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SUMMARY 

Proteins are involved in a myriad of biological processes such as catalysis, transport, 

regulation, defense, and providing structure to the cell. Most proteins need to fold 

into a defined 3D structure to perform such functions. However, this energetically 

directed process can be kinetically disturbed, resulting in the formation of stable 

misfolded supramolecular assemblies, including different types of protein 

aggregates. Protein aggregation stems from the establishment of aberrant 

intermolecular interactions and has been associated with the onset of several 

degenerative diseases. In addition, this unwanted reaction limits the development 

of proteins of biotechnological interest, impacting the production, storage, and 

commercialization of protein-based drugs. In this regard, strategies aimed to 

diminish the impact of protein aggregation on therapeutic proteins are pivotal to 

ensure their correct development as safe and active drugs. In the present doctoral 

thesis, we demonstrate that a structure-based aggregation predictor, which 

considers protein stability, successfully assists the redesign of two structurally 

unrelated proteins, improving their solubility without compromising their active 

conformation. This approach might replace the expensive trial-and-error assays 

employed by the pharmaceutical industry, providing an economical alternative for 

accelerating the development of protein-based drugs. 

Proteins are widely understood as the building blocks of life and can act as self-

assembling entities involved in the creation of different supramolecular structures. 

Hence, there is an increasing interest in using polypeptides to build up functional 

and biocompatible nanomaterials; among them, protein inclusion bodies (IBs) have 

emerged as an attractive architecture. Traditionally considered useless protein 

deposits formed by misfolded conformations, recent data converge to indicate that 

IBs act as reservoirs of stable and active protein. These submicrometric particles are 

produced efficiently and cost-effectively, and are usually sustained by an amyloid-

like scaffold where the protein of interest is trapped. Nevertheless, this amyloid 

conformation necessarily impacts the activity of the protein of interest and can be 

potentially cytotoxic. To overcome these drawbacks, we aimed at generating novel 

and improved functional IBs based on the α-helical architecture characteristic of 

coiled-coils. Using a naturally encoded coiled-coil domain as the scaffolding entity, α-

helix-rich and biocompatible functional IBs were obtained in a ready-to-use form. 

Interestingly, coiled-coil-based IBs present a higher specific activity than their 

amyloid-like counterparts, since their assembly is guided by native interactions that 



do not interfere with the folding of the functional moieties. We demonstrate that 

these coiled-coil-inspired protein nanoparticles can display fluorescent and antibody-

capturing activities simultaneously, being biocompatible, stable, and targeting 

specific antigens when decorated with a single or a combination of antibodies; thus, 

emerging as a promising technology for biomedical applications. 

Overall, the work described in the present thesis attempts to provide useful 

strategies aimed at (I) redesigning therapeutic proteins with enhanced biophysical 

properties employing in silico tools and (II) developing versatile and tunable 

multifunctional protein-based nanomaterials sustained by α-helical interactions. 

 



RESUMEN 

Las proteínas están involucradas en innumerables procesos biológicos como catálisis, 

transporte, regulación, defensa y estructura celular. Para poder llevar a cabo estas 

funciones, la gran mayoría de ellas necesitan plegarse en una estructura 3D definida. 

Sin embargo, este proceso energéticamente favorable puede ser perturbado 

cinéticamente, dando lugar a la formación de ensamblajes supramoleculares 

formados por proteínas desplegadas, los agregados proteicos. La agregación de 

proteínas consiste en el establecimiento de interacciones intermoleculares 

aberrantes, estando estrechamente relacionada con la aparición de varias 

enfermedades degenerativas. Además, esta reacción indeseada limita el desarrollo 

de proteínas con interés biotecnológico, afectando los procesos de producción, 

almacenamiento y su posterior comercialización. De este modo, las estrategias 

dirigidas a disminuir el impacto de los procesos de agregación en proteínas 

terapéuticas son imprescindibles para asegurar el correcto desarrollo de éstas como 

fármacos seguros y activos. En la presente tesis doctoral, demostramos que un 

predictor de agregación basado en estructura, y que además tiene en cuenta la 

estabilidad proteica, asiste de manera exitosa el rediseño de dos proteínas sin 

relación estructural, mejorando su solubilidad sin comprometer su conformación 

activa. Esta estrategia podría reemplazar los costosos ensayos de prueba-y-error 

llevados a cabo por la industria farmacéutica, proporcionando una alternativa 

económica destinada a acelerar el desarrollo de proteínas terapéuticas. 

Las proteínas son comúnmente conocidas por ser los cimientos de la vida, pudiendo 

actuar como entidades capaces de autoensamblarse, dando lugar a la formación de 

varias estructuras supramoleculares. Por ello, hay un gran interés en el uso de 

polipéptidos para crear nanomateriales funcionales y biocompatibles; entre los que 

destacan los cuerpos de inclusión proteicos (IBs). Aunque estos IBs han sido 

tradicionalmente considerados como depósitos de proteínas inservibles, los datos 

más recientes indican que los IBs actúan como reservorios de proteína activa y 

estable. Estas partículas submicrométricas son producidas de manera eficiente y 

barata, y normalmente están sostenidas por un esqueleto amiloide en el cual reside 

la proteína de interés. Sin embargo, esta conformación amiloide tiene un impacto en 

la actividad de la proteína de interés y puede ser potencialmente citotóxica. Para 

superar estas limitaciones, nuestra estrategia consistió en la creación de nuevos IBs 

funcionales usando la estructura de hélice-α, característica de los coiled-coils. De este 



modo, usando un dominio coiled-coil natural como andamio, se obtuvieron IBs 

funcionales, biocompatibles, ricos en hélice-α y listos para ser usados. De manera 

interesante, los IBs formados por coiled-coils tienen una actividad específica mayor 

que sus homólogos amiloides, ya que su ensamblaje viene guiado por interacciones 

nativas que no interfieren en el correcto plegamiento de las partes funcionales. En 

esta tesis doctoral, demostramos que las nanopartículas proteicas inspiradas en la 

estructura coiled-coil pueden albergar fluorescencia y tener la capacidad de unir 

anticuerpos de manera simultánea, siendo estables y biocompatibles, y pudiendo 

dirigirse hacia antígenos específicos cuando son decoradas con un anticuerpo o una 

combinación de éstos, siendo por lo tanto una tecnología prometedora en 

biomedicina. 

En resumen, el trabajo descrito en la presente tesis trata de proporcionar estrategias 

útiles destinadas a (I) rediseñar proteínas terapéuticas con propiedades biofísicas 

mejoradas mediante el uso de herramientas in silico y (II) desarrollar 

nanomateriales proteicos versátiles y multifuncionales, basados en interacciones 

entre hélices-α. 



RESUM 

Les proteïnes estan involucrades en innombrables processos biològics com catàlisis, 

transport, regulació, defensa i estructura cel·lular. Per a poder dur a terme aquestes 

funcions, la gran majoria d'elles necessiten plegar-se en una estructura 3D definida. 

No obstant això, aquest procés energèticament favorable pot ser pertorbat 

cinèticament, donant lloc a la formació d’ensamblatges supramoleculars formats per 

proteïnes desplegades, els agregats proteics. L'agregació de proteïnes consisteix en 

l'establiment d'interaccions intermoleculars aberrants, estant estretament 

relacionada amb l'aparició de diverses malalties degeneratives. A més, aquesta 

reacció no desitjada limita el desenvolupament de proteïnes amb interès 

biotecnològic, afectant els processos de producció, emmagatzematge i la seva 

posterior comercialització. D'aquesta manera, les estratègies dirigides a disminuir 

l'impacte dels processos d'agregació en proteïnes terapèutiques són imprescindibles 

per a assegurar el correcte desenvolupament d'aquestes com a fàrmacs segurs i 

actius. En la present tesi doctoral, vam demostrar que un predictor d'agregació basat 

en estructura, i que a més té en compte l'estabilitat proteica, assisteix amb èxit el 

redisseny de dues proteïnes sense relació estructural, millorant la seva solubilitat 

sense comprometre la seva conformació activa. Aquesta estratègia podria 

reemplaçar els costosos assajos de prova-i-error duts a terme per la indústria 

farmacèutica, proporcionant una alternativa econòmica destinada a accelerar el 

desenvolupament de proteïnes terapèutiques. 

Les proteïnes són comunament conegudes per ser els fonaments de la vida, podent 

actuar com a entitats capaces d'autoensamblar-se, donant lloc a la formació de 

diverses estructures supramoleculars. Per això, hi ha un gran interès en l'ús de 

polipèptids per a crear nanomaterials funcionals i biocompatibles, entre els quals 

destaquen els cossos d'inclusió proteics (IBs). Encara que aquests IBs han estat 

tradicionalment considerats com a dipòsits de proteïnes inservibles, les dades més 

recents indiquen que els IBs actuen com a dipòsits de proteïna activa i estable. 

Aquestes partícules submicromètriques són produïdes de manera eficient i barata, i 

normalment estan sostingudes per un esquelet amiloide en el qual resideix la 

proteïna d'interès. No obstant això, aquesta conformació amiloide té un impacte en 

l'activitat de la proteïna d'interès i pot ser potencialment citotòxica. Per a superar 

aquestes limitacions, la nostra estratègia va consistir en la creació de nous IBs 

funcionals fent servir l'estructura d'hèlix-α, característica dels coiled-coils. 



D'aquesta manera, usant un domini coiled-coil natural com a bastida, es van obtenir 

IBs funcionals, biocompatibles, rics en hèlix-α i llestos per a ser usats. De manera 

interessant, els IBs formats per coiled-coils tenen una major activitat específica 

comparat amb els seus homòlegs amiloides, ja que el seu ensamblatge ve guiat per 

interaccions natives que no interfereixen en el correcte plegament de les parts 

funcionals. En aquesta tesi doctoral, vam demostrar que les nanopartícules 

proteiques inspirades en l'estructura coiled-coil poden albergar fluorescència i tenen 

la capacitat d’unir anticossos de manera simultània, sent estables i biocompatibles, 

i podent dirigir-se cap a antígens específics quan són decorades amb un anticòs o una 

combinació d'aquests, sent per tant una tecnologia prometedora en biomedicina. 

En resum, el treball descrit en la present tesi tracta de proporcionar estratègies útils 

destinades a (I) redissenyar proteïnes terapèutiques amb propietats biofísiques 

millorades mitjançant l'ús d'eines in silico i (II) desenvolupar nanomaterials proteics 

versàtils i multifuncionals, basats en interaccions entre hèlixs-α. 
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INTRODUCTION 

1. Proteins and their folding 

Proteins are biomacromolecules formed by a combination of 20 amino acids 

covalently joined by peptide bonds, with their side chains encoding for defined 

physicochemical properties. Considering the cellular context and quoting to Dr. 

Arthur M Lesk; “In the drama of life on a molecular scale, proteins are where the 

action is”, proteins are the workhorses of the cell and are involved in a myriad of 

molecular functions such as transport, catalysis, signalling, gene regulation, and 

structure. In order to execute these functions, the majority of proteins need to 

acquire a specific three-dimensional structure (3D structure), known as the native 

state, promoted by the establishment of non-covalent interactions between 

neighbouring residues in the polypeptide chain. This energetically and kinetically 

favourable process is known as protein folding (Dobson, 2003). 

Proteins are structured according to different levels of organization: The first stage 

is the primary structure, corresponding to the amino acid sequence and sustained 

by peptide bonds between contiguous residues. Then, the secondary structure, is 

dictated by the primary sequence, and mainly stems from the establishment of 

hydrogen bonds within the peptide backbone and gives rise to the formation of 

regular secondary patterns like α-helices and β-sheets. Subsequently, proteins form 

a highly compacted structure, the tertiary structure, promoted by interactions 

between the amino acid’ side chains of the polypeptide (hydrogen bonds, Van der 

Waals packing, electrostatic interactions and disulfide bonds), and, in some cases, 

different polypeptide chains can establish non-covalent intermolecular interactions, 

leading to the acquisition of the quaternary structure (Herczenik and Gebbink, 

2008) (Figure 1). 
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Figure 1. Representation of the different structural organization levels of proteins. The 

primary sequence consists of a specific sequence of amino acids linked by peptide bonds. The secondary 

structure is achieved by a local folding of the protein prompted by hydrogen bonding within the peptide 

backbone. The tertiary structure is a 3D folding pattern sustained by amino acid’ side chain 

interactions, and the quaternary structure arises from non-covalent interactions between polypeptide 

chains. Adapted from “Protein Structure”, by BioRender.com (2021). Retrieved from 

https://app.biorender.com/biorender-templates. 

The folding of a polypeptide from unstructured conformations to a functional 3D 

structure is a key process in biochemistry and cell biology. Errors during this process 

drive proteins to populate partially or totally unfolded states, promoting non-native 

intermolecular interactions related to the formation of protein aggregates. This 

aberrant oligomerization is associated with the onset of over 40 human disorders 

such as Alzheimer’s disease, Parkinson’s disease and type II diabetes (Chiti and 

Dobson, 2017). A correct understanding of folding mechanisms is an essential 

requirement for the successful prediction of protein structures and the design and 

redesign of improved proteins (Baker, 2000; Woolfson, 2021). In this sense, 

outstanding advances in the prediction of the protein structure have been recently 

achieved. An artificial intelligence (AI) algorithm developed by Google DeepMind, 

known as AlphaFold, provided accurate predictions of protein structures departing 

from the protein sequence (Senior et al., 2020). Strikingly, a novel version of the 

original program, AlphaFold2, improved its accuracy to a level comparable with 
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experimental data in the last biennial Critical Assessment of Techniques for Protein 

Structure Prediction (CASP) challenge, a tournament aimed at assessing the state-

of-the-art of protein structure modelling (Jumper et al., 2021b, 2021a). This scientific 

breakthrough might contribute to solve the “protein folding problem”, and pave the 

way for a burgeoning era of rational protein design. Indeed, Google DeepMind in 

collaboration with the European Molecular Biology Laboratory (EMBL) has released 

the most complete dataset of predicted protein structures, including those of all 

human proteins and 20 additional organisms relevant for biological research 

(Tunyasuvunakool et al., 2021). These recent breakthroughs are freely available to 

the scientific community, and demonstrate the pivotal role that AI might play in the 

discovery of new therapeutic approaches for the treatment of protein-associated 

diseases.  

One of the first insights into the protein folding problem come from the well-known 

studies of Christian B. Anfinsen in the early ‘60s. Anfinsen and co-workers focused 

on the refolding process of the enzyme ribonuclease and demonstrated the 

importance of the specific amino acid sequence to achieve the native state (Anfinsen 

et al., 1961). Furthermore, Anfinsen observed that the acquisition of the 3D structure 

was a spontaneous process, leading to the “Anfinsen’s dogma” that asserts that the 

3D, folded and functional state of proteins in their biological contexts corresponds to 

the most stable state and is only determined by the primary sequence (Anfinsen, 

1973). However, several exceptions of the rule have been reported. For instance, the 

native state does not necessarily imply the lowest energetic level, since more stable 

conformations can be reached under physiological conditions (e.g., amyloid fibrils). 

Moreover, the existence of chameleon sequences able to adopt different secondary 

structures, together with the discovery of functional intrinsically disordered 

regions/proteins (IDRs or IDPs) lacking a defined 3D structure, defy this postulate 

(Bahramali et al., 2017; Oldfield and Dunker, 2014; Pinheiro et al., 2021). 

Afterwards, the work of Cyrus Levinthal illustrated how the required time for a 

protein to acquire its native conformation by random interactions would be 

enormous. However, proteins spontaneously adopt their functional conformation in 

the range of milli- or even micro-seconds, leading Levinthal to propose specificity in 

the protein folding process, without the need to explore the whole conformational 

space (Levinthal, 1968). 
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In good agreement with Levinthal’s ideas, several studies have revealed the crucial 

role of native-like interactions to guide the protein folding process towards a low 

energetic state (Daggett and Fersht, 2003). Different folding models have been 

proposed to explain the surprisingly high speed of this process in comparison with a 

random process. These models are: (I) The “framework-model” based on the 

establishment of secondary structure elements as the first formed units (Karplus 

and Weaver, 1976), (II) the “hydrophobic collapse” where hydrophobic interactions 

promote a rapid compaction of the structure, limiting the available conformational 

options (Tanford, 1962), and (III) the “nucleation-condensation” model that combines 

both models and is the most accepted. According to this model, a hydrophobic 

collapse is needed for the formation and stabilization of partially folded secondary 

and tertiary structures, prompting the formation of a set of compacted conformers 

known as the “molten globule”, and finally, allowing a conformational refinement to 

acquire the native state (Fersht, 1995; Itzhaki et al., 1995). 

From a physical point of view, protein folding is governed by thermodynamic and 

kinetic laws, being a thermodynamically favoured process promoted by the 

establishment of intramolecular interactions. These contacts, mainly hydrogen 

bonds, and hydrophobic or electrostatic interactions, trigger the acquisition of the 

native structure through a decrease in the free energy of the system. 

This thermodynamic protein stability is represented by the difference in Gibbs free 

energy (∆G) between the folded (native state) and unfolded conformations, and is 

determined by two factors according to the following equation: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

Where ∆H and ∆S denote the enthalpic and entropic contributions, respectively, and 

T denotes the absolute temperature (Kelvin) (Shirdel and Khalifeh, 2019). 

The favourable enthalpic contribution implies the formation of stabilizing native 

interactions such as electrostatic and hydrophobic interactions, while the entropic 

contribution of protein folding is generally unfavourable due to the gain of order 

associated with the acquisition of a folded conformation. Nevertheless, the 

hydrophobic effect counterbalances this entropic penalty promoting a disorder in the 

surrounding water molecules and leading to a moderate increment of entropy upon 

folding. 
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During the protein folding process, there is a huge diversity of possible 

conformations accessible for each polypeptide, which constitutes its conformational 

space. This space is usually illustrated by a bidimensional diagram, named as “the 

energy landscape”, where the unfolded conformations populate the highest energetic 

states while only a few species, native or native-like conformations, occupy the most 

stable regions associated with minima energy levels (Dobson et al., 1998) (Figure 2). 

The folding funnel hypothesis describes the protein folding process as a continuous 

progress from the most unstable conformations (unfolded state) towards the most 

stable species, the native state (Karplus, 2011). This process implies a small number 

of possible conformations for short proteins exhibiting a “funnel-like” landscape, 

leading to a rapid two-state reaction, however, in the landscape of large proteins, 

these possible conformers dramatically increase, with diverse metastable folding 

intermediates, introducing significant complexity to the folding process. 

2. Protein aggregation 

Errors during the protein folding process trigger the formation and accumulation of 

misfolded metastable conformations. These misfolded states are sustained by 

hydrophobic interactions and hydrogen bonding similarly to the protein folding 

process, but in this case, these contacts involve different molecules (Chiti and 

Dobson, 2017) (Figure 2). These non-native interactions are mainly triggered by the 

solvent exposure of hydrophobic regions, which are buried when the protein is 

correctly folded. To counterbalance this anomaly, nature has evolved a set of quality 

control mechanisms aimed at avoiding the accumulation of misfolded species in the 

cytosol, such as the chaperone-assisted folding and the ubiquitin-proteasome 

degradation pathway (Hartl et al., 2011), among others. Failures in such quality 

control machinery (exacerbated by aging) trigger the accumulation of potentially 

cytotoxic protein aggregates in the cytoplasm (Hipp et al., 2019). 

In order to perform their biological functions, proteins have to be dynamic and 

fluctuating entities. However, this dynamism might be associated with the 

appearance of partially and locally unfolded conformations (overpassing the kinetic 

barrier of protein folding) that can interact with other misfolded species, starting an 

assembly reaction and leading to the formation of soluble oligomers, or insoluble and 

extremely stable fibrils. These self-assembled conformations are related to a myriad 

of human pathologies, ranging from neurodegenerative disorders (e.g., Alzheimer’s 
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and Parkinson’s diseases) in which aggregates are deposited in the brain, to systemic 

amyloidoses involving multiple tissues (Invernizzi et al., 2012). 

 

Figure 2. Hypothetical energy landscape of protein folding and protein aggregation. The 

protein folding process is a thermodynamically favoured reaction guided by the establishment of 

intramolecular interactions, leading to the acquisition of a free energy minimum conformation, the 

native state. However, errors during this process evoke the establishment of intermolecular and 

aberrant interactions and the subsequent accumulation of extremely stable amyloid fibrils. Reproduced 

with permission from Hartl et al. 2011.  

2.1. Determinants of protein aggregation 

Although proteins related to conformational diseases do not share specific sequential 

or structural features (there is a huge diversity of structures able to form amyloids, 

such as all-α, all-β, α/β or disordered proteins), all of them adopt an organized 

structure when the aggregation process occurs (Almeida and Brito, 2020). This 

structural promiscuity together with the discovery of functional amyloids formed at 

physiological conditions (Otzen and Riek, 2019) and the aggregation of native-like 

conformations such as in therapeutic proteins, strongly suggest that the protein 

aggregation process is not only restricted to pathological conditions, and must be 

understood as a generic property of proteins. Therefore, protein aggregation is a 

pivotal and evolutionary-conserved reaction that cannot be completely purged out by 

evolution (Sanchez de Groot et al., 2012).  
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Although departing from different primary sequences, the amyloid architecture 

generally consists of a highly ordered assembly, known as the cross-β conformation, 

sustained by the stacking of parallel or antiparallel β-sheets perpendicularly 

oriented to the fibril axis (Ke et al., 2020). 

This characteristic architecture has been extensively studied using high-resolution 

structural techniques such as X-ray diffraction, solid-state nuclear magnetic 

resonance (ssNMR) and cryo-electron microscopy (cryoEM) (Gallardo et al., 2020; 

Loquet et al., 2018; Riek and Eisenberg, 2016), elucidating that the side chains of 

the residues in the β-strands are accommodated into a compact, interdigitated and 

dry interface, called “the steric zipper”. Generally, these amyloid fibrils possess a 

diameter in the range of 5-20 nm and a length of several µm. Moreover, despite the 

common preservation of this cross-β topology, amyloid fibrils derived from the same 

protein might display different polymorphic structures associated with distinct 

patterns of neuropathology (Tycko, 2015). In this way, a recent paper published in 

Nature reports different disease-related amyloid structures of Tau protein, providing 

with a clinically useful classification of tauopathies depending on their amyloid fold 

(Shi et al., 2021). These polymorphisms, fundamentally identified by cryoEM, defy 

our idea of amyloids as a monolithic structural arrangement, and pave the way for 

an exciting analysis of the structural attributes of these supramolecular assemblies 

and their relevance in different disease-associated phenotypes. 

The cross-β signature of amyloids can specifically bind several amyloid dyes such as 

Thioflavin-T (Th-T) and Congo Red (CR), whose spectral properties change upon 

binding to amyloid-like conformations, and the biophysical properties of amyloids 

can be unveiled monitoring their conformational traits using Fourier transform 

infrared spectroscopy (FTIR) and circular dichroism (CD). These spectroscopic 

techniques can be complemented with the visualization of amyloid fibrils using 

transmission electron microscopy (TEM) and atomic force microscopy (AFM), 

providing with a plethora of feasible and cost-effective strategies for the study of 

amyloids (Sabaté and Ventura, 2013).  

2.1.1. Intrinsic determinants of protein aggregation 

Protein aggregation process is strongly dependent on the sequential determinants 

encoded in the primary sequence. Mutagenesis experiments evidenced the 

importance of the physicochemical properties of amino acid’s side chains in the 

aggregation propensity, remarking that this process is mainly dictated by the 
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hydrophobicity and the β-sheet propensity of given residues (Chiti et al., 2002, 2003). 

In this way, the substitution of polar residues by non-polar and hydrophobic amino 

acids (aliphatic (Ile, Leu, Val) and aromatic (Phe, Tyr, Trp)) results in an increment 

in the overall aggregation propensity, while charged (Arg, Lys, Asp and Glu) and β-

breaker (Pro and Gly) residues work against this tendency. The net charge of the 

polypeptide plays a pivotal role, with electrostatic repulsion forces between 

molecules being anti-aggregational (Lawrence et al., 2007). 

2.1.2. