical and characterization approaches (1.4.4. Analytical and Characterization
Technologies). Clearly, the set-up of such methodologies is essential to determine and evaluate the
structural and functional features of the final nanocages, but also to adequately monitor the performance

of the biomanufacturing process throughout all its steps (138).

1.4.2. Upstream Processing

Cultivation of producer host cells and protein expression is at the core of a NVPNs manufacturing
process. While the ultimate purpose is to produce large amounts of protein nanocages, scientific studies
focused on application development require amounts that can be generated easily with simple lab-based
protocols. In general, these protocols are directed at low-volume batches and do not rely on strict control
of operating conditions. These results in low host cell densities and in reduced nanocage yields. New
and optimized strategies are clearly required that can be used in large-scale settings in order to increase

volumetric productivity and consequently decrease production costs (14,38,138,141).
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Figure 1.3 — Schematic representation of a manufacturing process for NVPNs.

1.4.2.1. Selection of Host Cells

Upstream processing comprises the selection of the host cells, the preparation and optimization
of the expression vector and its subsequent transformation/transfection into the host. All these aspects
are crucial for obtaining a quality bioproduct and a high productivity (140,141). While the natural host
can be selected if the desired NVPN is expressed naturally (99,104), nanocage production uses mainly
expression systems/host dedicated to recombinant protein production (14). Here, a variety of expression
hosts are available that include bacteria, yeasts and multicellular fungi, insect, mammalian and plant
cells (14,140,141). NVPNs are mostly produced recombinantly in bacterial cells, and in particular in
Escherichia coli, a very well-studied host that grows fast, is easy to cultivate and propagate at low cost,
and displays high productivity. However, E. coli is also associated with disadvantages such as the lack
of proper post-translational modifications (PTMs), the formation of inclusion bodies and the propensity

to generate endotoxin contamination due to its Gram-negative nature (139-141). These can be
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circumvented using yeasts such as Saccharomyces cerevisiae and Pichia pastoris, which also grow
fast, are easy to manipulate genetically and can perform PTMs. Mammalian cells are more suitable for
the production of larger and more complex nanocages that might also require PTMs. The most common
and used cell lines are Chinese hamster ovary (CHO), Sp2/0 and NSO. Insect cells like Sf9 can also be

used for nanocage production through a baculovirus expression vector system (139-141).

1.4.2.2. Design of Expression Vector and Preparation of Recombinant Host Cells

The selection of host cells is accompanied by the design and construction of an expression
vector/system that can drive a highly efficient nanocage expression (140). The expression vectors will
comprise the gene that codes for the NVPN but also any additional genetic elements required to improve
stability or enable functionalization. These can be point mutations to change or remove standard
reactive residues or to introduce unnatural amino acids, or sequences of functional peptides or proteins
that are fused to the N- or C-terminus or internal loops of the monomers (14).

Most types of NVPNs reported in the literature (PepA, Dps, E2 nanocages, encapsulin, ferritin,
sHSP, lumazine synthase, 13-01 nanocages, Tet8-M nanocages, TIP60 nanocages and TRAP
nanocages) were produced in E. coli (Table 1.3) using pET-based expression vectors. Table 1.3 lists the
most used key strains of E. coli as well as alternatives in terms of producer host organisms. Contrary to
most NVPNs, vault nanocages (Figure 1.1A) cannot be produced in E. coli due to their eukaryotic origin,
which implies complex post-translational modifications and protein folding (14). In this specific case,
yeast, insect, or mammalian cells must be used as producer hosts (Table 1.3). In yeast, the expression
vector comprises a glyceraldehyde 3-phosphate dehydrogenase promoter (142) and in insect cells a
Bac-to-Bac method based on infection with a recombinant baculovirus is necessary (58,69,72,130,143—
145).

Once recombinant host cells with the expression vector are established, host cell banks are
prepared that must be properly characterized and stored. This allows the maintenance of the
reproducibility and consistency of the process, since each batch of protein nanocages will be

manufactured using the same cell source (138,140).

1.4.2.3. Cultivation of Host Cells and NVPNs Expression

Following bank preparation, host cells are cultivated and the NVPN is expressed. Initially, a
screening should be performed using small-scale cultures to identify and evaluate the impact of
cultivation and operation parameters on protein expression levels. These parameters include media
composition, temperature, agitation, aeration, cell density, pH, inducer concentration and induction time,
among others (141,146). After the process is defined at a small scale, scale-up and pilot studies are
performed in highly controlled bioreactors as a steppingstone to industrial scale implementation.
Bioreactors can be operated in batch, semi-batch, and continuous/perfusion modes, depending on the
method used to supply nutrients, circulate the culture medium, or recover the target NVPN. Large scale
manufacturing needs to be run using optimal operation conditions that maximize expression and yield

of NVPNSs. Specific parameters of the bioreactor (aeration, dissolved oxygen, CO2, and hydrodynamic
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shear) also need to be tested and optimized to guarantee high specific and volumetric productivities. A
design of experiments (DOE) approach may be used as more efficient strategy to optimize these
parameters and understand the interaction effects between them (138,141,146).

NVPNs studied in the literature are produced mostly in shake flask cultures with volumes up to 4
L (147,148), mainly using Luria-Bertani (LB) (125,136,148) or 2x YT growth media (39,126,135,149).
When under the control of a T7 promoter, expression is induced with the addition of 0.1 mM
(110,123,149) to 1 mM (24,49,97,147,148,150,151) of isopropy! B-D-1-thiogalactopyranoside (IPTG) to
the culture during the exponential growth phase. Other parameters that may vary are the induction time,
between 2 h (40,87,90,136,150) and 30 h (24,147-149,152), and the temperature at and after induction,
which is frequently 20-25°C (24,147,148,152) or 37°C (147,148). Overall, data regarding selection and
optimization of process and operating conditions, as well as potential scale-up approaches, is very
limited.

A key aspect to consider when using prokaryotic expression systems is whether protein
overexpression leads to the accumulation of NVPNs as intracellular inclusion bodies. To minimize this,
conditions should be optimized to increase nanocage solubility. For example, Zou and co-workers
evaluated the effect of temperature (20 °C, 15 h and 37 °C, 5 h) on the expression of the heavy and
light chains of human ferritin and on the co-expression of molecular chaperones. The authors concluded
that the amount of soluble protein nanocages increased with the lower temperature and with the
presence of chaperones to help in the folding process (147,148). If formation of inclusion bodies cannot
be avoided altogether, solubilization and refolding steps must be consider in the downstream processing
(141,146). A study by Palombarini and colleagues on the expression of ferritin monomers optimized the
concentration of IPTG (0.1, 0.5 and 1 mM), the induction time (4, 8 and 16 h) and the induction
temperature (25 and 37 °C). The addition of 0.5 mM IPTG at 25 °C for 16 h was identified as optimal
and subsequently implemented at a large-scale production of ferritin nanocages by the biotechnology
company GeneScript (152).

Martin and co-workers developed a strategy to produce vault nanocages in mammalian cells as
a faster and more efficient alternative to the traditional expression in yeast or insect cells. An engineered
vault nanocage (His-tagged major vault protein) was successfully produced in the human embryonic

kidney 293F cell line through a transient gene expression (153).

1.4.2.4. Alternative NVPNs Expression Strategy

Cell-free protein synthesis has been widely explored in recent years as an alternative to cell-
based expression systems but reports of its use in NVPNs production are scarce. In one example,
Mrazek described the obtention of engineered vaults using a cell-free wheat germ expression system
and either a DNA vector or an mRNA encoding the major vault protein. Notably, the author was able to
simultaneously package passenger molecules in the internal cavity of the formed vaults by adding them
to the synthesis mixture (154). However, due to its current limitations and challenges, cell-free protein
synthesis does not seem to be the most suitable strategy for consistent production of NVPNs at large-
scale (155—-160).
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Table 1.3 — A summary of organisms and respective strains or cell lines used in the production of NVPNSs.

Dps (29,136)
E2 (27,49,131)
Encapsulin (30)
Ferritin (152,161,162)
HisHGI?g;:Hr?:nFoggges )
BL21(DE3)
13-01 nanocages (118)
Lumazine synthase (31)
PepA (76)
Bacteria sHSP (40,62,88-90)
(E. col) TIP60 nanocages (123)
TRAP nanocages (111,114)
BL21(DE3)B sHSP (92)
BL21(DE3)-RIPL 13-01 nanocages (119)
BL21(DE3)C+RIL E2 (50)
BL21-Gold(DE3) sHSP (126,135,151)
BL21-CodonPlus(DE3) sHSP (39)
BL21-CodonPlus(DE3)-RIL Ferritin (163,164)
JM109(DE3) sHSP (129)
C43(DE3) Encapsulin (101)
® ;22?;/.8) SMD1168 Vault (142)
(Spodop J:;ezzgiper da) Sf9 Vault (58,69,72,130,143-145)
Mammalian o Ferritin (165)
(Homo sapiens) Human embryonic kidney 293F
Vault (153)

1.4.3. Downstream Processing

1.4.3.1. Overview

Downstream processing encompasses the extraction, isolation, and purification of the target
NVPNs from the broth culture obtained in the upstream stage. The end-product must conform to a
predetermined set of specifications that are established with the final intended use in consideration.
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Ideally, the overall downstream process will comprise a small number of high-yield unit operations so
as to minimize complexity, residence time and processing costs (138). Typically, unit operations are
selected and implemented that explore different physical-chemical properties of the specific protein
nanocages and of the associated impurities (genomic DNA, RNA, host proteins, and endotoxins). In
general, the downstream processing of NVPNs will include primary isolation and recovery steps such
as cell harvesting, cell lysis and clarification, and then a number of purification steps (138,141,146). An

overall description of this downstream processing is illustrated in Figure 1.4.

Figure 1.4 — Block diagram for a standard NVPNs downstream processing showing different possibilities of unit

operations.

1.4.3.2. Primary Isolation and Recovery

In the first step of the downstream processing, NVPN producer cells are harvested from the
culture broth, for example by centrifugation at moderate speeds (e.g., 5000xg) (89,147,148,153). Next,
cells are resuspended in an appropriate buffer, and the intracellular nanocages are released via a
specific cell lysis step. The most common options at lab scale are ultrasonication
(23,24,29,40,101,125,136,153), French press (29,50,96) and Dounce homogenization cell lysis
(72,145). In some instances, lysozyme is added to the lysis buffer to weaken/break down bacterial cell
walls and hence improve lysis (29,125,136). Nucleases (e.g., DNase, RNase) are also added often to
lysis buffers to promote degradation of nucleic acids as they are released (29,125,136). Protease

inhibitors are also an option in some cases (72,119,145,153). For large-scale operation, high-pressure
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homogenizers and bead milling will certainly be more suitable than sonication, French press or Dounce
homogenization cell lysis (141).

After cell lysis, a clarification step based on centrifugation or filtration is normally implemented to
remove cell debris and particulate matter. If a situation exists where nanocage inclusion bodies are
formed, these must be separated from cell debris and recovered, solubilized and then adequately
refolded (49,97,141,146). For example, Jeon and co-workers have shown that inclusion bodies of ferritin
nanocages can be solubilized with 8 M urea and then refolded on a nickel ion chelate affinity column
with a downward gradient of urea from 8 M to 0 M (24).

Clarified lysates containing the NVPNs are sometimes subjected to heat treatment prior to
purification. This approach explores the fact that protein nanocages are in general thermostable at high
temperatures. Thus, heating clarified E. coli cell lysates at 65 to 90 °C will promote the denaturation and
precipitation of host proteins, which are subsequently removed by centrifugation (e.g., 12000xg), without
affecting the structure of the thermostable nanocages (14). This strategy was applied successfully to
lysates containing a range of different nanocages, including Dps (29,136), E2 nanocages (49,97),
encapsulin (30,101), ferritin (23,65,82,125,150,163), sHSP (62) and 13-01 nanocages (118).

Several studies also report on the enzymatic treatment of nanocages-containing clarified E. coli
cell lysates. In the majority of cases, a DNase or an RNase is used directly in the clarified lysates
(39,150) or previously added to the lysis buffer (29,62,92,123,125,136) to degrade host cell nucleic acid
impurities such as genomic DNA and RNA that are co-released from cells during lysis. The resulting
products of degradation (e.g., short oligonucleotides) are easier to remove in subsequent purification
steps. Protease inhibitors may also be added at this stage to minimize enzymatic degradation of

nanocages (119).

1.4.3.3. Purification

The NVPNs-containing clarified lysates generated in the intermediate recovery stage and entering
the final purification stage will often contain host derived impurities that must be removed to obtain a
bulk product complying with final-specifications (Figure 1.4). Apart from genomic DNA, RNA, host
proteins and other macromolecules (e.g., lipopolysaccharides in the case of E. coli), it is also important
to remove misfolded nanocages or aggregates. Given this range of impurities, the purification stage is
likely to comprise more than one step. Data on the downstream processing available in the literature
primarily comes from laboratory protocols. This limited information makes it difficult to compare and

weigh the merits of the different methodologies used.

1.4.3.3.1. Chromatographic Methods

Column chromatography is the preferred method for obtaining highly pure nanocages. The
interaction modes explored include ion exchange (IEX), hydrophobic interaction (HIC), affinity
chromatography (AC) and size exclusion (SEC). In IEX, HIC and AC, nanocages are retained by
interacting with the stationary phase, whereas impurities flowthrough and/or elute under suitable buffer

conditions. Nanocages are then eluted using an adequate buffer. In general, the nanocage-containing
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fractions obtained are concentrated relatively to the feed (138,139). Despite its known shortcomings,
SEC is an attractive purification option because nanocages are in general larger than most host-derived
impurities.

The large size of nanocages (10-100 nm) is likely to impact the performance of IEX, HIC and AC.
For once, and on account of their size, the diffusion coefficients of protein nanocages are inherently
small. Furthermore, since most chromatographic matrices feature pores with diameters that seldom
exceed the 30 nm (166), intrapore diffusion will be hindered. This may translate into internal mass
transfer limitations, which can result in broad peaks, low recovery, and the need to use small flow rates.
This proximity of nanocage and pore size is also likely to translate into poor binding capacities. One
possible way to overcome these capacity limitations is to use stationary phases like chromatographic
membranes and monoliths that are engineered to accommodate very large pores (> 200 nm). This
strategy is in line with what is used for the purification of other very large biologicals such as plasmids,
bacteriophages or VLPs (138,167).

1.4.3.3.1.1. lon Exchange and Hydrophobic Interaction Chromatography

In IEX, anion-exchange (AEX) resins are used almost exclusively due to the anionic nature of the
outer surface of most NVPNs. However, negatively charged impurities such as nucleic acids and
lipopolysaccharides can also bind to anion exchangers and thus affect binding capacity and
performance. The feed to AEX columns is usually a clarified lysate of the producer host cells (microbial
or mammalian). Examples of resins used include strong anion-exchangers with quaternary amine
functional groups such as Uno-Q, Q Sepharose, HiTrap Q and HiPrep Q
(27,39,40,49,61,89,90,97,131,135,136,151,165) and weak anion-exchangers such as DEAE
Sepharose (110). In most cases, sodium chloride gradients (up to 1 M) are employed to increase the
ionic strength and elute the nanocages. If an adequate combination of stationary phase, operating
conditions and elution scheme is used, a substantial amount of host impurities can be removed by AEX.
HIC has also been used to purify ferritin nanocages using a Phenyl Sepharose resin (163,164). The key

disadvantage of HIC, however, is the need to use large amounts of salts to promote binding.

1.4.3.3.1.2. Size Exclusion Chromatography

The removal of most impurities by AEX is usually followed by a SEC polishing step. Examples of
SEC resins used here include Superose 6 (49,97,131,136,165), Superdex 200 (40,61,110), TSKgel
G3000SW (39,135,151) and Sephacryl S-200 (89,90). The key goal when using SEC for polishing is to
separate nanocages from similarly sized impurities such as nanocage aggregates and misassembled
variants. Baseline peak separation of the later impurities will in general be difficult to achieve due to the
limitations of resolution inherent to SEC. Removal of traces of host impurities and buffer exchange are
also afforded by SEC.
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1.4.3.3.1.3. Affinity Chromatography

AC is often used for the purification of engineered variants of natural and artificial NVPNs. The
method requires the incorporation of an affinity tag in the primary sequence of monomers, to enable the
capture of assembled nanocages by an affinity resin modified with the appropriate ligand. For example,
poly-histidine tags in combination with nickel ions chelate affinity resins (e.g., Ni-NTA, Ni Sepharose 6,
Ni-NTA-Sefinose, HiTrap Chelating) are widely used to purify a range of protein nanocages
(24,76,123,126,147,148,168). Similarly, vault nanocages produced in 293F mammalian cells were
purified using commercial magnetic particles in a platform based on immobilized metal affinity
chromatography (IMAC) chemistry (153). In another instance, a maltose-binding protein (MBP) domain
was fused to the N-terminus of TriEst, an esterase monomer used to assemble artificial protein
nanocages Tet8-M. Purification was then performed with a maltose affinity resin (MBP-Trap) (149).
While AC provides high selectivity and specificity, leading to high purity levels, in some cases a second
purification step is performed, for example by SEC (118,119,149,168) or an AEX (76). Possible
downsides of AC are related to the requirement to add affinity tags to monomers. Apart from the extra
effort involved, the presence of tags can eventually compromise the self-assemble process or alter the
properties of the original nanocages.

1.4.3.3.1.4. Combinations of Chromatographic Steps

Although the AEX-SEC combination is widely used, Santambrogio and co-workers proposed a
scheme for the purification of the heavy chain of mouse ferritin nanocages that combines a first SEC
step (Sepharose 6B resin) followed by an AEX step (HiTrap Q resin) (150). A similar approach was used
by Jung and colleagues when purifying E2 nanocages (SEC with a Superdex 200 resin and AEX with a
Mono-Q resin) (96). Finally, Bova and co-workers established a three-step chromatographic purification
of sHSP nanocages, which involved AEX (Mono-Q resin), HIC (Phenyl Sepharose resin) and SEC
(Superose 6 resin) (88). While combinations of chromatographic steps are the norm when purifying
nanocages, some reports describe the purification of NVPNs with either a single AEX (DEAE Sepharose
and HiPrep Q) (50,125) or a single SEC step (Superose 6, Superdex 200 and Sephacryl S-400)
(23,29,30,92,123,134).

One downstream processing that is particularly interesting and unique among NVPNs involves
artificial TRAP nanocages. Unlike other protein nanocages that undergo purification after self-assembly,
TRAP nanocages are assembled in vitro in the presence of gold ions. This means that the individual
sub-units of TRAP nanocages, which are composed of 11 monomeric TRAP proteins, must be purified
in advance. Heddle and his group elaborated a downstream strategy that starts with a heat treatment of
the clarified E. coli lysate containing the TRAP rings followed by AEX (Q Sepharose or HiTrap Q resins)
and SEC (Superdex 200 resin) steps (111-114,116).

1.4.3.3.1.5. Pre-Chromatography Processing

In some studies the target protein nanocages are precipitated with ammonium sulphate prior to
AEX or SEC chromatography to remove nucleic acid impurities (89,90,96,110,118,150,169). Differential
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ultracentrifugation is also described as pre-purification step before chromatography (AEX or SEC) (82).
For example, encapsulins were subjected to ultracentrifugation with sucrose gradient (e.g., 10 to 50%
(w/v)). However, this approach has clear drawbacks such as the need for high centrifugation speed

(e.g., 100000xg) and extensive centrifugation time (e.g., 18 h), and the lack of scalability (30,101).

1.4.3.3.1.6. Chromatographic Process Yields

Despite limited, some process yield data for purified NVPNs can be summarized. For example,
yields of 56 mg and 25 mg per liter of cell culture were obtained for ferritin nanocages assembled from
heavy chain sub-units and purified with a single AEX step (125) and for ferritin nanocages purified with
a single SEC step (23), respectively. On the other hand, yields of 15 mg (purity > 90%) and 10 mg (purity
of 96%) per liter of cell culture were obtained when using Ni-affinity chromatography for the purification
of the heavy and the light chains of ferritin nanocages, respectively (147,148). For an IMAC-based
platform, Martin and co-workers verified a recovery of 90.4% in terms of the vault nanocages in the
soluble fraction, obtaining a protein concentration of 20 ug mL-'. These authors concluded that 5 mg of
the magnetic nanoparticles can capture 30 ug of vault nanocages, with a purity greater than 85% (153).
A two-step chromatography purification (SEC + AEX) yielded 15 mg and 7 mg per liter of cell culture of
the heavy and the light chains of ferritin, respectively (150). Other reported values include 20 mg L™ of
cell culture for E2 nanocages purified by AEX + SEC (49,97), 400 mg L' of cell culture for artificial
protein nanocages Tet8-M purified with AC (149) and 50 mg L' of cell culture and 40 mg L™ of cell
culture for encapsulin and ferritin nanocages, respectively, when purified by tandem ammonium
sulphate precipitation and SEC (101,169). A final yield of purified TRAP rings of 1 to 2 mg L of cell
culture was obtained with a combination of AEX and SEC steps (111-114,116).

1.4.3.3.2. Non-Chromatographic Methods

Palombarini and co-workers devised and suggested an alternative methodology for large-scale
NVPNs purification that eliminates chromatographic steps while maintaining high efficiency and
potentially reducing costs (152). Specifically, a ferritin nanocage-containing lysate obtained by
sonication was subjected to an initial heat treatment and then clarified by vacuum filtration aided by
diatomaceous earth. Next, the clarified lysate was purified by crossflow ultrafiltration using a 100 kDa
cut-off membrane module. The system was operated in concentration and diafiltration modes, producing
a stream with a final concentration of 20 g L™". The process was able to eliminate critical impurities,
including genomic DNA and non-targeted proteins. The methodology offers the advantage of
regenerating and reusing the filtration modules multiple times, depending on the sample source and
quality.

The immunogenic and pyrogenic nature of endotoxins, which mainly include lipopolysaccharides
(LPS) from Gram-negative bacteria, is a significant concern when purifying biological products.
Regulatory agencies such as the Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) establish maximum allowed limits for the quantity of endotoxins that must be met when

manufacturing of nanocages for biomedical applications (170,171). When exploring methods to remove
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endotoxins, it is crucial to consider the substantial size of nanocages, which makes them more prone to
interact with endotoxins, as well as the requirement to preserve their architecture (161). Silva and
colleagues employed an Endotrap HD resin in conjunction with the detergent Triton X-114 followed by
a polishing step with SEC to remove endotoxins from the heavy chain of ferritin nanocages. Recovery
of nanocages was 57% and the final concentration of endotoxins was 0.83 EU mL™, which is lower than
the maximum acceptable limit for in vitro and in vivo biomedical purposes (161). Additionally, Molino
and his research group used a method that relied on successive washes of E2 nanocages with Triton
X-114 to successfully decrease the concentration of endotoxins to acceptable values (131).

Vault nanocages whose production was performed both in P. pastoris SMD1168 and Sf9 insect

cells were purified using a discontinuous density gradient ultracentrifugation after cell lysis (72,142,145).

1.4.3.4. Representative Downstream Processes

To illustrate the diversity of options available in terms of producer hosts and unit operations, four
different block diagrams of NVPNs manufacturing processes are schematized in Figure 1.5. These block
diagrams were adapted from the literature and are representative of the current panorama in the
downstream processing of protein nanocages.

Most of the downstream processing studies available refer to NVPNs produced in E. coli, which
is clearly the most common microbial production host. Blocks diagrams A (Figure 1.5A) and B (Figure
1.5B) exemplify the downstream step respectively of ferritin (150) and sHSP (126) nanocages produced
in E. coli and purified by chromatography. On the other hand, block diagram C (Figure 1.5C) illustrates
the production of vaults nanocages in an eukaryotic host, the insect (Spodoptera frugiperda) cells (145).
Finally, block diagram D (Figure 1.5D) shows a downstream process of ferritin nanocages produced in

mammalian (Homo sapiens) cells (165).

1.4.4. Analytical and Characterization Technologies

The establishment and validation of analytical and characterization technologies for assessing
the structural and functional characteristics is crucial to confirm whether the purified nanocage is within
specifications. Furthermore, analytical techniques are also relevant to monitor the performance,
robustness and consistency of the different manufacturing steps (138). Some well-established
techniques routinely used for the determination and assessment of the biophysical characteristics of
different types of NVPNs are summarized in Table 1.4. Dynamic light scattering (DLS) and transmission
electron microscopy (TEM) of negatively stained preparations allow the estimation of the average
hydrodynamic diameter of nanocages. Microscopy provides a means to observe the morphology of
nanostructures and compare it with the corresponding theoretical 3D structure available in databases.
Furthermore, TEM is also useful to visualize the biomineralization of nanocages. The use of analytical
SEC (typical resins/columns are Superdex 200, Superose 6 and TSKgel G4000SW) enables the
estimation of the molecular weight of the assembled nanostructure by reference to a calibration curve
of high and low molecular weight proteins. Further, it can be used to evaluate the oligomeric state of the

nanocages at the end of the bioprocess.
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Figure 1.5 — Representative examples of downstream processes implemented for distinct NVPNs produced in
different organisms. Blocks diagrams A and B illustrate the downstream step respectively of ferritin and sHSP
nanocages produced in E. coli and purified by chromatography. Block diagram C shows the production of vaults
nanocages in insect (Spodoptera frugiperda) cells. Block diagram D exemplifies a downstream process of ferritin

nanocages produced in mammalian (Homo sapiens) cells.

Additionally, the literature reports the use of less common analytical techniques (summarized in
Table 1.4). These techniques are used to estimate or determine structural properties of the target protein
nanocages including the molecular weight, the particle size distribution, and the oligomeric state of each
nanostructure. Furthermore, far-UV circular dichroism (FUV-CD) spectroscopy is used to characterize
the secondary structure, the folding, and the thermostability of the protein nanocages.

Atomic force microscopy (AFM) is another promising tool for nanocage characterization. Apart
from providing a means to visualize the nanostructures, AFM can be used to determine mechanical
properties and study protein-protein interactions. Heddle and his group used AFM and high speed-AFM
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to visualize and characterize TRAP nanocages (115,116). AFM was also used with encapsulin
nanocages (172), ferritin nanocages (173), lumazine synthase nanocages (174), vault nanocages (175)
and 03-33 artificial nanocages (174).

Although not extensively explored, methods based on fluorescence are promising due to the ease
with which it is possible to label the exterior or interior of nanocages with fluorophores (e.g., Alexa Fluor
488-maleimide, Alexa Fluor 750-maleimide, fluorescein, Cys 5.5 dye) (39,40,62,65,88,92,151). For
example, the detection and study of time-dependent fluctuations in fluorescence intensity afforded by
fluorescence correlation spectroscopy (FCS) can be used to determine several physical and chemical
parameters including translational and rotational diffusion coefficients (from which hydrodynamic
diameters can be inferred), chemical kinetic rate constants and molecular aggregation (176).

Monitoring the concentration, homogeneity, and purity of the target protein nanocages throughout
manufacturing is critical. Total protein is estimated by assays such as the bicinchoninic acid (BCA)
(50,58,69,111,113,114,119,129,144,153), the Bradford (23,40) and the biuret (136). Methods for the
specific quantitation of nanocages in a mixture would be especially useful to monitor the performance
of the different steps of manufacturing. High performance liquid chromatography (HPLC) could be a
potential approach, in particular based on a size exclusion chromatographic support, as it has been
investigated and implemented for other large biological molecules, namely VLPs (177,178). SDS-PAGE
is commonly used, but due to its denaturing characteristics it can only detect the presence of the
nanocage monomers and other protein impurities (92,153,165). Native PAGE, on the other hand, can

be used to check the native quaternary structure of nanocages (101,123,150).

1.4.5. Drawbacks and Challenges

Developing a manufacturing process for NVPNs is a complex task, in part due to the structural
and functional nature of protein nanocages. The initial challenge for process developers is to collect
available data and information related to the features of the target nanocages (179). Then, improving
the efficiency of current processes and incorporating innovative unit operations into an integrated
process is vital for enhancing both upstream and downstream processing of NVPNs (179). The existing
literature lacks data regarding the upstream processing steps, particularly concerning the optimization
of the protein expression conditions and operating parameters that impact quality and concentration of
protein nanocages. This optimization process is quite challenging due to the large number of involved
factors and their potential interaction. To improve the purity of the final product, it is essential to establish
a consistent and effective sequence of unit operations for purification. Furthermore, there should be a
greater emphasis on investigating and exploring the conditions and parameters that impact purification,
particularly in the chromatography stages. One example is conducting dynamic binding capacity studies.
Efforts to improve the manufacturing process of NVPNs should also encompass an investment in the
enhancement of current analytics and the exploration of newer techniques (179). This is crucial since
the analytical component of the manufacturing process is often challenging due to the complexity, time-
consuming nature, or poor reliability of certain quantification methodologies.

Once a NVPNs manufacturing process is established in batch, there is potential for a shift towards

continuous processing, which could bring several advantages, including high purity, increased
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productivity, and reduced overall process costs (179,180). Improved analytical and monitoring
methodologies that are capable of on-line and in-line analysis and can be integrated into the process
will be required for continuous monitoring, process control, and product quantification (179). For the
upstream processing. this could entail the monitoring of standard physical and physicochemical cell
culture parameters (e.g., temperature, pH, dissolved oxygen, optical density, and off-gas composition),
as well as the implementation of spectroscopic (e.g., UV-visible, fluorescence, near-infrared, infrared,
and Raman) and light scattering techniques (e.g., DLS and multi-angle light scattering (MALS)). In the
downstream processing, and apart from the more standard monitoring of UV, conductivity, and refractive
index, light scattering sensors such as MALS should be considered (138,141,180-182).

Overall, developing a robust, efficient, and scalable NVPNs manufacturing process with a
reduced number of unit operations is crucial to maximizing recovery yield. However, achieving this while
maintaining the final quality of nanocages in a cost-effective manner remains a major challenge. As with
other biological products, adjusting the manufacturing process for each type of NVPNs will be required
(138,179).

.5. Conclusions

Protein-based nanoparticles, including natural NVPNs, have gained significant attention in
bioengineering, biotechnology, and biomedicine due to their intrinsic characteristics. The design of
protein-based nanocages based on natural nanostructures has also shown promise for practical
applications. However, there is still a need for further research to fully understand the underlying
characteristics and assembly mechanisms of nanocages. While implementing biomanufacturing
processes suitable for large-scale production is critical to bring nanocages closer to the market, few
scientific studies have addressed the upstream and downstream processing of nanocages. E. coli is
commonly used as the producer host but in the future, alternative host bacteria and other non-bacterial
organisms could be explored. Further the standard production processes based on laboratory protocols
should be modified and adapted for scale-up. The conceptual design of downstream processing of
NVPNs is hampered by limited data and information on alternative steps and process yields. While the
combination of AEX and SEC is the most used approach, complementary strategies such as aqueous
two-phase extraction and crossflow ultrafiltration could be explored in the future. Finally, it is crucial to
invest in more effective and simpler analytical and characterization techniques to determine and assess
the structural and functional characteristics of nanocages. Clearly, further research is required to
develop cost-effective NVPNs manufacturing processes.
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Table 1.4 — A summary of well-established and less common analytical techniques used to determine and evaluate

the biophysical characteristics of different types of NVPNs.

