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ABSTRACT

Nanoscale protein materials show increasing applications in biotechnology and biomedicine,
addressing catalysis, drug delivery or tissue engineering. Although protein oligomerization is
reachable through several engineering approaches, including the use of divalent cations for
histidine-rich stretches, the effectiveness of cation-His bounding is influenced by protein
conformation, media composition and chelating agents. Thus, looking for a powerful, green,
cross linker-free and transversal oligomerization platforms we have built a histidine-templated
cysteine-coupling concept. On this basis, we have engineered a Cys-containing, H6-derived
His-Cys hybrid tag that enables the spontaneous and efficient self-assembling of tagged proteins
into monodisperse nanoparticles, through a highly ordered covalent binding process. Although
generated nanostructures are supported by disulfide bridge formation and exclusively reversed
by reducing agents but not by chelating agents, the presence of Cysteine residues does not
disrupt the metal-binding abilities of Histidine residues within the tag. This fact allows to
combine the one-step IMAC-based protein purification and also, the Zn**-induced formation of
higher-order microparticulate materials as nanoparticle-releasing protein-only depots. The dual
mode of cross-molecular interactivity shown by the hybrid tag and the structural robustness and
stability of the resulting nanoparticles offers wide applicability of the green biofabrication

concept proposed here, for the further development of clinically usable protein materials.



INTRODUCTION:

Controlling the self-assembly of proteins allows the rational design and biofabrication of
protein-only materials out of recombinant proteins, at the nano, micro and macro scales' . In
this sense, being proteins fundamental macromolecules in living organisms, the
biocompatibility of such materials is ensured, allowing applications in distinct biotechnological
and biomedical settings such as catalysis '°, drug delivery !! and regenerative medicine >, for
different functional, scaffolding or drug-packaging purposes 4!, On the other hand, tailoring
the conformation and the biological activities of protein building blocks is reachable by
conventional genetic engineering, thus allowing the generation of functional materials with
refined and case-adapted functionalities. Several approaches promote regular contacts between
monomers for the controlled generation of supramolecular structures. Among them, the fusion
of natural or bio-inspired self-assembling domains 7, the unbalance of surface charges to
engineer electrostatic interactions '8, the promotion of precise hydrophobic interactions !°, the
use of microtemplates for solft protein aggregation?’, the location of cysteine residues to
establish disulfide bridges 2!, the use of internal disulfide bridges as molecular linkers ** and
the addition of poly-histidine stretches for coordination with divalent cations ** have proved to
be effective. In particular, the accommodation of histidine-rich peptides, such as the largely
used hexahistidine tag (H6), offers a broad set of biotechnological opportunities to H6-tagged
proteins 2%, These include the single-step protein purification from producing cell extracts or
culture media (by Immobilized Metal Affinity Chromatography, IMAC) ?°, and the potential
for controlled cross-molecular interactions by the coordination with divalent cations, such as
Zn**, Ca®" and others %°. Since most of the recombinant proteins produced in research or pharma
are His-tagged, cation-mediated assembly represents a simple and universal platform for the

green biofabrication of protein nanoparticles and other more complex materials from
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monomeric building blocks , avoiding thus the use of more hazardous chemicals applied

in other poorly green processes.

In our hands, the His/cation-mediated biofabrication of nanoscale protein materials has proved
to be an extremely useful approach to generate precision nanoscale drugs, such as tumor-
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targeted nanoconjugates , cytotoxic protein-only constructs **, multivalent nanobodies *°,
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theragnostic agents or antimicrobial nanoparticles 3’. In these cases, cross-molecular
interactions between H6-tagged proteins are promoted by the addition of divalent cations such
as Zn>" and Ca®" at physiological concentrations. Even in this promising context, we wondered
if a more refined assembling platform could be designed to offer a robust, cross-linker-free
assembling process by conferring, to the building block protein, intrinsic reactivity. Avoiding
the addition of external cations would make the biofabrication process and its scaling-up easier
and still greener, while minimizing the potential toxicity of gluing ions in specific contexts.
Also, the cation-mediated oligomerization is influenced by the conformational status and
variability of the His-tagged protein, which cannot be controlled within the cell factory *3. While
some His-tagged proteins self-assemble, supported by the cation content of the media, others

need the external supply of such divalent cations or are produced as split of distinguishable

conformer populations %,

In this context, we envisaged the possibility to generate a linker-free protein-based assembling
system with intrinsic reactivity, regardless of an additional source of external cations for
histidines coordination. Interestingly, a hybrid, Cys-containing H6-derivative peptide (H3C)
designed to promote covalent cross-interactivity confers, to tagged proteins, robust self-
assembling through intersected cysteine residues into cross linker-free and structurally stable
nanoparticles. Importantly, this innovative tool allows also to combine the original capabilities

of His-based tags regarding His-mediated, single-step IMAC protein purification and the



fabrication of higher-order supramolecular constructs usable as bio-inspired microscale depots

for sustained protein-drug delivery.

