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Abstract

In nature, nontoxic protein amyloids serve as dynamic, protein-specific depots,
exemplified by both bacterial inclusion bodies and secretory granules from the
endocrine system. Inspired by these systems, chemically defined and regulatory-
compliant artificial protein microgranules have been developed for clinical
applications as endocrine-like protein repositories. This has been achieved by
exploiting the reversible coordination between histidine residues and divalent cations
such as Zn*?, that promotes protein-protein interactions. While stereospecificity is a
main architectonic feature of natural amyloids, the potential for synthetic approaches
to create hybrid protein materials remains unexplored. Such materials could enable the
occurrence and synchronized local application of diverse proteins in predefined molar
ratios, for coupled enzymatic reactions or delivery of synergistically acting
polypeptides. Here, we report on the fabrication of artificial protein granules with
amyloidal architecture formed by combining two structurally distinct polypeptides.
Specifically, we tested co-aggregation of the pairs GFP/IRFP and GFP/B-
galactosidase. The formation of hybrid microparticles was confirmed through FRET
and complementary methodologies, demonstrating that the His-Zn clustering
technology does not require sequential or structural homologies between aggregating
polypeptides. This approach opens new avenues for the development of functional
depots that capitalize on synergistic protein functionalities, paving the way for next-

generation functional materials.



1 Introduction

An important fraction of protein biopharmaceuticals in the market is produced by
genetic engineering (namely gene cloning, transfection and expression) in
recombinant cells [1-7]. In such biotechnological processes, especially when bacterial
cells are used as factories, many of such polypeptides obtained by recombinant DNA
technologies fail to reach their native conformation and tend to aggregate as insoluble
protein clusters in the cell cytoplasm. Their recovery from cells in soluble versions
represents a harsh technological challenge. These protein aggregates, within the
microscale, are common in recombinant bacteria and are named inclusion bodies (IBs)
[8,9]. IBs, undesired byproducts of recombinant protein production, act as intracellular
reservoirs from which polypeptides are steadily released by agents of the quality
control system, essentially chaperones, for refolding attempts or proteolysis [10].
Bacterial IBs show an inner structural organization characterized by the occurrence of
insoluble, B-sheet-rich fibrils, with a highly ordered, repetitive arrangement of cross-§
structures [11,12]. This organization, typically amyloidal, is sustained by
stereospecific protein-protein interactions [11,13—15], this fact being a distinctive
property of this type of protein materials [13]. Therefore, when two aggregation-prone
recombinant proteins are simultaneously produced in bacterial cells, they accumulate
in two distinguishable categories of IBs, which are physically separated in the cell
cytoplasm [11]. Also, purified IBs can seed, in vitro, the aggregation of homologous
but not heterologous protein species that are present in the media as soluble forms
[14]. This protein-specific aggregation makes these particles, once separated from
producing cells, a relatively pure source of functional proteins ready for refolding or
mild extraction [9,16]. Despite such exclusiveness regarding the IB protein species
and the consequent tendency to purity in their protein composition, IBs are found
associated, once separated from the cell upon cell wall disruption, with bacterial
proteins that co-localize in the particles (mainly chaperones and proteases) [17—-19].
Other bacterial macromolecules (including nucleic acids and cell wall components)
result also attached during purification [20,21]. The co-localizing proteins are
excluded from the amyloid core since they are usually trapped in the aggregation

process through functional interactions with the misfolding-prone recombinant



protein. Both in physiological buffer and in vivo, IBs release a significant fraction of
their forming protein in an active, fully functional form, with application in systemic
drug delivery [22,23] but also in regenerative medicine [24] and in enzymatic
processes [25]. Therefore, these materials act as mechanically stable but dynamic
depots of functional proteins. Despite these promising properties, the unavoidable
contamination with native bacterial molecules [17,18,20,21] prevents their further

development and use as protein depots or release systems in a biomedical context.

To mimic IB-like properties as functional protein depots, we have designed, fabricated
and tested, in different clinical settings, artificial versions of IBs [26,27] suitable for
large-scale preparation and handling [28]. For that, His-tagged polypeptides have
previously been clustered using coordinating ionic Zn (or other divalent cations) [29].
The resulting microscale granules share amyloidal architecture and protein-releasing
properties with both IBs and secretory granules of protein hormones from the
mammalian endocrine system [30-35], well characterized mainly in the cases of
growth hormone [30,31,34,36] and insulin [36—39]. The structure of those endocrine

secretory granules is based on Zn cation as protein-protein clustering agent [30,40—
43].

