U " B % Diposit digital

de documents
Universitat Autonoma de la UAB
de Barcelona

This is the accepted version of the article:

Lépez-Laguna, Hector; Sdnchez-Garcia, Laura; Serna, Naroa; [et al.]. «Engi-
neering protein nanoparticles out from components of the human microbiomey.

Small, Vol. 16, Issue 30 (July 2020), art. 2001885. DOI 10.1002/smll.202001885

This version is available at https://ddd.uab.cat/record /233723

IN .
under the terms of the - COPYRIGHT license


https://ddd.uab.cat/record/233723

WILEY-VCH

Engineering protein nanoparticles out from components of the human microbiome

Héctor Lopez-Laguna, Laura Sdnchez-Garcia, Naroa Serna, Eric Volta-Duran, Julieta M.
Sanchez, Alejandro Sanchez-Chardi, Ugutz Unzueta*, Marcin Los, Antonio Villaverde* and

Esther Vazquez

Hector Lépez-Laguna, Dr. Laura Sanchez-Garcia, Dr. Naroa Serna, Eric Volta-Duran, Dr.
Julieta M. Sanchez, Dr. Antonio Villaverde, Dr. Esther Vazquez
Institut de Biotecnologia i de Biomedicina, Universitat Autonoma de Barcelona, Bellaterra,

08193 Barcelona, Spain

Hector Lépez-Laguna, Dr. Laura Sanchez-Garcia, Dr. Naroa Serna, Eric Volta-Duran, Dr.
Julieta M. Sanchez, Dr.Ugutz Unzueta, Dr. Antonio Villaverde, Dr. Esther Vazquez
Departament de Genética i de Microbiologia, Universitat Autonoma de Barcelona, Bellaterra,
08193 Barcelona, Spain

Hector Lépez-Laguna, Dr. Laura Sanchez-Garcia, Dr. Naroa Serna, Eric Volta-Duran, Dr.
Julieta M. Sanchez, Dr. Ugutz Unzueta, Dr. Antonio Villaverde, Dr. Esther Vazquez
CIBER de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN), C/ Monforte de
Lemos 3-5, 28029 Madrid, Spain

Dr. Julieta M. Sanchez Instituto de Investigaciones Bioldgicas y Tecnoldgicas (I1BYT)
(CONICET-Universidad Nacional de Cérdoba), ICTA & Céatedra de Quimica Bioldgica,
Departamento de Quimica, FCEFyN, UNC. Av. Velez Sarsfield 1611, X 5016GCA Cordoba,

Argentina

Dr. Alejandro Sanchez-Chardi Servei de Microscopia, Universitat Autonoma de Barcelona,

Bellaterra, 08193 Barcelona, Spain

Dr. Alejandro Sanchez-Chardi Departament de Biologia Evolutiva, Ecologia i Ciéncies
Ambientals, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal 643, 08028

Barcelona, Spain

Dr.Ugutz Unzueta Institut d'Investigacions Biomedigques Sant Pau and Josep Carreras

Research Institute, Hospital de la Santa Creu i Sant Pau, 08041 Barcelona, Spain

1



WILEY-VCH

Dr. Marcin Los Department of Bacterial Molecular Genetics, Faculty of Biology, University
of Gdansk, Wita Stwosza Street 59, 80-308 Gdansk, Poland

Dr. Marcin Los Phage Consultants, Partyzantow Street 10/18, 80-254 Gdansk, Poland

E-mail: uunzueta@santpau.cat; antoni.villaverde@uab.es
Keywords: protein engineering, nanoparticles, self-assembling, microbiome, protein materials

Abstract

Nanoscale protein materials are highly convenient as vehicles for targeted drug delivery
because of their structural and functional versatility. Selective binding to specific cell surface
receptors and penetration into target cells require the use of targeting peptides. Such homing
stretches should be incorporated to larger proteins that do not interact with body components,
to prevent undesired drug release into non-target organs. Because of their low interactivity
with human body components and their tolerated immunogenicity, proteins derived from the
human microbiome are appealing and fully biocompatible building blocks for the
biofabrication of non-reactive, inert protein materials within the nanoscale. Several phage and
phage-like bacterial proteins with natural structural roles have been produced in Escherichia
coli as polyhistidine-tagged recombinant proteins, looking for their organization as discrete,
nanoscale particulate materials. While all of them self-assembled in a variety of sizes, the
stability of the resulting constructs at 37 °C was found to be severely compromised. However,
the fine adjustment of temperature and Zn?* concentration allowed the formation of robust
nanomaterials, fully stable in complex media and under physiological conditions. Then,
microbiome-derived proteins show promises for the regulatable construction of scaffold
protein nanomaterials, which can be tailored and strengthened by simple physicochemical