METHODS

Protein design and 3D structure prediction:

GFP-H3C, STM-H3C and TRAIL-H3C proteins were designed in house. 3D structures of their
stable folded state were predicted in silico using the AlphaFold2 *° algorithm integrated in
ColabFold %° and using the default settings after introducing each primary FASTA sequence as
query, respectively.

Protein production and purification:

Genes encoding for all proteins were provided by Geneart (Thermo Fisher) already subcloned
into a pET22b plasmid (Novagen), transformed into E.coli BL21 (DE3 OmpT- , Lon-;
Novagen) and protein produced over night at 20 °C upon induction with 0.1 mM isopropyl- B-
D-1-thiogalactopyranoside (IPTG). Pellets from recombinant protein-producing cells were then
resuspended in wash buffer (20 mM Tris-HCI, 500 mM NaCl, 4% B-mercaptoethanol, pH 8)
in presence of protease inhibitors (cOmplete EDTA free, Roche Diagnostics) and cells
disrupted by 3 rounds of sonication (amplitude 10%, pulse on/off: 0.5, 5 min for round 1 and
2 and amplitude 15%, pulse on/off: 0.5, 5 min for round 3). Cell soluble fraction was separated
by centrifugation at 15,000 g for 45 min and 4 °C and then filtered (0.22 um) before protein
purification. Samples were kept on ice during all the process.

Recombinant proteins were purified from cell soluble fractions by Immobilized Metal Affinity
Chromatography (IMAC) with a 5 mL HisTrap HP columns (Cytiva) in an Akta pure system
(Cytiva). Protein elution was achieved by a linear gradient of elution buffer (20 mM Tris-HClI,
500 mM NaCl, 500 mM Imidazole, 4% of B-mercaptoethanol, pH=8). Pure GFP-H3C protein

was dialyzed against sodium bicarbonate with salt (166 mM NaCOszH, 333mM pH 8) solution.



STM-H3C and TRAIL-H3C were dialyzed against sodium bicarbonate without salt (166 mM
NaCOzH, pH 8).

Protein purity, concentration, and integrity

Protein physicochemical analysis was performed as described elsewhere 2’ and primary protein
sequence properties (Figure 1A) extracted from ProtParam online software (Expasy) **.
Morphometric characterization of nanostructures:

Volume size distribution and zeta potential of protein samples were determined by Dynamic
Light Scattering (DLS) and Electrophoretic Light Scattering (ELS) respectively at 633nm (25°C
as a standard temperature) in a Zetasizer Advance Pro (Malvern Instruments). All samples were
measured at least in triplicate and data expressed as mean + standard error.

The average molar mass of GFP-H3C nanoparticles was experimentally determined by size
exclusion chromatography coupled to a multi angle light scattering (SEC-MALS) and the
number of monomers then extrapolated per nanoparticle. For that, 200 pug of nanoparticle
sample were injected in a Superdex 200 Increase 10/300 (Cytiva) and run in a sodium
bicarbonate with salt solution (166 mM NaCOsH, 333mM NaCl, pH 8) . Eluent was monitored
by in-line UV-vis detector, a Dawn Heleos MALS detector and an Optilab rEX RI detector
(Wyatt Technology Corporation). All data were finally analyzed in an Astra 6.0.2.9 software
(Wyatt Tehcnology Corporation).

High-resolution electron microscopy images of protein nanoparticles were obtained by
transmission electron microscopy. For that, 5 uL droplets of nanoparticle samples (at 0.05 mg
mL1) were placed on top of glow-discharged 200 mesh carbon-coated copper grids (Electron
Microscopy Science) for 1 min. Then, excess of liquid was blotted with a Whatman filter paper,
and protein negatively stained with 5 pL of 1 % uranyl acetate (Polysciences Inc.) for 1 min
and blotted again. Grids were finally dried at room temperature for at least 10 min and high-

resolution images acquired in a TEM Jeol 1400 (Jeol Ltd.) operating at 80 kV and equipped



with a Gatan Orius 8 9 SC200 CCD camera (Gatan Inc.). The most representative images were
captured from different fields at 20,000x and 25,000x magnifications.