In contrast with the stereospecific constraints of natural amyloid formation, which
exclude hybrid protein materials, constructing artificial amyloids from mixed protein
species holds significant potential in fields such as enzymology and clinics. Such
hybrid platforms would offer a compelling strategy for in situ performance or delivery
of synergistically acting proteins at pre-defined molar ratios. However, the capacity of
Zn-His coordination to overcome the protein specificity inherent to spontaneous
protein aggregation in nature remains unexplored. This study aimed to investigate
whether His-tagged polypeptides could co-precipitate in vitro into functional amyloids
at the microscale via Zn-His coordination. Using pairs of model polypeptides with
distinct structural features, we demonstrated the successful formation of microscale
granules composed of multiple protein species, enabled by this simple coordination

technology. Inspired by IBs and secretory amyloids in the mammalian endocrine



system, this mechanistically straightforward approach effectively bypasses the protein

specificity constraints characteristic of natural aggregation processes.

2 Materials and Methods
2.1 Protein production and characterization

Several structurally unrelated proteins were taken as models for this study, namely
green fluorescent protein (GFP-H6), infrared fluorescent protein (iRFP-H6) and the E.
coli B-galactosidase (B-Gal-H6). The particular iRFP713 variant was selected because
of its huge structural differences with the GFP [44]. Genes encoding constructs GFP-
H6 and iRFP-H6 were carried in, and expressed from pET22b, whereas pET26b was
selected for the production of B-Gal-H6 [45,46]. The hexahistidine tags (H6) were
included to allow both affinity-based purification from cell extracts and Zn-mediated
cross-protein interactions. The fusion proteins were produced overnight at 20°C in
Lysogeny Broth (LB) medium upon addition of 0.1 mM isopropyl-B-D-1-
thiogalactopyranoside. Then, cells were collected by centrifugation (in an Avanti
J20XP equipment) at 5,000 g for 15 min and resuspended in wash buffer (20 mM Tris,
500 mM NaCl, 10 mM Imidazole, pH 8) in the presence of protease inhibitor
(cOmplete™ EDTA-Free, Roche, Basel, Switzerland). Cell lysis was achieved by
sonication in a Branson Digital Sonifier (model 102C). The soluble fractions of cell
lysates, containing each protein of interest, were separated by centrifugation at 15,000
g (Eppendorf Centrifuge 58 10R) during 45 min and then loaded onto HisTrap HP
columns (Cytiva, Marlborough, MA, USA), for purification by immobilized metal
affinity chromatography (IMAC) in an AKTA pure system (Cytiva, Marlborough,
MA, USA). Protein elution was attained by applying a linear gradient of elution buffer
(20 mM Tris, 500 mM NaCl, 500 mM Imidazole, pH 8). Purified protein fractions
were then dialyzed and stored in sodium carbonate (166 mM NaCOsH, pH 8) in the
case of GFP-H6, saline sodium carbonate (166 mM NaCOsH, 333 mM NaCl, pH 8)
for iRFP-H6 and PBS for B-Gal-H6. Sodium carbonate solutions have been previously
found to be highly convenient for the stability of proteins and protein aggregates,
favoring both manipulation and in vivo administration [26,28,47]. Protein purity and
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molecular masses were verified by SDS-PAGE TGX™ gel electrophoresis (Bio-Rad,
Hercules, CA, USA) and western blot (WB) using monoclonal anti-GFP antibody
(Santa Cruz biotechnology, Inc) for GFP-H6 and anti-His antibody (Clontech
Laboratories, Inc) for -Gal-H6 and iRFP-H6. The images were obtained by a
ChemiDoc™ Touch Imaging System, Bio-Rad. Protein concentration was determined

by Bradford assay (Bio-Rad, Hercules, CA, USA).
2.2 Protein conjugation with fluorophores