approaches.
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Protein materials are gaining interest in nanomedicine as drug carriers [*31 since they offer full
biocompatibility and biodegradability. In addition, proteins and derived constructs are
structurally and functionally versatile. Their feasible production at industrial scale by well-
established recombinant DNA procedures allows their widespread clinical use. M In this
context, hydrogels, fibers, layers but especially nanoparticles are engineered as drug-releasing
systems or as carriers of drugs or imaging agents for cell-targeted delivery. Targeting can be
reached by functionalization with peptidic ligands of cell surface markers ! that allow
selective cell binding and internalization. Precision drug delivery is specially needed in cancer
therapies in which most of the used drugs are highly cytotoxic. & 71 The nanoscale size of the
resulting protein-drug conjugates would prevent renal filtration of the payload, usually small
molecular weight chemicals, but it also favors the enhanced permeability and retention effect
(EPR) in tumor tissues. 1 Among the few examples of protein-drug nanoscale complexes

approved for use, Abraxane® (Nab-Paclitaxel) is indicated for breast, lung and pancreas

cancers. (¥ In this formulation, the drug Paclitaxel is stabilized by human albumin % that in
form of clusters of around 130 nm confers the desired nanoscale size although not receptor-
mediated cancer cell targeting. ** The albumin in such complexes is a convenient drug carrier
because of its human nature and the expected absence of intrinsic immunogenicity associated
to repeated administration. However, because of its multiple organic roles, human albumin is
highly interactive with a large catalogue of molecules, cells and tissues of the human body. [
This fact prevents the optimal tumor biodistribution of the drug because of the wide spectrum
of multiple binding targets of the complex. The use of highly reactive human proteins would
be then an obstacle for selective cell targeting even when functionalized with appropriate
target cell surface ligands, that might unable to overcome the intrinsic interactivity of the

carrier protein. Ideally, for a proper utilization in clinics, protein materials aimed to assist in
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drug delivery (but also in other medical applications such as when used as scaffolds in tissue
engineering) should be non-immunogenic, as in the case of human albumin, but also non-
reactive. At some extent, these are not matching properties since human proteins, being non-
immunogenic, have evolved to perform multiple interactions. On the other hand, non-human
proteins, lacking strong interactions with components of the human body, should not alter the
selectivity conferred by homing peptides (as recently shown with GFP-based constructs %),
but they might potentially elicit undesired immune responses.

For a proper selection of building blocks for protein materials, a compromise between lack of
reactivity and low immunogenicity can be found in the proteome of the non-pathogenic
fraction of the human microbiome. In this regard, bacterial cells and their bacteriophages,
being usual symbionts of the human body, are especially appealing. In the case of phages, the
rising of bacterial strains with multi-resistance to antibiotics has even promoted to reconsider
them as promising bacteria killing agents, [*4 assuming a moderate immunogenicity
acceptable at the regulatory level. [*5 181 This assumption, as well as the related set of
evidences in this direction supported the entry of several bacteriophage species into clinical
trials, for both local and systemic applications, as antimicrobial drugs [ ( see in addition
both the ongoing and already completed clinical trials NCT02116010, NCT01818206 and
NCT03140085 at https://clinicaltrials.gov/).

Sustained by this concept, we selected several phage and bacterial proteins from the human
microbiome (Figure 1A), with presumed ability to self-assemble because of their structural
roles in the original microorganisms. These proteins were tagged with a hexahistidine tail
(H6) for affinity purification from bacterial cell extracts and screened for their ability to self-
assemble as nanostructures that should be stable under physiological conditions (namely
moderated ionic strength, physiological pH and 37 °C). The selected polypeptides were the
Pseudomonas aeruginosa HCP1 protein, an element of the type VI secretion system