Morphometric characterization of microstructures:

High-resolution images of cation-induced microparticles were obtained by field emission
scanning electron microscopy (FESEM). For that, 20 uL of each microparticle sample (0.3 mg
mL—1) were directly deposited on silicon wafers (Ted Pella Inc.) for 30 s and immediately
observed without coating in a FESEM Zeiss Merlin (Zeiss) operating at 1 kV and
equipped with a high resolution secondary electron detector. Wide field Optical microscopy
images of protein microparticles were also obtained in a NIKON Eclipse Ts2R-FL microscope
at x10 magnification.

Nanoparticles stability against chemical and thermal treatments

Volume size distribution of protein nanoparticles (2 mg mL™) was evaluated by DLS in
presence of increasing concentrations of different reducing agents (TCEP, DTT, pB-
Mercaptoethanol), cation-arresting agents (EDTA, Imidazole), NaCl and Zinc I1. Nanoparticles
stability was also evaluated at increasing temperatures from 4 to 80°C, upon incubation at 4 and
37 °C for 10 days and upon 5 consecutive cycles of thawing and freezing.

Nanoparticles zeta potential was evaluated at different temperatures from 4 to 70 °C by ELS
(80 °C was not technically supported).

Cation-assisted nanoparticles re-assembling and disulfide formation:

EDTA and TCEP-disassembled GFP-H3C monomers were dialyzed against a cation-free
sodium bicarbonate with salt solution (166 mM NaCOsH, 333mM NacCl, pH 8) and against the
same sodium bicarbonate with salt solution supplemented with 0.4 mM of cationic zinc (Zn?").
GFP-H3C protein remained as monomers in the cations-deficient sodium bicarbonate solution
while the presence of Zn?* assisted nanoparticle re-assembling. Generated nanoparticles were
then dialyzed against an alkaline sodium bicarbonate with salt solution (166mM NaCO3zH,

333mM NaCl, pH 10) in order to favor cysteine thiol oxidation (pKa 8.32), and were then
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immediately re-dialyzed against regular sodium bicarbonate salt solution (166 mM NaCOszH,
333mM NacCl, pH 8) to restore original pH.

Protein structural analysis

Protein secondary structure was studied experimentally, using circular dichroism as described
elsewhere %2, Protein tertiary structure was also studied experimentally by measuring the
fluorescence emission of both GFP chromophore and tryptophan excited at Aex=295 nm, as
described elsewhere 2.

Nanoparticles solubility in FDA-approved solutions

Protein solubility was assessed against different FDA-approved solutions (see table S1) by
microdyalisis. For that, 25 mL of each tested solution were poured in an empty plate and a MCE
(mixed cellulose esters membrane) filter membrane of 0.025 um (VSWP02500 MF-Millipore,
Merck®) gently settled on the surface. Next, five 20 pL droplets from a 2 mg mL™ protein stock
solution (total of 100 pL per filter) were incubated for 50 min at room temperature, and plates
covered to minimize evaporation. Then, the protein solution was carefully recovered and
centrifuged at 15,000 g for 40 min at 4 °C to separate soluble protein from insoluble fraction.
Finally, both the initial and final protein concentrations were measured at a 280 nm wavelength
in a Nanodrop© TM One (Thermo Fisher) to extrapolate the percentage (%) of precipitation. A
GFP-H3C protein sample was dialyzed against the same storage solution (namely 166 mM
NaCOzH + 333 mM NaCl, ph 8) and used as a solubility control (100%) .

Cell viability assay:

HelLa cells (ATCC, CCL-2) were incubated in opaque 96-well plates in MEM alpha medium
(Gibco) containing 10 % of fetal bovine serum (Gibco) in humidified atmosphere and 5 % CO>
at 37 °C. Then, cytotoxicity of GFP-H3C nanoparticles was evaluated by CellTiter-Glo®
Luminescent Cell Viability Assay (Promega) in a Victor 3 luminescent plate reader (Perkin
Elmer) upon incubation at 1, 2 and 4 uM for 48h. All experiments were performed in triplicate

and results expressed as percentage (%) of cell viability + standard error.
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Statistical analysis:

Preliminary normality and lognormality tests (Anderson—Darling, D’Agostino and Pearson,
Shapiro-Wilk and Kolmogorov—Smirnov) were performed to confirm a normal data
distribution. Parametric data was analyzed by one or two-ways ANOVA or t-tests depending
on the number of groups and conditions. Meanwhile, nonparametric data was analyzed by
Kruskal-Wallis test. All measurements were performed at least in triplicate, peak values

expressed as mean + standard error (SE), and significance was considered (*) when p < 0.05.