GFP-H6 is a conventional fluorescent protein that requires no modification for
fluorescence emission [48]. However, unlike other conventional fluorescent proteins,
iRFP713 requires biliverdin (Bv) as a chromophore to become fluorescent. In this
process, Bv spontaneously binds to iRFP through a covalent bond [44]. To ensure
correct protein conjugation, different Bv/iRFP-H6 mass ratios were tested O/N at 4°C
and the most efficient one selected (Figure S1). B-Gal-H6, a non-fluorescent tetrameric
protein [49], was conjugated with N-hydroxysuccinimide (NHS) ester functionalized
sulfo-Cyanine 3.5 (Cy 3.5, Lumiprobe, Hannover, Germany), through surface exposed
protein lysine-amines. For that, the B-Gal-H6 protein was incubated in presence of an
excess of the Cy 3.5 fluorophore (52:1 mass ratio was used, following the

manufacturer’s standard conjugation protocols for NHS ester labeling) ON at 4°C.
2.3 Fluorescence properties of soluble proteins

The fluorescence of soluble proteins was determined with a Cary Eclipse
spectrofluorometer (Agilent Technologies) in a quartz cell of 2 mm path length. The
excitation and the emission slits were set at 5 nm. The excitation wavelengths (Aex)
were 488 nm for GFP-H6, 679 nm for iRFP-H6-Bv and 576 nm for B-Gal -H6-Cy 3.5.
Recorded emission wavelengths (Aem) were 512 nm for GFP-H6, 714 nm for iRFP-
H6-Bv and 603 nm for B-Gal-H6-Cy 3.5.

2.4 Soluble protein models

Three-dimensional models of GFP-H6, iRFP-H6 and 3-Gal-H6 were generated in
silico using AlphaFold 3 [50]. For 3D structure visualization, ChimeraX software

version 1.2 [51] was used.



2.5 Preparation of microparticles

Two types of microparticles (MP) were prepared. Single protein microparticles (sMP)
formed by a unique type of protein. Each species, at 0.5 g/L, was incubated with
ZnCl; at 3.5 mM for controlled precipitation. This procedure resulted in the following
Zn"?/protein molar ratios: 191 for GFP-H6, 248 for iRFP-H6-Bv and 822 for B-Gal-
H6-Cy 3.5. Hybrid protein microparticles (hMP) were generated from a mixture of
protein species at 0.5 g/L. each, which was incubated with ZnCl; at 3.5 mM (resulting
in the same molar ratios that above, for sMP). The mixtures were gently homogenized
and incubated at room temperature for 10 minutes. Then, samples were centrifuged at
15,000 g at 4°C for 15 min and the pellets containing the MPs were stored at -80°C. A
third type of MP sample (mixed single microparticles, mMP) consisted in two
different sMP previously formed independently and incubated together.

2.6 Dynamic Light Scattering

The volume size distribution of GFP-H6, iRFP-H6-Bv and 3-Gal-H6-Cy 3.5 samples
was determined by Dynamic Light Scattering (DLS) at 633 nm and 25°C in a
Zetasizer Ultra (Malvern Instruments, Malvern, United Kingdom), using low volume
cuvettes. A fluorescence filter was used for iRFP-H6-Bv analysis since its
fluorescence spectra interfered with DLS measurement. All measurements were
performed in triplicate. Only the most abundant peak (as determined by percent
volume) in each measurement was used to calculate average peak sizes. Kruskal-

Wallis test was used to determine statistical significance (* indicates p<0.05).
2.7 Fourier transform infrared spectroscopy (FT-IR)

Protein MPs were mounted and purged with a continuous N> flow, on spectroscopic
crystal surfaces. Total Reflectance Spectroscopy was determined 16 times in the form
of spectra. A scan rate of 50 cm™!/min with a nominal resolution of 2 cm ™' was
applied in a Tensor 27 Bruker spectrometer with a Specac's Golden Gate Attenuated
Total Reflectance (ATR) accessory. Measurements were always done at 20°C under
an N2 flux. The background was subtracted from the absorbance and the second

derivative allowed the identification and analyses of different band components.