Dynamic light scattering
(DLS)

Standard =~ Transmission electron microscopy

(TEM)

Analytical SEC

High performance SEC (HP-SEC)

SEC with multi-angle light
scattering (SEC-MALS)

SEC with right-angle (RALS)/low-
angle (LALS) light scattering

Small angle X-ray scattering
(SAXS)

Gas-phase electrophoretic mobility
molecular analyzer (GEMMA)

Mass spectrometry

Less Native mass spectrometry
Common

Electron spray mass spectrometry

Liquid chromatography/electrospray
mass spectrometry (LC/MS)

Electrospray ionization time-of-flight
(ESI-TOF) mass spectrometry

Matrix-assisted laser

desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry

Far-UV circular dichroism (FUV-
CD) spectroscopy

Analytical ultracentrifugation

Dps, E2, encapsulin,

ferritin, sHSP and
vault

13-01 and TRAP
nanocages

Dps, encapsulin,
ferritin, sHSP and
vault

13-01 and TRAP
nanocages

Dps, encapsulin,
ferritin, sHSP and
vault

TIP60 nanocages

Ferritin

TIP60 nanocages

TRAP nanocages

Ferritin

TIP60 nanocages
Vault

E2
Ferritin
sHSP
Encapsulin
TRAP nanocages
Ferritin
Dps
sHSP
TRAP nanocages
Dps
Encapsulin
E2
sHSP
E2
Ferritin
sHSP

Ferritin

(40,92,101,131,135,136,147,153,
165)

(111,114,118)

(40,92,101,126,136,148,153,165)

(111,114,118)

(30,40,89,90,92,136,162,165)

(123)
(110,152)

(123)

(116)

(47,183)
(123)

(72)

(131)
(24,41)
(92)
(101)
(111)
(150)
(29)

(62)
(111)
(77)

(30)
(49,50,61,97)
(39,151)
(27,49,50,61,96,97,184)
(147)
(88)
(65,183)
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1.6. Supplementary Material

Supplementary Table 1.81 — Detailed list of representative studies using NVPNs in different research areas in the bioengineering, biotechnology, and biomedicine fields.

2010

2014

Drug delivery 2014

2015

2018

Dps

Encapsulin

Ferritin

sHSP

sHSP

Engineered Dps nanocages are used to deliver a photosensitizer (a compound that produces reactive oxygen
species when excited by light) to biofilm microcolonies of Aggregatibacter actinomycetemcomitans. The
original Dps from L. innocua were modified by functionalization with a targeting moiety (biotin) and covalent
incorporation of a SnCe6 photosensitizer. The study concluded that the light-induced activity of the targeted
photosensitizer reduced the viability of A. actinomycetemcomitans biofilm.

Encapsulins from T. maritima were engineered by genetic modification or chemical conjugation. Additionally,
hepatocellular carcinoma cell binding peptides were displayed on the surface of the engineered encapsulins
to target delivery to HepG2 cells. The anticancer prodrug aldoxorubicin was chemically bound into the
nanocages. The drug was effectively delivered and released in the target cancer cells, producing a
cytotoxicity effect equivalent to that obtained with free aldoxorubicin.

Ferritin nanocages were used to deliver the antitumor drug doxorubicin, which exerts its cytotoxic action by
targeting the nuclear DNA of human cancer cells. A genetically engineered apoferritin variant (HFn) was
selected. Doxorubicin-loaded HFn nanocages showing selectivity for the target cancer cells were internalized
faster and more efficiently compared to free doxorubicin, which increased the drug action efficacy.

Engineered sHSP nanocages were used as a delivery platform that specifically targets human pancreatic
cancer cells. A genetic engineering approach was used to coat the surface of nanocages from M. jannaschii
with the neuropilin 1-binding peptide (iIRGD), which presents affinity for the target cells. An anticancer drug,
OSU03012, was successfully incorporated inside these labelled nanocages. The loaded sHSP nanocages
induced the death of pancreatic cancer cells by activating the caspase cascade more efficiently when
compared with the free drug.

Genetically modified sHSP nanocages from M. jannaschii were used to develop a new small interfering RNA
(siRNA) delivery system. The siRNA-loaded sHSP nanocages were introduced efficiently into cancer cells
and the delivered siRNA was able to significantly downregulate the desired protein expression.

(29)

(30)

(125)

(39)

(126)
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Drug delivery

Vaccine
development

2021

2022

2003

2012

2013

TRAP nanocages

Ferritin

sHSP

Vault

E2

Supplementary Table 1.2 — (continued).

Artificial TRAP nanocages were selected to demonstrate that NVPNs can be a valid platform for the delivery
of drugs and other active compounds. Original TRAP nanocages were labelled on the surface with a cell-
penetrating peptide (PTD4) and a fluorophore (Alexa-647) and the inner core was loaded with a protein cargo
(a variant of a green fluorescent protein). The efficiency of the loading of the protein cargo was low,
suggesting that additional future improvements are necessary. However, the labelled and loaded TRAP-
nanocages successfully entered into MCF-7 and Hela cells.

A pH-sensitive tumor self-targeting drug delivery platform was developed based on ferritin nanocages (HFn).
HFn nanocages were successfully loaded with curcumin through a disassembly/reassembly strategy. In vitro
experiments in breast cancer cell models confirmed that the curcumin-loaded HFn nanocages have higher
cytotoxicity, cellular uptake, and targeting performance. Additionally, the conjugated nanocages
demonstrated superior in vivo therapeutic effect and lower systemic toxicity.

sHSP 100 nanocages were bound to a human melanoma-associated antigen gp100 during a heat shock with
the aim of developing a targeted immunotherapy. Due to its chaperone activity, it was possible to complex
the sHSP 110 nanocages with the antigenic protein. These complexes were strongly immunogenic, inducing
an antigen-specific IFN-y production and a cytotoxic T-cell response. Immunization of a mice model with the
complexes resulted in an antitumor response.

The immunity produced in response to ovalbumin encapsulated in vault nanocages was characterized. The
loaded nanocages induced strong anti-ovalbumin CD8+ and CD4+ T cell memory responses and a
reasonable antibody production. Further, the antibody isotypes could be changed in vivo, which resulted in
modifications of the vault nanocages.

E2 nanocages from B. stearothermophilus were engineered to develop a cancer vaccine platform. The
nanocages with MHC I-restricted SIINFEKL peptide epitopes displayed on the surface were loaded with
dendritic cell-activating CpG molecules. The release of CpG from the E2 nanocages by a decrease in pH
were able to activate bone marrow-derived dendritic cells at a lower concentration than the one needed with
free CpG. The engineered and conjugated nanocages further resulted in an increased and prolonged CD8 T
cell activation.

(114)

(127)

(129)

(130)

(131)
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Vaccine
development

Bioimaging and
diagnostic imaging

2014

2014

2018

2011

Ferritin

Lumazine synthase

I13-01 nanocages

sHSP

Supplementary Table 1.83 — (continued).

Ferritin nanocages were tested to create an antigen delivery platform for dendritic cell-based vaccine
development. The nanocages were engineered by adding one of two antigen peptides, SIINFEKL or
ISQAVHAAHAEINEAGR, to the outer or inner surfaces. Antigen peptide-ferritin nanocages were efficiently
delivered to dendritic cells, with both antigen peptides successfully inducing antigen-specific CD8+ or CD4+
T cell proliferations in vitro and in vivo. The result was a selective destruction of the antigen-specific target
cells.

An antigen delivery system to dendritic cells was investigated using lumazine synthase protein nanocages.
The nanocages were externally labelled with ovalbumin peptides, SIINFEKL and ISQAVHAAHAEINEAGR,
through genetic modifications. The peptides were efficient delivered by the labelled protein nanocages,
followed by an efficient processing via dendritic cells in vitro and in vivo. Consequently, proliferation of CD4+
T cells specific for both antigen peptides was induced.

Artificial 13-01 protein nanocages were selected to develop a potential vaccine nanoplatform. The original
nanocages were engineered to improve particle uniformity and stability, and conjugated with a SpyCatcher,
allowing the binding of the antigen of interest. The modified 13-10 nanocages demonstrated a high stability to
temperature, lyophilization, and freeze-thaw, among others. More importantly, they were found to have an
efficiency connection of 95% to different transmission-blocking and blood-stage malaria antigens, such as
the Plasmodium falciparum CyRPA.

An engineered variant of sHSP nanocages from M. jannaschii was chemically and genetically modified by
incorporating RGD and DEVD peptides and conjugating Cy5.5 and BHQ3 molecules. The modified
nanocages were incorporated in cancer cells via binding and subsequent endocytic internalization.
Additionally, imaging of caspase activity of the sHSP nanocages in live cells and in vivo experiments showed
that the cages accumulate specifically in tumor tissues. The modified sHSP nanocages were used to monitor
the therapeutic effect of an anticancer drug treatment by imaging their caspase activity within the tumor cells.

(132)

(31)

(119)

(40)



Bioimaging and
diagnostic imaging

Biomineralization
and nanomaterials
synthesis

Ge

2012

2016

2018

2002

2003

Ferritin

Ferritin

sHSP

Dps

sHSP

Supplementary Table 1.4 — (continued).

Magnetoferritin nanoparticles were developed to target and visualize tumor tissues without the use of a
contrast agent or a targeting ligand. Recombinant human heavy-chain ferritin (HFn) nanocages were loaded
with iron oxide nanoparticles. The nanocages could bind to tumor cells that overexpress transferrin receptor
1. Further, the iron oxide core catalyzed the oxidation of peroxidase substrates in the presence of hydrogen
peroxide, producing a color reaction that enabled the visualization of the tumor tissues. In vivo experiments
showed that the nanocages could distinguish healthy cells from cancer cells with high levels of sensitivity
(98%) and specificity (95%).

Ferritin nanocages were used as template for the synthesis of ultrasmall copper sulfide nanoparticles inside
the inner core. The metal-ferritin nanocages showed a higher photoacoustic tomography improvement for
real-time in vivo photoacoustic imaging of tumor cells. Coupling of a copper radionuclide resulted in
nanoparticles with characteristics of a good positron emission tomography imaging agent, which present
higher tumor accumulation in comparison with free copper. Use of the nanocages in photothermal cancer
therapy resulted in an increase of the therapeutic efficiency. Further, good biocompatibility was demonstrated
both in vitro and in vivo.

sHSP nanocages from M. jannaschii were conjugated with gadolinium(lll)-chelated contrast agents and iRGD
peptides, which target neuropilin-1 expressed on pancreatic cancer cells. In vitro and in vivo studies showed
that the molecular magnetic resonance imaging with these protein nanocages allowed detection neuropilin-
1-positive cells as well as the creation of a strong signal enhancement of spontaneous pancreatic tumors in
engineered mouse models.

Dps nanocages from L. innocua were used as template for the size constraining of 5 nm, homogeneous
nanoparticles of the ferrimagnetic iron oxide maghemite. The electrostatic nature of the protein nanocages
interior surface was found to be determinant to spatially direct the mineralization of transition metal
oxyhydroxides.

sHSP nanocages from M. jannaschii were used to develop a nanoscale platform for the synthesis of inorganic
materials. Two variants of the nanocages (original and engineered) were used as templates to act as spatially
controlled reaction vessels for iron oxide mineralization. For both variants, the result was positive, with the
formation of monodispersed iron oxide nanoparticles (9 nm).

(133)

(134)

(135)

(136)

(92)
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Biomineralization
and nanomaterials
synthesis

Biocatalysis

2009

2004

2005

2011

2015

sHSP

Ferritin

sHSP

PepA

Vault

Supplementary Table 1.85 — (continued).

A modified variant of sHSP nanocages from M. jannnaschii was filled with a synthetic polymer decorated with
modifiable groups. The polymer network allowed a spatial control of the reactive sites and a significant
increase in the stability of the nanocages (up to 120 °C). Additionally, the introduced reactive centers were
demonstrated to be functional.

The protein-constrained iron oxide mineral core of ferritin (ferrihydrite) was shown to be an efficient catalyst
for photoreduction reactions. Specifically, ferrihydrite-mineralized ferritin nanocages catalyzed the
photoreduction of Cu(ll), yielding a stable and air sensitive colloidal dispersion of Cu(0). The authors show
that the properties of a preformed material can be used for the specific synthesis of a second material,
adjusting the desired physical properties.

sHSP nanocages from M. jannaschii were used to create an artificial hydrogenase. Firstly, platinum
nanoparticles were synthesized within the inner core of the nanocages. The platinum-sHSP nanocages
(stable up to 85°C) were able to reduce H* to form H, at rates comparable to the highly efficient hydrogenase
enzymes and superior to those obtained with platinum nanoparticles alone. Maintenance of the integrity in
the small clusters, prevention of agglomeration and control of access to active sites were the key advantages
of the metallic nanocage complexes.

Aminopeptidase nanocages from S. pneumonia were used as templates for the size-controlled synthesis of
ultrasmall platinum nanoparticles. The resulting bioinorganic nanohybrid catalysts were found to be active
over the Glu-p-nitroanilide substrate.

Manganese peroxidase (MnP) was incorporated into the vaults nanocages via fusion to a packaging domain.
MnP-loaded vault nanocages were able to degrade phenol at a rate higher than the one obtained with non-
encapsulated MnP. Further, the MnP conjugated to the vault nanocages displayed a significant stability in
comparison with the free enzyme.

(93)

(137)

(94)

(75)

(144)
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As explored in Chapter I, NVPNs have emerged in recent years as a new class of biologics.
Different applications are being explored in several scientific fields, from bioengineering to biomedicine,
that showcase the potential of protein nanocages. Although various works advanced the knowledge of
the characteristics of protein nanocages and provided proof-of-concept studies on different and
innovative functionalization approaches, the focus on the challenges of manufacturing has been
practically non-existent. Therefore, process development and manufacturing require special attention
from scientists and engineers to bring protein nanocages closer to the market.

In this context, the main objective of this work was the development of scalable and efficient
processes for the biomanufacturing of NVPNs. This biomanufacturing process serves three distinct
purposes. The goal at the upstream processing stage is to generate the producer host cells (including
host selection and cloning), express the protein nanocage and harvest the producer cells. During the
downstream processing several unit operations are used to isolate, recover and then purify the
nanocages. Finally, suitable analytical techniques are implemented to characterize the structure and
biological function of the nanocages.

Given the wide variety of protein nanocages with differing structural and functional characteristics,
two were selected as models for this study. One of the main differences is their origin: the small heat
shock protein (sHSP) nanocages from Methanococcus jannaschi (MjsHSP nanocages) are natural,
while the trp RNA-binding attenuation protein (TRAP) nanocages are artificial.

The sHSP (deposited in the PDB database with the PDB ID 1SHS), which originates from the
methanogenic hyperthermophilic organism M. jannaschii, is able to form a multimeric homogeneous
hollow structure with an octahedral geometry (Figure II.1). MjsHSP nanocages are composed of 24
monomers, with a total molecular weight of 396 kDa. Each monomer has 147 amino acid residues,
presents a molecular weight of 16.5 kDa and is devoid of endogenous cysteine residues. In terms of
dimensions, the MjsHSP nanocage has an outer diameter of 12 nm and an inner diameter of 6.5 nm.
Additionally, it features 8 trigonal and 6 square pores, which allow trafficking of small molecules.
Because their natural biological functions are of chaperone activity in response to cellular stress, these
nanocages present elevated stability at high temperatures (up to 70°C) and across a broad range of pH
values (5-11), which make them quite advantageous in several bioapplications. The isoelectric point (pl)
of the nanocage is 5.02. Interestingly, the self-assembly process occurs naturally in vivo through protein-
protein interactions. MjsHSP nanocages were already used as a platform for drug delivery (39,126),
bioimaging (40,135), biomineralization (92,93) and nanoreactors (94).

The TRAP is a natural ring-shaped protein assembly derived from the organism Bacillus
stearothermophilus. The assembly of 24 of these TRAP O-rings results in the formation of the TRAP
nanocages (deposited in the PDB database with the PDB ID 6RVW) (Figure 11.2). This assembly is only
possible because each ring-shaped TRAP is composed of 11 monomers that were engineered to
include a cysteine residue. Each of these monomers (74 amino acid residues) presents a molecular
weight of 8.3 kDa, with the TRAP O-rings having a molecular weight of 91.7 kDa. TRAP nanocages
present an octahedral geometry, with a total molecular weight of 2.2 MDa. These NVPNs have larger
dimensions than MjsHSP nanocages, namely an outer diameter of 22 nm and an inner diameter of 16

nm. When fully assembled, TRAP nanocages present six square openings. These artificial protein
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nanocages have a pl of 6.49. In contrast to MjsHSP nanocages, which rely on a network of protein-
protein interactions, the assembly of TRAP nanocages involves the bridging of opposing thiol groups
from 10 cysteine residues between adjacent TRAP O-rings via single gold (l) ions. After this in vitro
assembly, TRAP nanocages maintain 24 free cysteine residues, one per O-ring, which can be used for
binding to specific molecules or for labeling with fluorescent dyes. As advantages, TRAP nanocages
are stable up to 95°C and at high concentration of denaturing agents. The assembly being based on a
metal-induced process is interesting, allowing a more rigorous control of assembly-disassembly and an
eventual programmable mechanism. Potential applications of TRAP nanocages include mainly

bioimaging and diagnostics imaging, with currently available studies focusing on drug delivery (114).
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(A)

(B)

Figure 1.1 — MjsHSP nanocages. (A) Sequences of nucleotides (441 base pairs) and amino acids (147 residues)
of each of the 24 monomers (16.5 kDa) comprising the MjsHSP nanocages (396 kDa). Representation of the
nucleotide and amino acid sequences were created using the SnapGene 3.2.1. software. (B) Tridimensional
structure of the MjsHSP nanocages (PDB ID: 1SHS) (87). 3D representation was created using the Mol* Viewer
tool (107,108).
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Figure 1.2 — TRAP nanocages. (A) Sequences of nucleotides (222 base pairs) and amino acids (74 residues) of
each of the 11 monomers (8.3 kDa) comprising the TRAP O-ring (91.7 kDa). The in vitro assembly of 24 of these
O-rings forms the TRAP nanocages (2.2 MDa). Representation of the nucleotide and amino acid sequences were
created using the SnapGene 3.2.1. software. (B) Tridimensional structure of the TRAP O-rings (PDB ID: 4V4F)
(185). (C) Tridimensional structure of the TRAP nanocages (PDB ID: 6RVW) (111). Both 3D representations were
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(B)
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Abstract

NVPNs have recently emerged as versatile tools in several scientific fields, demonstrating
significant advantages in applications such as drug delivery, vaccines development, bioimaging,
biomineralization, and biocatalysis. Despite the progress in research on the properties of NVPNs for
these specific applications, there is a need for more efficient manufacturing processes, particularly in
the upstream processing stage. The procedures used to generate the producer host cells and express
protein nanocages are based on laboratory protocols, which focus on low-volume batches. Furthermore,
data on bioprocess development available in literature is very limited. Therefore, to increase volumetric
productivity, it is crucial to develop innovative and highly efficient strategies that maximize host cell
densities and protein nanocages yields.

This Chapter lll is focused on the upstream processing of the MjsHSP and TRAP nanocages,
with the exploration of protein expression in V. natriegens as one of the novelties of the work. This
alternative bacterial host for the expression of proteins has received significant attention in recent years
due to its advantages such as extremely fast growth, generation of large amounts of biomass and also
protein per volume of cells. The production of the two model NVPNs in E. coli cells using standard
process conditions was firstly established and used as a benchmark manufacturing method. Next, the
production of the same NVPNs was implemented in V. natriegens cells. Several challenges were
encountered during the transformation of these cells with the TRAP nanocage plasmid. Subsequently,
the production process was optimized for both production in E. coli and V. natriegens. The effect of
growth medium composition, concentration of protein expression inducer, temperature of protein
expression, time point of induction and aeration conditions on the expression of the nanocages was
evaluated.

With the optimized process in E. coli cells, a production yield of MjsHSP nanocages of 295.7 +
0.0 mg L™ of culture and a volumetric productivity of 53.8 = 0.0 mg L' h"" were obtained after 4 hours of
expression, which corresponded, respectively, to an increase of 5.4 and 5.1 times in relation to the non-
optimized benchmark production process. In parallel, in V. natriegens cells, a production yield of
MjsHSP nanocages of 60.9 + 13.7 mg L™ of culture and a volumetric productivity of 10.4 + 2.3 mg L' h-
' was obtained with the optimized procedure after the same 4 hours of expression. Although these
values were lower than those of E. coli in direct comparison, an increase was observed in relation to the
standard process in V. natriegens (2.2 and 1.8 times, respectively, for the production yield and the
volumetric productivity). This showed the potential for the production of NVPNs in V. natriegens, but
highlighted the need for additional studies, particularly in terms of the genetic improvement of this host
bacterium. Regarding the optimized TRAP O-rings production process in E. coli cells, a production yield
of 249.1 + 3.7 mg L™ of culture and a volumetric productivity of 46.7 = 0.7 mg L' h™' were obtained after
4 hours of expression, corresponding, respectively, to a slight increase of 1.4 and 1.3 times compared
to the reference protein expression process.

Keywords: Escherichia coli, production, protein nanocages, Upstream processing, Vibrio natriegens
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l11.1. Introduction

In recent years, NVPNs have gained notoriety in numerous fields of study, particularly focusing
on those associated with bioengineering, biotechnology, and biomedicine. Applications where these
nanocages have demonstrated advantageous characteristics include drug delivery (114,126,127),
vaccine development (119,129,132), bioimaging (134,135), biomineralization (93), and biocatalysis
(75,144). This topic was explored in more detail in Chapter I.

Even with the advancements in research on the features of NVPNs for these specific applications,
few scientific studies available in the literature have focused on bioprocess development of natural and
artificial protein nanocages (186). Therefore, with the purpose of bringing NVPNs closer to the market,
more efficient manufacturing processes are needed.

Similarly to other biological products, the upstream processing of NVPNs comprises as critical
steps i) the generation of the producer host cells and ii) the expression of the proteins (139,140).
Generically, these steps follow laboratory protocols designed to for low-volume batches, with limited
published data available. Thus, more innovative and efficient strategies are clearly required in order to
obtain high host cell densities and increased nanocage yields, with the subsequent improvement of
volumetric productivities (14,38,138,141).

In terms of host cells for recombinant production of protein nanocages, most publicly accessible
studies use the E. coli bacterium as the producer organism. This is due to its attractive and well-studied
characteristics, namely, ease of genetic modification by tools already established, rapid specific growth
rate (a doubling time of approximately 20 minutes in optimized conditions is reported), high cell density,
high level of gene expression, facility of cultivation with reduced costs, and possibility of performing a
robust scale-up (187-190). Nevertheless, the formation of inclusion bodies, the risk of endotoxin
contamination of the final product due to the Gram-negative nature of the bacterium, and the lack of
proper post-translational modifications are generally considered as disadvantages of E. coli as host for
protein expression (13,140,141,187).

Furthermore, the design and construction of an appropriate expression system is essential to
obtain a highly efficient production of protein nanocages (140). According to the information available in
the literature, the majority of NVPNs expressed in E. coli use pET-based expression vectors, typically
with the gene encoding the desired nanocage under the control of the strong bacteriophage T7 RNA
polymerase promoter system (186,187,191). Additional genetic elements and/or specific point mutations
can also be included in order to enhance stability and functionality (14).

The main strain of E. coli used for the production of NVPNs is BL21(DE3) (62,90,111,114) or
specific strains derived thereof (39,92,135,151). BL21 presents interesting features, such as extensive
characterization, high biomass yield, protease deficiency, reduced acetate production, efficient protein
folding, and compatibility with the T7 RNA polymerase expression system (186,191-193).

Optimization of the cultivation of host E. coli cells and production of NVPNs, calls for screening
and assessing the impact of various parameters on protein expression levels in small-scale cultures.
Depending on the protein under study, these cultivation and operation parameters can have different
impacts, with the most relevant factors being media composition, temperature, agitation, aeration, cell
density, pH, inducer concentration, and induction time (141,146,152,186,187). Following small-scale
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optimization, the process is then scaled up through pilot experiments in controlled bioreactors.
Production of NVPNSs typically occurs in shake flasks up to 4 L (147,148), using LB (125,136) or 2x YT
media (126,149). T7 promoter-controlled expression is typically induced with 0.1 mM (110,123) to 1 mM
(97,150) of IPTG during the exponential growth phase. Induction times ranges from 2 h (40,87) to 30 h
(147,152), and temperature at and after induction is around 20-25°C (24,152) or 37 °C (147,148). As
identified in Chapter I, data related to operating conditions, process optimization and respective
evaluation variables such as production yield, productivity, as well as potential scale-up approaches,
are very scarce in the literature.

An alternative strategy for expressing NVPNs that has been considered is cell-free protein
synthesis, although it presents significant challenges and limitations that make it less robust for large-
scale production. A distinctive and promising approach could be the use of an expression system based
on an unconventional bacterium, such as V. natriegens. This marine, Gram-negative, non-pathogenic
bacterium presents an extremely short doubling time at optimal growth conditions (reported to be lower
than 10 minutes) due to its strong proteosynthetic activity (194). Studies indicate that the known strains
of V. natriegens have approximately 115000 ribosomes per cell, a number significantly higher than what
is reported for E. coli strains (70000 ribosomes per cell) (189). Some intrinsic properties of V. natriegens
that are potentially advantageous in terms of a cost-effective large-scale production comprise the high
biomass-specific substrate consumption rate (twice as high as that of typical industrial hosts), the
subsequent high specific growth rate, and the flexible metabolism allowing it to consume a wide variety
of carbon substrates (including sucrose and starch) (189,195-199). All these characteristics make it an
organism with enormous potential for molecular biology, protein expression, and metabolic engineering
(198,200,201). Although it has not yet been applied to the production of NVPNSs, there are some studies
in the literature that use V. natriegens for the production of other proteins, evaluating its efficiency as
well as comparing it with the results obtained in E. coli (202). A specific V. natriegens strain was
developed commercially for protein expression (named Vmax™), which integrates a T7 RNA
polymerase cassette into the genome, allowing the inducible expression of the protein of interest from
compatible plasmids (198,200). Examples of proteins successfully expressed in V. natriegens are
archaeal catalase-peroxidase (189), enhanced yellow fluorescent protein (203), FK506 binding protein
(203), human growth hormone (189), tobacco etch virus protease (203), and yeast alcohol
dehydrogenase (189).

In the initial part of this Chapter lll, the preparation of expression vectors appropriate for the in
vivo production of both MjsHSP and TRAP nanocages using E. coli and V. natriegens expression
systems is described. The use of the alternative V. natriegens bacterial host for protein expression is
one of the main novelties of this work. A study of the plasmid copy number in both species was also
carried out and the values obtained were compared with those reported in the literature. The production
of the two model NVPNs in E. coli cells was then established using reference operation parameters and
used as a benchmark manufacturing method. Additionally, an equivalent production of MjsHSP
nanocages was performed in V. natriegens cells. Unfortunately, it was not possible to express TRAP
nanocages in V. natriegens cells due to difficulties in transforming cells with the corresponding plasmid.

Afterwards, the production of MjsHSP nanocages in E. coli and V. natriegens, and of TRAP nanocages
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in E. coli, was optimized by evaluating the impact of five parameters considered more relevant according
to the literature: i) growth medium composition (from minimal medium with addition of different carbon
sources to complex media with distinct components including an eventual supplementation with salts),
i) concentration of protein expression inducer (between 0.1 mM and 1.5 mM), iii) temperature of protein
expression (between 15°C and 37°C), iv) timepoint of induction (between ODeoo nm = 0.2 and ODeoo nm =
1.8) and v) aeration conditions (non-baffled and baffled shake flasks, maintaining constant the ratio of

culture volume to air volume).
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l1l.2. Materials and Methods

111.2.1. Materials

Bacto™ Yeast Extract was acquired from BD Biosciences (Franklin Lakes, NJ, USA).
Acrylamide/bis-acrylamide solution (40%), Laemmli sample buffer (4x) and precision plus protein dual
color standards were from Bio-Rad (Hercules, CA, USA). Magnesium chloride (MgClz) was obtained
from Fagron Ibérica (Barcelona, Spain). Acetic acid glacial, agarose, ethanol solution (96% v/v),
glucose, glycerol, hydrochloric acid (HCI), isopropyl p-D-1-thiogalactopyranoside (IPTG), phosphate
buffered saline (PBS) solution (10x), sodium chloride (NaCl), sodium hydroxide (NaOH) and
tris(hydroxylmethyl)aminomethane (Tris) were purchased from Fisher Scientific (Hampton, NH, USA).
PhastGel™ Blue R (Coomassie R 350 stain) was acquired from GE Healthcare (Chicago, IL, USA).
Potassium chloride (KCI) was from Merck (Darmstadt, Germany). NEBuilder® HiFi DNA Assembly
Master Mix and restriction enzymes Sphl-HF (High-Fidelity), Xbal and Xhol were obtained from New
England Biolabs (Ipswich, MA, USA). Dithiothreitol (DTT), dNTPs NZYMix, Luria-Bertani (LB) agar, LB
broth, NZYColour protein marker 1l, NZYDNA ladder 1ll, NZYDNA loading dye (6x), NZYGelpure,
NZYProof DNA polymerase, dNTPs NZYMix, NZYSpeedy qPCR Green Master Mix (ROX) (2x) and
SDS-PAGE sample loading buffer (5x) were purchased from NZYtech (Lisbon, Portugal). Potassium
phosphate dibasic (K2HPO4), potassium phosphate dibasic (KH2PO4), sodium phosphate dibasic
(Naz2HPOs), sodium phosphate monobasic (NaH2POs) and tryptone were acquired from Panreac
AppliChem (Barcelona, Spain). Wizard® Genomic DNA Purification Kit was from Promega (Madison,
WI, USA). High Pure Plasmid Isolation Kit was obtained from Roche (Basel, Switzerland). 1,4-
piperazinediethanesulfonic acid (PIPES), ammonium chloride (NH4Cl), ammonium persulfate (APS),
ampicillin, brain heart infusion (BHI) broth, calcium chloride (CaCl2), dimethyl sulfoxide (DMSO),
ethylenediaminetetraacetic acid (EDTA), glycine, magnesium sulfate (MgSOa4), N,N,N’,N'-
tetramethylethylenediamine (TEMED), polyethylene glycol 8000 (PEG 8000), sodium azide (NaNas),
sodium dodecyl sulfate (SDS), sodium sulfate (Na2S0O4), sucrose and urea were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Pierce™ BCA Protein Assay Kit, ethidium bromide solution and SYBR™
Safe DNA Gel Stain (10000x) were acquired from Thermo Fisher Scientific (Waltham, MA, USA). All
primers used were synthesized and obtained from STAB VIDA (Caparica, Portugal). The pure and
ultrapure water used during all experiments was provided by a Milli-Q purification system (Millipore;
Bedford, MA, USA).

111.2.2. Bacterial strains

E. coli DH5a [F~, ¢80/acZAM1, A(lacZYA-argF)U169, recA, endA1, hsdR17(r«~, mk*), phoA,
SupE44, N thi-1, gyrA96, relA1] was selected for the cloning and maintenance of the several plasmids
used in this work. E. coli BL21(DE3) [F-ompT, hsdSs, (rs~, ms~), gal, dcm, (DE3)] and V. natriegens

Vmax™ X2 [Vibrio natriegens 14048, dns::Lacl-T7-RNAP] were used for the expression of the two
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NVPNs models. Both E. coli strains were obtained from Thermo Fisher Scientific (Waltham, MA, USA)
and the V. natriegens strain was acquired from Codex DNA (San Diego, CA, USA).

Master and working cell banks of these three bacterial strains were prepared according to the
procedure described as follows. From the original bacterial stock, an overnight culture (16-18 h) was
prepared in a 15 mL conical centrifuge tube with 5 mL of suitable culture medium, specifically LB for
both E. coli strains and LB supplemented with V2 salts (204 mM NaCl, 4.2 mM KCI and 23.14 mM
MgCl2) for the V. natriegens strain. The incubation conditions were 37°C and an agitation of 250 rpm.
In the next day, an appropriate volume of the overnight culture was used to re-inoculate the same
medium at an approximate ODsoonm Of 0.1. Once the culture reached an ODsoo nm Of approximately 1.0,
cell bank aliquots were prepared by mixing appropriate volumes of the bacterial culture with a stock
glycerol solution (50% v/v) to obtain a final concentration of 17.5% v/v glycerol. Cell banks of both E.

coli and V. natriegens were stored at -80°C.

l11.2.3. Plasmids

Throughout this work, four different plasmids were used: pUC57-MjsHSP, pDHFR-His, pMjsHSP
and pTRAP. Their complete nucleotide sequences are available in the Supplementary Table 111.S1.