RESULTS AND DISCUSSION:

In IMAC-based protein purification, a few clustered His residues are required for an efficient
binding of His-tagged proteins to the immobilized metal ***. Since the combination of Cys

and His residues promotes protein crystallization 4°

, we presumed that a limited number of Cys
residues intersected in the conventional H6 tag should confer His-independent oligomerization
capabilities to the carrier protein, hopefully keeping its IMAC retention. In this regard, for
divalent metal binding, a distribution of His residues alternated with a substituting (X) amino
acid (H-X-H-X-H-X, etc) is required #’. This is because the overall binding forces between C-
terminal His residues with a divalent cation (expressed as KD; dissociation constant or as in
uM) are majorly contributed by the positions i and i+2. On the other hand, three Cysteine
residues are mechanistically identified as the minimal number envisaging the generation of
oligomers beyond mere dimers, and also, as an adequate value to avoid complex multivalent
network linking. Such ‘three’ value was supported by previous studies on hepatitis E virus-like
particles (VLPs) *® and modified green fluorescent proteins (GFPs) **°, in which their self-

assembling properties were ablated when the number of Cys residues in the cross-interactive

stretches were reduced below three. Therefore, by combining these concepts, a His-Cys hybrid



tag, that contains such minimum number of cysteines, was designed as HHHCHCHCH (H3C),

by alternating those three cysteine residues starting from the C-terminal of the H6 tag sequence.

Then, a fusion GFP-H3C protein was genetically designed and its 3D structure and
physicochemical parameters in silico predicted (Figure 1A). The recombinant protein was
successfully produced and purified from Escherichia coli by IMAC chromatography (Figure
1B), resulting in a full-length, proteolytically stable single molecular species of 27.78 kDa
(Figure 1C). This was indicative of a full N-terminal methionine processing as expected from
its primary sequence (figure S1) °! . The obtained protein construct showed a clear tendency to
oligomerization that was initially observed through a minor occurrence of dimeric and trimeric
forms (Figure 1C, right). When analyzed by DLS, GFP-H3C was observed as monodisperse
nanoparticles of 10 nm, in contrast to the parental GFP-H6 that was compatible with the
monomeric form of the protein (5 nm, Figure 1D). Importantly, the H3C tag allowed efficient
protein purification being the clustering and distribution of His residues within the hybrid tag
sufficient for a good IMAC performance (Figure 1B). Regarding protein stability, the thermal
aggregation of GFP-H3C nanoparticles occurred at 70 °C, similar to that of the parental
unassembled GFP-H6 (Figure 1E). Moreover, the zeta potential of GFP-H3C nanoparticles
remained negative at physiological temperature (Figure 1F), what was seen as opportune
envisaging the potential in vivo applications of the material, as in drug delivery. Finally, a fine
proteomic analysis of GFP-H3C revealed that nanoparticles were formed by 6 monomers
(Figure 1G), expectedly organized in a radial form from the C-terminal tag (Figure 1H). In this
model, the GFP beta-barrels are distributed around the cluster of overhanging H3C peptides,
sited in the core of the nanoparticle. A refined TEM analysis of the material (Figure 1 1) was
compatible with such radial distribution, the nanoparticles showing a regular circular
architecture with a less dense core, which could correspond to the region of the interacting tags

(Figure 1 I, inset).
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Considering the hybrid nature of the H3C tag, namely His and Cys residues both showing
different cross-linking abilities, we explored which type of forces determined the assembling
of GFP-H3C. As observed, nanoparticles were disassembled in a set of reducing media (Figure
2A), while imidazole or EDTA did not have any disrupting effect on the material (Figure 2B).
This fact, apart from proving the reversible nature of the cross-molecular protein-protein
contacts, indicated that His-mediated coordination of divalent cations (but disulfide bridges)
were not supportive of the final architecture of the supramolecular complexes. Also increasing
the ionic strength of the medium was not affecting the formed structures (Figure 2C), proving
that electrostatic interactions were neither the main driving forces for the assembling. In this
sense, although the cations from the media were not enough to support the final particle
architecture, they might show, at least during the initial steps of nanoparticle assembling, an
influence in monomers orientation, leading to a histidine-templated cysteine coupling concept.
This is observed when cations-arrested and disulfide-reduced GFP-H3C monomers (EDTA +
TCEP) remained unassembled in a divalent cation-deficient sodium bicarbonate solution (SB),
but re-assembled in the presence of cationic zinc (Zn**) (Figure 2D). Then, a transient alkaline
pH-favored re-oxidation of cysteines (Ox), in the cation-promoted particles, produced again
supramolecular complexes that were only fully disassembled in presence of the disulfide

disrupting agent TCEP, but not upon mere cation arresting with EDTA (Figure 2E).