structurally related to the tail protein of phage lambda, [*8 the major phage lambda capsid D
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protein (abbreviated here as PLD, *l) and P3, a major capsid protein of phage PRD1
(abbreviated here as MCP3, ) that infects enterobacteria and that is also a component of the
human microbiome 21 (Figure 1A). In their natural sources, all these proteins are found
assembled, together with other protein partners, as rod-like structures (HCP1 and PLD
proteins) or as members of icosahedral, adenovirus-like protein complexes (MCP3). HCP1-
H6, MCP3-H6 and PLD-H6 were all produced in Escherichia coli and purified from cell
extracts as proteolytically stable full-length fusions (Figure 1B). At this point, we wondered if
these proteins, out of their natural context, would still keep their self-organizing properties. At
exception of PLD-H6, whose hydrodynamic diameter was compatible with the unassembled
monomeric form (< 4 nm), the other two proteins spontaneously organized as supramolecular
structures with sizes above the renal cut-off, estimated to be around 6-8 nm. 22 HCP1-H6
self-assembled as entities over 8 nm in diameter (Figure 1C,D), compatible with hexameric
forms (Figure 1E) in which the protein has been naturally described. **! On the other hand,
MCP3-H6 assembled as structures of 23 nm (Figure 1C,D), over the size of the natural
oligomers (Figure 1E). No differences in bacterial DNA content were observed, that might
have accounted for a differential propensity to form protein complexes. Z potential was
negative in all cases (Figure 1D) and far from aggregation-prone values. The molecular
masses determined by MALDI-TOF were also congruent with the electrophoretic mobility of
the proteins (Figure 1B, D). As a reference of the molecular size, 3D models of monomers and
the natural oligomeric forms of these proteins are shown in Figure 1E.

When screening parameters potentially involved in the formation of supramolecular protein
complexes, and therefore, useful to control the oligomerization process, temperature was
considered as an important modulator. **! Importantly, any protein complex should be stable
at the body temperature as a necessary condition for its potential clinical use. The
nanoparticles formed by HCP1-H6 were stable at 37°C and distinguishable from microscale

aggregates occurring at higher temperatures (Figure 2A). In contrast, MCP3-H6 nanoparticles
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aggregated already at 37°C, while at this temperature PLD-H6 remained unassembled but
nanoparticles were formed at 50°C (Figure 2A). To check the temperature dependence of
PLD-H6 assembly, this protein was incubated at progressively growing temperatures and the
size of the resulting materials were checked in each step. As observed (Figure 2B),
oligomerization of this protein started around 40 °C and the nanoparticles remained assembled
under further heating but also when cooling back to 10 °C (Figure 2B). This was indicative of
an irreversible assembly process, that boosted by temperature rendered supramolecular
materials stable at physiological conditions. In this context, the CD analysis of PLD-H6
(Supplementary Figure 1) revealed a more stable alpha helix structure upon heating, as the
two alpha helix minima became then evident (one noticeable minimum at 208 nm and an
incipient one at 220 nm) simultaneous to the nanoparticle formation. The formation of these
nanoparticles was observed in a wide range of protein concentrations, namely between 0.05
mg/mL and 11 mg/mL (not shown), proving to be an event different from plain protein
aggregation that is highly dependent on protein concentration.

On the other hand, and to test if the aggregation of MCP3-H6 at 37°C could be prevented, we
added Zn** to protein samples. Generically, divalent ions are stabilizers of protein-protein
interactions mediated by histidine residues, and this principle has been recently used for the in
vitro generation of protein clusters at the micro scale, using hexahistidine-tagged proteins as
building blocks. ! Indeed, physiological amounts of Zn?" were able to prevent temperature-
mediated aggregation of MCP3-H6 (Figure 2C), rendering stable nanoparticles of around 45
nm at 37 °C. Aggregation was then only observed at around 50 °C, far from the clinically
relevant temperature range. Interestingly, Zn>* had a stabilizing effect over the three tested
proteins (Figure 2E), proving the effectiveness of divalent ions in regulating protein-protein
contacts. The proper selection of Zn?* concentrations, always within physiological values,
permitted not only preventing aggregation but also tuning the size of the supramolecular

complexes (Figure 2E). At high doses, the metal promoted the collapse of PLD-H6 into
6
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aggregates (Figure 2E), probably by enhancing cross-molecular contacts above those
supporting a regular supramolecular organization, in agreement with previous data. [2% Also,
the optimal size range for drug delivery (between 20 and 80 nm, depending on the
experimental settings) was maintained in the resulting nanoparticles, even under increasing
temperatures as observed for HCP1-H6 (Figure 2D). 727 It must be noted that PLD-H6 was
less responsive than the alternative constructs to size tuning.