Plasmid pUC57-MjsHSP (3035 bp), which contains the complete gene that codes for MjsHSP
(UniProtkB: Q57733), was obtained from NZYtech (Lisbon, Portugal). This plasmid was used to obtain
the insert fragment that codes for MjsHSP in subsequent cloning procedures. The MjsHSP gene has a
single point mutation at position 121, which was introduced to replace a serine with a cysteine. This
unique cysteine constitutes an adequate anchoring point for labeling the nanocages, for example with
fluorophores.

Plasmid pDHFR-His (2745 bp), which was obtained from New England Biolabs (Ipswich, MA,
USA), was chosen as the starting point to generate a vector backbone for subsequent cloning of
nanocage coding fragments.

Plasmid pMjsHSP was constructed as described in the section 1ll.2.7. Construction of plasmid
pMjsHSP, using the vector backbone obtained from plasmid pDHFR-His and the insert fragment from
plasmid pUC57-MjsHSP. The final construction has 2677 bp and comprises the following elements: a
hybrid origin of replication (ColE1/pMB1/pBR322/pUC), a kanamycin resistance gene with its promoter,
a transcription promoter and a terminator for bacteriophage T7 RNA polymerase, a ribosome binding
site from bacteriophage T7, and the gene coding for the MjsHSP nanocage.

Plasmid pTRAP (5592 bp) is a pET-based vector that was kindly provided by the Heddle Lab
(Krakow, Poland), and used directly without additional modifications. It comprises all elements of the
well-described pET-21b(+) plasmid and the TRAP-K35C gene. A single point mutation in this gene

results in the substitution of a lysine with a cysteine at position 35 (185).
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lll.2.4. Preparation of chemically competent cells

ll.2.4.1. E. coli

The procedure described next was applied to both strains of E. coli (DH5a and BL21(DE3)).

From a frozen cell bank, a pre-inoculum was prepared in a 15 mL conical tube containing 5 mL
of LB. Following an overnight incubation (16-18 h) at 37°C and 250 rpm, an appropriate volume of pre-
inoculum culture was centrifuged (6000xg, 3 minutes, 4°C) and the resulting cell pellet was resuspended
in fresh culture medium. This resuspended cell pellet was inoculated in a 100 mL non-baffled shake
flask, containing 20 mL of LB, to obtain an approximate ODsoo nm Of 0.1. This culture was then incubated
at 37°C and 250 rpm until reaching an ODeoo nm Of approximately 1.0. At this point, the culture was
centrifuged at 1000xg for 10 minutes at 4°C. The supernatant was discarded, and the cell pellet was
resuspended in a freshly prepared, cold transformation and storage solution (20 g L' LB, 5% v/v DMSO,
0.05 M MgClz, 10% w/v PEG 8000, pH 6.5; sterilized by filtration) at a ratio 1:10 of the original volume.
Chemically competent cells were utilized immediately for the transformation protocol (lll.2.6.

Transformation of competent cells) or stored at -80°C until required.

1.2.4.2. V. natriegens

Two distinct procedures were tested based on the work described by Weinstock et al. (198) and
Tschirhart et al. (204).

In accordance with the protocol developed by Weinstock et al., a frozen cell bank vial of V.
natriegens Vmax™ X2 was used to inoculate 150 mL of BHI medium supplemented with V2 salts in a
500 mL baffled shake flask. Next, the culture was incubated at 30°C and 200 rpm until reaching an
ODeoo nm of about 0.4. At room temperature, the culture was divided into three 50 mL conical tubes and
centrifuged at 3000xg for 5 minutes. The resulting supernatant was carefully removed, and each cell
pellet was gently resuspended in 5 mL of 100 mM MgClz. The resuspended cells from the three tubes
were combined into two 50 mL conical tubes, and the volume in each tube was adjusted to 30 mL with
100 mM MgClz. The tubes were mixed by gentle inversion. Then, a second centrifugation was performed
at 3000xg for 4 minutes. Again, the resulting supernatant was discarded, and each cell pellet was
resuspended in 5 mL of 100 mM CaCl.. The resuspended cells were combined into one 50 mL conical
tube, and the volume was also adjusted to 30 mL with additional 100 mM CaClz. The 50 mL conical tube
was gently mixed by inversion and incubated at room temperature for 20 minutes. After incubation, the
cells were pelleted by centrifugation at 3000xg for 4 minutes. The supernatant was discarded, and the
cell pellet was resuspended in approximately 1.5 mL of transformation and storage buffer (55 mM MnClz,
15 mM CaClz, 250 mM KCI, 10 mM PIPES, 7% v/iv DMSO, pH 6.7; sterilized by filtration). Once
resuspended, the cell suspension was divided into aliquots in pre-chilled tubes. These chemically
competent cells were either used directly for the transformation protocol (lll.2.6. Transformation of
competent cells) or stored at -80°C until needed.

In accordance with the protocol established by Tschirhart et al., a frozen cell bank vial of V.
natriegens Vmax™ X2 was used to inoculate 30 mL of BHI medium supplemented with V2 salts in a
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100 mL non-baffled shake flask. Following an overnight incubation (14-16 h) at 30°C and 275 rpm, an
appropriate volume of this pre-inoculum culture was added to a 500 mL baffled shake flask, containing
150 mL of fresh culture medium (BHI supplemented with V2 salts), to obtain an approximate ODsoo nm of
0.1. This re-inoculated culture was incubated at the same operating conditions until reaching an ODsoo
nm Of approximately 1.0. At this point, the culture was divided into two 250 mL centrifuge tubes and
centrifuged at 6500xg for 10 minutes at room temperature. The resulting supernatant was carefully
discarded, and each cell pellet was gently resuspended in 3.25 mL of preheated 1 M sorbitol. After a 1-
hour incubation, the resuspended chemically competent cells were divided into aliquots, which were
used immediately for the transformation protocol (ll.2.6. Transformation of competent cells) or stored

at -80°C until necessary.

111.2.5. Preparation of electrocompetent cells

1.2.5.1. V. natriegens

Two different methodologies were tested based on the work described by Weinstock et al. (198)
and Lee et al. (201).

In accordance with the protocol implemented by Weinstock et al., a frozen cell bank vial of V.
natriegens Vmax™ X2 was used to inoculate 30 mL of BHI medium supplemented with V2 salts in a
100 mL non-baffled shake flask. Following an overnight incubation (14-16 h) at 30°C and 200 rpm, an
appropriate volume of this pre-inoculum culture was added to a 1 L baffled shake flask containing 300
mL of fresh culture medium (BHI supplemented with V2 salts), to obtain an approximate ODeoo nm Of 0.1.
This re-inoculated culture was incubated at 37°C and 200 rpm until reaching an ODsoo nm of
approximately 0.5. At this point, the culture was distributed into two pre-cooled 250 mL centrifuge tubes
and incubated on ice for 15 minutes. Then, the cells were pelleted by centrifugation at 6500xg for 20
minutes at 4°C. The resulting supernatant was discarded, and each cell pellet was gently resuspended
in 10 mL of electroporation buffer (680 mM sucrose, 7 mM K2HPO4, pH 7.0; sterilized by filtration). The
resuspended cells were combined into one 50 mL conical tube, and the volume was adjusted to 35 mL
with additional electroporation buffer. This cell suspension was inverted several times to ensure
thorough mixing. The cells were then subjected to a second centrifugation at 7000xg for 15 minutes at
4°C. After this step, the supernatant was removed using a pipette, and the washing process was
repeated two more times for a total of three washes. Once the final wash was complete, the cells were
gently resuspended in the residual electroporation buffer. The volume was adjusted with additional
electroporation buffer to achieve a final ODsoonm 0f 16.0. The resuspended electrocompetent cells were
divided into pre-cooled aliquots, which were used immediately for the transformation protocol (1l1.2.6.
Transformation of competent cells) or stored at -80°C until needed.

In accordance with the protocol developed by Lee et al., a frozen cell bank vial of V. natriegens
Vmax™ X2 was used to inoculate 5 mL of LB supplemented with 20 g L' NaCl (LB3) in a 15 mL conical
tube. Following an overnight incubation (14-16 h) at 37°C and 225 rpm, an appropriate volume of pre-

inoculum culture was centrifuged (20000xg, 1 minute, room temperature) and the resulting cell pellet
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was resuspended in fresh culture medium. This resuspended cell pellet was inoculated in a 100 mL
non-baffled shake flask, containing 30 mL of LB3, to obtain an approximate ODeoo nm of 0.1. The re-
inoculated culture was then incubated at 37°C and 225 rpm until reaching an ODsoo nm Of approximately
0.4. At this point, the culture was centrifuged at 3500xg for 5 minutes at 4°C. The supernatant was
discarded, and the cell pellet was resuspended in 1 mL of cold 1 M sorbitol. Then, the cells were pelleted
by centrifugation at 20000xg for 1 minute at 4°C. This wash procedure was repeated two more times
for a total of three washes. The final cell pellet was resuspended in 250 uL of 1 M sorbitol. Aliquots of
electrocompetent cells were either utilized directly for the transformation protocol (lll.2.6.

Transformation of competent cells) or stored at -80°C until required.

lll.2.6. Transformation of competent cells

111.2.6.1. E. coli

For the transformation of chemically competent E. coli DH5a and BL21(DE3) cells (prepared as
described in section lll.2.4. Preparation of chemically competent cells), the same heat shock
procedure was applied to both strains.

First, 10-50 ng of the desired plasmid DNA (pDNA) was combined with 100 pL of an aliquot of
competent cells. This mixture was chilled on ice for 20 minutes, followed by a short heat shock at 42°C
for 1 minute, and another 2 minutes on ice. Afterwards, the E. coli cells were recovered with the addition
of pre-heated LB to achieve a total volume of 1 mL, then incubated at 37°C and 250 rpm for 1 hour.
Subsequently, the recovered cells (concentrated to 100 uL) were plated on LB agar supplemented with

the appropriate antibiotic and incubated overnight at 37°C.

11.2.6.2. V. natriegens

The transformation of V. natriegens Vmax™ X2 cells was performed using two distinct
procedures, depending on whether the cells were chemically competent or electrocompetent. The
preparation of these competent cells was detailed in sections lll.2.4. Preparation of chemically
competent cells and 1l1.2.5. Preparation of electrocompetent cells.

For chemically competent cells, 50-100 ng of the selected pDNA were gently mixed with 50 uL of
an aliquot of competent cells in a pre-cooled microtube. This mixture was incubated on ice for 30
minutes, followed by a short heat shock at 42°C for 45 seconds, and another 90 seconds on ice.
Subsequently, the V. natriegens cells were recovered with the addition of pre-heated BHI supplemented
with V2 salts (at 30°C) to achieve a total volume of 1 mL in a 15 mL conical tube. The cells were
maintained at 30°C for 1 minute in a water bath and then incubated at 30°C and 200 rpm for 2 hours.
Afterwards, the recovered cells were diluted and plated on pre-warmed LB agar supplemented with the
appropriate antibiotic and incubated overnight at 30°C.

For electrocompetent cells, 50-100 ng of the chosen pDNA were gently combined with 50 uL of

an aliquot of competent cells in a pre-cooled microtube. This mixture was transferred to a cooled
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electroporation cuvette with a 0.1 cm gap size (Bio-Rad; Hercules, CA, USA). Electroporation was
performed in a Bio-Rad electroporation system (Hercules, CA, USA) using the following parameters:
800 V, 25 pyF and 200 Q. Following electroporation, the cells were promptly transferred to a 15 mL
conical tube containing 500 uL of recovery medium (BHI supplemented with V2 salts and 680 mM
sucrose). To facilitate recovery, the cells were then incubated at 37°C for 2 hours. At the end of this
step, the recovered cells were plated on pre-warmed LB agar supplemented with the appropriate

antibiotic and incubated overnight at 37°C.

l1.2.7. Construction of plasmid pMjsHSP

The construction of the plasmid pMjsHSP was performed as described next, using the Gibson
assembly as molecular cloning strategy.

First, the fragment corresponding to the backbone of plasmid pDHFR-His was amplified by PCR
using primers pDHFR-His_Backbone_F and pDHFR-His_Backbone_R (Table Ill.1) and the NZYProof
DNA polymerase (NZYtech; Lisbon, Portugal). The PCR reaction comprised 10 ng of DNA template,
0.4 mM of each primer (pDHFR-His_Backbone_F and pDHFR-His_Backbone_R), 0.2 mM of dNTPs,
2.5 uL of 10x reaction buffer, 5 puL of 5x stabilizer solution and 0.0625 U of NZYProof DNA polymerase,
with the remaining volume of PCR-grade water up to the total reaction volume (25 pL). This PCR
reaction was performed according to the following program: initial denaturation at 95°C for 3 minutes;
30 cycles of (i) 95°C for 30 seconds (denaturation), (ii) 52°C for 30 seconds (annealing), (iii) 72°C for
135 seconds (extension); final extension at 72°C for 2 minutes. The resulting fragments of this PCR
reaction, prepared in duplicate, were run on a 1% w/v agarose gel, followed by the extraction of the
band appearing at 2247 bp. The gel slice was processed next with the NZYGelpure kit (NZYtech; Lisbon,
Portugal) following the manufacturer’'s instructions for agarose gel extraction and purification.
Concentration of purified DNA fragments was determined with a NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA).

Afterwards, the fragment corresponding to the complete gene encoding MjsHSP was amplified
from the plasmid pUC57-MjsHSP by PCR using primers pUC57-MjsHSP_Gene F and pUC57-
MjsHSP_Gene_R (Table 1ll.1). This second PCR reaction was set up with the same enzyme and PCR
reaction mix as described above for the backbone amplification. The PCR reaction was carried out
according to the following program: initial denaturation step at 95°C for 3 minutes; 30 cycles of (i) 95°C
for 30 seconds (denaturation), (ii) 52°C for 30 seconds (annealing), (iii) 72°C for 29 seconds (extension);
final extension step at 72°C for 2 minutes. The resulting fragments of this second PCR reaction,
prepared in duplicate, were purified directly from the reaction mixtures with the NZYGelpure kit
(NZYtech; Lisbon, Portugal) following the manufacturer’s instructions for PCR clean-up. Concentration
of purified DNA fragments was also measured with a NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA). At this point, purified DNA fragments
were run on a 1% w/v agarose gel, allowing the respective band to be identified at 486 bp.

Reaction of Gibson assembly was performed using the NEBuilder® HiFi DNA Assembly Master

Mix (New England Biolabs; Ipswich, MA, USA) according to the manufacturer’s protocol. The reaction
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was carried out in a total reaction volume of 20 yL using a DNA molar ratio to vector:insert of 1:2 (vector
— fragment corresponding to the backbone of plasmid pDHFR-His; insert — fragment corresponding to
the complete gene encoding MjsHSP), resulting in a total amount of DNA fragments within the
recommended range (0.154 pmol). The reaction was incubated at 50°C for 120 minutes, being
withdrawn 2 pL at 15, 30 and 60 minutes of reaction in addition to the sample collected at the end of the
process to use in the transformation of chemically competent E. coli DH5a cells (1ll.2.6. Transformation
of competent cells). The clones obtained were firstly screened by colony PCR with primers
pMjsHSP_Colony PCR_F and pMjsHSP_Colony PCR_R (Table Ill.1). The colony PCR reaction was
performed with the same enzyme and PCR reaction mix as described above for the backbone and
MjsHSP gene amplifications (the source of DNA template was a colony of bacteria sampled). The PCR
reaction was set up following the program: initial denaturation step at 95°C for 3 minutes; 30 cycles of
(i) 95°C for 30 seconds (denaturation), (ii) 50°C for 30 seconds (annealing), (iii) 72°C for 21 seconds
(extension); final extension step at 72°C for 2 minutes. The resulting fragments of this PCR reaction
were run on a 1% w/v agarose gel to identify positive clones. These were grown overnight at 37°C and
250 rpm in LB medium supplemented with 100 pg mL™" ampicillin (antibiotic resistance marker). The
sequence of the pDNA extracted and purified from these positive clones corresponding to the
constructed plasmid pMjsHSP was verified by restriction endonuclease digestion (restriction enzymes
Xbal and Xhol — New England Biolabs; Ipswich, MA, USA) and DNA sequencing (STAB VIDA; Caparica,
Portugal).

After this verification, the plasmid pMjsHSP was used to transform chemically competent E. coli
BL21(DE3) and V. natriegens Vmax™ X2 cells (lll.2.6. Transformation of competent cells), with the

subsequent preparation of master and working cell banks (lll.2.2. Bacterial strains).

Table Il.1 — Oligonucleotide sequences used for the construction of plasmid pMjsHSP. Note that F and R represent

forward and reverse primers, respectively.

Backbone pDHFR-His_Backbone_ F TGAGGATCCCGGGAATTCT
amplification
(pDHFR-His) pDHFR-His_Backbone_ R  ATGTATATCTCCTTCTTAAAGTTAAACAAAATTAT

pUC57-MjsHSP_Gene_ F GTTTAACTTTAAGAAGGAGATATACATATGTTTGGCCGT

MjsHSP gene GATCC
amplification
(PUCS7-MisHSP) )57 MisHSP_Gene R '(I;;\(_)I_CCGGGATCCTCATTATTCAATGTTAATGCCTTTTTT

Colony PCR for pMjsHSP_Colony PCR_F GGTTATGCTAGTTATTGCTCAGC

screening pMjsHSP_Colony PCR_ R~ GATCACCGAATCGGAACG
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11l.2.8. Determination of growth curves

The determination of growth curves of E. coli BL21(DE3) harboring plasmid pMjsHSP or pTRAP
and of V. natriegens Vmax™ X2 harboring plasmid pMjsHSP was performed according to the following
procedure.

Frozen cell bank vials of E. coli BL21(DE3) (pMjsHSP or pTRAP) or V. natriegens Vmax™ X2
(pMjsHSP) were used to inoculate 5 mL of appropriate culture medium, specifically LB for the E. coli
strain and LB with addition of V2 salts for the V. natriegens strain, supplemented with 100 ug mL"
ampicillin, in a 15 mL conical centrifuge tube. Cells were incubated overnight (16-18 h) at 37°C and an
agitation of 250 rpm. In the next day, a suitable volume of these pre-inoculum cultures was centrifuged
(6000xg, 3 minutes, 4°C) and the resulting cell pellet was resuspended in fresh culture medium. This
resuspended cell pellet was used to inoculate 100 mL non-baffled shake flasks containing 30 mL of LB
(E. coli) or LB with addition of V2 salts (V. natriegens), and ampicillin supplementation (100 yg mL™"), in
such a way as to obtain an approximate ODeoo nm Of 0.1. These cultures were then incubated at 37°C
and 250 rpm and the ODsoo nm Was monitored over time of cell growth. At each sample collection

timepoint, additional culture volume may have been collected for use in supplementary analytics.

111.2.9. Determination of plasmid copy number by qPCR

The plasmid copy number in both E. coli BL21(DE3) cells harboring plasmid pMjsHSP or pTRAP
and in V. natriegens Vmax™ X2 cells containing the plasmid pMjsHSP was determined by quantitative
PCR (gPCR) according to the procedure described below.

First, two sets of primers were designed and synthetized (Table Ill.2), one specific for the catalytic
a subunit of DNA polymerase Il (dnakE) chromosomal gene, which has only a single copy in the entire
genomes of both E. coli and V. natriegens strains used in this work, and the other specific for the

ampicillin resistance (ampr) gene, which is present both in pMjsHSP and pTRAP.

Table 11l.2 — Oligonucleotide sequences used for qPCR amplification of the reference (dnaE) and target (ampr)

genes, and the expected size of the amplified product. Note that F and R represent forward and reverse primers,

respectively.
Reference gPCR_Chromosome_F CGTCGTGCGATGGGTAAGAA
(chromosome): 115
dnaE gPCR_Chromosome_R = GTCGAAGATTTTCATCGCCA
Target gPCR_Plasmids_F ACCCAGAAACGCTGGTGAAAG
(plasmids): 84
ampr gPCR_Plasmids_R GCTGTTGAGATCCAGTTCGA
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Afterwards, the genomic DNA (gDNA) from E. coli BL21(DE3) and V. natriegens Vmax™ X2 was
extracted and purified as described in section 11l.2.14.4. gDNA extraction. Additionally, using the
protocol detailed in section 111.2.14.5. pDNA extraction, plasmid pMjsHSP was obtained and purified
from E. coli BL21(DE3) and V. natriegens Vmax™ X2, and plasmid pTRAP was isolated and purified
from E. coli BL21(DE3). Then, gDNA and plasmid DNA (pDNA) were serial diluted in PCR-grade water
and used as standards in the gPCR reactions (10000, 1000, 100, 10 and 1 pg DNA in each reaction).

Samples of E. coli BL21(DE3) with pMjsHSP or pTRAP and of V. natriegens Vmax™ X2 with
pMjsHSP were collected during a standard bacterial growth as described in section I111.2.8.
Determination of growth curves. The samples were collected at several timepoints throughout the
bacterial growth, starting from the initial inoculation (ODeoonm = 0.1, 0.3, 0.5, 0.7, 0.9, 1.1 and 1.3). These
samples were stored at -20°C until use. At each collection timepoint, an assay was performed to
determine the concentration of bacterial cells in colony forming units (CFU) mL™". This methodology was
applied to plasmid-free E. coli BL21(DE3) and V. natriegens Vmax™ X2 cells. For the gPCR reactions,
all samples were diluted in PCR-grade water to add around 1000 cells to each well of a 96-well plate
where reactions were prepared. Additionally, it is important to note that to ensure that the samples and
the pDNA standards had the same inhibitors present, the gPCR reactions for the pDNA standard curve
were spiked with the same number of the corresponding bacterial cells without plasmid (~ 1000). This
procedure was not applied to the gDNA standards.

gPCR reactions were performed in real time using the QuantStudio 5 Real-Time PCR System
(Thermo Fisher Scientific; Waltham, MA, USA) and the NZYSpeedy gPCR Green Master Mix (ROX)
(2x) (NZYtech; Lisbon, Portugal). Each gPCR reaction (20 uL) comprised 10 L of 2x NZYSpeedy gPCR
Green Master Mix (ROX), 0.8 pL of each primer (QPCR_Chromosome_F and gPCR_Chromosome_R,
or gPCR_Plasmids_F and gPCR_Plasmids_R) to a final concentration of 400 nM and 7.4 uL of PCR-
grade water, with the remaining volume comprising gDNA standards (1 uL), or pDNA standards (1 pL
of pDNA plus 1 pL with 1000 spiking cells of E. coli or V. natriegens, with the use of 6.4 uL of PCR-
grade water instead of 7.4 pL), or samples (1 uL with 1000 E. coli or V. natriegens cells containing the
respective plasmid pMjsHSP or pTRAP). In all cycles of gPCR reactions, negative controls without
addition of cells and gDNA or pDNA were included. The gPCR reactions were performed according to
the program: initial denaturation at 95°C for 3 minutes; 40 cycles of (i) 95°C for 5 seconds, (ii) 60°C for
20 seconds (polymerization); final extension at 70°C for 30 seconds. At the end of each extension step,
the fluorescence signal was automatically detected and quantified by the QuantStudio 5 Real-Time PCR
System. Melting curve analyses, through a temperature gradient of 0.05°C s from 70°C to 95°C, were
performed to confirm the amplification of only the intended specific targets. At the end of the process,
the samples were cooled to 40°C for 30 seconds.

The determination of plasmid copy number using the real time gPCR data was based on a relative
quantification method previously developed and described in the literature (205). These data were
acquired automatically by the QuantStudio 5 Real-Time PCR System software and consisted of the
threshold cycle (C,).

The standard curves for gDNA from E. coli BL21(DE3) and V. natriegens Vmax™ X2 and for
pMjsHSP from E. coli BL21(DE3) and V. natriegens Vmax™ X2 and pTRAP from E. coli BL21(DE3)
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were obtained by plotting the logarithm of each concentration against the C, values (Supplementary
Figure lll.S1, Supplementary Figure 11.S2, Supplementary Figure 111.S3 and Supplementary Figure
ll.S4). Considering the estimated equation of each linear regression, the slope of the respective

standard curve was used to determine the amplification efficiency (E') according to Equation Ill.1.

1
E = 10 slope 1.1

Given the amplification efficiencies of the gDNA (E;py,4) and pDNA (E,py4) standards, along with

the C, values obtained from each sample amplified separately with the gDNA-specific (CthNA) and
plasmid-specific (CtpDNA) primers sets, the plasmid copy number for each sample can be determined

using Equation Il.2.

Ct
Egpna t9PNA

Plasmid copy number = .2

Ct
Eppna tPDNA

Regarding the gPCR validation, the specificity of qPCR amplification was confirmed by analyzing
the melting temperature (T,,,) of each amplified product and by agarose gel electrophoresis. The agarose
gel revealed amplified products of expected sizes for each set of primers, validating the specificity of all
gPCR reactions. Furthermore, negative controls in all gPCR reactions yielded C; values greater than
35, significantly higher than samples, indicating negligible background amplification. To validate the
experimental determination, in addition to the coefficient of determination (R?), the percentage of

amplification efficiency (E (%)) of each standard curve was calculated using Equation II1.3.

1
E (%) = (10 store — 1) x 100 .3

11.2.10. Production of MjsHSP nanocages

11.2.10.1. E. coli

The experimental methodology defined as reference to produce MjsHSP nanocages using E. coli
BL21(DE3) cells harboring the plasmid pMjsHSP is described below.

From a frozen cell bank, an overnight culture (16-18 h) was prepared in a 15 mL conical centrifuge
tube with 5 mL of LB supplemented with 100 ug mL™" ampicillin. The incubation conditions were 37°C
and an agitation of 250 rpm. In the next day, a suitable volume of pre-inoculum culture was centrifuged
(6000xg, 3 minutes, 4°C) and the resulting cell pellet was resuspended in fresh culture medium. This
resuspended cell pellet was inoculated in a 100 mL non-baffled shake flask, containing 30 mL of LB and
ampicillin supplementation (100 pg mL™"), to obtain an approximate ODsoo nm 0f 0.1. Re-inoculated culture

was then incubated at 37°C and 250 rpm and the ODsoo nm was monitored until it reached approximately
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a value in the range 0.5-0.6. At this timepoint, the expression of MjsHSP nanocages was induced with
1 mM IPTG. After 4 hours of induction at 37°C and 250 rpm, the bacterial cells were harvested by
centrifugation at 6000xg for 20 minutes at 4°C. Following this centrifugation, the cell pellet was washed
three times and resuspended in the washing buffer (50 mM Tris-HCI, 100 mM NaCl, 1 mM EDTA, pH
8.0), according to a ratio of 10 mL washing buffer per 1 g wet cell pellet. Then, the resuspended cells
were disrupted on ice by sonication using the sonicator Bandelin Sonopuls HD 3200 (Berlin, Germany)
and the following operating conditions: MS-72 probe (2 mm diameter), 30% amplitude, 5 cycles
comprising 30 seconds ON and 30 seconds OFF. The resulting cell lysate was centrifuged (12000xg,
40 minutes, 4°C) and the supernatant with the produced MjsHSP nanocages was carefully collected.

These self-assembled MjsHSP nanocages were stored at 4°C.

1.2.10.2. V. natriegens

The benchmark production of MjsHSP nanocages using V. natriegens Vmax™ X2 cells
containing the plasmid pMjsHSP was performed using the same experimental procedure established
for E. coli BL21(DE3) cells (Ill.2.10. Production of MjsHSP nanocages), with the exception that LB
with addition of V2 salts was used instead of only LB (supplementation with the antibiotic ampicillin at
100 ug mL" was maintained).

11.2.11. Production of TRAP O-rings

.2.11.1. E. coli

The standardized experimental protocol for producing TRAP O-rings as precursors of TRAP
nanocages using E. coli BL21(DE3) cells transformed with the plasmid pTRAP was similar to the one
implemented for the expression of MjsHSP nanocages in E. coli (lll.2.10. Production of MjsHSP

nanocages).

111.2.12. Optimization of production of MjsHSP nanocages

l.2.12.1. E. coli

The optimization of the production of MjsHSP nanocages in E. coli BL21(DE3) cells used the
established standard procedure (l11.2.10. Production of MjsHSP nanocages) as the starting point.

Considering the information available in the literature regarding the expression of NVPNs and
their optimization in different bacterial hosts, five key parameters were selected and analyzed to
determine their influence on the final product, enabling the identification of the most favorable settings
to produce MjsHSP nanocages. These five parameters were: growth medium composition,
concentration of protein expression inducer, temperature of protein expression, timepoint of induction

and aeration conditions.
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The strategy used consisted of a systematic and step-by-step optimization of protein expression,
in which only one parameter was varied, maintaining the others unchanged in relation to the reference
protocol. After identifying the best condition in terms of production yield, this methodology was applied
to the next parameter. Different operational conditions were tested for each parameter as described
below. Similarly, the collection, washing and lysis of the cells, as well as the clarification step was also
performed in the same way as in the benchmark procedure.

Regarding the growth medium composition, the following culture media were tested: LB
supplemented with V2 salts, LB3 (LB supplemented with 20 g L' NaCl), 2xYT (10 g L™ yeast extract,
16 g L' tryptone, 5 g L""NaCl), enhanced 2xYT (20 g L™ yeast extract, 32 g L tryptone, 17 g L' NaCl,
2 g L glucose, 17.6 mM Na2HPO4), TB (24 g L' yeast extract, 12 g L tryptone, 4 mL L™ glycerol, 16.9
mM KH2POs, 71.8 mM Kz2HPO4), TB supplemented with V2 salts, and M9 minimal (M9 salts solution:
47.6 mM NazHPOs, 22.0 mM KH2POs4, 8.6 mM NaCl and 18.7 mM NH4Cl, 0.1 mM CaClz, 2.0 mM
MgS0s) supplemented with 4 g L™ glucose. It should be noted that these culture media were chosen
after checking for bacterial growth in an overnight growth assay of E. coli BL21(DE3) cells harboring the
plasmid pMjsHSP (the same procedure as above indicated for an overnight culture). The concentrations
of the protein expression inducer evaluated were: 0.1 mM, 0.5 mM, and 1.5 mM of IPTG. In terms of the
temperature of protein expression, in order to determine the optimal folding and self-assembly
conditions, the following options were evaluated: 15°C, 20°C, and 30°C. To examine the influence of
cell growth phase, two time-points of induction were analyzed: ODeoonm = 0.2, and ODeoo nm = 1.8. Finally,
E. coli BL21(DE3) cells with the plasmid pMjsHSP were grown in 250 mL non-baffled and baffled shake
flasks maintaining a constant ratio of culture volume to air volume (75 mL of culture medium) to evaluate
oxygen availability and mixing efficiency.

After completion of the optimization study, the production of MjsHSP nanocages under optimized
conditions was performed again, with the monitoring and collection of samples of the bacterial culture

after 2, 4, 6, 8 and 24 hours of protein expression induction.