Going further, the addition of an external supply of cations at high concentration (0.5 mM Zn*"),
also allowed to maintain these supramolecular complexes even in presence of the reducing
agents (Figure 2F), while the addition of still higher concentrations of Zn** induced the
organization of GFP-H3C as larger-scale microparticles (Figure 2G), that completely
disintegrated upon the addition of EDTA. These observations further indicated that although
histidine residues within the Cys-His tag were not responsible for the final nanoparticle

architecture, at least at the cations concentration in the medium, they still maintained the
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capacity to keep the supramolecular complexes just by cation coordination (in absence of
disulfide bridges) at higher Zn?" concentration, as parental H6-tag does 2. Moreover, it also
indicated that histidine residues within the hybrid tag were available for cation-mediated
microparticle organization, in a fully reversible process. This observation is important as the
formation of Zn-mediated microparticles results in highly interesting artificial materials >, that

like bacterial inclusion bodies 3

, show protein-leaking properties 2*2. Then, mimicking
metal-based amyloid fibers ¥ Zn-mediated protein-only microparticles represent promising
slow protein delivery systems for the in vivo administration of protein drugs >>°. Therefore,
the His-Cys hybrid tag proposed here, not only assisted nanoparticle formation through covalent
disulfide bridge formation, but also, assisted protein clustering as micro-scale granules upon
the addition of cationic Zn from an external source. Both assembling mechanisms, reversible

by either reducing agents or EDTA respectively, offer an unexpected versatility to the protein

material resulting from H3C-tagged building blocks.

Focusing on the resulting nanoparticles as potential drug carriers or for other clinically-oriented
applications, we tested the stability of the material under physiological conditions. A high
stability, probably associated to a structural rearrangement of the secondary and tertiary protein
structure was observed through tryptophan and chromophore fluorescence emission (Figure
3A) and through particular patterns in the dichroism profile (Figure 3B) compared to the control
GFP-H6. On the other hand, nanoparticles were essentially soluble in most of the tested FDA-
approved solutions (Figure 3C, table S1) and in all of them, the soluble protein fraction kept
the 10 nm organization (Figure 3D). In addition, the material was stable upon incubation under
different conditions including physiological temperature and thawing/freezing cycles (Figure
3E), and it was nontoxic over cultured mammalian cells when exposed at high concentrations
(Figure 3F). Finally, the molecular size of monomers and oligomers were always consistent

with the DLS data through the whole protein purification process from bacterial extracts, that

12



includes a reducing agents-mediated disassembly and further reassembly of the material

through dialysis (Figure 3G).

In the context of the robustness shown by the H3C tag in promoting protein oligomerization as
regular nanoparticles but also looking at its plasticity to keep the His-mediated potential for
purification and formation of disintegrating microscale materials, we wanted to ensure that such
performance was not linked to the particular beta-barrel structure of GFP, selected here as a
model. Thus, to evaluate the transversal applicability of the proposed H3C tag in promoting
nanoparticle formation from tagged monomers, two additional non-related and structurally
divergent proteins, namely Stefin A (STM) ® and the antitumoral protein TRAIL ¢!, were
engineered for H3C display at their C-terminus (Figure 4A, figure S1). As expected, both
proteins were successfully produced as a proteolytically stable full-length proteins (figure S2
and S3). Then, as in GFP (27.78 KDa), STM (12.35 KDa) and TRAIL (20.88 KDa)
spontaneously assembled into small oligomers of 5.89 and 8.66 nm respectively upon
purification that were also not disassembled by mere cation arresting (EDTA) but by disulfide
bridge disruption with TCEP (Figure 4B). Moreover, the new constructs were stable at
physiological temperatures (Figure 4C) and were also able to organize into larger-scale

microparticles upon addition of cationic zinc at high concentrations (Figure 4D and S4).