On the other side, Zn*" promoted protein oligomerization through conformational changes in
the whole protein nanoparticles (CSMuznciz # CSM-znci2) (Figure 2F). Such conformational
modifications were remarkable in HCP1-H6 but almost negligible for MCP3-H6, which
showed the highest stability (CSM values almost unchanged). The modest increase in the
CSM values of HCP1-H6 and PLD-H6 versus temperature (up to 45°C) suggested a notable
stability (Figure 2F). The presence of Zn?* did not affect the whole thermal profile of any of
the protein complexes (Figure 2F, insets), and the Z potential was not modified during
oligomerization (Figure 2G).

A summary of optimal temperature and Zn*" concentrations for the nanoscale organization of
these three proteins is presented in Figure 3A. Interestingly, the stabilized HCP1-H6 and
MCP3-H6 proteins rendered regular, discrete nanoparticles with a toroid disposition (Figure
3A, B) and compatible with their natural oligomeric forms (Figure 1E). Note that PLD-H6
generated, instead, short fibril-like structures (Figure 3B). Since amphiphilicity was not
particularly evident in any of the involved proteins, their assembly would be not linked to
such property (Supplementary Figure 2). In addition, the materials did not disassemble when
incubated at 37 °C in complex cell media, neither in consecutive freezing or thawing
conditions (Figure 3C), although a slight increase in the hydrodynamic size was observed.
Interestingly, imidazole, known to softly disrupt histidine-based cross-interactions, [ was
also unable to disassemble the nanoparticles, and EDTA, known as a strong divalent cation

chelating agent, 1 only compromised the stability of HCP1-H6 oligomers (Figure 3D).
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Altogether, these data indicated that Zn?* contributed to the formation of the oligomers and at
least partially, to their stability (Figure 2 and 3) in form of a cross-linking agent.

Protein assemblies at the nanoscale, acting as mimetics of viral capsids, are of emerging
interest in nanomedicine as drug delivery systems and for applications in theragnostics
because of the easy manipulability, functionality and intrinsic biocompatibility of such
macromolecules. 1 However, for systemic uses, limited immunogenicity and specially poor
or null reactivity with human body components are desired. Such combination of parameters
cannot accomplished by human proteins, which while devoid of immunogenicity are highly
interactive with multiple ligands in the body. Components of the non-pathogenic human
microbiome are particularly appealing since they are in close contact with human populations
and expected to be well produced in recombinant versions as assembly-prone materials.
Although whole phages or phage-derived virus-like particles have been already tested as drug
carriers, ¥ the differential immunogenicity exhibited by individual phage proteins [26]
strongly pushes towards the construction of materials based on single selected protein species.
In this context, we have tested here three microbial structural proteins with potential for self-
assembling (Figure 1). We have also demonstrated how the precise but simple control of
temperature and Zn?* ion concentration (Figure 2) is sufficient to promote the formation of
robust nanoscale structures at a wide range of protein concentrations, fully stable at the body
temperature and in complex media (Figure 3) and completely different from plain protein
aggregates that show microscale dimensions (Figure 2). Interestingly, Zn?* is involved in the
formation of robust supramolecular constructs (Figures 2C, 2D, 2E, 3A and 3D) ina
concentration-dependent way (Figure 2E). Such architectonic role is specifically relevant in
the case of HCP1-H6, as the oligomers formed by this construct were disassembled by EDTA
through Zn?* removal (Figure 3D). This can be due to the metal coordination regulating the
positioning of the building blocks in the oligomers through cross-interactions with the H6

tails of HCP1-H6. Then, the metal itself appears to be an important architectonic agent.
8
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Interestingly, Zn®* is also observed as a stabilizer of the materials since it prevented
aggregation of MCP3-H6 at 37 °C (Figure 2C). Interestingly, in the case of PLD-H6 and
irrespective of the role of Zn?* (Figure 2E), the formation of stable nanoparticles is achieved

through an energy influx in form of heat.