Following the previously described procedure, the components were fitted to the
original (non-deconvolved) spectrum, assuming a Gaussian shape. Data was treated

using the PeakFit 4.1.2 software.
2.8 Forster Resonance Energy Transfer

Two approaches were taken to verify the colocalization of proteins of different nature
within the same particle, namely Forster Resonance Energy Transfer (FRET) and
confocal microscopy. FRET occurs when the energy of an excited donor fluorophore
is transferred in a non-radiative way to a nearby acceptor fluorophore. Here we
applied GFP as the donor and iRFP or B-Gal as the acceptors. GFP-H6/iRFP-H6-Bv
and GFP-H6/ B-Gal-H6-Cy 3.5 MPs, each containing 0.05 g/L of protein, were
resuspended in carbonate solution (166 mM NaCOsH; pH 8) and fluorescence
emission spectra were recorded using a Cary Eclipse spectrofluorimeter . For FRET
studies, all the samples were excited at 488 nm, which is the excitation wavelength of
GFP-H6 (the donor fluorophore) and recorded at the partner protein emission
wavelength (603 nm for $-Gal-H6-Cy 3.5 and 714 nm for iRFP-H6-Bv, the acceptor
fluorophores). All experiments were performed in triplicate. Data were represented as
mean % values + standard error of the mean (SEM). Normality of data was confirmed
by Shapiro-Wilk test. Unpaired t-tests were performed to determine statistical

significance. * indicates p<0.05.
2.9 Confocal microscopy

For confocal microscopy, around 0.5-1 pg of protein in the form of hMP and mMP
were placed on microscope slides and images were captured on an inverted TCS SP5
Spectral confocal microscope (Leica Microsystems) using an oil immersion objective
lens (HCX PL APO lambda blue 63.0x1.40 OIL UV). GFP excitation was reached via
a 488 nm laser and fluorescence was captured at 500-555 nm. Cy 3.5 excitation was
reached via a 561 nm laser, and the fluorescence was captured at 571-700 nm.
Multitrack sequential acquisition was used to avoid inter-channel crosstalk. The

confocal pinhole was set to 1 Airy unit.



Confocal microscopy colocalization analyses were performed using ImageJ following
Manders test [52]. Independent confocal images (n > 7) from each sample were
processed and evaluated to determine the percentage of colocalization between both
fluorophores. The same threshold rule (50-255) was applied in every image to remove
noise. Mean grey values (Analyze tool) were measured for each channel, rendering the
amount of red and green positive pixels in each image. Image calculator processing
tool (AND) was applied to generate composite images showing positive pixels when
both red and green signals were positive for that pixel. Mean gray value of composite
images were measured as previously described in [52,53]. For a given image, the
percentage of colocalization between red and green fluorescence was calculated as

follows:

o _ Vrie s _ Ve
% Colocalizationg_,; = 7 X 100% Colocalization,_z = 7 x 100
R G

Vr+c: Mean grey value of the composite image (red + green channels). V,: Mean grey value of the red

channel. V;: Mean grey value of the green channel.

Data were represented as mean % values + standard error of the mean (SEM).
Normality of data was confirmed by Shapiro-Wilk and Kolmogorov-Smirnov test. An
unpaired t-test was performed to determine statistical significance. ** indicates

p<0.001.

3 Results

The aim of this study was to evaluate the methodological feasibility of producing
hybrid protein granules—mimicking bacterial inclusion bodies—composed of
controlled amounts of structurally distinct polypeptides. For that, a His-tagged GFP
and fluorophore-conjugated versions of His-tagged iRFP and B-galactosidase (iRFP-
H6-Bv and B-Gal-H6-Cy 3.5 respectively) were selected, envisaging a Forster
Resonance Energy Transfer (FRET)-based approach. All these proteins (Figure 1A)
were produced from plasmid-carrying genes and purified from recombinant E. coli.

Being proteolytically stable, they showed the expected molecular masses (Figure 1B).



The excitation and emission fluorescence spectra of the GFP-H6/iRFP-H6-Bv and
GFP-H6/ B-Gal-H6-Cy 3.5 pairs showed overlapping areas and distinguishable
emission curves (Figure 1C,D), enabling FRET-based confirmation of close molecular
proximity and hence in potentially hybrid supramolecular complexes. DLS analysis of
the protein samples, upon chemical coupling, rendered relatively monodisperse size
peaks compatible with monomeric or dimeric disposition of GFP-H6 and iRFP-H6-
Bv, and with the tetrameric organization of a functional, native B-galactosidase in the