CONCLUSIONS

The proper combination of His and Cys residues in a C-terminal peptidic tag (HHHCHCHCH)
allows to promote, by genetic fusion, the spontaneous oligomerization of tagged proteins into
regular nanoparticles, irrespective of the addition of external linkers. The regularity of the
resulting nanoparticles, their high stability and the fact that their formation is not restricted to a
particular structure of the core protein makes the very simple strategy proposed here of

universal interest for the design of green protein nanoparticles out from any potential protein
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candidate, by very simple genetic engineering. While the formation of the final nanoparticles
is supported by covalent disulfide bonding, the His residues within the hybrid tag still may show
a certain influence in the initial orientation of the monomers, leading to a histidine-templated
cysteine coupling. Moreover, His residues within the tag allow also the efficient one-step
protein purification as well as the controlled formation of more complex, microscale particles
upon the addition of external cationic Zn, through His coordination. The possibility to generate
larger-order materials based on Zn?" is interesting as they are self-disintegrating biomimetic
materials highly suited for slow protein drug delivery in vivo. Under the present setting, the
released materials are nanoparticles formed by covalent disulfide-bonded building blocks.
Thus, the dual mechanism by which the hybrid His-Cys tag performs, offer two options for the

construction of green protein biomaterials suited for clinical applications.

14



M1 SFTW6 36

N-| GFP HH3C |-C Ne Aa 247 5 =] 36

— +M:27.91KDa =2 200 - |
HIC=HHHCHCHCH — wmw \"On o S 1 B \
Distances ] 6 - |
1 \

GlyS1 - His247 = 8.24 nm pl 6.13 S 0 | -‘_..._. |
Aspl90-Aspl73=4.92nm () Aa 27 g i = : = |
Asp190 - Gly51 = 4.04 nm § 100 | - - = -
His247 - Aspl73=676nm  C)Aa 34 'g | REE |
) His247 - Asp190 =5.91 nm Al 72.96 £ so4 | = |

Aspl90 L] Asp173 - Gly51 = 2.69 nm < . ]

His His Average = 5.43 nm GRAVY -0.58 r ————
oys His 50 70 90 110
& . Volume (mL)
Hiss) cys) ey His His247
C Dimers MW
100 55492.16 100 - Trimers 304 A A(size) = 91.19%
%0 ? < 83.34KDa * * Pdi: 0.501
R E K
7 70 m Dimers *® 20 GFP-H3C
< 60| Monomers - < 55.56 KDa o
Z 50| 27787.32 (4.8%) E
C— -
g :ﬂ 2 10 Q@G
[=
20 Trimers Monomers %@
10 J 8317508 25 @< 2778 KDa
= . 0
0 (92.5%) 0
24000 38000 52000 66000 80000 94000 1 100
m/z Size (nm)
20 0- ¥ GFP-H3C
— GFP-H3C ot — GFP-H3C 10 A GFP.Hs
— GFP-HE Qj A &@ + _ Hexamer "

154 oS 5 5 - Sl g 106 (166.7 kDa) h Monomer
£ é@ E + A £ o {1 (28.0kpa)
£ s, K o = 104 r
o 10 £ -10- & 1
N [ = 102 rt
W ‘6 ‘CE P

- 1
5+ .15 S 10°] — f
N Trimer 11
e : o 1
N B 10— — ~ ~ =
0 1 1 1 1 1 T 1 I 1 1 -20 1 I 1 1 1 1 1 l 1 L 1 T T T
4 10 20 30 37 40 50 60 70 80 4 10 20 30 37 40 50 60 70 12 14 16 18 20

Temperature (°C)

Figure 1. Physicochemical characterization and
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architecture of GFP-H3C nanoparticles. A.

Modular protein design and in silico 3D structure prediction of GFP-H3C (H3C structure with
its respective amino acid side chains is depicted in the inset). H3C tag is displayed in dark

yellow and distances between most external amino acids within the structure are measured in

order to estimate the average size of the monomer. On the right, a table showing the main