Conclusion

In summary, we propose here a new conceptual approach to generate biologically inert
protein scaffold materials in the nanoscale, with potential for clinical applications. This
concept is based on the use of protein components of the human microbiome with poor or null
reactivity with human cells and tissues, that once assembled might serve as nanoscale drug
vehicles for cell-targeted drug delivery. Such strategy benefits from the huge catalogue of
structural proteins abounding in the phage fraction of the microbiome, which is progressively
identified. The three proteins selected here are just a representative sample of such spectrum
of potential building blocks, but they illustrate how the natural tendency to form
nanostructures can be modulated, out of their natural context, by simple physicochemical
methods. Among the strategies to generate protein nanoscale materials,™ 2 % the
microbiome-based approach is of special interest because the construction of supramolecular
complexes based on structural microbial proteins does not require a fully de novo

architectonic design but instead, it is supported by their oligomerization-prone nature.
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Experimental Section

Protein genetic design, production and purification

All protein sequences were designed as codon-optimized genes and cloned into pET22b by
using Ndel and Hindlll restriction enzymes. The recombinant plasmids were provided by
GeneArt (ThermoFisher) and transformed into Escherichia coli Origami B (BL21, OmpT—,
Lon—, TrxB, Gor—; Novagen) by heat shock at 42 °C for 45 sec. All encoded proteins were
produced overnight at 20 °C at 250 rpm agitation, upon addition of 0.1 mM isopropyl-B-d-
thiogalactopyronaside (IPTG) when the ODsso reached 0.5-0.7. Cells were harvested by
centrifugation at 5,000 g, at 4 °C for 15 min and stored at -80 °C. For protein recovery, pellets
were thawed and resuspended in wash buffer (20 mM Tris HCI, 500 mM NacCl, 10 mM
Imidazole, pH = 8.0) in presence of protease inhibitors (complete EDTA-free; Roche
Diagnostics). Cell disruption was achieved in two rounds in a French Press (Thermo FA-078)
at 1,200 psi. The soluble fraction was then separated by centrifugation at 4 °C, 15,000 g for 45
min and the supernatant consecutively filtered through 0.45 and 0.22 pm pore filters. Proteins
were purified by Immobilized Metal Affinity Chromatography (IMAC) in an AKTA pure
system (GE Healthcare) using 5 mL HisTrap columns (GE Healthcare). Protein elution was
achieved by a linear gradient of Elution buffer (20 mM Tris HCI, 500 mM NaCl, 500 mM
Imidazole, pH = 8.0) and the rinsed protein was dialyzed against both sodium carbonate (166
mM NaCO3zH, pH = 8.0) or sodium carbonate with salt (166 mM NaCO3zH + 333 mM NacCl,

pH = 8.0) buffers.

Protein purity, concentration and integrity
Protein purity was assessed by using a 12 % TGX Stain-Free ™ FastCast™ Acrylamide Kit
(BioRad). After electrophoresis, protein bands were subsequently transferred by Trans-Blot®

Turbo™ Transfer System (BioRad) into PVDF membranes and immunodetected with an anti-
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His (Santa Cruz Biotechnology) monoclonal antibody. Protein concentration was determined
by Bradford’s assay and their integrity checked by Matrix-assisted Laser Desorption

lonization Time-of-Flight (MALDI-TOF) mass spectrometry.

Volume size distribution, surface charge and ultrastructural morphometry

The hydrodynamic diameter of proteins was determined by Dynamic Light Scattering (DLS),
and protein surface charge, expressed as Z-potential (Zp) in mV, by Electrophoretic Light
Scattering (ELS), both at 633 nm, in a Zetasizer Nano ZS using ZEN2112 3 mm quartz batch
cuvettes and DTS10170 capillary cells, respectively, at 25 °C. The Polydispersion Index (PDI)
was determined for all samples. Field emission scanning electron microscopy (FESEM) ]
and transmission electron microscopy (TEM) imaging of protein samples was performed

using a conventional negative staining technique as previously described. [

DNAbc content
Bicatenary DNA content (DNAbc) was determined from the absorbance ratio between 260
and 280 nm (Aze0/A2g0). All measurements were performed in a Nanodrop One System

(ThermoFisher).

Oligomerization status onto thermal Kinetics
Protein size was analyzed at increasing temperatures (namely 4, 10, 20, 30, 37 and 50 °C) by

DLS. Protein concentration was initially adjusted at 2 mg/mL in all cases.