case of B-Gal-H6-Cy 3.5 (Figure 1E).
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Figure 1. Characterization of soluble protein. A) Three-dimensional structure of
fluorescent GFP-H6, fluorophore conjugated iRFP-H6-Bv and 3-Gal-H6-Cy 3.5. Bv:
biliverdin, Cy 3.5: sulfo-Cyanine 3.5. The solvent-exposed H6 tag is represented in
pale orange. B) Purity of fluorescent proteins analyzed by SDS-PAGE electrophoresis
(TGX) and Western blot. C) Fluorescence emission (GFP Em) spectra of GFP-H6
(green line) and excitation (iRFP Ex) and emission (iRFP Em) spectra of iRFP-H6-Bv
(iRFP,red lines). D) Fluorescence emission spectra of (GFP Em) spectra of GFP-H6
(green line) and excitation (B-Gal Ex) and emission (-Gal Em) spectra -Gal-Cy 3.5
(B-Gal) (pink lines). Arrows indicate the spectral overlap. E) Hydrodynamic size of
soluble proteins. Data is expressed in nanometers +/- standard error. Pdi:
polydispersion index.

At first, we fabricated, in vitro, IB mimetics in the form of Zn-promoted MP as
described [26]. This was done by adding ionic Zn at a molar excess of 191-fold for

GFP-He6, 248-fold for iRFP-H6-Bv, and 822-fold for B-Gal-H6-Cy 3.5 (0.5 g/L of
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protein and 3.5 mM ZnCl: in all cases), over samples of each of the three single model
proteins (Figure 2A,B) as indicated (Figure 2C). In addition, mixtures of GFP-H6 with
iIRFP-H6-Bv (Figure 2A) and GFP-H6 with B-Gal-H6-Cy 3.5 (Figure 2B) were
subjected to Zn-mediated clustering. The resulting hMPs were successfully formed,
exhibiting micron dimensions in the range of those of conventional sMPs (Figure 2).
The size of the hMP did not appear to be predictable based on those of the sMP
formed by their individual components. The moderate error bars in the measurements
and the significant differences between the components of tested each pair indicate
that particle size is an inherent property of the material, rather than the result of
random aggregation. Then, the unexpected size of the hMP suggested that particle size
1s determined or at least greatly influenced by the specific properties of the building
block polypeptide. This is in agreement with previous observations regarding other
MP properties such as the nature of the particle core or protein bioavailability [54]. In
addition, both sMP and hMP showed amyloid-like conformation at similar extents,
ranging from 32 to 48 % (Table 1). Such a similarity is indicative that both

components of hMP participate in the amyloid formation.
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Figure 2. Characterization of protein microparticles. A) Mean volume size of single
iRFP-H6-Bv microparticles (iIRFP sMP), GFP-H6 microparticles (GFP sMP), and
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hybrid GFP-H6 / iRFP-H6-Bv microparticles (GFP/iRFP hMP). B) Mean volume size
of single B-Gal-H6-Cy 3.5 microparticles (B-Gal sMP), GFP-H6 microparticles (GFP
sMP), and hybrid GFP-H6 / B-Gal-H6-Cy 3.5 microparticles (GFP/ 3-Gal hMP). Data
were represented as mean % values + standard error of the mean (SEM) (* indicates
p<0.05). C) Strategies for the preparation of protein MP. A and B are unrelated
protein species, both H6-tagged at the C-terminus.

Table 1. ATR FT-IR analysis of different formats of microparticles.

Structural rate (%)
Protein MP Amyloid-like Unordered Alpha helix Beta bands
1628-1632 cm™ | 1644-1648 cm! | 1659- 1668 cm™ | 1678-1681 cm™!
iRFP sMP 353+1.3 335+2 27.6+2.4 39+04
GFP sMP 3228 +1.17 32.65+2.5 243 +3.10 109+£1.2
B-Gal sMP 483 +3.15 - 463+ 14 53+18
GFP/iRFP hMP 462 +t1.4 282 +1.25 225+1.6 3+£09
GFP/ B-Gal hMP 39.8+0.35 29.7£0.35 26.7+0.6 3.6+0.7