physicochemical parameters of GFP-H3C. MW: Molecular weight in presence (+M) or absence
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(-M) of the N-terminal methionine. Ip: Isoelectric Point, (+) or (-) Aa: number of positively or
negatively charged Amino acids in the primary sequence at physiological pH, Al: Aliphatic
Index, GRAVY:: Grand average of hydropathicity index B. IMAC profile of GFP-H3C protein
eluted in a one-step process. The SDS-PAGE gel (inset) shows protein purity in each
purification step or sample fraction. M: molecular weight marker, I: insoluble fraction, S:
charged soluble cell fraction, FT: flow through, W: wash. 6 and 36 refer to chromatogram
protein peaks. C. MALDI-TOF spectrum of GFP-H3C protein (24000-94000 Da range). Peak
numbers indicate molecular weights in Da. On the right, SDS-PAGE gel showing multimeric
forms of GFP-H3C protein. Molecular weight marker (MW) is indicated in kDa and the
percentage of each protein subpopulation is shown. D. Volume size distribution of purified
GFP-H3C (dark yellow) and control GFP-H6 (black) assessed by DLS. Peak values refer to
size (in nm) + SE. A refers to the percentage of GFP-H3C size increase in comparison to the
control GFP-HG6. Pdi (polydispersion index) of GFP-H3C. E. Oligomer size (in nm) of GFP-
H3C (dark yellow) and control GFP-H6 (black) at increasing temperatures (from 4 to 80 °C).
Significant differences between GFP-H6 and GFP-H3C are indicated (*) at p < 0.05. F. Zeta-
potential (in mV) of GFP-H3C at increasing temperatures (from 4 to 70 °C). Displayed cartoons
in the different panels illustrate the oligomerization state of the protein. G. Average molar mass
(in kDa) of GFP-H6 control monomers (solid line) and GFP-H3C nanoparticles (dashed line)
determined by SEC-MALS. H. In silico representation of cysteine interactions supporting a
GFP-H3C nanoparticle. 1. Morphometric analysis of GFP-H3C nanoparticles by transmission

electron microscopy (TEM). White bar indicates 50 nm (25nm in the inset).

16



>

»
o
]

B-Mercaptoethanol

Size (nm)
@
1

A
-3
F]

-

I‘Jlgﬂ

[

T T T T T T T T T T 1
C05115 2253 354455

B Concentration (mM) Concentration (mM) C Concentration (%)
20+ 20+ 201
<y [Em o o
T 151 F 154 ) E 154 o]
£ i3 £ w : i
g ¢ g Y
& 104 0—0—O—O—— O O—C—0—y 15 10+ o—0—0—0—0—-0—0o—0——C—F & 10 O__o_o__o__o_o_-o-_é_o—o—-o
<BNM e ———— @ <EMM-———— e @ SEMM === ————— -
51 & o B 51 S o & 5 S e &
= (2 [E=3
- =" -
’ (I:OIS 1I 1I52[2I5..‘1n 3T5;45 5 R R ° L
. y o ® ﬂPQ S S S &“\@“ o & qpb SO S S q@@@
D Concentration (mM) E Concentration (mM) G Concentration (mM)
12 12 = 100
10.7 10.4 10.8 10.7 m
Pty E— pr——
10 104 9.1 -

59

Size (nm)
o N £y é‘!\i
1 1 I
Size:(nm)
oo &
] 1 1
Microparticles (%)

T L T 0 1 T L] L] I 1
C EDTA SB Zn** Zn** Ox EDTA EDTA 10 15
TCEP Concentration (mM)
w 201 w
QL4 Zinc +DTT Q Zinc +
@é@@ 154 @“@g B-Mercaptoethanol

T T T T T T T T 1
C Zinc 2 4 6 8 10EDTA C Zinc 2 4 6 8 10EDTA C Zine 1 2 3 4 5 EDTA

Concentration (mM) Concentration (mM) Concentration (%)

Figure 2. Analysis of protein-protein interactions within supramolecular complexes and
microparticles formation. A. GFP-H3C nanoparticles incubation at increasing concentrations
of different reducing agents (TCEP, DTT and p-Mercaptoethanol). B. GFP-H3 nanoparticles
incubation at increasing concentrations of cation-arresting molecules (Imidazole, EDTA). C.
GFP-H3 nanoparticles incubation at increasing concentrations of NaCl. D. Cation-promoted
assembly of GFP-H3C monomers. Control GFP-H3C nanoparticles (C) are first disassembled
(EDTA + TCEP) and then dialyzed against Sodium Bicarbonate solution (SB), or Sodium
Bicarbonate solution with 0.4 mM of cationic zinc (Zn?*). E. Reducing agent dependent
nanoparticle disassembling. Alcaline pH-induced re-oxidation of cysteines (Ox), in previous
cation promoted GFP-H3C nanoparticles (Zn?*), are disassembled in presence of a disulfide
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reducing agent (EDTA + TCEP) but not upon mere cation arresting (EDTA). F. GFP-H3C
nanoparticles supplemented with external cations at 0.5 mM (zinc) and incubation at increasing
concentrations of reducing agents (Zinc + TCEP), (Zinc + DTT) and (Zinc + -
Mercaptoethanol). EDTA: refers to the final addition of Ethylenediaminetetraacetic acid at 5
mM. G. GFP-H3C microparticles formation at increasing concentrations of zinc cations.
EDTA: refers to the final addition of Ethylenediaminetetraacetic acid at 10 mM. C always refers
to control GFP-H3C nanoparticles. Samples below 6 nm are considered as building blocks