Zinc-mediated protein assembling
Proteins were exposed to increasing concentrations of ZnCl, depending on their aggregation
or oligomerization tendencies. The size of the resulting materials was subsequently analyzed

by DLS and data expressed in nm. Protein concentration was initially tested up to 11 mg/mL
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and finally adjusted at 2 mg/mL in all cases, for a convenient manipulation of ion

concentrations at physiological values.

Intrinsic fluorescence versus temperature

Fluorescence spectra were recorded in a Cary Eclipse spectrofluorimeter (Agilent
Technologies), using a quartz cell with 10 mm path length and a thermostated holder. The
excitation and emission slits were set at 5 nm. Excitation wavelength (Aex) was set at 295 nm.
Emission spectra were acquired between 310 and 450 nm in protein samples at 0.2 mg/mL,
dissolved in sodium carbonate buffer with salt. The temperature-dependent behavior of
proteins was determined between 25 and 85 °C in p/a of ZnCl, (0.196 mM). The Centre of
Spectral Mass (CSM), a weighted average of the fluorescence spectrum peaks, was calculated
[341 for comparison. The CSM is also related with the relative exposure of the tryptophan (Trp)
to the protein environment. The maximum red-shift in the CSM of Trp is compatible with

large solvent accessibility. [*°

Thermal and chemical stability

Proteins, in their oligomerized form, were exposed to different temperatures (room
temperature, 37 °C and freezing/thawing cycles at -80 °C) and chemical compounds (NaCl,
EDTA, imidazole at 0.2 mM final concentration and OptiPro complex cell culture media).
The size of protein constructs was subsequently analyzed by DLS and data expressed in nm.

Protein concentration was initially adjusted at 2 mg/mL in all cases.

Circular dichroism
Far-UV circular dichroism (CD) was measured at 25°C in a Jasco J-715 spectropolarimeter to
assess secondary structure. Protein concentration was adjusted to 0.2 mg/mL in 166 mM

carbonate-bicarbonate, at pH 8. The CD spectra were obtained with a 0.2 mm pathlength
12
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cuvette over a wavelength range of 190-240 nm. The scan rate was 100 nm/min with a
response of 2 s and a bandwidth of 1 nm, and a total of 13 scans were accumulated. The
spectra were processed through a negative exponential fit with a sampling proportion of 0.1

and 1 polynomial degree.

In silico calculations

UCSF Chimera software was used for in silico representation, structural hydropathicity
pattern visualization and theoretical measurement of distances (nm) in X-ray 3D diffraction
structures of proteins. The data set was extracted from the Protein Data Bank Database (PDB)
and the corresponding codes were 1Y 12 for HCP1, 1CJD for MCP3 and 1C5E for PLD. The
resulting analysis illustrates the sterical and physicochemical nature of protein building

blocks.

Statistical analysis

Quantitative data were expressed as mean (X) + Standard Error of the Mean (SEM) and all
measurements were performed at least in triplicate (n = 3). In all cases, an initial normality
and lognormality analyses were performed including Anderson-Darling, D’ Agostino &
Pearson, Shapiro-Wilk and Kolmogorov-Smirnov tests to determine the normal distribution
(behavior). The parametric data were analyzed by one or two-ways ANOVA or t-tests
depending on the number of groups and conditions. The nonparametric data were analyzed by
Kruskal-Wallis tests. All comparisons were performed in relation to either the control group

or the initial temperature (*p < 0.05).
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Supplementary Figure 1. Far UV CD of PLD-H6 before and after heating the protein sample
at 45 °C for 10 minutes.

14



WILEY-VCH

& hydrophobic
@ npolar
. charged HCP1

m;'miagmﬁfssﬁmm @i Uk

35. 12% 38.69 %

MCP3

By § B
fj i, 1,7 2 ki L)
4zsgfaggo%£i g m%mwmmﬁm;ﬁ b

40.52 % 3534 %

”“E%'a:mf o S

Supplementary Figure 2. Hydropathicity pattern of protein building blocks over the amino
acid sequence (A) and structure (B) of the assembled proteins used in this study (see Figure
1E). None of them presents an unambiguous amphiphilic disposition, as polar and charged
residues do not show a biased distribution over their surfaces.
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Figure 1. Physicochemical characterization of H6-tagged recombinant proteins. A.
Modular organization and amino acid sequences of the fusion proteins, from the amino (N) to
the carboxy (C) termini. In color we indicate the protein segment from the original source,
and in black, the H6 tail. Box sizes are only approximate. B. Immunodetection of the
constructs through Western Blot (WB) upon affinity purification. M indicates the masses of
the molecular weight marker, in KDa. C. Size distribution of pure H6-tagged HCP1, MCP3
and PLD proteins in their corresponding buffer is represented as Gaussian plots. The Renal
Clearance Threshold or RC (around 8 nm, [??) is presented in pale grey and nanoparticle (NP)
formation over this value, in dark grey. D. Relevant physicochemical parameters of purified
proteins, namely size in nm and their corresponding Polydispersion Indexes (PDI), surface
charge expressed by Zeta potential (Z,) in mV and bicatenary DNA (DNAbc) content
obtained from ratio (A260/A2s80) (values below 0.57 correspond to nearly 0 % DNA content).
The experimental molecular weight (MW) in kDa, obtained from MALDI-TOF assays, is also
indicated. E. The monomeric as well as the trimeric or hexameric respective structures of all
proteins are depicted as deposited in RCSB. MCP3 (pdb 1CJD) and PLD (pdb 1C5E) are
naturally trimeric, while HCP1 (pdb 1Y12) forms hexamers . Yellow lines and numbers
indicate the maximum diameter of these proteins and complexes.
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Figure 2. Protein rearrangements into oligomerized nanoscale forms. A. Size analysis of
protein constructs HCP1-H6 (in green), MCP3-H6 (in red) and PLD-H6 (in orange) under
increasing temperature (from 4 to 50 °C). B. Size analysis of PLD-H6 after initial heating
(from 37 to 70 °C) and subsequent cooling (from 70 to 10 °C), expressed in both cases with
discontinuous arrows. C. Size analysis of MCP3-H6 under increasing temperature (from 4 to
50 °C) in p/a of 0.2 mM of ZnCl.. The red x in panels A and C refers to 37 °C, as a reference
to the body temperature (BT). D. Size analysis of HCP1-H6 under increasing temperature
(from 4 to 50 °C) in p/a of 0.2 mM of ZnCl». E. Size analysis of recombinant proteins after
increasing concentrations of ZnCl (from 0.013 to 0.425 mM) at room temperature (25 °C). F.
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Centre of Spectral Mass (CSM) study under increasing temperature (from 25 to 50 °C) in p/a
of 0.2 mM of ZnCl». Small panels correspond to the same analysis under an extended
temperature range (from 25 to 87 °C). G. Z-potential determination comparing the monomeric
and nanoparticulated proteins forms. Plots are arranged in four different strata according to
the material size range. Pale grey corresponds to Building Blocks (BBs), semi-pale grey to
Nanoparticles (NPs), semi-strong grey to Microparticles (MPs) and strong grey to Aggregates
(AGGs). Data are expressed as x = SEM, n = 3 and the statistical comparison in relation to the
starting size (*p < 0.05).
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Figure 3. Oligomerization conditions and stability of nanoparticles. A. Size analysis of
recombinant proteins after ZnCl addition or temperature application. Size and PDI data are
expressed in right panels. B. Visualization of previous oligomeric structures through FESEM
(left) and TEM (right). C. Size analysis of all three oligomers in different temperature and
complex cell medium conditions. RT corresponds to room temperature and F/T to freezing
and thawing. D. The same size analysis of panel A but in presence of different chemical
compounds such as salt (333 mM), EDTA and imidazole at 0.2 mM. Plots are arranged in two
different strata according to the material size range. Pale grey corresponds to Building Blocks
(BBs) and strong grey to Nanoparticles (NPs). Data expressed as X = SEM, n = 3 for panel A.
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Data expressed as X = SEM, n = 3 and statistical comparison in relation to the control group
for panels C and D (*p <0.05).
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The human microbiome is a source of structural proteins useful as protein materials for
clinical uses by exploiting their self-assembling tendencies and the limited interactivity with
human molecules. Two phage and one bacterial proteins are used to explore this concept,
through the controlled formation of regular protein nanoparticles, stable under physiological
conditions and suitable for further functionalization.
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