1.2.12.2. V. natriegens

The optimized production of MjsHSP nanocages using V. natriegens Vmax™ X2 cells was
performed with the same experimental methodology of optimization that was used for E. coli BL21(DE3)
cells (lll.2.12. Optimization of production of MjsHSP nanocages). The only exceptions were the
evaluated culture media (LB3, 2xYT, enhanced 2xYT, TB supplemented with V2 salts, M9 minimal
supplemented with V2 salts and 4 g L' glucose, and M9 minimal supplemented with V2 salts and 4 g L-

1 sucrose) and the two timepoints of induction analyzed (ODsoo nm = 0.2, and ODeoo nm = 1.4).
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111.2.13. Optimization of production of TRAP O-rings

.2.13.1. E. coli

The optimization of the production of TRAP O-rings as precursors of TRAP nanocages the
reference procedure (lll.2.11. Production of TRAP O-rings) and the most favorable settings verified
for the optimization of the production of MjsHSP nanocages (lll.2.12. Optimization of production of
MjsHSP nanocages) as starting point. The strategy consisted of performing the production of TRAP O-
rings with the best operating conditions in the five key parameters selected (growth medium
composition, concentration of protein expression inducer, temperature of protein expression, timepoint
of induction and aeration conditions), evaluating the results and understanding their influence on the
production yield. The monitoring and collection of samples of the bacterial culture after 2, 4, 6, 8 and 24
hours from the beginning of the induction of protein expression was also carried out in the final

production experiment.

l11.2.14. Analytics

11.2.14.1. Total protein quantification

Total protein concentration was determined throughout the work by the bicinchoninic acid (BCA)
method, using the commercial Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific; Waltham, MA,
USA). Quantification was performed according to the manufacturer’s instructions for the microplate
procedure. Transparent 96-well plates were used and, when necessary, the samples were diluted in
PBS solution (1x). The absorbance was measured at 562 nm on Spectra MAX (Molecular Devices; San
Jose, CA, USA) or Multiskan Go (Thermo Fisher Scientific; Waltham, MA, USA) plate reader. Bovine

serum albumin (BSA) was used as a standard curve with a concentration from 2 to 0.025 mg mL™".

111.2.14.2. SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed to
evaluate the composition of the samples both in specific protein nanocage (monomers) and total protein.
Samples were diluted with Laemmli sample buffer (4x) (Bio-Rad; Hercules, CA, USA) or SDS-PAGE
sample loading buffer (5x) (NZYtech; Lisbon, Portugal), and then denatured in reducing conditions with
100 mM dithiothreitol (DTT) at 95°C for 10 minutes (MjsHSP nanocages) or with 200 mM DTT and 10
M urea at 100°C for 20 minutes (TRAP O-rings). Afterwards, samples were applied in a 12% or 15%
acrylamide gel (MjsHSP nanocages or TRAP O-rings, respectively), prepared from an acrylamide/bis-
acrylamide solution (40%) (Bio-Rad; Hercules, CA, USA). The molecular weight marker used was
precision plus protein dual color standards (Bio-Rad; Hercules, CA, USA) or NZY Colour protein marker
Il (NZYtech; Lisbon, Portugal). The samples were run at 150 V (the first 30 minutes between 80 and
100 V) using a running buffer composed of 192 mM glycine, 25 mM Tris-HCI and 0.1% w/v SDS, pH
8.3. Gels were stained with PhastGel™ Blue R (Coomassie R 350 stain) (GE Healthcare; Chicago, IL,
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USA), followed by silver nitrate staining, when necessary. Gels were scanned with GS-800 Calibrated
Imaging Densitometer (Bio-Rad; Hercules, CA, USA) and then subject to image processing using
Quantity One software (Bio-Rad; Hercules, CA, USA).

1l.2.14.3. Protein nanocages quantification by densitometric analysis of SDS-
PAGE

For the quantification of MjsHSP nanocages and TRAP O-rings, and specifically of the respective
monomers, images of SDS-PAGE were analyzed using the ImagedJ software (206). The intensity of the
band corresponding to the protein nanocages monomer (Ipy,) and the intensity of all protein bands
present in the sample under study (I;,) was determined with this analysis. The amount of protein
nanocages monomers in relation to the total protein (Quantity,y, ) in each sample was then determined

from the these band intensities using Equation 111.4.

IPNM

Quantitypyy (%) = i x 100 .4

TP

111.2.14.4. gDNA extraction

Genomic DNA from E. coli BL21(DE3) and V. natriegens Vmax™ X2 was extracted and purified
using the commercial Wizard® Genomic DNA Purification Kit (Promega; Madison, WI, USA), according
to the manufacturer’s instructions. Rehydration of gDNA was performed with PCR-grade water in
overnight incubation (16-18 h) at 4°C. gDNA concentration was determined with a NanoDrop One
Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA). Extracted and
purified gDNA was stored at 4°C until use.

11.2.14.5. pDNA extraction

Plasmid DNA from E. coli DH5a, E. coli BL21(DE3) and V. natriegens Vmax™ X2 was extracted
and purified using the commercial High Pure Plasmid Isolation Kit (Roche; Basel, Switzerland),
according to the manufacturer’s instructions. Cell cultures were prepared with an overnight incubation
(16-18 h) under conditions appropriate to each species and respective plasmid. Elution of pDNA was
performed with pre-warmed PCR-grade water in two successive centrifugations, to increase the
recovery efficiency. pDNA concentration was determined with a NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA). Extracted and purified pDNA was
stored at 4°C (short period until used) or -20°C (long period until needed).

11.2.14.6. Agarose gel electrophoresis

Agarose gel electrophoresis was performed in 1% or 2% w/v agarose gels, which were prepared
in TAE buffer (40 mM Tris base, 20 mM acetic acid, 1 mM EDTA, pH 8.0). Samples were mixed with
NZYDNA loading dye (6x) (NZYtech; Lisbon, Portugal). Gels were run in TAE buffer under the following
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conditions: 100 V for 60 minutes (small gels) or 120 V for 90 minutes (large gels). The molecular weight
marker used was NZYDNA ladder Il (NZYtech; Lisbon, Portugal). Gels were stained with an ethidium
bromide solution (0.4 ug mL™") or with the SYBR™ Safe DNA Gel Stain (1x) (Thermo Fisher Scientific;
Waltham, MA, USA). Gel images were acquired and analyzed with an Eagle Eye Il (Stratagene; La
Jolla, CA, USA) or an Axygen (Corning, NY, USA) gel documentation system.

111.2.15. Data treatment

11.2.15.1. Protein nanocages production

The growth of bacterial cultures can be characterized by two main parameters, specific growth
rate and generation time, whose determination methodology is well described in the literature (207,208).
These two parameters were calculated for all the different experimental and/or operational conditions
selected and evaluated, considering the respective exponential growth phase.

Additionally, to compare the results obtained in terms of the production of protein nanocages
(MjsHSP nanocages and TRAP O-rings) for these experimental tests, three specific indicators were
considered: production yield, volumetric productivity and specific productivity.

The production yield (in mg L), volumetric productivity (in mg L' h™') and specific productivity (in
mg ODsoo nm™' h™') were, respectively, computed from Equation IIl.5, Equation I1.6 and Equation I1.7.

Massprotein nanocages

Production yield (mg L) = .5
VOlumecell culture
Mass i
. , . 11— rotein nanocages
Volumetric productivity (mg L™t h™1) = P g 1.6
VOlumecell culture X Tlmeproduction of protein nanocages
Massprotein nanocages .7

Specific productivity (mg ODgopnm ~h™1) =

ODGOO NMcell culture X Tlmeproduction of protein nanocages

Note that the mass of protein nanocages (Mass, otein nanocages) Was estimated considering the
results obtained in the SDS-PAGE densitometric analysis (lll.2.14.3. Protein nanocages
quantification by densitometric analysis of SDS-PAGE).

The evaluation of the different production conditions tested based on the production yield and
specific productivity, allowed to highlight the parameters that have the greatest influence on the
upstream processing of both NVPNs.
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11.2.16. Statistical analysis

Descriptive statistics, including mean and standard deviation, were calculated for the results
obtained across the different variables. The sample sizes for each variable typically ranged between 2

and 3 experiments.
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I11.3. Results and Discussion

l1.3.1. Construction of plasmid pMjsHSP

Plasmid pMjsHSP was constructed by cloning the complete gene encoding MjsHSP into the
backbone of plasmid pDHFR-His. First, the backbone of plasmid pDHFR-His was amplified by PCR
(Figure IIl.1A). The complete gene that encodes the MjsHSP was amplified from the plasmid pUC57-
MjsHSP by PCR using specific primers containing homology to the pDHFR-His backbone (Figure
ll.1B). This insert fragment (complete gene encoding MjsHSP) was cloned into the vector fragment
(backbone of plasmid pDHFR-His) through Gibson assembly resulting in the plasmid pMjsHSP (Figure
l.1C).

(A) (B)
pDHFR-His pUC57-MjsHSP
2745 bp 3035 bp
(C)
pMjsHSP
2677 bp

Figure lll.1 — Construction of the plasmid pMjsHSP through a molecular cloning strategy based on Gibson
assembly. (A) Plasmid pDHFR-His with the sequence of the backbone fragment amplified by PCR and used as the
vector for cloning colored in blue. (B) Plasmid pUC57-MjsHSP, with the sequence of the complete gene encoding
MjsHSP amplified by PCR and used as the insert for cloning colored in blue. (C) Plasmid pMjsHSP resulting from
a Gibson assembly reaction using the fragments (vector and insert) indicated in (A) and (B). The plasmid maps

presented were created using the SnapGene 3.2.1. software.
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The different steps of the cloning procedure were analyzed by agarose gel electrophoresis, with
the results obtained shown in Figure lll.2. The sequence of the final plasmid pMjsHSP was also checked

by single and double digestion with restriction enzymes (Figure 111.2C) and by Sanger sequencing.

(A) (B)
Size MwmM 1 Size  MWM 1
(bp) (bp)
950
6000 10000
5000 7500
5%
3000
2500 Backbone fragment 4000
2000 « from pDHFR-His gggg
1400 2000
1000 1400
800 1000
600 800
600 Fragment of
400 <+—— complete gene
400 ) :
200 200 encoding MjsHSP
(C)
Size pywm 1 2
(bp)
10000
7500
6000
5000
4000
3000 <«——— Linearized pMjsHSP

2500
2000

1400 Double digested

1000 pMjsHSP

800
600
400

200

Figure 1l.2 — Agarose gel analysis obtained during the construction of plasmid pMjsHSP. (A) Ampilification of the
fragment corresponding to the backbone of plasmid pDHFR-His by PCR (lane 1, band size of 2247 bp). (B)
Amplification of the fragment corresponding to the complete gene encoding MjsHSP by PCR (lane 1, band size of
486 bp). (C) Plasmid MjsHSP resulting from the cloning by Gibson assembly of the two fragments mentioned in (A)
and (B), linearized with the restriction enzyme Xhol (lane 1, band size of 2677 bp) and double digested with the
restriction enzymes Xbal and Xhol (lane 2, band sizes of 2188 bp and 489 bp). The abbreviation MWM refers to
the molecular weight marker (NZYDNA ladder lll; NZYtech Lisbon, Portugal).

Briefly, plasmid pMjsHSP integrates the hybrid origin of replication (ColE1/pMB1/pBR322/pUC),
the kanamycin resistance gene, T7 the bacteriophage transcriptional and translational regulatory
elements, and the MjsHSP gene.

With the construction of pMjsHSP completed and validated, chemically competent E. coli DH5a

cells (lll.2.4. Preparation of chemically competent cells) were transformed by heat shock with this
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plasmid as described in section 1ll.2.6. Transformation of competent cells. After confirming the
transformation, E. coli DH5a cells harboring the pMjsHSP were cultured at shake flask scale and master
and working cell banks (l1l.2.2. Bacterial strains) were prepared to ensure maintenance, consistency,

stability, and reliability during subsequent experiments.

l1l.3.2. Growth profile of E. coli and V. natriegens harboring pMjsHSP

Plasmid pMjsHSP was then transformed by heat shock into chemically competent E. coli
BL21(DE3) and V. natriegens Vmax™ X2 cells (lll.2.4. Preparation of chemically competent cells)
by the heat shock strategy (lll.2.6. Transformation of competent cells). Master and working cell banks
of the transformed strains were also prepared (ll.2.2. Bacterial strains).

With the purpose of obtaining and analyzing the growth profiles of E. coli BL21(DE3) and V.
natriegens Vmax™ X2 cells harboring the plasmid pMjsHSP, in particular the exponential growth phase,
bacterial cultures with both strains were performed on a shake flask scale according to the operating
conditions described in the section 111.2.8. Determination of growth curves.

The growth curves obtained for these specific strains of E. coli and V. natriegens containing the

pMjsHSP are shown in Figure III.3.

® E. coli BL21(DE3) - pMjsHSP V. natriegens Vmax X2 - pMjsHSP
3.00 -
°
e ©®
1.00 - s o ® ]
) °
_ [ ]
° L]
[ ]
E & ®
g 3 .
8 033 T .
¢ ¢ ¢
011 4 % ¢
0.04

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (minutes)

Figure 1.3 — Growth curves obtained for E. coli BL21(DE3) (e) and V. natriegens Vmax™ X2 (e) cells harboring
the plasmid pMjsHSP. Bacterial cultures were performed at a shake flask scale using LB (E. coli) and LB
supplemented with V2 salts (V. natriegens), as detailed in section I1l.2.8. Determination of growth curves. Each
data point represents the mean of three biological replicates, with error bars indicating the respective standard

deviation. The y-axis is on a logarithmic scale.

A lag phase in the initial 20 minutes was observed for E. coli BL21(DE3) cells, where cells are in
a process of adaptation to the new culture environment after inoculation, with the intracellular resources

not being directed towards cell replication. An exponential growth phase was then observed between
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approximately 20 and 95 minutes. The specific growth rate was approximately 1.66 + 0.02 h' and the
generation time around 25.1 £ 0.2 min. Interestingly, the results obtained for these two parameters are
slightly higher than those reported in the literature for the BL21(DE3) strain of E. coli harboring a plasmid
(0.10 to 0.60 h™") (209-211). Performing these assays under experimental conditions close to the ideal
environment for the growth of this bacterial strain, from the culture medium to the temperature and the
aeration conditions, among others, could have positively influenced these results. Furthermore, the
pMjsHSP plasmid could have contributed with a minimal metabolic burden, which also reduced its
impact on the growth of bacterial cells, contrary to what is generally associated with plasmid-harboring
bacterial strains. Typically, in the latter there is an increase in the metabolic load for the cells and
consequently a delay in their growth profile (212). From this growth curve it was also possible to
understand that the deceleration phase and subsequent stationary phase began after 100 minutes of
bacterial growth. The maximum cell density was reached after 120 minutes, with a value of 1.47 + 0.08
being obtained for the ODeoo nm.

V. natriegens Vmax™ X2 cells also display lag phase in the first 20 minutes, although this is less
prominent than in the case of E. coli BL21(DE3). Then, the exponential growth phase occurs between
20 and 42.5 minutes, with specific growth rate and a doubling time of approximately 4.51 + 0.34 h"" and
9.3 + 0.7 min, respectively. These results are in agreement with the data available in the literature for
the growth of V. natriegens Vmax™ X2 cells in optimal conditions (199,209,211,213). The maximum
cell density was achieved after 57.5 minutes, with an ODeoo nm of about 1.77 + 0.02.

A comparison of the growth profile of E. coli BL21(DE3) and V. natriegens Vmax™ X2 cells
harboring the plasmid pMjsHSP, shows that V. natriegens presents a much faster growth, which is
reflected in a 2.7 times higher specific growth rate, in a 62.8% shorter generation time and in obtaining
an equivalent maximum cell density in about half the time. Therefore, this data confirms that V.
natriegens Vmax™ X2 is an interesting alternative for industrial applications of protein production where
fast growth rates and high biomass production are crucial (196,200,203,214,215).

111.3.3. Determination of plasmid copy number for pMjsHSP in E. coli and

V. natriegens

The determination of the pMjsHSP plasmid copy number in E. coli BL21(DE3) and V. natriegens
Vmax™ X2 cells aimed to compare its behavior in both strains, analyze its variation over time and obtain
data for correlation with the expression of MjsHSP nanocages.

Standard curves for gDNA from the E. coli and V. natriegens strains, and for pMjsHSP extracted
from cells of the respective strains were determined as described in section 1ll.2.9. Determination of
plasmid copy number by qPCR. These standard curves are available in Supplementary Figure 111.S1
and Supplementary Figure 111.S2.

Through the respective linear regressions of these four standard curves and using Equation IIl.3,
it was possible to determine their percentage of amplification efficiency. Efficiency values between

86.2% and 100.6% were obtained, which are very close to or even within the range recommended in
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the literature (between 90 and 110%) (216). This means that the DNA samples do not contain impurities
and contaminants in sufficient quantities to inhibit and/or influence the gPCR reactions. Furthermore,
the coefficient of determination was greater than 0.985 in the four standard curves, which also indicates
a high precision in the gPCR performance (216).

The plasmid copy number was calculated using Equation 11l.2 by considering the C, values of
each sample and the amplification efficiencies determined from the gDNA and pDNA standard curves.
The accuracy of the estimated plasmid copy number is critically dependent on the similar amplification
efficiency of the reference gene (dnaE in genome of E. coli and V. natriegens) and the target gene (ampr
in pMjsHSP). When this condition is not met, traditional standard curve methods can lead to significant
overestimation of plasmid copy number values, as described in the literature (205,217).

The results obtained for the plasmid copy number of both E. coli BL21(DE3) and V. natriegens
Vmax™ X2 cells harboring the pMjsHSP at different stages of the growth profile (corresponding to an
ODsoonm 0f 0.1, 0.3, 0.5, 0.7, 0.9, 1.1 and 1.3) are represented in Figure lll.4.

mE. coli BL21(DE3) - pMjsHSP mV.natriegens Vmax X2 - pMjsHSP
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Figure 1l.4 — Plasmid copy number values obtained for E. coli BL21(DE3) (blue bars) and V. natriegens Vmax™
X2 (green bars) cells harboring the plasmid pMjsHSP at different growth times (corresponding to an ODgog nm of 0.1,
0.3, 0.5,0.7, 0.9, 1.1 and 1.3). These results were determined through a gPCR analysis, following the experimental
procedure described in the section Il.2.9. Determination of plasmid copy number by gPCR. Each data point

represents the mean of three biological replicates, with error bars indicating the respective standard deviation.

Regarding E. coli BL21(DE3) cells containing the plasmid pMjsHSP, the analysis of Figure lil.4
allowed to verify an oscillation in the plasmid copy number throughout the growth period monitored. At
the onset of growth (ODsoo nm Of 0.1), a plasmid copy number of about 58 + 10 was obtained, followed
by a slight decrease to about 39 + 5 in the middle of the exponential growth phase (ODsoo nm of 0.5).

From this moment until the beginning of the stationary growth phase (ODsoonm of 1.1 and 1.3), plasmid
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copy numbers increased, reaching 49 + 8. Considering the entire growth profile, the average plasmid
copy number was 47 + 6. This figure is not consistent with the fact that pMjsHSP has a hybrid
ColE1/pMB1/pBR322/pUC origin of replication, which is associated to high plasmid copy number in E.
coli (~ 150 to 200 copies). Interestingly, in a comparative study of E. coli NEB10f versus V. natriegens
ATCC 14048, Tschirhart et al. obtained a higher plasmid copy number in E. coli for a plasmid with this
origin of replication (149 copies) (204). A possible explanation may be associated with the host cell
physiology, since it is described in the literature that the plasmid copy number is closely related to the
bacterial replicative machinery, which is influenced by the host cell’'s physiological state (218). On the
other hand, the results obtained in this sub-section agree with the high growth rate shown by E. coli
cells harboring pMjsHSP that was discussed above, which suggested that plasmid replication was not
significantly impacting the metabolic load of the cells.

Regarding the results obtained with V. natriegens Vmax™ X2 cells harboring the plasmid
pMjsHSP, the plasmid copy number remained constant throughout the cell growth, counting 4 + 0
plasmid copies for the initial ODsoonm Of 0.1 and 3 + 2 plasmid copies for the ODsoonm 0f 1.3. The average
plasmid copy number was 4 + 1, which is considerably lower than the value obtained for E. coli cells
(approximately 12-fold difference). However, the study by Tschirhart et al. mentioned above obtained
similar results when comparing E. coli and V. natriegens (6-fold difference) although with a higher
plasmid copy number value for V. natriegens, ATCC 14048 strain (25 copies). Similarly, host cell
physiology may have influenced the results of this work, as the Vmax™ X2 strain was used instead of
the wild type ATCC 14048 strain reported by Tschirhart et al.. The fact that the plasmid pMjsHSP used
to transform V. natriegens cells was produced and extracted from E. coli may also be of particular
relevance since the source organism of the plasmid influences its replication in a different bacterial host,
due to modifications in the plasmid (for example, methylations). Generally, and whenever possible, the
use of a plasmid produced and extracted from the same host organism is recommended (219).

Additionally, in both E. coli and V. natriegens cells, as the stationary growth phase approaches
and the metabolism shifts towards an increased investment in the plasmid replication, an increase in
plasmid copy number at ODeoo nm Of 1.1 and 1.3 would be expected; however, this was not observed.

These results can impact protein expression, although there are reported studies in which a
reduced plasmid copy number is not necessarily associated with a decrease in protein expression, since

it avoids an excessive metabolic overload for the bacterial cells (220).

111.3.4. Production of MjsHSP nanocages in E. coli and V. natriegens

With the objective of assessing the suitability of E. coli BL21(DE3) and V. natriegens Vmax™ X2
as production hosts for MjsHSP nanocages, first their growth characteristics under the standard
conditions for cultivation and protein expression (non-baffled shake flask with 30% volume of culture
medium; LB or LB supplemented with V2 salts, respectively; 37°C and 250 rpm; induction of protein
expression at ODesoo nm Of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C) were analyzed. The growth

curves obtained for both strains are shown in Figure lIL.5.
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Figure l1.5 — Growth curves obtained for the E. coliBL21(DE3) (m) and V. natriegens Vmax™ X2 (m) cells producing
MjsHSP nanocages in standard conditions for cultivation and protein expression (non-baffled shake flask with 30%
volume of culture medium; LB or LB supplemented with V2 salts, respectively; 37°C and 250 rpm; induction of
protein expression at ODegoo nm Of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C). Arrows indicate IPTG induction
time points. Each data point represents the mean of three biological replicates, with error bars indicating the

respective standard deviation. The y-axis is on a logarithmic scale.

As evident from Figure 1.5, V. natriegens Vmax™ X2 cells exhibited a significantly faster growth
compared to E. coli BL21(DE3). The exponential growth phase for V. natriegens began at approximately
the same time as E. coli (40 minutes from the re-inoculum) but it was significantly more pronounced,
indicating a rapid cell division, as expected.

From the growth curves of both strains, it was possible to determine the growth parameters,
specific growth rate and generation time, together with maximum ODsgo nm achieved at the end of the
protein expression induction period. These data are represented in Table 1ll.3 for both E. coli and V.
natriegens cells.

V. natriegens demonstrated a remarkably higher specific growth rate of 2.99 + 0.10 h™, which
was 2 times faster than E. coli at 1.50 + 0.07 h™. This rapid growth is consistent with previous reports
of exceptional generation times obtained for V. natriegens (199,213). The higher specific growth rate of
this strain of V. natriegens indicates its potential for faster biomass accumulation and potentially shorter
fermentation times, characteristics well described in the literature (200,214).

The generation time for V. natriegens was only 13.9 + 0.5 minutes, compared to 27.9 + 1.3
minutes for E. coli. This rapid generation time highlights the potential of V. natriegens for accelerated
bioprocesses. The shorter generation time of V. natriegens suggests that it could complete more cell
divisions within a given time frame, potentially leading to faster protein production cycles. This rapid
growth implies that cells possess highly efficient protein synthesis and cellular machinery.

Interestingly, together with its rapid growth, V. natriegens cells reached higher maximum ODeoo
nm Of 4.25 + 0.09 compared to E. coli (3.33 + 0.36). Note that these values were obtained at the end of

the protein expression induction period. This is an interesting result, since the rapid growth of V.
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natriegens could mean that the biomass concentration is not so high, with the resources available in the

culture medium being consumed more rapidly, becoming limiting.

Table IIl.3 — Growth parameters of E. coli BL21(DE3) and V. natriegens Vmax™ X2 cells producing MjsHSP
nanocages in standard conditions for cultivation and protein expression (non-baffled shake flask with 30% volume
of culture medium; LB or LB supplemented with V2 salts, respectively; 37°C and 250 rpm; induction of protein
expression at ODeggg nm Of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C). Each result represents the mean of three

biological replicates, with error bars indicating the respective standard deviation.

Specific growth rate (h-") 1.50 + 0.07 2.99+0.10
Generation time (min) 279+13 13.9+0.5
Maximum ODsgo nm 3.33£0.36 4.25+0.09

These growth parameters together demonstrate the unique characteristics of V. natriegens
Vmax™ X2 as a potential host for recombinant protein production. Its rapid growth and short generation
time could lead to significant time savings in bioprocesses. However, further optimization of the culture
medium composition and the growth conditions may be necessary to fully exploit the advantages of V.
natriegens.

The rapid cellular metabolism and efficient biomass accumulation of V. natriegens Vmax™ X2
observed during the cell growth suggest an underlying molecular machinery capable of supporting high-
rate protein synthesis. To investigate this potential, the next step consisted of evaluating the protein
production capabilities of V. natriegens, focusing on the expression of MjsHSP nanocages.

This production was assessed by obtaining an SDS-PAGE of clarified lysates (soluble fraction)
containing the MjsHSP nanocages expressed in both E. coli and V. natriegens cells using the standard
conditions for cultivation and protein expression. Figure Ill.6 shows clear bands corresponding to the
MjsHSP nanocages (expected molecular weight of 16.5 kDa) in both E. coli (Figure 1ll.6A) and V.
natriegens (Figure II1.6B). Note that since SDS-PAGE is denaturing, the protein bands referring to the
MjsHSP nanocages effectively correspond to their monomer. The intensity of the MjsHSP nanocages
band appears weaker in V. natriegens compared to E. coli, suggesting lower expression levels.
Comparing the profile of bands obtained for both bacterial strains, there appears to be a larger presence
of protein impurities in the case of V. natriegens, which may be in some way related to the protein

components involved in its fast cellular metabolism (215).
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Figure IIl.6 — SDS-PAGE analysis of cell extracts obtained in the production of MjsHSP nanocages in E. coli
BL21(DE3) (B) cells considering the standard conditions for cultivation and protein expression (non-baffled shake
flask with 30% volume of culture medium; LB or LB supplemented with V2 salts, respectively; 37°C and 250 rpm;
induction of protein expression at ODgoo nm Of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C). Arrows indicate the
protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is
separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the

molecular weight marker (NZY Colour protein marker Il; NZYtech Lisbon, Portugal).

To quantitatively compare the production efficiency of MjsHSP nanocages in E. coli BL21(DE3)
and V. natriegens Vmax™ X2, three key characterization parameters were determined using Equation
ll.5, Equation IIl.6 and Equation III.7, respectively: production yield, volumetric productivity, and
specific productivity. For this purpose, the densitometric analysis of SDS-PAGE was performed
according to the methodology described in the section 111.2.14.3. Protein nanocages quantification
by densitometric analysis of SDS-PAGE, allowing to obtain a ratio of protein nanocages monomers
in relation to total protein. With the value for this ratio and considering the total protein mass in the
sample under analysis, it was possible to estimate the mass of protein nanocage monomers in the
respective sample. Given that each MjsHSP nanocage is composed of 24 identical monomers, this total
mass of protein nanocages monomers is identical to the mass of the self-assembled protein nanocages.
The results obtained for these three parameters are shown in Table lll.4.

The analysis of Table Ill.4 allowed to compare the parameters of MjsHSP nanocages production
between E. coli BL21(DE3) and V. natriegens Vmax™ X2 under standard cultivation and protein
expression conditions. The production yield in E. coli was approximately two times higher than that of
V. natriegens, indicating superior overall production in E. coli considering these conditions. Regarding
the volumetric productivity, the differences in the values between the two bacterial strains suggested
that E. coli is more efficient in producing MjsHSP nanocages per unit of volume and time, which could

be advantageous for large scale production. In terms of the specific productivity, the results were closer
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between E. coli and V. natriegens, with a slight advantage for the former, which indicated that E. coli

cells are more efficient in producing MjsHSP nanocages on a per-cell basis.

Table Ill.4 — Parameters of MjsHSP nanocages production (production yield, volumetric productivity and specific
productivity) obtained for E. coli BL21(DE3) and V. natriegens Vmax™ X2 cells considering the standard conditions
for cultivation and protein expression (non-baffled shake flask with 30% volume of culture medium; LB or LB
supplemented with V2 salts, respectively; 37°C and 250 rpm; induction of protein expression at ODgoo nm 0f 0.5-0.6,
with 1 mM IPTG, for 4 hours at 37°C). Each result represents the mean of three biological replicates, with error bars

indicating the respective standard deviation.

Production yield (mg L") 55.0+19.7 271+£70
Volumetric productivity (mg L' h') 10.5+£3.7 57+15
Specific productivity (mg ODggo nm™ h") 0.09 + 0.03 0.04 + 0.01

Overall, E. coli BL21(DE3) outperforms V. natriegens Vmax™ X2 across all three parameters
under the standard conditions used. The standard deviations indicate some variability in the results,
particularly for E. coli, which shows larger standard deviations compared to V. natriegens.

These results suggest that, in these specific conditions defined as benchmark , E. coli BL21(DE3)
cells remains a more effective host for MjsHSP nanocages production compared to V. natriegens
Vmax™ X2. Additionally, these outcomes do not validate the eventual correlation between the quick
cellular metabolism and effective biomass accumulation with a greater capacity for protein production.
As previously discussed, the lack of data in the literature relating to the manufacturing process of
NVPNs, particularly regarding the production stage, does not allow comparing and framing the results
obtained in this work with those determined in other studies using MjsHSP nanocages as model protein.

Nevertheless, it is important to note that V. natriegens Vmax™ X2 was still capable of producing
the MjsHSP nanocages. Furthermore, from what is publicly available, this is the first work that used this
alternative bacterium for the expression of NVPNs. Thus, additional optimization of expression
conditions for V. natriegens may be necessary to fully exploit its potential as an alternative production

host for MjsHSP nanocages.

11.3.5. Optimized production of MjsHSP nanocages in E. coli and V.

natriegens
The optimization of the production of MjsHSP nanocages in both E. coli BL21(DE3) and V.
natriegens Vmax™ X2 cells was based on a systematic and step-by-step approach to improve upon the

standard procedure previously studied (ll.3.4. Production of MjsHSP nanocages in E. coli and V.

natriegens).
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Based on the literature regarding NVPNs expression and optimization in various bacterial hosts,
five key parameters were identified and analyzed to determine their impact on MjsHSP nanocages
production. These parameters, chosen to identify optimal production conditions in both bacterial strains,
were growth medium composition, concentration of protein expression inducer, temperature during
protein expression, timepoint of induction and aeration conditions.

The optimization strategy involved first varying one parameter at a time while keeping others
constant (testing different operational conditions for each parameter), next identifying the best condition
for each parameter based on the production yield, volumetric productivity and specific productivity, and
then applying the optimized condition to the following parameter. Note that the cell collection, washing,
lysis, and clarification steps remained consistent with the benchmark procedure throughout the

optimization process.

The first parameter to be studied was the growth medium composition, with the growth and
expression of MjsHSP nanocages in E. coli BL21(DE3) cells being performed in seven culture media
with different compositions: LB supplemented with V2 salts, LB3, 2xYT, enhanced 2xYT, TB, TB
supplemented with V2 salts, and M9 minimal supplemented with glucose (lll.2.12. Optimization of
production of MjsHSP nanocages).

The remaining operating parameters were maintained as established in the cultivation and protein
expression standard (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm;
induction of protein expression at ODeoo nm 0f 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C).

The growth curves obtained for the seven different culture media evaluated are shown in Figure

lll.7. For comparative purposes, standard culture medium (LB) was also included.
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Figure Il.7 — Growth curves obtained for the E. coli BL21(DE3) cells producing MjsHSP nanocages in seven culture
media with different compositions, maintaining the remaining parameters as established in the standard cultivation
and protein expression (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm; induction
of protein expression at ODgoo nm Of 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C). Standard culture medium (LB)

was also included as a reference point. Arrows indicate IPTG induction time points. Each data point represents the
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mean of two biological replicates, with error bars indicating the respective standard deviation. The y-axis is on a

logarithmic scale.

A preliminary observation of Figure 11l.7 allowed to identify a different cell growth profile mainly
between the six enriched culture media and the minimal culture medium, which was expected given the
distinct availability of nutrients and other elements essential for the cellular metabolism of E. coli
BL21(DE3). From these growth curves, it was possible to determine the growth parameters, specific
growth rate and generation time, together with the maximum ODeoo nm achieved at the end of the protein
expression induction period. These data are graphically represented in Figure 1l1.8.

E. coli BL21(DE3) cells harboring the plasmid pMjsHSP presented the highest specific growth
rate in standard LB culture medium (1.50 + 0.07 h™"), followed by the TB (1.41 + 0.02 h™") and enhanced
2xYT (1.36 £ 0.02 h™) culture media (Figure IlIl.8A). On the other hand, the lowest growth rate was
recorded as expected in the M9 minimal medium supplemented with glucose (0.63 £ 0.01 h™).

In terms of the generation time (Figure Il1.8B)., considering that this is a parameter inversely
proportional to the specific growth rate, the lowest values were found for these three media (27.9 + 1.3
minutes, 29.5 + 0.3 minutes and 30.5 + 0.4 minutes, respectively, for LB, TB and enhanced 2xYT). For
the M9 minimal medium supplemented with glucose, a significantly high value was obtained, exceeding
60 minutes (66.1 £ 0.6 minutes).

The use of LB supplemented with V2 salts, LB3, 2xYT and TB supplemented with V2 salts media
allowed to record a moderate growth, which can be observed by the intermediate values obtained for
both the specific growth rate and the generation time.

These results demonstrate that enriched or partially enriched media promote rapid bacterial
growth reflected in specific growth rate and generation time due to their high nutrient availability,
including amino acids, carbon sources, and essential growth factors. In the case of minimal media, since
they only provide basic nutrients, it is necessary for the bacteria to synthesize many essential
metabolites, which increases the metabolic burden, reducing the growth rate and consequently
increasing the doubling time (221,222).

Analyzing Figure lIl.8C, the culture media enhanced 2xYT, 2xYT and TB are those that allowed
to maximize the bacterial biomass for the production of MjsHSP nanocages, reaching values of ODeoo
nm after the protein expression induction period greater than 4 (4.72 + 0.02, 4.46 + 0.04 and 4.30 + 0.07,
respectively, for the culture media enhanced 2xYT, 2xYT and TB). As expected, the M9 minimal medium
with glucose allowed to reach only a maximum ODeoo nm of 1.87 £ 0.01.

The enhanced 2xYT seems to be the enriched culture medium with the most potential as it
allowed rapid growth while also achieving a high biomass concentration. It is composed of tryptone as
a source of nitrogenous compounds (including amino acids and peptides), yeast extract as a supplier of
trace elements, vitamins and growth factors, sodium chloride for maintaining the osmotic balance,
glucose as a source of carbon and phosphate buffer that is responsible for maintaining the pH stability.
Comparing directly the growth parameters obtained with this culture medium with those of the standard
LB medium, a similarity was observed for the specific growth rate and generation and a slight increase

of 1.4 times in the maximum ODeoo nm reached.
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Figure 111.8 — Growth parameters of E. coli BL21(DE3) producing MjsHSP nanocages in seven culture media with
different compositions, maintaining the remaining parameters as established in the standard cultivation and protein
expression (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm,; induction of protein
expression at ODggo nm Of 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C). (A) Specific growth rate, (B) generation
time, and (C) maximum ODegoo nm. Standard culture medium (LB) was also included as a reference point. Each result

represents the mean of two biological replicates, with error bars indicating the respective standard deviation.

As previously performed, the next step consisted of analyzing the production of MjsHSP
nanocages in E. coli BL21(DE3) cells cultivated in the seven alternative culture media.

This production was evaluated by obtaining an SDS-PAGE of the clarified lysates (soluble
fraction) containing the MjsHSP nanocages expressed in the culture media with different compositions.
Figure 111.9 shows clear bands corresponding to the MjsHSP nanocages (expected molecular weight of
16.5 kDa) in all experiments performed. Note that once SDS-PAGE is denaturing, the protein band
referring to the protein nanocages effectively corresponds to their monomer. The intensity of the MjsHSP
nanocages band appears to be stronger in the enhanced 2xYT culture medium (Figure 111.9D) followed
by the LB medium supplemented with V2 salts (Figure 111.9A), which suggests a higher expression level.
In the M9 minimal medium with glucose (Figure 11.9G), it is possible to visualize a band of the protein
nanocages monomers much less intense, together with the remaining impurities, which agrees with the
results obtained in the analysis of the growth profile of E. coli BL21(DE3) under these conditions. In all
experiments, a very similar pattern of protein impurities was observed. Interestingly, the band profile
obtained for cultivation in standard LB medium allowed to identify a band of MjsHSP nanocages
monomers with greater intensity and the remaining impurities with less prominence.

In order to quantitatively assess and compare the production efficiency of MjsHSP nanocages in
E. coli BL21(DE3) using the seven culture media with different compositions, three key characterization
parameters previously presented were determined: production yield (Equation I1I.5), volumetric
productivity (Equation 111.6), and specific productivity (Equation 111.7). As explained in the section 11l.3.4.
Production of MjsHSP nanocages in E. coli and V. natriegens, the determination of these three
parameters implied a densitometric analysis of SDS-PAGE, which was performed according to the
methodology described above (ll1.2.14.3. Protein nanocages quantification by densitometric
analysis of SDS-PAGE). Due to the composition of each MjsHSP nanocage in 24 identical monomers,
the total mass of protein nanocages monomers is identical to the mass of the assembled nanocages.
The results obtained for these three parameters are shown graphically in Figure 111.10.

Analyzing Figure 111.10, it is possible to clearly verify that the cultivation of cells of this strain of E.
coli in the enhanced 2xYT medium allowed to obtain values for these three parameters that were much
higher than those of the remaining six culture media analyzed and also of the standard LB culture
medium.

Regarding the production yield (Figure 1l.10A), this parameter is 1.8 times higher in enhanced
2xYT (163.9 + 6.4 mg L") compared to 2xYT (90.6 + 1.9 mg L), which is the second best culture
medium, and 3 times higher than standard LB medium (55.0 + 19.7 mg L™"). For the remaining culture
media evaluated there was some fluctuation in the production yield values, with the lowest value being

for M9 minimal medium supplemented with glucose (24.0 + 2.0 mg L™).
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V2 salts, (B) LB3, (C) 2xYT, (D) enhanced 2xYT, (E) TB, (F) TB + V2 salts, and (G) M9 minimal + glucose. Arrows

indicate the protein bands referring to the monomer of MjsHSP nanocages (expected molecular weight of 16.5

kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The abbreviation MWM refers

to the molecular weight marker (NZY Colour protein marker Il; NZYtech Lisbon, Portugal).
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Figure 111.10 — Parameters of MjsHSP nanocages production obtained for E. coli BL21(DE3) cells in seven culture
media with different compositions, maintaining the remaining parameters as established in the standard cultivation
and protein expression (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm; induction
of protein expression at ODgoo nm Of 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C). (A) Production yield, (B)
volumetric productivity, and (C) specific productivity. Standard culture medium (LB) was also included as a
reference point. Each result represents the mean of two biological replicates, with error bars indicating the

respective standard deviation.

Similarly, for the volumetric productivity (Figure 111.10B), in the enhanced 2xYT this value (28.9 +
1.1 mg L' h") was 1.9 and 2.8 times higher than 2xYT (15.1 + 0.3 mg L ™" h') and standard LB (10.5 +
3.7 mg L" h"), respectively. The M9 minimal medium with glucose was the one with the smallest value
(3.4 £ 0.3 mg L' h'"). The enhanced 2xYT is an enriched culture medium that provides additional
nutrients and cofactors along with improved pH stability, which subsequently allows for not only higher
cell densities but also more expressive production of MjsHSP nanocages.

For the specific productivity that evaluates the production of MjsHSP nanocages per bacterial cell
(Figure 111.10C), the enhanced 2xYT medium presented the highest value (0.18 + 0.01 mg ODeoonm™ h-
1), followed by LB supplemented with V2 salts (0.12 + 0.00 mg ODsoo nm™* h™') and LB3 (0.11 + 0.01 mg
ODesoonm™ h™'), which represented a slight increase of 1.5 and 1.6 times, respectively. For this parameter,
there was a greater proximity between the values obtained for all culture media tested.

It is interesting to note that in general the calculated standard deviations were low, which allowed
to conclude that there was proximity in the three independent biological assays performed for each
culture medium.

With these results it was concluded that the cultivation of E. coli BL21(DE3) cells and the
subsequent expression of MjsHSP nanocages in the enhanced 2xYT culture medium was what appears
to be most promising, even considering a larger scale production. Thus, this was the culture medium
chosen to advance to the optimization of the second selected parameter, the concentration of IPTG as

inducer of protein expression.

To test the influence of this second parameter on the production of MjsHSP nanocages in E. coli
BL21(DE3), the expression of these protein nanocages was induced in distinct experiments with three
alternative IPTG concentrations to the standard value of 1 mM (1ll.2.12. Optimization of production of
MjsHSP nanocages).

The remaining operating parameters were maintained as established in the cultivation and protein
expression standard (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm;
induction of protein expression at ODeoo nm 0f 0.5-0.6, for 4 hours at 37°C).

The growth curves obtained for the three concentrations of IPTG evaluated are shown in Figure
llI.11. For comparative purposes, standard concentration of IPTG (1 mM) was also included.

By analyzing Figure Illl.11, it was found that the growth profile for E. coli BL21(DE3) cells in
independent experiments for induction with different IPTG concentrations is similar, an expected result

since this second parameter have a significant influence on the production of protein nanocages and
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not so much on the behavior of the growth curve. The three growth parameters studied (specific growth

rate, generation time, and maximum ODsoo nm achieved) are graphically represented in Figure I11.12.
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Figure 1ll.11 — Growth curves obtained for the E. coli BL21(DE3) cells producing MjsHSP nanocages with the
induction of protein expression using three different concentrations of IPTG, maintaining the remaining parameters
as previously established (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm; induction
of protein expression at ODgoo nm Of 0.5-0.6, for 4 hours at 37°C). Standard concentration of IPTG (1 mM) was also
included as a reference point. Arrows indicate IPTG induction time points. Each data point represents the mean of
two biological replicates, with error bars indicating the respective standard deviation. The y-axis is on a logarithmic

scale.

Regarding the specific growth rate (Figure 1ll.12A) and the generation time (Figure 111.12B), the
values obtained for the three conditions under evaluation were in agreement with each other as well as
with the standard condition of 1 mM of IPTG as inducer (about 1.40 to 1.50 h™' for the specific growth
rate and about 27.0 to 30.0 minutes for the generation time). Because these parameters were calculated
in the period corresponding to the experiential growth phase and this did not present significant
differences in the respective growth curves, it was an expected result and in accordance with what was
previously mentioned.

In terms of the maximum ODesoo nm (Figure II1.12C), it was found that induction with a lower
concentration of IPTG (0.1 mM) allowed to obtain a value 1.4 times higher (6.45 £+ 0.21) than the
standard condition of 1 mM (4.72 + 0.02) and 1.2 times higher than the second most favorable condition
of 0.5 mM (5.75 + 0.00). This observation may be justified by the fact that a lower concentration of the
IPTG inducer means that the protein nanocages were not overexpressed and as such allowed for a
better balance between this same expression and the biomass growth. It should be noted that these

values correspond to the measurement at the end of the induction period.
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Figure 111.12 — Growth parameters of E. coli BL21(DE3) producing MjsHSP nanocages with the induction of protein
expression using three different concentrations of IPTG, maintaining the remaining parameters as previously
established (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm; induction of protein
expression at ODggo nm Of 0.5-0.6, for 4 hours at 37°C). (A) Specific growth rate, (B) generation time, and (C)
maximum ODego nm. Standard concentration of IPTG (1 mM) was also included as a reference point. Each result

represents the mean of two biological replicates, with error bars indicating the respective standard deviation.

Afterwards, the production of MjsHSP nanocages in E. coli BL21(DE3) cells using different
concentrations of IPTG as inducer was evaluated by obtaining an SDS-PAGE of the clarified lysates
(soluble fraction) containing this model of protein nanocages. Clear bands corresponding to the MjsHSP
nanocages (expected molecular weight of 16.5 kDa) in all experiments performed can be visualized in
Figure II1.13. As SDS-PAGE is denaturing, the observed protein bands correspond to monomers,
regardless of their native oligomeric state. The intensity of the MjsHSP nanocages band appears to be
stronger with the use of 0.5 mM of IPTG for the induction of protein production (Figure 11.13B), which
suggests a higher expression level. Again, as expected, a very similar pattern of protein impurities was
observed for the tested conditions. The migration profile obtained for the standard induction of protein
expression (Figure 11.6A) allowed the identification of a band of MjsHSP nanocages monomers with

lower intensity and the remaining impurities with similar prominence.
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Figure Il1.13 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in E. coli BL21(DE3) cells
using three different concentrations of IPTG for the induction of protein expression, maintaining the remaining
parameters as previously established (non-baffled shake flask with 30% volume of culture medium; 37°C and 250
rpm; induction of protein expression at ODgoo nm Of 0.5-0.6, for 4 hours at 37°C). (A) 0.1 mM, (B) 0.5 mM, and (C)
1.5 mM of IPTG. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon, Portugal).
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In order to quantitatively assess and compare the production efficiency of MjsHSP nanocages in
E. coli BL21(DE3) using the three concentrations of IPTG inducer, production yield (Equation III.5),
volumetric productivity (Equation 1ll.6) and specific productivity (Equation 1ll.7) were determined. The
methodology used in this analysis based on densitometric analysis of SDS-PAGE was previously
explained (lll.3.4. Production of MjsHSP nanocages in E. coli and V. natriegens). The results
obtained for these three key parameters are shown graphically in Figure I11.14.

By analyzing Figure IlIl.14, it can be seen that the induction of the expression of MjsHSP
nanocages in E. coli BL21(DE3) with 0.1 mM of IPTG allowed to obtain higher values for production
yield, volumetric productivity and specific productivity in comparison with the remaining conditions tested
including the standard concentration of IPTG (1 mM).

The production yield (Figure 1ll.14A) was about 1.2 times higher with 0.1 mM of IPTG (232.9 +
18.8 mg L") compared to the second best concentration of inducer (0.5 mM; 200.0 + 30.0 mg L"), and
about 1.4 times higher than the reference 1 mM (10-fold higher concentration; 163.9 + 6.4 mg L™").

Similarly, for the volumetric productivity (Figure 111.14B), it was obtained a value 1.4 times higher
in 0.1 mM of IPTG (41.1 + 3.3 mg L' h'") than the standard 1 mM (28.9 + 1.1 mg L' h'"), also observing
a growth profile in the value of this parameter as the concentration of IPTG used as an inducer
increased.

For the specific productivity (Figure 111.14C). the differences in the results for the various
conditions analyzed were not so significant (from 0.17 + 0.01 to 0.19 + 0.02 mg ODsoonm™ h™"), although
0.1 mM of IPTG could be highlighted as the most favorable condition (0.19 + 0.02 mg ODsoo nm™* h").

These results are in agreement with what is described in the literature, in which typically higher
concentrations of IPTG (above 0.5 mM) can be detrimental to protein expression because this excess
of IPTG leads to an overproduction of target protein mRNA, outcompeting endogenous mRNA for
ribosomes and reducing cell viability (223). Some studies even recommend the use of IPTG
concentrations between 0.05 and 0.2 mM to obtain the optimal amount and quality of proteins (224).

Taking these observations into consideration, it was concluded that the induction of MjsHSP
nanocages expression using an IPTG concentration of 0.1 mM was the one that appeared to be most
advantageous. Thus, together with the use of the enhanced 2xYT culture medium, this was the inducer
concentration selected to advance to the optimization of the second parameter under analysis, the

temperature for protein expression.
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Figure 1ll.14 — Parameters of MjsHSP nanocages production obtained for E. coli BL21(DE3) cells using three
different concentrations of IPTG for the induction of protein expression, maintaining the remaining parameters as
previously established (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm; induction
of protein expression at ODgoo nm Of 0.5-0.6, for 4 hours at 37°C). (A) Production yield, (B) volumetric productivity,
and (C) specific productivity. Standard concentration of IPTG (1 mM) was also included as a reference point. Each

result represents the mean of two biological replicates, with error bars indicating the respective standard deviation.

With the purpose of assessing the influence of this third parameter on the production of MjsHSP
nanocages in E. coli BL21(DE3), protein expression was induced in different experiments with three
alternative temperatures to the standard value of 37°C (lll.2.12. Optimization of production of
MjsHSP nanocages).

The remaining operating parameters were maintained as previously established (non-baffled
shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein
expression at ODesoo nm 0f 0.5-0.6, with 0.1 mM of IPTG, for 4 hours).

The growth curves obtained for the three temperatures of protein expression evaluated are shown
in Figure 111.15. It should be noted that the temperature was maintained at 37°C in all experiments for
bacterial growth until induction with IPTG, and it was only at this point that it was adjusted to the value
under analysis. For comparative purposes, standard temperature for protein nanocages expression

(37°C) was also included.
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Figure 111.15 — Growth curves obtained for the E. coli BL21(DE3) cells producing MjsHSP nanocages with the
induction of protein expression using three different temperatures, maintaining the remaining parameters as
previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and
250 rpm; induction of protein expression at ODeggo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours). Standard
temperature for induction of protein expression (37°C) was also included as a reference point. Arrows indicate IPTG
induction time points. Each data point represents the mean of two biological replicates, with error bars indicating

the respective standard deviation. The y-axis is on a logarithmic scale.
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As previously observed in the optimization assays of the IPTG inducer concentration, Figure
l11.15 shows that the growth profile for E. coli BL21(DE3) cells in the independent induction experiments
with different protein induction temperatures was similar to each other until the time point of induction of
MjsHSP nanocages expression. Thereafter, the temperature was adjusted for each test, so that the
behavior of the bacterial cells also changed. For the two lowest temperatures (15°C and 20°C), it was
possible to verify a significant reduction in the growth compared to the 30°C condition and the 37°C
reference. Particularly, in the case of the experiment at 15°C, there was a complete interruption of the
bacterial growth, probably because the low temperature inhibited all the metabolism of the E. coli cells.
The three growth parameters studied (specific growth rate, generation time, and maximum ODeoo nm
achieved) are graphically represented in Figure 111.16.

Regarding the specific growth rate (Figure 1ll.16A) and the generation time (Figure 1l1.16B), the
results obtained for the three conditions under study are consistent with each other (about 1.27 to 1.35
h™' for the specific growth rate and about 30.9 to 32.9 minutes for the generation time) and also in relation
to the standard temperature condition of 37°C (1.42 + 0.01 h™" and 29.2 + 0.0 minutes, respectively).
This result was expected and is in line with previous observations, considering that these parameters
were calculated during the exponential growth phase. Since there were no significant differences in the
growth curves corresponding to this phase for the different conditions, it is natural that the values of
these parameters were identical.

Regarding the maximum ODeoo nm (Figure 11.16C), the use of induction temperatures of 30°C
(6.64 + 0.07) and 37°C (6.45 + 0.21) allowed to obtain clearly higher values of final ODeoo nm,
approximately 7.3 and 7.1 times, respectively, in relation to those of 15°C (0.91 + 0.02), the worst
condition evaluated. The experiment with a temperature of 20°C (2.18 + 0.06) led to the achievement of
a maximum ODsoo nm 3.0 times lower than the most interesting temperature condition (30°C).

Then, the production of MjsHSP nanocages in E. coli BL21(DE3) cells using different induction
temperatures was evaluated by obtaining an SDS-PAGE of the clarified lysates (soluble fraction)
containing the protein nanocages. Observing Figure 11l.17, it can be seen that in the three experiments
performed the specific band corresponding to the MjsHSP nanocages (expected molecular weight of
16.5 kDa) is present. Since SDS-PAGE is a denaturing technique, proteins are separated into their
individual subunits, and the resulting bands on the gel represent monomeric forms. An increasing
pattern of the intensity of the MjsHSP nanocages band was identified from the lowest temperature tested
(15°C) to the highest (30°C), even if the result obtained for the standard temperature of 37°C is
considered (Figure 1ll.13A). This expected result, which corroborates the observations regarding the
growth profile of bacterial cells in the various conditions tested, suggests a higher level of expression of
protein nanocages in the standard condition. A variable pattern of bands associated with protein

impurities was also observed.
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Figure 111.16 — Growth parameters of E. coli BL21(DE3) producing MjsHSP nanocages with the induction of protein
expression using three different temperatures, maintaining the remaining parameters as previously established
(non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm; induction of
protein expression at ODsgo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours). (A) Specific growth rate, (B) generation
time, and (C) maximum ODsoo nm. Standard temperature for induction of protein expression (37°C) was also included
as a reference point. Each result represents the mean of two biological replicates, with error bars indicating the

respective standard deviation.
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Figure Ill.17 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in E. coli BL21(DE3) cells
using three different temperatures for the induction of protein expression, maintaining the remaining parameters as
previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and
250 rpm; induction of protein expression at ODggo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours). (A) 15°C, (B)
20°C, and (C) 30°C. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon, Portugal).

With the purpose of quantitatively evaluating the production efficiency of MjsHSP nanocages in
E. coli BL21(DE3) under three different temperatures of induction, the production yield (Equation IlI.5),
the volumetric productivity (Equation I11.6) and the specific productivity (Equation II.7) were calculated.
The approach employed for this analysis, which relies on the densitometric assessment of SDS-PAGE,
was previously described in detail. Figure 111.18 graphically presents the results for these three main
parameters.

Analyzing Figure Il1.18, it can be seen that the induction of the MjsHSP nanocages expression
in E. coli BL21(DE3) with a standard temperature of 37°C allowed to obtain higher values for production
yield, volumetric productivity and specific productivity in comparison with the three alternative options

tested.
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Figure 11.18 — Parameters of MjsHSP nanocages production obtained for E. coli BL21(DE3) cells using three
different temperatures for the induction of protein expression, maintaining the remaining parameters as previously
established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm;
induction of protein expression at ODgoo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours). (A) Production yield, (B)
volumetric productivity, and (C) specific productivity. Standard temperature for induction of protein expression
(37°C) was also included as a reference point. Each result represents the mean of two biological replicates, with

error bars indicating the respective standard deviation.

The production yield (Figure Ill.18A) was approximately 2.9 times higher with the standard
temperature in protein nanocages expression of 37°C (232.9 + 18.8 mg L") compared to the second
best temperature (30°C; 79.3 + 3.2 mg L"), and approximately 12.0 times higher than protein induction
at15°C (19.4 £ 0.6 mg L™").

Similarly, for the volumetric productivity (Figure 111.18B), a value 2.9 and 12.1 times higher was
obtained for the standard temperature of 37°C (41.1 + 3.3 mg L™* h'") in relation to 30°C (14.0 + 0.6 mg
L' h") and 15°C (3.4 + 0.1 mg L™ h"), respectively, also observing a profile of growing value of this
parameter as the induction temperature increases.

For the specific productivity (Figure Ill.18C), the use of the standard temperature of 37°C was
the most favorable condition (0.19 + 0.02 mg ODsoonm™" h™), although curiously it was possible to obtain
slightly higher values at 15°C (1.8 times; 0.11 + 0.01 mg ODeoonm™' h™') and 20°C (1.8 times; 0.11 + 0.00
mg ODsoo nm™' h™") in relation to 30°C (0.06 + 0.00 mg ODeoo nm™* h™).

In the literature, the relationship between protein expression and the temperature of induction in
E. coli strains is complex and multifaceted. Generally, it is considered that the use of higher
temperatures, namely close to 37°C, may lead to a greater accumulation of proteins expressed as
inclusion bodies, due to the fact that there is an increased peptide chain elongation rate (225). On the
other hand, at low temperatures (around 15°C), there is a pool of non-translating ribosomes, indicating
defects in the translation initiation (225). Consequently, inducing protein expression at more moderate
temperatures may help to improve protein folding and solubility, reducing the formation of the
aforementioned inclusion bodies (187). Nevertheless, there are some reports in the literature that
identify the optimal temperature for protein expression in E. coli BL21(DE3) as 37°C (226), an
observation that, although it refers to the specific protein under study, is completely in line with the
results obtained in this work, in which the production of MjsHSP nanocages in this strain of E. coli
appears to be more advantageous at 37°C.

Thus, it was concluded that the induction of MjsHSP nanocages expression at a temperature of
37°C was the one that appears to be most efficient. Therefore, together with the use of the enhanced
2xYT culture medium and an IPTG concentration of 0.1 mM, this was the temperature of induction
selected to advance to the optimization of the fourth parameter under analysis, the time point of

induction.

To evaluate the influence of this fourth parameter on the production in E. coli BL21(DE3), protein

expression was induced in separate experiments using two alternative time points (corresponding to
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distinct values of ODsoo nm = 0.2 and ODeoo nm = 1.8) to the standard time point of induction at an ODeoo
nm Of 0.6 (lll.2.12. Optimization of production of MjsHSP nanocages).

The remaining operating parameters were maintained as previously established (non-baffled
shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein
expression with 0.1 mM of IPTG, for 4 hours at 37°C).

The growth curves obtained for the two time points of protein expression induction evaluated are
shown in Figure IlI1.19. For comparative purposes, the standard time point (ODsoo nm = 0.6) was also
included.
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Figure 111.19 — Growth curves obtained for the E. coli BL21(DE3) cells producing MjsHSP nanocages with the
induction of protein expression using two different time points, maintaining the remaining parameters as previously
established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm;
induction of protein expression with 0.1 mM of IPTG, for 4 hours at 37°C). Standard time point for induction of
protein expression (ODggo nm ~ 0.6) was also included as a reference point. Arrows indicate IPTG induction time
points. Each data point represents the mean of two biological replicates, with error bars indicating the respective

standard deviation. The y-axis is on a logarithmic scale.

Observing Figure 111.19, the growth profile for E. coli BL21(DE3) cells in independent experiments
for induction at two distinct time points (early exponential phase and late exponential/early stationary
phase) was equivalent up to this moment. This similarity was also verified in relation to the standard
timepoint (ODsoo nm~ 0.6). This result can be considered expected because this fourth parameter under
study has a more relevant impact on the production of protein nanocages and substantially on the
behavior of the growth curve after the time point of induction. The three growth parameters studied
(specific growth rate, generation time, and maximum ODsoo nm achieved) are graphically represented in
Figure 111.20.

The specific growth rate (Figure 111.20A) and the generation time (Figure 111.20B) values obtained
for the two evaluated conditions were consistent with each other and aligned with the standard condition

that used the corresponding time point of induction to ODeoo nm~ 0.6 (approximately 1.16 to 1.42 h™! for
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the specific growth rate and about 29.2 to 33.1 minutes for the generation time). Since these parameters
were calculated during the exponential growth phase, which showed no significant differences in the
respective growth curves, this outcome was expected and aligns with the observations discussed above.

In terms of the maximum ODsoo nm (Figure 111.20C), it was found that induction at a time point in
late exponential/early stationary phase (ODsoonm=~ 1.8) allowed to obtain a growth level 1.1 times higher
(7.33 + 0.02) than the standard condition of induction at middle exponential growth phase (6.45 + 0.21)
and significantly 3.8 times higher than the alternative condition tested of induction at early exponential
phase (1.91 £ 0.02). This observation can be explained by the dynamics between cell growth and protein
expression at different moments of the exponential growth phase. When induction occurs at the
beginning of the exponential phase, there is an early redirection of metabolism and cellular resources
to the synthesis of protein nanocages, making biomass production no longer the priority. As a
consequence, a reduced ODsoo nm Value is observed at the end of the induction process, indicating less
cell growth. On the other hand, when the induction of protein expression is performed at a later time
point of the exponential growth, close to the beginning of the stationary phase, the cells initially dedicate
themselves to the cell growth, resulting in greater biomass production. Only after this point the cells
begin to focus their resources on synthesizing protein nanocages.

Then, the production of MjsHSP nanocages in E. coli BL21(DE3) cells using two time points of
protein expression induction was evaluated. This assessment was performed through SDS-PAGE
analysis of the clarified lysates (soluble fraction) containing the MjsHSP nanocages. Distinguishable
bands corresponding to the MjsHSP nanocages, with an expected molecular weight of 16.5 kDa, were
visible across all the experiments conducted, as illustrated in Figure 11.21. Given that SDS-PAGE is a
denaturing method, these bands reflect the monomeric form of the protein, regardless of its original
oligomeric structure in native conditions. The intensity of the MjsHSP nanocages band appeared to be
much stronger with the induction of protein expression occurring in the late exponential growth phase,
which suggests a relationship with a greater amount of protein nanocages expressed. Compared to the
standard time point of induction (ODsoo nm ~ 0.6), this band intensity in the SDS-PAGE was much higher
(Figure 1I.13A). From Figure Ill.21, it is also possible to observe a greater intensity of the bands
corresponding to protein impurities, although their profile was equivalent for all tested conditions.

To assess and compare the efficiency of MjsHSP nanocages production in E. coli BL21(DE3)
under the two alternative time points of protein expression induction, key parameters such as production
yield (Equation III.5), volumetric productivity (Equation 111.6) and specific productivity (Equation 111.7)
were estimated. The analysis was performed using densitometric measurements from SDS-PAGE, as
previously outlined. The results for these three parameters are presented in Figure 111.22, providing a
clear comparison of production efficiency across the tested conditions.

From Figure 11l.22, the induction of the expression of MjsHSP nanocages at a time point
corresponding to the middle of the exponential growth phase (ODsoo nm =~ 0.6), the standard condition,
allowed to obtain higher values of production yield and volumetric productivity in comparison with the
results of the alternative conditions at the early exponential phase (ODeoo nm ~ 0.2) and at the late

exponential/early stationary phase (ODeoo nm~ 1.8).

96



min

ODgoo nm

(A)

m02 m06 =18

200 4

1.80 4

160

080 -

060 -

040 -

020 -

0.00 -
Specific growth rate

(B)
m02 =06 =18
50.0 1
40.0
30.0 4
20.0

10.0 -

0.0 -
Generation time

(C)
m02 u06 =18

9.00 4
8.00
7.00

6.00 -

200 A

1.00 A

0.00 -
Maximum optical density at 600 nm

97



Figure 111.20 — Growth parameters of E. coli BL21(DE3) producing MjsHSP nanocages with the induction of protein
expression using two different time points, maintaining the remaining parameters as previously established (non-
baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein
expression with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Specific growth rate, (B) generation time, and (C)
maximum ODegoo nm. Standard time point for induction of protein expression (ODgoo nm =~ 0.6) was also included as a
reference point. Each result represents the mean of two biological replicates, with error bars indicating the

respective standard deviation.
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Figure Ill.21 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in E. coli BL21(DE3) cells
using two different time points for the induction of protein expression, maintaining the remaining parameters as
previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and
250 rpm; induction of protein expression with 0.1 mM of IPTG, for 4 hours at 37°C). (A) ODgoo nm ~ 0.2, and (B)
ODeoo nm =~ 1.8. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker Il; NZYtech Lisbon, Portugal).

The production yield (Figure Ill.22A) was about 1.2 times higher with time point of induction at
ODsoonm~ 0.6 (232.9 + 18.8 mg L") compared to the second best time point (ODeoo nm=~ 1.8; 190.2 + 4.2
mg L"), and about 3.0 times higher than the value obtained at the time point of ODeoo nm ~ 0.2 (77.5 +
4.4mglL™.

Similarly, for the volumetric productivity (Figure Ill.22B), the induction of MjsHSP nanocages
expression at a time point of induction at ODesoo nm=~ 0.6 (41.1 + 3.3 mg L™" h'") allowed to obtain a result
1.4 and 2.5 times higher than that determined for the time point at ODsoo nm~ 1.8 (29.3 + 0.7 mg L* h*")
and at ODeoo nm~ 0.2 (16.6 = 1.0 mg L' h™"), respectively. Interestingly, between the two alternatives
tested, induction at a very early stage of E. coli BL21(DE3) cell growth ends up negatively influencing

the expression of MjsHSP nanocages.
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Figure 111.22 — Parameters of MjsHSP nanocages production obtained for E. coli BL21(DE3) cells using two different
time points for the induction of protein expression, maintaining the remaining parameters as previously established
(non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm; induction of
protein expression with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Production yield, (B) volumetric productivity, and
(C) specific productivity. Standard time point for induction of protein expression (ODsgo nm = 0.6) was also included
as a reference point. Each result represents the mean of two biological replicates, with error bars indicating the

respective standard deviation.

In terms of the specific productivity (Figure 111.22B), the results showed that induction at an ODeoo
nm~ 0.2 (0.26 = 0.01 mg ODsoonm™" h™') allowed a protein production per cell to be much higher than later
induction at ODeoo nm~ 1.8 (0.12 + 0.00 mg ODsoo nm™ h™"). The standard condition (ODsoo nm =~ 0.6; 0.19
+ 0.02 mg ODsoo nm™' ') was able to obtain a more favorable equilibrium for the production of protein
nanocages considering the several parameters.

Framing these results with the research described in the literature, the induction of protein
expression at an early stage of growth typically leads to rapid initial protein production due to increased
metabolic activity. However, this situation may result in a significant reduction in protein expression as
cells transition into later growth phases, mainly due to resource exhaustion and stress responses (227).
This interpretation may be related to the results obtained for the induction of protein expression at ODeoo
nm~ 0.2, both in terms of maximum biomass production (lower compared to the alternative conditions)
and protein expression (lower values of production yield and volumetric productivity). As for induction at
a later phase of exponential growth, closer to the beginning of the stationary phase, protein expression
occurs in a less efficient manner due to resource depletion and changes in cellular physiology as cells
prepare for stationary period (228). In this work, induction at a later stage of the exponential growth
phase led to a very expressive growth followed by a reasonable protein expression. On the other hand,
the exponential growth phase is characterized by a high metabolic activity and a robust transcriptional
and translational machinery, which provides optimal conditions for protein nanocages production. In this
sense, cellular resources are still abundant, and metabolic burden is manageable by the bacterial cells
(227,228). This interpretation contextualizes well the results obtained for the induction at the time point
of ODsoonm =~ 0.6, being the best condition evaluated.

Thus, it can be concluded that inducing the expression of MjsHSP nanocages at a time point in
the middle of the exponential growth phase (ODsoo nm Of approximately 0.5 to 0.6) appears to be the most
advantageous. Therefore, in combination with the use of enhanced 2xYT culture medium, an IPTG
concentration of 0.1 mM and an induction temperature of 37°C, this time point of induction was selected
to proceed with the optimization of the fifth and last parameter under analysis, the aeration conditions

through the presence or absence of baffles in the culture shake flask.

The influence of this fifth and last parameter on the production of MjsHSP nanocages in E. coli
BL21(DE3) was evaluated through two separate experiments, one assuming more favorable aeration
conditions (shake flask with baffles) and the other considering an aeration condition closer to the

standard (shake flasks without baffles). To allow a more reliable comparison, baffled and non-baffled
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shake flasks with the same volume of 250 mL were used, maintaining 30% volume of culture medium
(11.2.12. Optimization of production of MjsHSP nanocages).

The remaining operating parameters were maintained as previously established (enhanced 2xYT;
37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, with 0.1 mM of IPTG, for 4
hours at 37°C).

The growth curves obtained for the two aeration conditions studied are shown in Figure 111.23.
For comparative purposes, the standard aeration condition (non-baffled shake flask with 100 mL and
30% volume of culture medium) was also included.
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Figure 111.23 — Growth curves obtained for the E. coli BL21(DE3) cells producing MjsHSP nanocages with the
induction of protein expression using two different aeration conditions (250 mL shake flask without and with baffles),
maintaining the remaining parameters as previously established (enhanced 2xYT; 37°C and 250 rpm; induction of
protein expression at ODgoo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at 37°C). Standard aeration condition
for induction of protein expression (100 mL shake flask without baffles) was also included as a reference point.
Arrows indicate IPTG induction time points. Each data point represents the mean of two biological replicates, with

error bars indicating the respective standard deviation. The y-axis is on a logarithmic scale.

Analyzing Figure 111.23, the growth profile for E. coli BL21(DE3) cells in both the two alternative
aeration conditions and the condition defined as reference was similar in the various stages of the cell
growth. The three growth parameters assessed (specific growth rate, generation time, and maximum
ODsoo nm achieved) are graphically represented in Figure 111.24.

The specific growth rate (Figure 111.24A) and the generation time (Figure 111.24B) values obtained
for the two evaluated conditions were consistent with each other and aligned with the standard condition
that used the non-baffled shake flasks with 100 mL (approximately 1.38 to 1.55 h™! for the specific growth
rate and about 27.0 to 30.0 minutes for the generation time). A very slight advantage was seen for the
experiment with the baffled shake flasks with 250 mL (1.55 + 0.11 h™' and 27.0 + 1.9 minutes,
respectively). This is a curious result given that potentially baffled shake flasks would allow a greater

supply of oxygen, which has the consequence of supporting a faster growth in particular during the

101



exponential phase and the metabolism of the E. coli cells (229). It is also worth noting that in the
experiment with the baffled shake flask, greater foam formation was observed, which may potentially
interfere with the cell growth.

Regarding the maximum ODeoo nm (Figure 111.24C), the test using a 250 mL baffled shake flask
(6.51 + 0.14) allowed to obtain a cell density identical to that of the reference aeration condition (6.45 +
0.21), both values being higher (1.3 times for both parameters) than those of the condition with the 250
mL non-baffled shake flask (5.05 + 0.02). This is a result that fits with that described in other studies in
which baffles increase oxygen transfer rate compared to the non-baffled shake flasks, which can lead
to higher cell densities (230,231).

Next, the production of MjsHSP nanocages in E. coli BL21(DE3) cells using the two alternative
aeration conditions was assessed. This evaluation was performed through SDS-PAGE analysis of the
soluble fraction from the clarified lysates containing this model of protein nanocages. Distinct bands
corresponding to the MjsHSP nanocages, with an expected molecular weight of 16.5 kDa, are visible
across all the experiments conducted, as illustrated in Figure 111.25. Considering that SDS-PAGE is a
denaturing method, these bands reflect the monomeric form of the protein nanocage, regardless of its
native oligomeric structure with 24 monomers. The band intensity of the MjsHSP nanocages appeared
to be slightly stronger with their production in the 250 mL non-baffled shake flask, although the difference
was not very significant. On the other hand, the pattern and intensity of the bands corresponding to
protein impurities was quite similar. Compared to the standard condition, in particular the growth and
the production of protein nanocages in the 100 mL non-baffled shake flask, the intensity of the bands
that composes the entire cell lysate was less pronounced (Figure Ill.13A).

In order to compare and validate the efficiency of MjsHSP nanocages production in E. coli
BL21(DE3) under the two alternative aeration conditions, key parameters namely production yield
(Equation l11I.5), volumetric productivity (Equation Ill.6) and specific productivity (Equation Il.7) were
calculated. The analysis was performed using SDS-PAGE densitometric measurements as previously
explained. The results for these parameters are presented in Figure 111.26.

From Figure 111.26, the expression of the MjsHSP nanocages in both a 250 mL non-baffled and
a 250 mL baffled shake flask allowed to obtain identical values of production yield and volumetric
productivity. Compared to the standard condition, interestingly, the values of both parameters were
much higher, which may be related to the volume of culture medium being lower (around 30 mL),
although the air volume/culture medium volume ratio was always considered.

The production yield (Figure 11.26A) was 1.4 times lower in non-baffled (167.8 + 1.4 mg L") and
baffled shake flasks (170.1 = 9.8 mg L") both with 250 mL in relation to the non-baffled shake flask of
100 mL (232.9+ 18.8 mg L™").

Similarly, the volumetric productivity (Figure I11.26B) showed the same behavior, being 1.3 times
lower in non-baffled (30.5 + 0.3 mg L™ h'') and baffled shake flasks (30.9 + 1.8 mg L' h'") with 250 mL
comparing with the non-baffled shake flask of 100 mL (41.1 + 3.3 mg L' h™").
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Figure 1l1.24 — Growth parameters of E. coli BL21(DE3) producing MjsHSP nanocages with the induction of protein
expression using two different aeration conditions (250 mL shake flask without and with baffles), maintaining the
remaining parameters as previously established (enhanced 2xYT; 37°C and 250 rpm; induction of protein
expression at ODggo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Specific growth rate, (B) generation
time, and (C) maximum ODeggo nm. Standard aeration condition for induction of protein expression (100 mL shake
flask without baffles) was also included as a reference point. Each result represents the mean of two biological

replicates, with error bars indicating the respective standard deviation.
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Figure .25 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in E. coli BL21(DE3) cells
using two different aeration conditions (250 mL shake flask without and with baffles) for the induction of protein
expression, maintaining the remaining parameters as previously established (enhanced 2xYT; 37°C and 250 rpm;
induction of protein expression at ODgoo nm 0f 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at 37°C). (A) 250 mL shake
flask without baffles, and (B) 250 mL shake flask with baffles. Arrows indicate the protein bands referring to the
monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is separated and visualized under
denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight marker (NZYColour
protein marker Il; NZYtech Lisbon, Portugal).

In terms of the specific productivity (Figure 1ll.26C), the results show that MjsHSP nanocages
production per cell was much higher in the experiment using the 250 mL non-baffled shake flask (0.45
+0.01 mg ODsoonm™ "), approximately 1.3 times higher than the value obtained for the 250 mL baffled
shake flask (0.36 + 0.01 mg ODsoo nm™' h'') and 2.4 times higher than the estimation of the reference
condition (0.19 + 0.02 mg ODeoo nm™ h™").
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Figure 111.26 — Parameters of MjsHSP nanocages production obtained for E. coli BL21(DE3) cells using two different
aeration conditions (250 mL shake flask without and with baffles) for the induction of protein expression, maintaining
the remaining parameters as previously established (enhanced 2xYT; 37°C and 250 rpm; induction of protein
expression at ODggo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Production yield, (B) volumetric
productivity, and (C) specific productivity. Standard aeration condition for induction of protein expression (100 mL
shake flask without baffles) was also included as a reference point. Each result represents the mean of two

biological replicates, with error bars indicating the respective standard deviation.

The data described in the literature indicate that the relationship between the use of baffled shake
flasks and their impact on protein production depends on several factors that may interact with each
other. In general, since the increase in oxygenation with the presence of baffles in the shake flasks
helps to obtain greater quantities of biomass, this will consequently lead to an increase in the protein
nanocages produced (232). Nevertheless, as this association is not linear, results such as those
obtained in this work may be observed, in which the production efficiency of MjsHSP nanocages was
equivalent for both aeration conditions.

Then, it can be concluded that inducing the expression of MjsHSP nanocages using a non-baffled
shake flask (exemplified in this work by one of 250 mL), maintaining the same ratio of air volume to
culture medium volume (about 30% of the latter) appears to have greater potential. Therefore, the final
conditions for optimizing the production of this model protein nanocages were the use of enhanced 2xYT
culture medium, an IPTG concentration of 0.1 mM, an induction temperature of 37°C, a time point in the
middle of the exponential growth phase (ODsoo nm Of approximately 0.5 to 0.6) and an aeration setup

comprising a non-baffled shake flask.

After identifying these optimized conditions for the production of MjsHSP nanocages in E. coli
BL21(DE3) cells, an additional experiment was performed with the monitoring and collection of samples
of the bacterial culture after 2, 4, 6, 8 and 24 hours from the beginning of the induction of protein
expression (lll.2.12. Optimization of production of MjsHSP nanocages). The objective was to
evaluate the parameters of cell growth and production of protein nanocages over a longer period of
time, allowing comparison with the results obtained before for the initial conditions defined as standard.

The growth curve obtained for the production of MjsHSP nanocages in E. coli BL21(DE3) under
the optimized conditions is shown in Figure 111.27. Note that the growth curve for the production of these
protein nanocages under the standard initial conditions is available in Figure III.5.

Observation of Figure 111.27 allowed to conclude that although it is necessary to take into account
that the temporal periods were different, the growth profile of E. coli BL21(DE3) cells under the optimized
conditions and under the standard condition was very similar, particularly in the exponential growth
phase. As previously described throughout the work, from this growth curve, it was possible to determine
the three growth parameters: specific growth rate, generation time, and maximum ODeg nm achieved at
the end of the protein expression induction period.

The values obtained for the specific growth rate (1.37 + 0.01 h™") and the generation time (30.3 +
0.2 minutes) were very close to the results determined for the standard conditions (Table 11l.3), with a
slightly faster growth in the reference experiment (about 1.1 times for both parameters), although the

difference was not significant.
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Figure I11.27 — Growth curve obtained for the E. coli BL21(DES3) cells producing MjsHSP nanocages in the optimized
conditions (enhanced 2xYT culture medium, 0.1 mM of IPTG, 37°C during protein expression, time point of induction
at ODesoo nm = 0.6 and shake flask without baffles). Arrow indicates IPTG induction time point. Each data point
represents the mean of two biological replicates, with error bars indicating the respective standard deviation. The

y-axis is on a logarithmic scale.

Regarding the maximum ODeoonm, the growth of E. coli BL21(DE3) cells in the optimized condition
led to a much higher value (12.63 + 0.09) if the period up to 24 hours of protein expression induction is
considered, which was expected. In any case, if the values for the same induction period (4 hours) were
compared, the experiment under optimized conditions (5.70 + 0.05) also allowed obtaining a value 1.7
times higher than the standard test (Table Il1.3).

Thus, with regard to the characterization of cell growth, this comparison allowed to conclude that
the optimized conditions ensure the maintenance of a promising cell growth profile, with potential for the
production of MjsHSP nanocages on a large scale.

Afterwards, the production of this model of non-viral protein nanocages was assessed by
obtaining an SDS-PAGE of clarified lysates (soluble fraction) containing the MjsHSP nanocages
expressed in E. coli cells using these optimized conditions for cultivation and protein expression. Figure
111.28 shows clear bands corresponding to the MjsHSP nanocages (expected molecular weight of 16.5
kDa). As expected, the intensity of the MjsHSP nanocages band increased throughout the induction
period from the IPTG addition time point, suggesting that there continued to be significant expression of
the protein nanocages as cell growth progressed. It was interesting to note that the basal expression
was quite reduced (Figure 111.28, Lane 1) and that the greatest increase in the band intensity occurred
after 2 hours (Figure 111.28, Lane 2), 4 hours (Figure 111.28, Lane 3) and 6 hours (Figure 111.28, Lane 4)
of induction, with the differences from this moment on being less considerable. The bands
corresponding to protein impurities always had a similar pattern, increasing in intensity as the
experiment progressed, although they maintained a similar proportion in relation to the MjsHSP
nanocages band.
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To understand the differences in the efficiency of MjsHSP nanocages production in E. coli
BL21(DE3) using these optimized conditions, the aforementioned main parameters, production yield
(Equation l1I.5), volumetric productivity (Equation Ill.6) and specific productivity (Equation 1l.7) were
determined. Analysis was performed using SDS-PAGE densitometric measurements as previously

explained. The results for these parameters are presented in Figure 111.29.

Size
(kDa)

i
63

48

MWM

35

25
20

1"

Figure 1l1.28 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in E. coli BL21(DE3) cells
using the optimized conditions for the induction of protein expression (enhanced 2xYT culture medium, 0.1 mM of
IPTG, 37°C during protein expression, time point of induction at ODeoo nm = 0.6 and shake flask without baffles).
Lane 1 corresponds to the sample collected from the bacterial culture at the IPTG induction time point and lanes 2
to 6 correspond to the samples collected after 2, 4, 6, 8 and 24 hours, respectively, from the beginning of the protein
expression induction. Arrow indicates the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon, Portugal).

According to Figure lll.29A, for the production yield, a gradual increase was observed throughout
the monitored protein expression period. The most considerable increases occurred after 2 hours (18.5
times, for 196.1 + 7.6 mg L"), 4 hours (1.5 times, for 295.7 + 0.0 mg L") and 6 hours (1.3 times, for
398.5 + 24.6 mg L"), results compatible with the fact that E. coli BL21(DE3) cells began to enter in the
late exponential growth phase after this initial time, with a slowed metabolism and less directed towards
the expression of MjsHSP nanocages, also due to the reduction of available resources in the culture
medium.

The volumetric productivity (Figure 111.29B) recorded values that were in agreement with this last
interpretation, since the results after 2 hours (56.0 + 2.2 mg L' h'"), 4 hours (53.8 + 0.0 mg L' h'') and
6 hours (53.1 + 3.3 mg L' h'") remained stable and that this parameter verified a considerable decrease
after 8 hours (1.2 times, for 44.8 + 6.5 mg L' h™') and mainly after 24 hours (3.1 times, for 17.4 + 2.1 mg
L h.
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Figure 11l.29 — Parameters of MjsHSP nanocages production obtained for E. coli BL21(DE3) cells using the
optimized conditions for the induction of protein expression (enhanced 2xYT culture medium, 0.1 mM of IPTG, 37°C
during protein expression, time point of induction at ODeoo nm = 0.6 and shake flask without baffles). (A) Production
yield, (B) volumetric productivity, and (C) specific productivity determined considering the samples collected from
the bacterial culture after 2, 4, 6, 8 and 24 hours from the beginning of the protein expression induction. Each result

represents the mean of two biological replicates, with error bars indicating the respective standard deviation.

Comparing the value obtained after 4 hours of induction with the same time point of the standard
condition (Table lll.4), the process optimization led to a 5.4-fold increase in the production yield and a
5.1-fold increase in the volumetric productivity.

Finally, the specific productivity (Figure 1l1.29C) allowed to evaluate the production of MjsHSP
nanocages per cell basis, verifying a very high value after the first 2 hours (0.03 + 0.00 mg ODsoo nm™ b
"), with a subsequent decrease over time until 24 hours of induction of protein expression (10 times, for
0.003 + 0.000 mg ODsoonm™' h™"). At an earlier stage of cell growth, the bacterial cells were metabolically
more active with greater availability of resources, which may justify a greater production at the individual
level. Again, comparing the value obtained after 4 hours of induction with the same time point of the
condition defined as standard (Table Ill.4), the process optimization led to an 4.5-fold reduction in the
specific productivity (for 0.02 + 0.00 mg ODeoo nm™ ).

Taken together, these results suggest that a promising time point to finish the production of
MjsHSP nanocages is close to 6 hours of induction, since up to this moment it is possible to obtain a
favorable balance between the parameters analyzed, also combining with the behavior and
characteristics of cell growth.

In conclusion, comparing the several results obtained for the standard and optimized
experiments, it was possible to successfully optimize this production process of MjsHSP nanocages in
E. coli BL21(DE3) cells, with the generation of numerous data that can be used as a starting point for

future studies, including on a large scale.

The next part of this work consisted of optimizing the production of MjsHSP nanocages in V.
natriegens Vmax™ X2.

The first parameter to be studied was the growth medium composition, with the growth and
expression of MjsHSP nanocages in V. natriegens Vmax™ X2 cells being performed in six culture media
with different compositions: LB3, 2xYT, enhanced 2xYT, TB supplemented with V2 salts, M9 minimal
supplemented with V2 salts and glucose, and M9 minimal supplemented with V2 salts and sucrose
(11.2.12. Optimization of production of MjsHSP nanocages).

The remaining operating parameters were maintained as established in the cultivation and protein
expression standard (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm;
induction of protein expression at ODeoo nm 0f 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C).

The growth curves obtained for the six different culture media evaluated are shown in Figure

111.30. For comparative purposes, standard culture medium (LB + V2 salts) was also included.
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Figure 111.30 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP nanocages in six
culture media with different compositions, maintaining the remaining parameters as established in the standard
cultivation and protein expression (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm;
induction of protein expression at ODggo nm Of 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C). Standard culture
medium (LB + V2 salts) was also included as a reference point. Arrows indicate IPTG induction time points. Each
data point represents the mean of two biological replicates, with error bars indicating the respective standard

deviation. The y-axis is on a logarithmic scale.

An initial analysis of Figure 111.30 revealed distinct cell growth profiles, primarily contrasting the
four enriched culture media (LB3, 2xYT, enhanced 2xYT and TB + V2 salts) with the two minimal culture
media (M9 + V2 salts + glucose and M9 + V2 salts + sucrose). This difference was anticipated due to
the variable availability of nutrients and other elements essential for the rapid cellular metabolism of V.
natriegens Vmax™ X2. The analysis of these growth curves enabled the determination of key growth
parameters, namely the specific growth rate, the generation time and the maximum ODeoo nm achieved
at the end of the protein expression induction period. Figure 1l1.31 provides a graphical representation
of these data.

V. natriegens Vmax™ X2 cells harboring the plasmid pMjsHSP presented the highest specific
growth rate in standard LB + V2 salts culture medium (2.99 £ 0.10 h™), followed by the enhanced 2xYT
(2.35+0.13h™") and LB3 (1.99 £ 0.12 h™") culture media (Figure 111.31A). On the other hand, the lowest
growth rate was recorded as expected in the M9 minimal medium supplemented with V2 salts and
glucose (0.85 + 0.04 h™), together with the same M9 minimal medium supplemented with V2 salts and
sucrose (0.91 £ 0.00 h™).

In terms of the generation time (Figure 11.31B), considering that this is a parameter inversely
proportional to the specific growth rate, the lowest values were found for these three media (13.9 + 0.5
minutes, 17.8 + 1.0 minutes and 20.9 + 1.2 minutes, respectively, for LB + V2 salts, enhanced 2xYT and
LB3). For the M9 minimal medium supplemented with V2 salts and glucose and with V2 salts and

sucrose, significantly high values were obtained, exceeding 45 minutes (49.0 + 2.5 minutes and 45.7 +
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0.2 minutes, respectively), a result justified by the supply of basic nutrients and the need for bacterial
cells to synthesize other essential metabolites.

The use of 2xYT and TB supplemented with V2 salts media allowed to record a reasonable
growth, which is evident from the moderate values obtained for both the specific growth rate and the
generation time.

Analyzing Figure 111.31C, the culture media 2xYT and TB supplemented with V2 salts are those
that allowed to maximize the bacterial biomass for the production of MjsHSP nanocages, reaching
values of ODeoo nm after the protein expression induction period greater than 4.5 (5.82 £ 0.26 and 4.78 +
0.40, respectively, for the culture media 2xYT and TB supplemented with V2 salts). As expected, the
M9 minimal medium with V2 salts and glucose and the M9 minimal medium with V2 salts and sucrose
allowed to reach only a maximum ODsoonm Of 1.17 £ 0.04 and 1.13 + 0.03, respectively. By relating these
results to those of the specific growth rate, it was possible to understand that these two culture media
allowed for a more gradual growth of V. natriegens Vmax™ X2 cells. Consequently, there was a longer
availability of resources over time, which led to a greater biomass concentration at the end of the
process. On the contrary, the cells that grew faster due to the presence of a highly enriched medium
ended up depleting the resources available in the culture medium more quickly, which influenced the
achievement of a lower amount of biomass.

Unlike what was validated for E. coli BL21(DE3) producing MjsHSP nanocages, the standard LB
+ V2 salts appeared to be the enriched culture medium with the most interest, since it allowed a very
fast growth and the obtaining of a reasonable biomass concentration. This enriched medium is
characterized by high nutrient availability, including amino acids, carbon sources, and essential growth
factors, which contributed positively to these results. The additional presence of a high concentration of
salts (NaCl, MgClz and KCI) also helped to achieve optimal growth due to the halophilic nature of this
bacterial species (233).

Furthermore, making this same comparison in relation to the results obtained for these three
parameters in the optimization of the culture medium in E. coli BL21(DE3), the values that characterize
V. natriegens Vmax™ X2 were significantly higher in all of them (between about 1.2 and 2 times), which
proved its potential to be an alternative for the production of biomass and consequently of protein.

Like before, the next step consisted of analyzing the production of MjsHSP nanocages in V.

natriegens Vmax™ X2 cells cultivated in the six alternative culture media.
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Figure 11l.31 — Growth parameters of V. natriegens Vmax™ X2 producing MjsHSP nanocages in six culture media
with different compositions, maintaining the remaining parameters as established in the standard cultivation and
protein expression (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm; induction of
protein expression at ODgoo nm Of 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C). (A) Specific growth rate, (B)
generation time, and (C) maximum ODego nm. Standard culture medium (LB + V2 salts) was also included as a
reference point. Each result represents the mean of two biological replicates, with error bars indicating the

respective standard deviation.
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Figure 111.32 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens Vmax™ X2
cells using six culture media with different compositions, maintaining the remaining parameters as established in
the standard cultivation and protein expression (non-baffled shake flask with 30% volume of culture medium; 37°C

and 250 rpm; induction of protein expression at OD600 nm of 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C). (A)

114



LB3, (B) 2xYT, (C) enhanced 2xYT, (D) TB + V2 salts, (E) M9 minimal + V2 salts + glucose, and (F) M9 minimal +
V2 salts + sucrose. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon, Portugal).

Comparing these results with those obtained for equivalent experiments in E. coli BL21(DE3), it
was concluded that the intensity of the MjsHSP nanocages band was substantially reduced, indicating
a lower quantity of protein nanocages produced.

In order to quantitatively assess and compare the production efficiency of MjsHSP nanocages in
V. natriegens Vmax™ X2 using the six culture media with different compositions, the three key
characterization parameters previously presented were determined: production yield (Equation IIl.5),
volumetric productivity (Equation Il.6), and specific productivity (Equation IIl.7). As explained in the
section 1l.3.4. Production of MjsHSP nanocages in E. coli and V. natriegens, the determination of
these three parameters implied a densitometric analysis of SDS-PAGE, which was performed according
to the methodology described above (11l.2.14.3. Protein nanocages quantification by densitometric
analysis of SDS-PAGE). Due to the composition of each MjsHSP nanocage in 24 identical monomers,
the total mass of protein nanocages monomers is identical to the mass of the assembled nanocages.
The results obtained for these three parameters are shown graphically in Figure 111.33.

By analyzing Figure 1l1.33, it is possible to clearly verify that the cultivation of cells of this strain
of V. natriegens in the enhanced 2xYT medium allowed to obtain values for these three parameters that
were higher than those of the remaining five culture media analyzed and also of the standard LB + V2
salts culture medium. It is important to highlight the achievement of considerable standard deviations
for the 2xYT and TB supplemented with V2 salts media, the second and third best conditions tested,
contrary to the enhanced 2xYT which showed better reproducibility in the experiments performed.

Regarding the production yield (Figure 1ll.33A), this parameter was highest in enhanced 2xYT
(44.3 £4.3 mg L"), about 1.6 times the value determined for the standard LB + V2 salts medium (27.1
+7.0 mg L™"). The 2xYT (43.2 + 11.4 mg L") and TB supplemented with V2 salts (40.8 + 12.7 mg L")
presented values close to the enhanced 2xYT, however with more experimental variability. For the
remaining culture media evaluated, the lowest value recorded was that of M9 minimal medium
supplemented with V2 salts and glucose (4.9 + 0.0 mg L") and of M9 minimal supplemented with V2
slats and sucrose (2.9 + 0.5 mg L™").

Similarly, for the volumetric productivity (Figure 111.33B), in the enhanced 2xYT this value (8.6 +
0.8 mg L' h'') was 1.5 times higher than standard LB + V2 salts (5.7 + 1.5 mg L"! h'"). The M9 minimal
medium with V2 salts and sucrose was the one with the smallest value (0.4 + 0.1 mg L™ h™"), followed
by the M9 medium with V2 salts and glucose (0.7 + 0.0 mg L™ h™"). The enhanced 2xYT is a nutrient-
rich growth medium that improves pH stability, allowing for higher bacterial growth and increased

production of non-viral protein nanocages.
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Figure 11l.33 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells in six
culture media with different compositions, maintaining the remaining parameters as established in the standard
cultivation and protein expression (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm;
induction of protein expression at ODggo nm 0f 0.5-0.6, with 1 mM of IPTG, for 4 hours at 37°C). (A) Production yield,
(B) volumetric productivity, and (C) specific productivity. Standard culture medium (LB + V2 salts) was also included
as a reference point. Each result represents the mean of two biological replicates, with error bars indicating the

respective standard deviation.

For the specific productivity that evaluates the production of MjsHSP nanocages per bacterial cell
(Figure 111.33B), the enhanced 2xYT medium presented the highest value (0.07 + 0.00 mg ODsoo nm™ b
"), followed by the TB supplemented with V2 salts (0.05 + 0.02 mg ODsoo nm™ h™') and LB3 (0.05 + 0.01
mg ODsoo nm™' "), which represented a slight increase of 1.4 times for both of the latter. Note a very
high standard deviation for TB supplemented with V2 salts. As expected, M9 minimal medium with V2
salts and glucose and M9 medium with V2 salts and sucrose recorded the lowest values (0.02 + 0.00
mg ODsoonm™' h™" and 0.01 + 0.00 mg ODsoo nm™ h™', respectively).

Comparing these characterizing parameters of the production of MjsHSP nanocages, the results
obtained for E. coli BL21(DE3) cells after optimization considering the composition of the culture medium
(163.9+6.4mgL" 289+ 1.1mgL"h"and0.18 + 0.01 mg ODsoo nm™* h') were generally superior to
those recorded with the culture medium optimized using V. natriegens Vmax™ X2 cells (44.3 £ 4.3 mg
L', 8.6+0.8mgL"h'and 0.07 £ 0.00 mg ODsoo nm™" h™"). Experimental variability also appears to be
greater in the case of V. natriegens, something that can be verified by the standard deviation values.
However, it is necessary to consider that this E. coli strain as undergone many years of study and
optimization, in particular for plasmid maintenance and expression of recombinant proteins. On the
contrary, this strain of V. natriegens results from an improvement in relation to the wild-type strain, more
suitable to the protein expression, although it requires more research and genetic optimization.
Therefore, the results obtained in this work will be a good starting point for future developments with V.
natriegens and its application for the production of protein nanocages.

To conclude, the cultivation of V. natriegens Vmax™ X2 cells and the subsequent expression of
MjsHSP nanocages in the enhanced 2xYT culture medium was what appears to be most promising.
Then, this was the culture medium chosen to advance to the optimization of the second selected

parameter, the concentration of IPTG as inducer of protein expression.

To test the influence of this second parameter on the production of MjsHSP nanocages in V.
natriegens Vmax™ X2, the expression of these protein nanocages was induced in different experiments
with three alternative IPTG concentrations to the standard value of 1 mM (1ll.2.12. Optimization of
production of MjsHSP nanocages).

The remaining operating parameters were maintained as established in the cultivation and protein
expression standard (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm;
induction of protein expression at ODeoo nm 0f 0.5-0.6, for 4 hours at 37°C).

The growth curves obtained for the three concentrations of IPTG evaluated are shown in Figure

111.34. For comparative purposes, standard concentration of IPTG (1 mM) was also included.
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Figure 111.34 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP nanocages with
the induction of protein expression using three different concentrations of IPTG, maintaining the remaining
parameters as previously established (non-baffled shake flask with 30% volume of culture medium; 37°C and 250
rpm; induction of protein expression at ODgoo nm 0f 0.5-0.6, for 4 hours at 37°C ). Standard concentration of IPTG (1
mM) was also included as a reference point. Arrows indicate IPTG induction time points. Each data point represents
the mean of two biological replicates, with error bars indicating the respective standard deviation. The y-axis is on

a logarithmic scale.

The analysis of Figure 111.34 allowed to verify that the growth profile for V. natriegens Vmax™ X2
cells in independent experiments for induction with different IPTG concentrations was similar, an
expected result because this second parameter strongly affects proteins nanocage production but has
little impact on the growth curve. The three growth parameters studied (specific growth rate, generation
time, and maximum ODsoo nm achieved) are graphically represented in Figure 111.35.

Regarding the specific growth rate (Figure 111.35A) and the generation time (Figure 111.35B), the
values obtained for the three conditions under evaluation agreed with each other as well as with the
standard condition of 1 mM of IPTG as inducer (about 2.11 to 2.55 h™' for the specific growth rate and
about 16.3 to 19.7 minutes for the generation time). Since these parameters were calculated during the
exponential growth phase, which showed no significant differences in growth curves, this result was
expected and consistent with previous observations.

In terms of the maximum ODsoo nm (Figure 111.35C), it was found that the IPTG concentration also
had no influence on this parameter, taking into account that for both the three conditions tested and the
standard condition the maximum value obtained was very similar to each other (approximately 3.49 to
3.58). This observation suggests that MjsHSP nanocages expression was not restricting the capacity
for cell replication and biomass accumulation throughout the induction period (all values indicated

correspond to measurements at the end of this period).
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Figure 111.35 — Growth parameters of V. natriegens Vmax™ X2 producing MjsHSP nanocages with the induction of
protein expression using three different concentrations of IPTG, maintaining the remaining parameters as previously
established (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm; induction of protein
expression at ODggo nm Of 0.5-0.6, for 4 hours at 37°C). (A) Specific growth rate, (B) generation time, and (C)
maximum ODego nm. Standard concentration of IPTG (1 mM) was also included as a reference point. Each result

represents the mean of two biological replicates, with error bars indicating the respective standard deviation.

Furthermore, making this same comparison in relation to the results obtained for these three
parameters in the optimization of the concentration of IPTG as inducer for protein expression in E. coli
BL21(DE3), the values that characterize V. natriegens Vmax™ X2 were significantly higher in relation
to the specific growth rate and generation time (about 1.8 times) but substantially lower for the maximum
ODsoo nm achieved (about 1.9 times).

Afterwards, the production of MjsHSP nanocages in V. natriegens Vmax™ X2 cells using different
concentrations of IPTG as inducer was evaluated by obtaining an SDS-PAGE of the clarified lysates
(soluble fraction) containing this model of protein nanocages. Clear bands corresponding to the MjsHSP
nanocages (expected molecular weight of 16.5 kDa) in all experiments performed can be visualized in
Figure 111.36 (due to the nature of SDS-PAGE, the observed protein bands correspond to the respective
monomers). The intensity of the MjsHSP nanocages band appears to be very similar among the three
alternative conditions, with a minor highlight for the experiment in which 0.1 mM of IPTG was used for
the induction of protein expression (Figure 111.36A), which may suggest a slightly higher production.
Again, as expected, a very similar pattern of protein impurities was observed for the tested conditions.
The migration profile obtained for the standard induction of protein expression (Figure I11.6B) allowed
the identification of a band of MjsHSP nanocages monomers as well as the remaining impurities with
lower intensity.

Analysis of these results in comparison to similar experiments performed with E. coli BL21(DE3)
revealed evident weaker MjsHSP nanocages bands in all conditions. This observation suggests a
substantial reduction in the production of protein nanocages.

In order to quantitatively assess and compare the production efficiency of MjsHSP nanocages in
V. natriegens Vmax™ X2 using the three concentrations of IPTG inducer, production yield (Equation
lI1.5), volumetric productivity (Equation 11l.6) and specific productivity (Equation Ill.7) were calculated.
The methodology used in this analysis based on densitometric analysis of SDS-PAGE was previously
explained (lll.3.4. Production of MjsHSP nanocages in E. coli and V. natriegens). The results
obtained for these three key parameters are shown graphically in Figure 111.37.

With analysis of Figure 1ll.37, it can be seen that the induction of the expression of MjsHSP
nanocages in V. natriegens Vmax™ X2 with 0.1 mM of IPTG allowed to obtain higher values for
production yield, volumetric productivity and specific productivity in comparison with the remaining
conditions tested including the standard concentration of IPTG (1 mM).

The production yield (Figure 111.37A) was about 1.8 times higher with 0.1 mM of IPTG (91.3 + 9.5
mg L") compared to the second best concentration of inducer (1.5 mM; 54.5 + 4.1 mg L"), and about

2.1 times higher than the reference 1 mM (10-fold higher concentration; 44.3 + 4.3 mg L™").
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Figure 111.36 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens Vmax™ X2
cells using three different concentrations of IPTG for the induction of protein expression, maintaining the remaining
parameters as previously established (non-baffled shake flask with 30% volume of culture medium; 37°C and 250
rpm; induction of protein expression at ODgoo nm Of 0.5-0.6, for 4 hours at 37°C). (A) 0.1 mM, (B) 0.5 mM, and (C)
1.5 mM of IPTG. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages (expected
molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker Il; NZYtech Lisbon, Portugal).

Similarly, for the volumetric productivity (Figure 111.37B), it was obtained a value 2.1 times higher
in 0.1 mM of IPTG (17.7 + 1.8 mg L' h'") than the standard 1 mM (8.6 + 0.8 mg L™ h™"). The use of an
IPTG concentration of 1.5 mM allowed to obtain the second best result also in volumetric productivity
(10.5+0.8 mg L™ h'"). In comparison with the values estimated for the same study in E. coli BL21(DE3),
the differences between the optimized and standard conditions were significantly greater in the case of
V. natriegens, which demonstrated the need for research focused on optimizing the upstream
processing.

For the specific productivity (Figure Ill.37C), the differences in the results for the various
conditions analyzed followed the same pattern of variation indicated for production yield and volumetric
productivity, which can be considered expected. The expression of MjsHSP nanocages with 0.1 mM of
IPTG was the most favorable condition (0.15 + 0.02 mg ODsoonm™" h™"), by comparison with the reference
1 mM (0.07 + 0.00 mg ODeoo nm™" h™).

To date, no published studies have directly examined the relationship between IPTG inducer
concentration and its effect on protein expression, specifically in the context of NVPNs. Generally, the
most commonly used IPTG concentration values range between 0.5 and 1 mM (215,234). This work
ultimately leads to the determination of an optimal concentration value (0.1 mM) that differs from the
range reported above. The results align closely with the interpretations previously discussed for E. coli
BL21(DE3).
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Figure 1ll.37 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells using
three different concentrations of IPTG for the induction of protein expression, maintaining the remaining parameters
as previously established (non-baffled shake flask with 30% volume of culture medium; 37°C and 250 rpm; induction
of protein expression at ODgoo nm Of 0.5-0.6, for 4 hours at 37°C). (A) Production yield, (B) volumetric productivity,
and (C) specific productivity. Standard concentration of IPTG (1 mM) was also included as a reference point. Each

result represents the mean of two biological replicates, with error bars indicating the respective standard deviation.

Comparing these characterizing parameters of the production of MjsHSP nanocages, the results
obtained for E. coli BL21(DE3) cells after optimization considering the concentration of IPTG as inducer
of protein expression (232.9 +18.8 mg L', 41.1 +3.3 mgL"h" and 0.19 + 0.02 mg ODsoonm™ h*) were
generally superior to those recorded with the IPTG concentration optimized using V. natriegens Vmax™
X2 cells (91.3+9.5mgL*,17.7+1.8 mg L' h" and 0.15 + 0.02 mg ODsoo nm™* h'").

Considering these observations, it was concluded that the induction of MjsHSP nanocages
expression using an IPTG concentration of 0.1 mM was the one that appeared to be most advantageous.
Therefore, together with the use of the enhanced 2xYT culture medium, this was the inducer
concentration selected to advance to the optimization of the second parameter under analysis, the

temperature for protein expression.

With the objective of evaluating the influence of this third parameter on the production of MjsHSP
nanocages in V. natriegens Vmax™ X2, protein expression was induced in different experiments with
three alternative temperatures to the standard value of 37°C (ll.2.12. Optimization of production of
MjsHSP nanocages).

The remaining operating parameters were maintained as previously established (non-baffled
shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein
expression at ODesoo nm 0f 0.5-0.6, with 0.1 mM of IPTG, for 4 hours).

The growth curves obtained for the three temperatures of protein expression evaluated are shown
in Figure 111.38. The temperature was maintained at 37°C for bacterial growth in all experiments until
IPTG induction, after which it was adjusted to the specific value under analysis. For comparative
purposes, standard temperature for protein nanocages expression (37°C) was also included.

As previously observed in the optimization assays of the IPTG inducer concentration, Figure
ll1.38 shows that the growth profile for V. natriegens Vmax™ X2 cells in the independent induction
experiments with different protein induction temperatures was similar to each other until the time point
of induction of MjsHSP nanocages expression. Thereafter, the temperature was adjusted for each test,
so that the behavior of the bacterial cells also changed. The best growth was observed at a temperature
of 30°C, a result that agreed with the studies available in the literature which indicate that this is the
optimal temperature for the cultivation of V. natriegens (200,235). The use of temperatures of 37°C and
20°C allowed to obtain equivalent values of biomass concentration at the end of the induction period,
although this last condition impacted the growth of bacterial cells in the first 2 hours after the addition of
the IPTG inducer. For the lowest temperature (15°C), it was possible to verify a complete interruption of
the bacterial growth, a quite expected observation since V. natriegens is a bacterial species whose

survival and subsequent growth is strongly inhibited by low temperatures. This behavior is due to the
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reduced catalase activity, which results in a harmful accumulation of reactive oxygen species due to the
ongoing metabolic activity (236,237). The three growth parameters studied (specific growth rate,

generation time, and maximum ODeoo nm achieved) are graphically represented in Figure 111.39.
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Figure 111.38 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP nanocages with
the induction of protein expression using three different temperatures, maintaining the remaining parameters as
previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and
250 rpm; induction of protein expression at ODeggo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours). Standard
temperature for induction of protein expression (37°C) was also included as a reference point. Arrows indicate IPTG
induction time points. Each data point represents the mean of two biological replicates, with error bars indicating

the respective standard deviation. The y-axis is on a logarithmic scale.

Regarding the specific growth rate (Figure 111.39A) and the generation time (Figure 111.39B), the
results obtained for the three conditions under study are consistent with each other (about 2.14 to 2.37
h- for the specific growth rate and about 17.6 to 19.5 minutes for the generation time) and also in relation
to the standard temperature condition of 37°C (2.11 + 0.02 h™" and 19.7 + 0.2 minutes, respectively).
The observed result aligns with the expectations and corroborates previous findings, given that these
parameters were derived from measurements taken during the exponential growth phase.

Regarding the maximum ODsoo nm (Figure 111.39C), the use of induction temperature of 30°C (4.88
+ 0.24) allowed to clearly obtain the highest value of final ODsoo nm, approximately 9.0 times in relation
to those of 15°C (0.54 + 0.01), the worst condition evaluated. The experiments with a temperature of
37°C (3.58 + 0.05) and 20°C (3.34 + 0.09) led to the achievement of a maximum ODeoo nm, respectively,
1.4 and 1.5 times lower than the most interesting temperature condition (30°C).

Additionally, making this same comparison in relation to the results obtained for these three
parameters in the optimization of temperature of protein expression induction in E. coli BL21(DE3), the
values that characterize V. natriegens Vmax™ X2 were significantly higher in relation to the specific
growth rate and generation time (about 1.8 times) but lower for the maximum ODeoo nm achieved (about
1.4 times).
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Figure 111.39 — Growth parameters of V. natriegens Vmax™ X2 producing MjsHSP nanocages with the induction of
protein expression using three different temperatures, maintaining the remaining parameters as previously
established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm;
induction of protein expression at ODgoo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours). (A) Specific growth rate,
(B) generation time, and (C) maximum ODego nm. Standard temperature for induction of protein expression (37°C)
was also included as a reference point. Each result represents the mean of two biological replicates, with error bars

indicating the respective standard deviation.

Then, the production of MjsHSP nanocages in V. natriegens Vmax™ X2 cells using different
induction temperatures was evaluated by obtaining an SDS-PAGE of the clarified lysates (soluble
fraction) containing the protein nanocages. Observing Figure 11140, it can be seen that in the three
experiments performed the specific band corresponding to the MjsHSP nanocages (expected molecular
weight of 16.5 kDa) is present (due to the nature of SDS-PAGE, the observed protein bands correspond
to the respective monomers). The band intensity of the MjsHSP nanocages was reducing from the
lowest temperature tested (15°C) to the highest (30°C), not considering the standard temperature of
37°C, which was not exactly the expected result. Taking into account the cell growth behavior during
the induction period in the three experiments, it would be predicted that as the temperature increased,
the expression of MjsHSP nanocages would follow this variation. In the case of the test with the
reference temperature, 37°C, it was possible to observe a band with a very high intensity for these
protein nanocages. Moreover, the pattern of the bands corresponding to protein impurities had some
variations between different experiments, suggesting the expression of host proteins with distinct
functions in response to the temperature selected for analysis.

When comparing these findings to analogous experiments conducted using E. coli BL21(DE3),
weaker bands corresponding to MjsHSP nanocages were observed under all conditions. This indicates
a significant decrease in the amount of protein nanocages produced.

With the objective of quantitatively evaluating the production efficiency of MjsHSP nanocages in
V. natriegens Vmax™ X2 under three different temperatures of induction, the production yield (Equation
lll.5), the volumetric productivity (Equation 1ll.6) and the specific productivity (Equation 1ll.7) were
calculated. The approach employed for this analysis, which relies on the densitometric assessment of
SDS-PAGE, was previously described in detail. Figure 111.41 graphically presents the results for these
three main parameters.

Analyzing Figure Ill.41, it can be seen that the induction of the MjsHSP nanocages expression
in V. natriegens Vmax™ X2 with a standard temperature of 37°C allowed to obtain higher values for
production yield, volumetric productivity and specific productivity in comparison with the three alternative
options tested, although the best results in terms of characterization of bacterial growth were associated
with a temperature of 30°C.

The production yield (Figure Ill.41A) was approximately 2.4 times higher with the standard
temperature in protein nanocages expression of 37°C (91.3 £ 9.5 mg L") compared to the second best
temperature (30°C; 38.2 + 4.0 mg L"), and approximately 7.7 times higher than protein induction at
15°C (11.8 £ 0.4 mg L™).
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Figure 111.40 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens Vmax™ X2
cells using three different temperatures for the induction of protein expression, maintaining the remaining
parameters as previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT;
37°C and 250 rpm; induction of protein expression at ODggo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours). (A)
15°C, (B) 20°C, and (C) 30°C. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages
(expected molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-
PAGE. The abbreviation MWM refers to the molecular weight marker (NZYColour protein marker Il; NZYtech
Lisbon, Portugal).

Similarly, for the volumetric productivity (Figure 1ll.41B), a value 2.4 and 7.7 times higher was
obtained for the standard temperature of 37°C (17.7 + 1.8 mg L™ h'") in relation to 30°C (7.4 + 0.8 mg
L' h'") and 15°C (2.3 + 0.1 mg L™ h"), respectively, also observing a profile of growing value of this
parameter as the induction temperature increases.

For the specific productivity (Figure 1ll.41C), the use of the standard temperature of 37°C was
the most favorable condition (0.15 + 0.02 mg ODsoonm™" h™), although curiously it was possible to obtain
a high value at 15°C (1.2 times; 0.13 = 0.01 mg ODsoonm™" h™') compared to 30°C (0.05 + 0.01 mg ODsoo
am 7).

Contextualizing these results obtained with the data available in the literature, several studies
have identified that the use of a low induction temperature in the range of 26°C to 30°C led to a greater
production of proteins in V. natriegens compared to higher temperatures such as 37°C (200,215,238).
In this work the most promising temperature for inducing the expression of MjsHSP nanocages in V.
natriegens Vmax™ X2 was 37°C, which differs from the range indicated above. Factors such as
increased ribosome functionality and better conjugation of cellular machinery involved in the

transcription/translation processes may justify the observed results (200).
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Figure lll.41 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells using
three different temperatures for the induction of protein expression, maintaining the remaining parameters as
previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and
250 rpm; induction of protein expression at ODggo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours). (A) Production
yield, (B) volumetric productivity, and (C) specific productivity. Standard temperature for induction of protein
expression (37°C) was also included as a reference point. Each result represents the mean of two biological

replicates, with error bars indicating the respective standard deviation.

Comparing these characterizing parameters of the production of MjsHSP nanocages, the results
obtained for E. coli BL21(DE3) cells after optimization considering the temperature of protein expression
induction (232.9 + 18.8 mg L', 41.1 + 3.3 mg L' h"" and 0.19 + 0.02 mg ODeoo nm™' h™') were generally
superior to those recorded with the temperature of induction optimized using V. natriegens Vmax™ X2
cells (91.3 + 9.5 mg L', 17.7 + 1.8 mg L' h'" and 0.15 + 0.02 mg ODeoo nm™" h'). It is also worth
highlighting that the optimal temperature to induce the expression of these protein nanocages was 37°C,
the same condition for both host bacterial species.

In conclusion, the induction of MjsHSP nanocages expression at a temperature of 37°C was the
one that appears to be most efficient. Therefore, together with the use of the enhanced 2xYT culture
medium and an IPTG concentration of 0.1 mM, this was the temperature of induction selected to

advance to the optimization of the fourth parameter under analysis, the time point of induction.

To evaluate the influence of this fourth parameter on the production in V. natriegens Vmax™ X2,
protein expression was induced in separate experiments using two alternative time points
(corresponding to distinct values of ODeoo nm = 0.2 and ODesoo nm = 1.4) to the standard time point of
induction at an ODeoo nm of 0.6 (l1l.2.12. Optimization of production of MjsHSP nanocages).

The remaining operating parameters were maintained as previously established (non-baffled
shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm; induction of protein
expression with 0.1 mM of IPTG, for 4 hours at 37°C).

The growth curves obtained for the two time points of protein expression induction evaluated are
shown in Figure lll.42. For comparative purposes, the standard time point (ODsoo nm = 0.6) was also
included.

Through the analysis of Figure 11l.42, the growth profile for V. natriegens Vmax™ X2 cells in
independent experiments for induction at two distinct time points (early exponential phase and late
exponential/early stationary phase) was equivalent throughout the entire monitored period, including
from the time point of induction, which is an interesting observation. This similarity was also verified in
relation to the standard timepoint (ODsoo nm~ 0.6). These results suggest that V. natriegens cells were
able to balance the resources available for both the expression of protein nanocages and for cell growth
and subsequent biomass generation. The three growth parameters studied (specific growth rate,
generation time, and maximum ODsoo nm achieved) are graphically represented in Figure 111.43.

Regarding the specific growth rate (Figure 111.43A) and the generation time (Figure 111.43B), the
induction at a time point in early exponential phase (ODsoo nm~ 0.2; 3.25 + 0.15 h' and 12.8 + 0.6

minutes, respectively) led to obtaining higher values for these two parameters (about 1.5 times for both)
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in relation to the induction in the middle of exponential phase (ODsoo nm=~ 0.6; 2.11 £ 0.02 h" and 19.7 +
0.2 minutes, respectively) and in the late exponential/early stationary phase (ODeoonm=~ 1.4; 2.16 + 0.07
h""and 19.3 + 0.6 minutes, respectively). It was a curious result since these parameters were calculated
during the exponential growth phase and from the analysis of the respective growth curve (Figure 111.42)

there did not appear to be such a significant difference.
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Figure 111.42 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP nanocages with
the induction of protein expression using two different time points, maintaining the remaining parameters as
previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and
250 rpm; induction of protein expression with 0.1 mM of IPTG, for 4 hours at 37°C ). Standard time point for induction
of protein expression (ODsoo nm = 0.6) was also included as a reference point. Arrows indicate IPTG induction time
points. Each data point represents the mean of two biological replicates, with error bars indicating the respective

standard deviation. The y-axis is on a logarithmic scale.

In terms of the maximum ODsoo nm (Figure 111.43C), it was found that induction at a time point in
late exponential/early stationary phase (ODsoo nm=~ 1.4) allowed to obtain a growth level 1.1 times higher
(3.81 + 0.04) than the standard condition of induction at the middle of exponential growth phase (3.58 +
0.05) and 1.2 times higher than the alternative condition tested of induction at early exponential phase
(3.30 + 0.12). Although the difference between the two alternative conditions tested and the standard
experiment was less pronounced than that obtained in the study with E. coli BL21(DE3), the slight
variation can be explained by the dynamics between cell growth and protein expression at different
moments of the exponential growth phase, as discussed in more detail previously.

Furthermore, making this same comparison in relation to the results obtained for these three
parameters in the optimization of the time point of protein expression induction in E. coli BL21(DE3), the
values that characterize V. natriegens Vmax™ X2 were significantly higher in relation to the specific
growth rate and generation time (about 2.3 times) but lower for the maximum ODsoo nm achieved (about

1.9 times).
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Figure 111.43 — Growth parameters of V. natriegens Vmax™ X2 producing MjsHSP nanocages with the induction of
protein expression using two different time points, maintaining the remaining parameters as previously established
(non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm; induction of
protein expression with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Specific growth rate, (B) generation time, and (C)
maximum ODegoo nm. Standard time point for induction of protein expression (ODgoo nm =~ 0.6) was also included as a
reference point. Each result represents the mean of two biological replicates, with error bars indicating the

respective standard deviation.

Afterwards, the production of MjsHSP nanocages in V. natriegens Vmax™ X2 cells using two
time points of protein expression induction was evaluated. This assessment was performed through
SDS-PAGE analysis of the clarified lysates (soluble fraction) containing the MjsHSP nanocages.
Distinguishable bands corresponding to the MjsHSP nanocages, with an expected molecular weight of
16.5 kDa, were visible across all the experiments conducted, as illustrated in Figure 111.44 (due to the
nature of SDS-PAGE, the observed protein bands correspond to the respective monomers). The
intensity of the MjsHSP nanocages band appeared to be slightly stronger with the induction of protein
expression occurring in the early exponential growth phase, although the difference was not very
significant. Compared to the standard time point of induction (ODsoo nm ~ 0.6), this band intensity in the
SDS-PAGE appears to have been slightly higher (Figure 111.36A). From Figure 11.44, it is also possible
to observe a greater intensity of the bands corresponding to protein impurities, although their profile

presented similarities for all tested conditions.
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Figure 111.44 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens Vmax™ X2
cells using two different time points for the induction of protein expression, maintaining the remaining parameters
as previously established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and
250 rpm; induction of protein expression with 0.1 mM of IPTG, for 4 hours at 37°C). (A) ODgoo nm ~ 0.2, and (B)

ODeoo nm = 1.4. Arrows indicate the protein bands referring to the monomer of MjsHSP nanocages (expected
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molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon, Portugal).

In contrast to parallel experiments performed with E. coli BL21(DE3), the bands representing
MjsHSP nanocages were less intense across all tested conditions. This observation suggests a
substantial reduction in the amount of protein nanocages produced. Furthermore, a greater proportion
of bands related to protein impurities was observed in relation to the band of protein nanocages in V.
natriegens, with the latter band being more prominent in the production using E. coli BL21(DE3) cells.

To evaluate and relate the efficiency of MjsHSP nanocages production in E. coli BL21(DE3) under
the two alternative time points of protein expression induction, key parameters such as production yield
(Equation lII.5), volumetric productivity (Equation Ill.6) and specific productivity (Equation Il.7) were
estimated. The analysis was performed using densitometric measurements from SDS-PAGE, as
previously outlined. The results for these three parameters are presented in Figure 111.45.

From Figure lll.45, the induction of the expression of MjsHSP nanocages at a time point
corresponding to the middle of the exponential growth phase (ODsoo nm =~ 0.6), the standard condition,
allowed to obtain higher values of production yield and volumetric productivity in comparison with the
results of the alternative conditions at the early exponential phase (ODeoo nm ~ 0.2) and at the late
exponential/early stationary phase (ODesoo nm~ 1.4).

The production yield (Figure Ill.45A) was about 1.3 times higher with time point of induction at
ODsoonm =~ 0.6 (91.3 +9.5 mg L") compared to the second best time point (ODeoo nm~ 0.2; 71.1 + 9.8 mg
L"), and about 1.5 times higher than the value obtained at the time point of ODsoo nm~ 1.4 (61.0 + 15.5
mg L™").

Similarly, for the volumetric productivity (Figure Ill.45B), the induction of MjsHSP nanocages
expression at a time point of induction at ODesoo nm=~ 0.6 (17.7 + 1.8 mg L™* h'") allowed to obtain a result
1.1 and 1.6 times higher than that determined for the time point at ODsoo nm~ 0.2 (15.8 + 2.2 mg L* h*")
and at ODeoonm~ 1.4 (11.1 + 2.8 mg L' h"), respectively. Interestingly, between the two alternatives
tested, induction at an early stage of V. natriegens Vmax™ X2 cell growth resulted in a favorable
expression of MjsHSP nanocages.

In terms of the specific productivity (Figure 111.45B), the results showed that induction at an ODeoo
nm= 0.2 (0.15 £ 0.03 mg ODsoo nm™' h™') and at an ODesoo nm~ 0.6 (0.15 + 0.02 mg ODsoo nm™' h™) allowed
protein production per cell equivalent to each other. Clearly, induction at a late stage of bacterial growth
(ODeoonm =~ 1.4) led to a much lower specific productivity result (about 1.7 times for 0.09 + 0.02 mg ODsoo
am 7).
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Figure 111.45 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells using two
different time points for the induction of protein expression, maintaining the remaining parameters as previously
established (non-baffled shake flask with 30% volume of culture medium; enhanced 2xYT; 37°C and 250 rpm;
induction of protein expression with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Production yield, (B) volumetric
productivity, and (C) specific productivity. Standard time point for induction of protein expression (ODggo nm ~ 0.6)
was also included as a reference point. Each result represents the mean of two biological replicates, with error bars

indicating the respective standard deviation.

Framing these results with the research described in the literature, most studies have considered
induction at an ODeoonm between 0.5 and 1.0, an interval corresponding to the exponential growth phase,
as the most appropriate time point for the existence of a greater expression of proteins in V. natriegens
(156,198,215,238). The results obtained in this work corroborate these conclusions, since with the
induction of the production of MjsHSP nanocages during the exponential phase (ODeoo nm~ 0.6) it was
possible to achieve quite promising values for the three parameters characterizing protein expression.
High metabolic activity, efficient protein synthesis machinery together with higher number of ribosomes
are characteristics of V. natriegens Vmax™ X2 that may justify the observed results (197,200,215).

Comparing these characterizing parameters of the production of MjsHSP nanocages, the results
obtained for E. coli BL21(DE3) cells after optimization considering the time point of protein expression
induction (232.9+18.8 mgL™,41.1+3.3mg L' h"and 0.19 + 0.02 mg ODsoonm™* h™') were superior to
those recorded with the time point of induction optimized using V. natriegens Vmax™ X2 cells (91.3 £
9.5mgL", 17.7+1.8 mg L' h"and 0.15 + 0.02 mg ODsoo nm™* h"). It is also worth highlighting that the
optimal time point to induce the expression of these protein nanocages was at the middle of exponential
growth phase, the same condition for both host bacterial species. Furthermore, it is important to note
that the experimental variability in V. natriegens was greater than in E. coli, as demonstrated by the
calculated standard deviation values.

To conclude, inducing the expression of MjsHSP nanocages at a time point in the middle of the
exponential growth phase (ODsoo nm Of approximately 0.5 to 0.6) appears to be the most advantageous.
Therefore, in combination with the use of enhanced 2xYT culture medium, an IPTG concentration of 0.1
mM and an induction temperature of 37°C, this time point of induction was selected to proceed with the
optimization of the fifth and last parameter under analysis, the aeration conditions through the presence

or absence of baffles in the culture shake flask.

The influence of this fifth and last parameter on the production of MjsHSP nanocages in V.
natriegens Vmax™ X2 was assessed through two separate setups, one with better air flow (using shake
flask with baffles) and another with normal air flow (using regular shake flasks without baffles). For a
reliable ¢ comparison, 250 mL flasks (with and without baffles) were used, each filled to 30% capacity
with culture medium (lll.2.12. Optimization of production of MjsHSP nanocages).

The remaining operating parameters were maintained as previously established (enhanced 2xYT;
37°C and 250 rpm; induction of protein expression at ODsoo nm of 0.5-0.6, with 0.1 mM of IPTG, for 4
hours at 37°C).
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The growth curves obtained for the two aeration conditions studied are shown in Figure 111.46.
For comparative purposes, the standard aeration condition (non-baffled shake flask with 100 mL and
30% volume of culture medium) was also included.

Analyzing Figure 11146, the growth profile for V. natriegens Vmax™ X2 cells in both the two
alternative aeration conditions and the condition defined as reference was similar until the addition of
IPTG as protein expression inducer. During the induction period, a slight variation was observed
between the three independent experiments with the use of a 250 mL baffled shake flask allowing a
more favorable cell growth. The three growth parameters assessed (specific growth rate, generation

time, and maximum ODsoo nm achieved) are graphically represented in Figure 111.47.
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Figure 111.46 — Growth curves obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP nanocages with
the induction of protein expression using two different aeration conditions (250 mL shake flask without and with
baffles), maintaining the remaining parameters as previously established (enhanced 2xYT; 37°C and 250 rpm;
induction of protein expression at ODgoo nm 0f 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at 37°C). Standard aeration
condition for induction of protein expression (100 mL shake flask without baffles) was also included as a reference
point. Arrows indicate IPTG induction time points. Each data point represents the mean of two biological replicates,

with error bars indicating the respective standard deviation. The y-axis is on a logarithmic scale.

The specific growth rate (Figure 111.47A) and the generation time (Figure 111.47B) values obtained
for the two evaluated conditions were consistent with each other (approximately 2.56 to 2.63 h™! for the
specific growth rate and about 16.0 to 16.3 minutes for the generation time). It should be noted that the
experiment relating to the 250 mL non-baffled shake flask showed greater experimental variability. The
standard condition that used the non-baffled shake flask with 100 mL presented a lower specific growth
rate (1.2 times; 2.11 + 0.02 h™") and a consequent higher generation time (1.2 times; 19.7 + 0.2 minutes).
Research studies have shown that baffled shake flasks would allow a greater supply of oxygen, which
has the consequence of supporting a faster growth (239), an observation corroborated by this work. As
reported for the experiments using E. coli BL21(DE3) cells, the cultivation in the baffled shake flask led
to greater foam formation, which may potentially interfere with the cell growth.
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Figure 1l1.47 — Growth parameters of V. natriegens Vmax™ X2 cells producing MjsHSP nanocages with the
induction of protein expression using two different aeration conditions (250 mL shake flask without and with baffles),
maintaining the remaining parameters as previously established (enhanced 2xYT; 37°C and 250 rpm; induction of
protein expression at ODsgo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Specific growth rate, (B)
generation time, and (C) maximum ODego nm. Standard aeration condition for induction of protein expression (100
mL shake flask without baffles) was also included as a reference point. Each result represents the mean of two

biological replicates, with error bars indicating the respective standard deviation.

Regarding the maximum ODeoo nm (Figure 111.47C), the test using a 250 mL baffled shake flask
(5.68 + 0.10) allowed to obtain a cell density much higher than the condition with the 250 mL non-baffled
shake flask (1.5 times; 3.84 + 0.04) and the reference aeration condition (1.6 times; 3.58 + 0.05). This
result confirmed that baffles increase oxygen transfer rate compared to the shake flasks without them,
which can lead to higher cell densities also in V. natriegens.

Moreover, making this same comparison in relation to the results obtained for these three
parameters in the optimization of aeration conditions for MjsHSP nanocages expression in E. coli
BL21(DE3), the values that characterize V. natriegens Vmax™ X2 were significantly higher in relation
to the specific growth rate and generation time (about 1.7 times) but lower for the maximum ODsoo nm
achieved (about 1.1 times).

Following, the production of MjsHSP nanocages in V. natriegens Vmax™ X2 cells using the two
alternative aeration conditions was assessed. This evaluation was performed through SDS-PAGE
analysis of the soluble fraction from the clarified lysates containing this model of protein nanocages.
Distinct bands corresponding to the MjsHSP nanocages, with an expected molecular weight of 16.5
kDa, are visible across all the experiments conducted, as illustrated in Figure 111.48 (due to the nature
of SDS-PAGE, the observed protein bands correspond to the respective monomers). The band intensity
of the MjsHSP nanocages as well as the pattern and intensity of the bands corresponding to protein
impurities was similar in both the production in the 250 mL non-baffled shake flask and in the 250 mL
baffled shake flask. Compared to the standard condition, in particular the growth and the production of
protein nanocages in the 100 mL non-baffled shake flask (Figure 1l.36A), in the latter a much higher
intensity was obtained in relation to the two alternative conditions, indicating a greater quantity of protein
nanocages produced.

When comparing these findings to analogous experiments conducted using E. coli BL21(DE3),
quite weaker bands corresponding to MjsHSP nanocages were observed under all conditions. This
allowed to infer that the potential capacity for expression of recombinant proteins in V. natriegens has
not been verified.

In order to compare and validate the efficiency of MjsHSP nanocages production in E. coli
BL21(DE3) under the two alternative aeration conditions, key parameters namely production yield
(Equation l11I.5), volumetric productivity (Equation Ill.6) and specific productivity (Equation 1l.7) were
calculated. The analysis was performed using SDS-PAGE densitometric measurements as previously

explained. The results for these parameters are presented in Figure 111.49.
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Figure 111.48 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens Vmax™ X2
cells using two different aeration conditions (250 mL shake flask without and with baffles) for the induction of protein
expression, maintaining the remaining parameters as previously established (enhanced 2xYT; 37°C and 250 rpm;
induction of protein expression at ODgoo nm 0f 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at 37°C). (A) 250 mL shake
flask without baffles, and (B) 250 mL shake flask with baffles. Arrows indicate the protein bands referring to the
monomer of MjsHSP nanocages (expected molecular weight of 16.5 kDa), which is separated and visualized under
denaturing conditions of SDS-PAGE. The abbreviation MWM refers to the molecular weight marker (NZYColour
protein marker Il; NZYtech Lisbon, Portugal).

From Figure 111.49, the expression of the MjsHSP nanocages in a 250 mL baffled shake flask
allowed to obtain higher values for production yield and volumetric productivity in relation to the
experience with a 250 mL non-baffled shake flask, being the aeration condition more advantageous.
Interestingly, the standard procedure (100 mL non-baffled shake flask) was the second best condition,
having recorded intermediate values for these two parameters.

The production yield (Figure 111.49A) was 1.4 times lower in the 250 mL non-baffled shake flask
(64.0 £ 5.1 mg L") in relation to the baffled shake flask of 100 mL (91.3 + 9.5 mg L™"). The test with the
250 mL baffled shake flask (105.5 + 6.8 mg L") resulted in a production yield 1.2 times higher compared
to the standard condition, standing out as the most interesting aeration setup.

Similarly, the volumetric productivity (Figure 111.49B) showed the same behavior, being 1.6 times
higher in the 250 mL baffled shake flask (21.1 + 1.4 mg L' h™") than the result of the 250 mL non-baffled
shake flask (12.8 + 1.0 mg L h'"). With the reference non-baffled shake flask of 100 mL (17.7 + 1.8 mg
L' h'"), it was possible to obtain a value about 1.2 times lower than the best condition with the 250 mL
shake flask with baffles.
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Figure 111.49 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells using two
different aeration conditions (250 mL shake flask without and with baffles) for the induction of protein expression,
maintaining the remaining parameters as previously established (enhanced 2xYT; 37°C and 250 rpm; induction of
protein expression at ODggo nm Of 0.5-0.6, with 0.1 mM of IPTG, for 4 hours at 37°C). (A) Production yield, (B)
volumetric productivity, and (C) specific productivity. Standard aeration condition for induction of protein expression
(100 mL shake flask without baffles) was also included as a reference point. Each result represents the mean of

two biological replicates, with error bars indicating the respective standard deviation.

In terms of the specific productivity (Figure 111.49C), the results indicated that MjsHSP nanocages
production per cell was much higher in the experiment using the 250 mL baffled shake flask (0.28 + 0.02
mg ODeoo nm™" h™'), approximately 1.1 times higher than the value obtained for the 250 mL non-baffled
shake flask (0.25 + 0.02 mg ODsoo nm™' h™') and 1.9 times higher than the estimation of the reference
condition (0.15 + 0.02 mg ODeoo nm™ h™").

Currently, there are no studies available in the literature that directly investigate the use of baffled
shake flasks with the cell growth behavior and subsequent protein expression, so this is the first work
to perform some experiments on this topic. Assuming the same interpretation considered for E. coli
BL21(DE3), the improved oxygenation in a baffled shake flask leads to higher cell growth. This increased
biomass results in greater production of protein nanocages (232). In fact, a large set of articles published
using V. natriegens choose baffled shake flasks for cell growth and/or protein expression (157,239,240),
which may suggest that this variation has a significant influence on the characteristics of this bacterial
species. The results of this work corroborate this hypothesis, given that the production efficiency of
MjsHSP nanocages was better applying an aeration setup with a baffled shake flask.

Comparing these characterizing parameters of the production of MjsHSP nanocages, the results
obtained for E. coli BL21(DE3) cells after optimization considering the aeration condition for the protein
expression (232.9+18.8mgL",41.1 +3.3mgL"h"and 0.19 + 0.02 mg ODsoonm™ h™') were generally
superior to those recorded with the aeration setup optimized using V. natriegens Vmax™ X2 cells (105.5
+6.8mgL" 211 +14 mgL"'"h'and 0.28 + 0.02 mg ODsoo nm™! h™"), with the exception of specific
productivity, which is an interesting result.

In conclusion, inducing the expression of MjsHSP nanocages using a baffled shake flask
(exemplified in this work by one of 250 mL), maintaining the same ratio of air volume to culture medium
volume (about 30% of the latter) appears to have greater potential. Therefore, the final conditions for
optimizing the production of this model protein nanocages were the use of enhanced 2xYT culture
medium, an IPTG concentration of 0.1 mM, an induction temperature of 37°C, a time point in the middle
of the exponential growth phase (ODsoo nm Of approximately 0.5 to 0.6) and an aeration setup comprising
a baffled shake flask.

After identifying these optimized conditions for the production of MjsHSP nanocages in V.
natriegens Vmax™ X2 cells, similarly to what was implemented for E. coli, an additional experiment was
performed with the monitoring and collection of samples of the bacterial culture after 2, 4, 6, 8 and 24
hours from the beginning of the induction of protein expression (lll.2.12. Optimization of production

of MjsHSP nanocages). This part of the study aimed to extend the observation period for cell growth
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and protein nanocages synthesis, facilitating a comparative analysis with the baseline data from initially
established standard conditions.

The growth curve obtained for the production of MjsHSP nanocages in V. natriegens Vmax™ X2
under the optimized conditions is shown in Figure 111.50. Note that the growth curve for the production
of these protein nanocages under the standard initial conditions is available in Figure 111.50.

From Figure 111.50, it was observed that the growth profile of V. natriegens cells under the
optimized conditions and the standard conditions presented some variations, particularly in the
exponential growth phase. As previously described throughout the work, from this growth curve, it was
possible to determine the three growth parameters: specific growth rate, generation time, and maximum
ODs0o nm achieved at the end of the protein expression induction period.

The values obtained for the specific growth rate (1.88 + 0.19 h'') and the generation time (22.4 +
2.3 minutes) were lower than the results determined for the standard conditions (Table 1ll.3), with a

faster growth in the reference experiment (about 1.6 times for both parameters).
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Figure 111.50 — Growth curve obtained for the V. natriegens Vmax™ X2 cells producing MjsHSP nanocages in the
optimized conditions (enhanced 2xYT culture medium, 0.1 mM of IPTG, 37°C during protein expression, time point
of induction at ODsgo nm = 0.6 and shake flask with baffles). Arrow indicates IPTG induction time point. Each data
point represents the mean of two biological replicates, with error bars indicating the respective standard deviation.

The y-axis is on a logarithmic scale.

Regarding the maximum ODsoo nm, the growth of V. natriegens Vmax™ X2 cells in the optimized
condition led to a much higher value (7.39 + 2.98) if the period up to 24 hours of protein expression
induction is considered, which was expected. In any case, if the values for the same induction period (4
hours) were compared, the experiment under optimized conditions (6.13 + 0.67) also allowed obtaining
a value 1.4 times higher than the standard test (Table III.3).

Thus, with regard to the characterization of cell growth, this comparison allowed to conclude that
the optimized conditions ensure the maintenance of a promising cell growth profile, with potential for the
production of MjsHSP nanocages on a large scale. The difference observed in the specific growth rate
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and generation time parameters may be partly related to the volume of culture medium being higher
(about 75 mL) in the optimized assay, while maintaining the air volume/culture medium volume ratio.

Complementarily, performing a comparison in relation to the results obtained for these three
parameters in the optimized conditions for the production of MjsHSP nanocages in E. coli BL21(DE3),
the values that characterize V. natriegens Vmax™ X2 were significantly higher in relation to the specific
growth rate and generation time (about 1.4 times) but lower for the maximum ODsoo nm achieved (about
1.7 times). Note that if only the induction period of 4 hours is considered, the maximum ODesoo nm Obtained
was slightly higher 1.1 times in V. natriegens than in E. coli.

Afterwards, the production of these non-viral protein nanocages was assessed by obtaining an
SDS-PAGE of clarified lysates (soluble fraction) containing the MjsHSP nanocages expressed in E. coli
cells using these optimized conditions for cultivation and protein expression. Figure IlI1.51 shows clear
bands corresponding to the MjsHSP nanocages (expected molecular weight of 16.5 kDa). As expected,
the intensity of the MjsHSP nanocages band increased throughout the induction period from the IPTG
addition time point, suggesting that there continued to be significant expression of the protein nanocages
as cell growth progressed. It was interesting to note that the basal expression was quite reduced (Figure
llI.51, Lane 1) and that the greatest increase in the band intensity occurred after 2 hours (Figure 111.51,
Lane 2), 4 hours (Figure 1lI.51, Lane 3) and 8 hours (Figure lll.51, Lane 5) of induction, with the
differences from this moment on being less considerable. The bands corresponding to the protein
impurities always had a similar pattern, with some variation in their intensity and proportion in relation

to the MjsHSP nanocages band throughout the experiment (particularly after 6 and 8 hours).
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Figure 111.51 — SDS-PAGE analysis obtained in the production of MjsHSP nanocages in V. natriegens Vmax™ X2
cells using the optimized conditions for the induction of protein expression (enhanced 2xYT culture medium, 0.1
mM of IPTG, 37°C during protein expression, time point of induction at ODsoo nm = 0.6 and shake flask with baffles).
Lane 1 corresponds to the sample collected from the bacterial culture at the IPTG induction time point and lanes 2
to 6 correspond to the samples collected after 2, 4, 6, 8 and 24 hours, respectively, from the beginning of the protein

expression induction. Arrow indicates the protein bands referring to the monomer of MjsHSP nanocages (expected
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molecular weight of 16.5 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker 1l; NZYtech Lisbon, Portugal).

In contrast to the parallel optimized experiment performed with E. coli BL21(DE3), the bands
representing MjsHSP nanocages were clearly less intense over the various time points of sample
collection. This observation suggests a substantial reduction in the amount of protein nanocages
produced. Additionally, a greater proportion of bands related to protein impurities was observed in
relation to the band of protein nanocages in V. natriegens, contrary to what occurred in E. coli.

In order to understand the differences in the efficiency of MjsHSP nanocages production in E. coli
BL21(DE3) using these optimized conditions, the aforementioned main parameters, production yield
(Equation l1I.5), volumetric productivity (Equation Ill.6) and specific productivity (Equation Il.7) were
determined. Analysis was performed using SDS-PAGE densitometric measurements as previously
explained. The results for these parameters are presented in Figure 111.52.

According to Figure lll.52A, for the production yield, a gradual increase was observed throughout
the monitored protein expression period. The most considerable increases occurred after 2 hours (5.8
times, for 54.2 + 3.4 mg L") and 24 hours (1.8 times, for 150.3 + 96.9 mg L). These results are
compatible with a progressive production of MjsHSP nanocages over time in V. natriegens Vmax™ X2,
in combination with a balance between this and cell growth and biomass generation. It is also important
to mention that a very considerable experimental variation was detected, with high standard deviation
values being obtained, so more data from additional experiments would be useful.

The volumetric productivity (Figure 111.52B) recorded values that were in agreement with the
previous interpretation, observing an equally gradual decrease in the value of this parameter over time
from 14.1 £ 0.9 mg L! h'" after 2 hours to 5.8 + 3.7 mg L™ h™" after 24 hours. After 4 hours (10.4 + 2.3
mg L™ h') and after 24 hours (5.8 + 3.7 mg L™ h'") were the time points at which a reduction with the
greatest impact was determined, approximately 1.4 and 1.5 times, respectively, in relation to the
previous moment.

Comparing the value obtained after 4 hours of induction with the same time point of the standard
condition (Table 1ll.4), the process optimization led to a 2.2-fold increase in the production yield and a
1.8-fold increase in the volumetric productivity.

Finally, the specific productivity (Figure 1ll.52C) allowed to evaluate the production of MjsHSP
nanocages per cell basis, verifying a very high value after the first 2 hours (0.008 + 0.001 mg ODeoo nm
' h"), with a subsequent decrease over time until 24 hours of induction of protein expression (8 times,
for 0.001 + 0.001 mg ODsoo nm™' h™'). During the early phase of cell growth, bacterial cells exhibited
enhanced metabolic activity due to abundant resources, potentially explaining increased production at
the individual cell level. Once more, comparing the value obtained after 4 hours of induction with the
same time point of the condition defined as standard (Table lll.4), the process optimization led to an 10-

fold reduction in the specific productivity (for 0.004 + 0.001 mg ODsoo nm™" h™).
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Figure 111.52 — Parameters of MjsHSP nanocages production obtained for V. natriegens Vmax™ X2 cells using the
optimized conditions for the induction of protein expression (enhanced 2xYT culture medium, 0.1 mM of IPTG, 37°C
during protein expression, time point of induction at ODsgo nm = 0.6 and shake flask with baffles). (A) Production
yield, (B) volumetric productivity, and (C) specific productivity determined considering the samples collected from
the bacterial culture after 2, 4, 6, 8 and 24 hours from the beginning of the protein expression induction. Each result

represents the mean of two biological replicates, with error bars indicating the respective standard deviation.

Comparing these characterizing parameters of the production of MjsHSP nanocages, the results
obtained for E. coli BL21(DE3) cells applying the optimized conditions were always superior throughout
the entire monitoring period compared to those recorded with the complete optimized conditions using
V. natriegens Vmax™ X2 cells. Looking only at the 4 hours interval of protein expression induction, the
behavior was the same.

Taken together, these results suggest that a promising time point to finish the production of
MjsHSP nanocages is close to 8 hours of induction, since up to this moment it is possible to obtain a
favorable balance between the parameters analyzed, also including the behavior and characteristics of
cell growth. For the study with E. coli BL21(DE3), the apparently most promising condition was near to
the 6 hours of induction.

In conclusion, comparing the several results obtained for the standard and optimized
experiments, it was possible to successfully optimize this production process of MjsHSP nanocages in
vibrio cells. Although it has not been possible to obtain an increase in protein expression equal to or
greater than that obtained with E. coli cells, the numerous data generated can be used as a starting
point for future research studies, including in scale-up approaches. Being a complementary host
organism to E. coliin terms of expression of recombinant proteins, V. natriegens has significant potential

as a microbial chassis, due to its rapid growth and high metabolic rate.

111.3.6. Validation of plasmid pTRAP

The pTRAP plasmid was kindly provided by the Heddle Lab (Krakéw, Poland) and was used
without further modifications. Its plasmid map is represented in Figure 111.53 and the respective analysis
by agarose gel electrophoresis of the plasmid single and double digested with restriction enzymes is
shown in Figure lll.54. Note that pTRAP was also verified by Sanger sequencing.

Briefly, plasmid pTRAP integrates all elements of the well-described pET-21b(+) plasmid
(including the origins of replication ColE1/pMB1/pBR322/pUC and 1) with the TRAP-K35C gene.

With the pTRAP validated, chemically competent E. coli DH5a cells (lll.2.4. Preparation of
chemically competent cells) were transformed by the heat shock method with this plasmid as
described in section 111.2.6. Transformation of competent cells. Having confirmed the presence of the
plasmid in this bacterial strain, E. coli DH5a cells harboring the pTRAP were cultured at shake flask
scale, with the subsequent preparation of master and working cell banks (l1l.2.2. Bacterial strains), in

order to ensure maintenance of the plasmid during all experiments.
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Figure II1.53 — Plasmid pTRAP provided by the Heddle Lab (Krakéw, Poland). The plasmid map presented was

created using the SnapGene 3.2.1. software.
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Figure 1I1.54 — Agarose gel analysis of the plasmid pTRAP. This plasmid was linearized with the restriction enzyme
Xhol (lane 1, band size of 5592 bp) and double digested with the restriction enzymes Sphl-HF and Xhol (lane 2,
band sizes of 5070 bp and 522 bp). The abbreviation MWM refers to the molecular weight marker (NZYDNA ladder
[ll; NZYtech Lisbon, Portugal).

l1.3.7. Growth profile of E. coli harboring pTRAP

Afterwards, plasmid pTRAP was transformed into chemically competent E. coli BL21(DE3) cells
(Ill.2.4. Preparation of chemically competent cells) by the heat shock strategy (lll.2.6.
Transformation of competent cells), considering that this most appropriate strain was selected for the
protein expression in this work. Master and working cell banks were also prepared (lll.2.2. Bacterial
strains).

Regarding V. natriegens Vmax™ X2, the initial objective was to transform cells of this bacterial
strain with the pTRAP plasmid, allowing the development of a parallel study of E. coli vs. V. natriegens

focused on this plasmid, as it was performed with pMjsHSP. However, different methodologies for the
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preparation of chemically competent and electrocompetent cells (described in sections 1il.2.4.
Preparation of chemically competent cells and 11l.2.5. Preparation of electrocompetent cells) as
well as for their transformation by heat shock and electroporation, respectively (explained in the section
lll.2.6. Transformation of competent cells), were tested, without it being possible to obtain positive
results. This difficulty in the transformation of V. natriegens can be explained by the source organism of
the plasmid being E. coli, since it is reported in the literature that transformation efficiencies are higher
when a plasmid produced and extracted from the same host organism is used (219). The fact that the
pTRAP is a plasmid with significantly larger dimensions than the pMjsHSP (5592 bp vs. 2677 bp) may
have contributed to the difficulty of transformation. In terms of the preparation of competent cells,
regardless of the protocol used, the cells of this specific strain of V. natriegens may not be sufficiently
competent to achieve the minimum efficiency required for their transformation. Regarding the
transformation itself, the hypothesis that the cell recovery period would be extended and that a more
suitable recovery solution would be used, was analyzed, without having the desired impact. All these
evaluations were performed based on the information described in the literature as well as the data
provided by the company responsible for the manufacturing of V. natriegens Vmax™ X2 cells (Codex
DNA; San Diego, CA, USA).

With the purpose of obtaining and analyzing the growth profiles of E. coli BL21(DE3) cells
harboring the plasmid pTRAP, in particular the exponential growth phase, bacterial culture was
performed on a shake flask scale according to the operating conditions described in the section 111.2.8.
Determination of growth curves.

The growth curve obtained for E. coli BL21(DE3) harboring the pTRAP is shown in Figure 111.55.
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Figure 111.55 — Growth curve obtained for the E. coli BL21(DE3) (e) cells harboring the plasmid pTRAP. Bacterial
culture was performed at a shake flask scale using LB, as detailed in section Il.2.8. Determination of growth

curves. Each data point represents the mean of three biological replicates, with error bars indicating the respective

standard deviation. The y-axis is on a logarithmic scale.
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The analysis of this growth curve allowed to identify a lag phase in the initial 10 minutes, in which
the bacterial cells exhibit metabolic activity as they adapt to the fresh culture conditions following
inoculation from the overnight culture. The exponential growth phase was then observed between
approximately 10 and 80 minutes, and it was possible to determine a value for the specific growth rate
of approximately 1.73 + 0.06 h™' and for the generation time of about 24.1 + 0.8 min. These results
obtained are slightly superior than those reported in the literature for the BL21(DE3) strain of E. coli
containing a plasmid (0.10 to 0.60 h™") (209-211). Conducting these assays under optimal conditions
for the growth of this bacterial strain (for example, culture medium composition, temperature, and
aeration parameters) may have favorably influenced the results. Additionally, the pTRAP plasmid might
have imposed only a minimal metabolic burden on the host cells, which could explain its limited impact
on bacterial growth. This observation contrasts with the typical scenario observed in plasmid-harboring
bacterial strains, where the presence of plasmids often leads to an increased metabolic load and a
consequent delay in growth kinetics (212). From this growth curve it was also possible to understand
that the deceleration phase and subsequent stationary phase began after 80 minutes of bacterial
growth. The maximum cell density was reached after 100 minutes, with a value of 1.27 + 0.05 being
obtained for the ODsoo nm.

111.3.8. Determination of plasmid copy number for pTRAP in E. coli

Similar to what was performed for the pMjsHSP, the determination of the plasmid copy number
in E. coli BL21(DE3) cells aimed to understand the behavior of this parameter for the plasmid pTRAP,
analyze its variation throughout different phases of bacterial growth and obtain data to correlate with the
expression of the TRAP O-rings.

As described in section 111.2.9. Determination of plasmid copy number by qPCR, obtaining
standard curves for gDNA from the BL21(DE3) strain of E. coli used as well as for pDNA (pTRAP)
extracted from bacterial cells of the respective strain was the first step. These standard curves are
available in Supplementary Figure 11.S3 and Supplementary Figure 111.S4.

Through the respective linear regressions of these two standard curves and using Equation Il.3,
it was possible to determine their percentage of amplification efficiency. Efficiency values between 99.9
and 105.5% were obtained, which are within the range recommended in the literature (between 90 and
110%) (216). As previously explained, this means that the DNA samples do not contain impurities and
contaminants in sufficient quantities to inhibit and/or influence the qPCR reactions. Moreover, the
coefficient of determination was greater than 0.992 in the two standard curves, which also indicates a
high precision in the qPCR performance (216).

Similar to what was performed for the pMjsHSP, the plasmid copy number was calculated using
Equation Ill.2 and considered the C, values of each sample and also the amplification efficiencies
determined from the gDNA and pDNA standard curves. The accuracy of the estimated plasmid copy
number is critically dependent on the similar amplification efficiency of the reference gene (dnakE in

genome of E. coli) and the target gene (ampr in pTRAP). As mentioned before, when this condition is

149



not met, traditional standard curve methods can lead to significant overestimation of plasmid copy
number values, as described in the literature (205,217).

The results obtained for the plasmid copy number of E. coli BL21(DE3) cells harboring the plasmid
pTRAP at different stages of the growth profile (corresponding to an ODeoo nm of 0.1, 0.3, 0.5, 0.7, 0.9,
1.1 and 1.3) are represented in Figure I11.56.
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Figure 111.56 — Plasmid copy number values obtained for E. coli BL21(DE3) cells harboring the plasmid pTRAP at
different growth times (corresponding to an ODgoo nm Of 0.1, 0.3, 0.5, 0.7, 0.9, 1.1 and 1.3). These results were
determined through a qPCR analysis, following the experimental procedure described in the section 111.2.9.
Determination of plasmid copy number by gPCR. Each data point represents the mean of three biological

replicates, with error bars indicating the respective standard deviation.

Throughout the monitored growth period, it was possible to observe a variation in the plasmid
copy number with an increasing trend. At the beginning of growth with an ODsoonm 0f 0.1, a plasmid copy
number of about 13 £ 1 was obtained, followed by a stabilization of this value (13 * 3) in the middle of
the exponential growth phase (ODsoo nm equal to 0.5). From this moment until the beginning of the
stationary growth phase (ODeoo nm Of 1.3), there was a gradual increase in the plasmid copy number
reaching 18 + 3. Considering this entire growth profile, the average plasmid copy number was 15 £ 1,
which is a different result than expected for the plasmid pTRAP, given that it has a hybrid
ColE1/pMB1/pBR322/pUC origin of replication (in addition to the bacteriophage f1 origin of replication),
that is described as having a high plasmid copy number in E. coli. These results end up being quite
similar to those obtained with the plasmid pMjsHSP, so that the aspects discussed in this section (l11.3.3.
Determination of plasmid copy number for pMjsHSP in E. coli and V. natriegens) can also be
applied to the pTRAP. A complete study available in the literature revealed that E. coli exhibited a higher

plasmid copy number (149 copies) for a plasmid with the same origin of replication (204). Host cell
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physiology likely explains the difference observed, as plasmid copy number is closely related to bacterial
replication machinery, which depends on the host’s physiological state (218). The high plasmid copy
number observed aligns with the previously discussed growth profile of E. coli cells containing pTRAP.
These cells exhibited a rapid growth rate, suggesting that plasmid replication did not significantly burden
the cells’ metabolism.

Furthermore, an increase in plasmid copy number at ODeoo nm Of 1.3 was observed, an expected
result, given that it is reported that metabolic resources are redirected to prioritize plasmid replication
as the stationary growth phase begins.

These results may impact protein expression, though some studies show that lower plasmid copy
number does not always reduce protein production and can actually benefit bacterial host cells by

preventing metabolic overload (220).

111.3.9. Production of TRAP-O rings in E. coli

With the objective of assessing the suitability of E. coli BL21(DE3) as production host for TRAP
O-rings, first its growth characteristics under the standard conditions for cultivation and protein
expression (non-baffled shake flask with 30% volume of culture medium; LB; 37°C and 250 rpm;
induction of protein expression at ODsoo nm of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C) were

analyzed. The growth curve obtained is shown in Figure I11.57.
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Figure 11.57 — Growth curve obtained for the E. coli BL21(DE3) (m) cells producing TRAP O-rings in standard
conditions for cultivation and protein expression (non-baffled shake flask with 30% volume of culture medium; LB;
37°C and 250 rpm; induction of protein expression at ODgog nm Of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C).
Arrow indicates IPTG induction time point. Each data point represents the mean of three biological replicates, with

error bars indicating the respective standard deviation. The y-axis is on a logarithmic scale.

151



Through the analysis of the growth curve, it was possible to determine the growth parameters,
specific growth rate and generation time, together with maximum ODego nm achieved during monitoring.

These data are represented in Table III.5.

Table 1ll.5 — Growth parameters of E. coli BL21(DE3) cells producing TRAP O-rings in standard conditions for
cultivation and protein expression (non-baffled shake flask with 30% volume of culture medium; LB; 37°C and 250
rpm; induction of protein expression at ODeggo nm Of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C). Each result

represents the mean of three biological replicates, with error bars indicating the respective standard deviation.

Specific growth rate (h-") 1.77 +0.08
Generation time (min) 235+1.0
Maximum ODeoo nm 2.95+0.38

E. coli BL21(DE3) cells harboring the plasmid pTRAP exhibited a significantly fast growth
behavior, with very interesting values of specific growth rate (1.77 + 0.08 h') and generation time (23.5
+ 1.0 min). Comparing, for example, the results obtained previously for E. coli cells from the same strain
containing the plasmid pMjsHSP, the values determined for both parameters are very similar.
Furthermore, regarding the maximum ODsoo nm reached (2.95 + 0.38), this value was obtained at the
end of the protein expression induction period. Again, the results analyzed were very similar to those
achieved in E. coli BL21(DE3) with pMjsHSP.

Afterwards, the next step consisted of evaluating the production of TRAP O-rings by E. coli
BL21(DE3) cells.

This production was assessed by obtaining an SDS-PAGE of the clarified lysate (soluble fraction)
containing the TRAP O-rings expressed using the standard conditions for cultivation and protein
expression. Figure 111.58 shows a clear band corresponding to the TRAP O-rings (expected molecular
weight of 8.3 kDa). Note that once SDS-PAGE is denaturing, the protein band referring to the TRAP O-
rings effectively correspond to their monomer. The intensity of the TRAP O-rings band seems quite
strong, suggesting higher expression level. Analyzing the profile of bands obtained, there appears to be
a presence of a reasonable amount of protein impurities, which can be an issue for the remaining
biomanufacturing process.

To quantitatively evaluate the production efficiency of TRAP O-rings in E. coli BL21(DE3), three
key characterization parameters previously mentioned were determined using Equation 111.5, Equation
111.6 and Equation III.7, respectively: production yield, volumetric productivity, and specific productivity.
As explained in the section Il.3.4. Production of MjsHSP nanocages in E. coli and V. natriegens,
the determination of these three parameters implied a densitometric analysis of SDS-PAGE, which was
performed according to the methodology described above (lll.2.14.3. Protein nanocages

quantification by densitometric analysis of SDS-PAGE). Due to the composition of each TRAP O-
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ring in 11 identical monomers, the total mass of O-rings monomers is identical to the mass of the

assembled O-rings. The results obtained for these three parameters are shown in Table IlI.6.

Figure 111.58 — SDS-PAGE analysis obtained in the production of TRAP O-rings in E. coli BL21(DE3) cells
considering the standard conditions for cultivation and protein expression (non-baffled shake flask with 30% volume
of culture medium; LB; 37°C and 250 rpm; induction of protein expression at ODggo nm Of 0.5-0.6, with 1 mM IPTG,
for 4 hours at 37°C). Arrow indicates the protein band referring to the monomer of TRAP O-rings (expected
molecular weight of 8.3 kDa), which is separated and visualized under denaturing conditions of SDS-PAGE. The

abbreviation MWM refers to the molecular weight marker (NZY Colour protein marker Il; NZYtech Lisbon, Portugal).

Table IIl.6 — Parameters of TRAP O-rings production (production yield, volumetric productivity and specific
productivity) obtained for E. coli BL21(DE3) cells considering the standard conditions for cultivation and protein
expression (non-baffled shake flask with 30% volume of culture medium; LB; 37°C and 250 rpm; induction of protein
expression at ODeggg nm Of 0.5-0.6, with 1 mM IPTG, for 4 hours at 37°C). Each result represents the mean of three

biological replicates, with error bars indicating the respective standard deviation.

Production yield (mg L) 182.9+12.1
Volumetric productivity (mg L' h') 36.6 +2.4
Specific productivity (mg ODggo nm™ h") 0.38 £ 0.03

The analysis of Table 1ll.6 allowed to conclude that E. coli BL21(DE3) is a suitable and
advantageous host for the production of TRAP O-rings under standard cultivation and protein
expression conditions. Obtaining a production yield of 182.9 + 12.1 mg L' together with a volumetric

productivity and a specific productivity of 36.6 + 2.4 mg L' h™' and 0.38 + 0.03 mg ODsoo nm™' h™",
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respectively, are very promising results and a good starting point for further optimization of the protein
expression conditions.

As previously discussed, limited published information related to the manufacturing process of
NVPNs, particularly regarding to the upstream steps, hinders comparison and contextualization of the
results obtained in this work with those determined in other studies using TRAP O-rings as model
protein. As an example and comparing with the results obtained for the expression of MjsHSP
nanocages also in E. coli BL21(DE3) cells, the production of TRAP O-rings in the same strain of E. coli
presents considerably higher values for these three parameters (about 3 times for production yield and

volumetric productivity, and 4 times for specific productivity).

111.3.10. Optimized production of TRAP-O rings in E. coli

The optimization of the production of TRAP O-rings in E. coli BL21(DE3) cells focused on the
improvement of the previously implemented standard procedure (11l.3.9. Production of TRAP-O rings
in E. coli). Furthermore, the observations and conclusions acquired in the optimization of the production
of MjsHSP nanocages were considered (l1l.3.5. Optimized production of MjsHSP nanocages in E.
coli and V. natriegens), with the transposition of the most favorable operational and expression
conditions for the production of TRAP O-rings.

The optimization strategy involved the production o