(Unassembled protein conformer). Each reagent employed is depicted with a unique color.
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Figure 3. Arrangement stability and toxicity of the GFP-H3C protein material. A. Fluorescence
emission spectra of protein tryptophan (left panel) recorded between 310 and 560nm in GFP-
H3C (dark yellow) and control GFP-H6 (black) upon excitation at 295 nm. An efficient
intramolecular energy transfer from Trp to the GFP chromophore can be observed (right panel).
Peak values refer to the fluorescence intensity in arbitrary units (AU). B. Circular dichroism
(CD) analysis of GFP-H3C (dark yellow) and control GFP-H6 (black) displayed as ellipticity
(in mdeg). C. GFP-H3C protein solubility (expressed in percentage) screened in a wide range
of FDA-approved solutions (see solutions’ composition in table S1). C refers to GFP-H3C
nanoparticles solubility control in the storage sodium bicarbonate storage solution. D. GFP-
H3C nanoparticle size (in nm) assessed by DLS in screened FDA-approved solutions. NC refers
to a control of negative assembling (GFP-H6 - black) and C refers to control of a GFP-H3C
nanoparticle assembling in sodium bicarbonate storage solution. Samples below 6 nm are
considered as building blocks. E. Size stability (in nm) assessed by DLS upon protein

incubation at 4 and 37 °C for 10 days, and after 5 cycles of thawing and freezing. Samples
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below 6 nm are considered as building blocks. F. HeLa cells viability assay (expressed in
percentage) upon incubation at increasing concentrations of GFP-H3C nanoparticles (1, 2 and
4 uM) for 48 h. G. A schematic representation of the protein oligomeric state during the
formulation procedure. Size values (in nm), as well as Pdi are displayed as mean size =+ SE

(Standard error).
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Figure 4. Physicochemical characterization and formulation of GFP-H3C, STM-H3C and
TRAIL-H3C nanoparticles A. Modular protein design and in-silico 3D structure prediction of
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GFP-H3, STM-H3C and TRAIL-H3C proteins. H3C tags are displayed in dark yellow and
distances between most external amino acids within the protein structures are measured in order
to estimate their average monomer size. On the right, a table showing the main physicochemical
parameters of each protein. MW: Molecular weight in presence (+M) or absence (-M) of the N-
terminal methionine, pl: Theoretica isoelectric point, (+) or (-) Aa: number of positively or
negatively charged amino acids in the primary sequence at physiological pH, Al: Aliphatic
Index, GRAVY: Grand average of hydropathicity index. B. Volume size distribution of purified
protein nanoparticles assessed by DLS. C refers to SDS-disassembled protein building blocks.
P refers to purified protein nanoparticles. EDTA refers to the addition of
Ethylenediaminetetraacetic acid at 5 mM concentration. TCEP (depicted in red) refers to the
addition of the reducing agent TCEP at 2mM for STM-H3C, 5 mM for TRAIL-H3C and 10
mM for GFP-H3C. Peak values refer to average size = SE C. GFP-H3C, STM-H3C and
TRAIL-H3C nanoparticles size at increasing temperatures (from 4 to 80 °C). Significant
differences between 4 °C and the rest of temperatures are indicated as (*) when p < 0.05. D.
GFP-H3C, STM-H3C and TRAIL-H3C microparticles formation at increasing concentrations
of zinc cations expressed as zinc / protein molar ratio. EDTA: refers to the final addition of

Ethylenediaminetetraacetic acid at 10 mM.

SUPPORTING INFORMATION

Supplementary figure with amino acid sequence of GFP-H3C, STM-H3C and TRAIL-H3C
proteins. Supplementary figure with MALDI-TOF spectrum of purified STM-H3C and TRAIL-
H3C proteins. Supplementary figure with SDS-PAGE and Western-blot immunodetection of
STM-H3C and TRAIL-H3C proteins. Supplementary figure with microscopy images showing
multistage transition of GFP-H3C, STM-H3C and TRAIL-H3C nanoparticles to cation-induced
microparticles. Supplementary table with Nomenclature and Composition FDA-approved

solutions.
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