The hypothesis that hMP were formed by combined pairs of different proteins
required confirmation. In recombinant bacteria, independent IBs are formed when two
heterologous proteins are simultaneously produced by the cell factory machinery [11].
In vitro, independent and exclusive protein clusters might have also been formed upon
Zn'? addition, and hMP could be, in fact, a mixture of independent sMP. To discard
this possibility, we studied FRET of both the presumed hMP and mixtures, in pairs, of
individual sMP (mMP). These mMP were obtained in vitro by simply combining
prefabricated sMP composed of the building block proteins (Figure 2C). As shown in
Figure 3 A and C, upon GFP (donor fluorophore) excitation the fluorescence signal
increase in the samples supposed to be hMP respect to a basal signal of mMP. The
fluorescence ratio between acceptor fluorophores (iRFP or -Gal) and GFP fully
highlights the FRET event (Figure 3 B and D). This observation confirms that hMP
were formed, as expected, by two different protein species, in contrast with mMP
samples that are a mixture of SsMPs generated predominantly by a single protein
species. Then, unlike bacterial IBs whose formation is protein specific and exclusive
[11,14], their biomimetic counterparts, formed by Zn-His coordination, may assume a

heterologous composition.
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Figure 3. FRET analysis in mixed and hybrid microparticles. A) iRFP-H6-Bv
fluorescence emission at 714 nm of mixed GFP/iRFP microparticles (mMP) or hybrid
GFP/iRFP microparticles (hMP) upon GFP excitation at 488 nm. B) Rates of iRFP-
H6-Bv fluorescence increase (at 714 nm) respect to GFP-H6 fluorescence decrease (at
508 nm) in mixed GFP/iRFP microparticles (mMP) or hybrid GFP/iRFP
microparticles (hMP) upon GFP excitation at 488 nm. C) f-Gal-H6-Cy 3.5
fluorescence emission at 603 nm of mixed GFP/ 3-Gal microparticles (mMP) or
hybrid GFP/B-Gal microparticles (hMP) upon GFP excitation at 488 nm. D) Rates of
B-Gal-H6-Cy 3.5 fluorescence increase (at 603 nm) respect to GFP-H6 fluorescence
decrease (at 508 nm) in mixed GFP/ B-Gal microparticles (mMP) or hybrid GFP/ -
Gal microparticles (hMP) upon GFP excitation at 488 nm. Data were represented as
mean % values + standard error of the mean (SEM). * indicates p<0.05. Note the
different Y scale ranges in the pairs GFP/iRFP and GFP/ B-Gal, resulting from the
different spectral overlaps shown in Figure 1 C,D.

Even though the FRET data was robust and conclusive in the context of mMP and
hMP comparison, we wanted to double-check the heterogeneous nature of hMP
visually, by confocal microscopy, using samples of already formed MP. Control sMP
of GFP-H6 and B-Gal-H6-Cy 3.5 showed exclusive green (GFP) or red (Cy 3.5)
fluorescence as expected (Figure 4A, top). However, amerging between green and red
channels (represented in yellow) was observed in the pair of GFP-H6 / B-Gal-H6-Cy
3.5 hMP but not in samples of their corresponding mMP version (Figure 4A, bottom),
verifying a spatial overlap of emission signals of GFP and Cy 3.5. The quantitative
analysis of the merging signal (Figure 4B, bottom) fully confirmed the hybrid nature
of hMP through the high degree of signal colocalization.
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Figure 4. Confocal microscopy analysis of GFP/B-Gal Microparticles. A)
Representative images of single GFP-H6 microparticles (GFP sMP), single f-Gal -
H6-Cy 3.5 microparticles (-Gal sMP), mixed GFP-H6 / -Gal-H6-Cy 3.5
microparticles (GFP/B-Gal mMP) and hybrid GFP-H6 / -Gal -H6-Cy 3.5
microparticles (GFP/B-Gal hMP). GFP-H6 was excited at 488 nm and -Gal-H6-Cy
3.5 was excited at 561 nm. Bar size: 30 um. B) Representative images showing the
colocalization of GFP-H6 and B-Gal-H6-Cy 3.5 within mixed GFP/B-Gal
microparticles (mMP) and hybrid GFP/ B-Gal microparticles (hMP). Scale Bar: 10
um. Percentage of colocalization is quantified in the graph below (calculated as the
colocalization of red signal with green signal). Data were represented as mean %
values + standard error of the mean (SEM). ** indicates p<0.001.

4. Discussion

The set of data set presented here fully supports that protein MP formed by Zn-
mediated coordination of His-rich proteins are mechanically constructed irrespective
of stereospecificity, a requisite that is critical in the formation of natural amyloids
such as IBs [11,13,55]. Even both types of materials, synthetic and natural, show a
similar extent of amyloidal architecture (around 40 %, see Table 1 and [56]), the

category of patches that support protein-protein contacts are essentially different. In
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mammalian secretory granules, which also exhibit amyloid-like organization, only a
subset of the involved proteins participates in the amyloid structure [36], a fact that
might be also true in bacterial inclusion bodies since an important population of the
embedded protein is biologically active [9,57]. The Zn-His coordination, especially
when the His-rich region is a terminal polyhistidine such as H6, far from any
functional domain, may be a precise molecular driver for protein cross-interaction and
further aggregation in absence of stereospecific contacts. Then, the Zn-His-assisted
protein aggregation is able to produce artificial IB mimetics that in contrast to their
natural counterparts [11,14], can be formed by heterologous proteins at defined ratios
provided they are conveniently tagged with anchoring His-rich domains. How Zn-His
coordination triggers amyloidogenesis is only partially understood [58—-60]. However,
this event provides an extremely efficient approach for the simple, fast and controlled
generation of functional, microscale, protein materials by simple fabrication

procedures.,

Irrespective of the precise mechanics, the approach presented here opens a gate to
explore applicability of hybrid protein depots in different clinical or industrial settings
in which different polypeptides need to combine their biologic activities at defined
ratios and in very local environments. Considering traditional strategies for protein
immobilization, such as affinity-tagged approaches or chemical crosslinking, they are
often limited by product specificity and harsh reaction conditions, that tend to disrupt
protein functionality [61-63]. Also, while some smart approaches such as CLEAs [64]
result in only moderate loss of protein activities, the cross-linking processes might be
not (or hardly) reversible. In comparison, Zn-mediated aggregation provides a mild,
sequence-independent platform for generating stable, functional aggregates with broad
utility and with potential for controlled disintegration and protein release under
physiological conditions. Furthermore, other recently developed mild approaches for
the generation of immobilized multiprotein systems, also based on the use of ionic Zn
as a crosslinking agent, are methodologically more complex than simple protein
aggregation [65]. Interestingly, His-tagging is a common procedure in protein
biotechnology, since His-rich peptides such as H6, also serve as protein purification
tags for affinity chromatography [66]. Therefore, many relevant proteins of industrial
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or pharmaceutical interest have been already produced and are available in H6-tagged
forms. It must be stressed that in comparison to methods to force protein co-
aggregation in vivo (eg. in the bacterial cytoplasm [67]), the formation of synthetic
amyloids with hybrid composition as described here benefits from the use of pure,
perfectly characterized protein as starting material. This fact ensures fine quality

control of the products and a smooth regulatory route towards clinical applications.

Zn-mediated protein aggregation not only promotes the controlled formation of
mechanically stable amyloid structures but also ensures that the proteins retain their
functional properties. This unique combination of structural robustness, provided by
the amyloidal subpopulation, and functional preservation, makes this simple approach
ideal for diverse applications, from biocatalysis to material science. Importantly, the
process is fully reversible as Zn is removed from the aggregates, either forced by
chelating agents [68] or by simple diffusion in vivo, upon administration [26,47]. The
data presented in this study validates an emerging methodology, but it also highlights
its capability to bypass the constraints of sequence homology and stereospecific
interactions inherent in natural systems. The versatility and simplicity of this approach
to generate functional protein depots out of diverse polypeptides, open new avenues
for its application in biotechnological and material science fields, offering a robust

alternative to existing protein immobilization strategies.

5. Conclusions

Unlike bacterial inclusion bodies, natural amyloidal protein depots found in
recombinant bacteria, their mimetic materials fabricated in vitro through Zn-His
coordination do not require specific protein-protein interactions to be formed. That
allows the construction of granular depots, at the microscale, made of controlled
mixtures of different protein species at defined ratios. Sharing both type of materials a
similar amyloidal content (around 40 %), the Zn-His coordination approach allows
mechanically stable cross-molecular contacts without the constraint of sequence

homology, thus opening a versatile route for the design and construction of protein
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microscale materials, that formed by heterologous building blocks, should show

complex functionalities.
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Figure S1. Fluorescence emission of iRFP-H6 (iRFP) bound to biliverdine (Bv) at 714
nm as a function of Bv/iRFP mass ratio. A mass ratio Bv/iRFP=0.02 was chosen for

the fluorescence analysis.
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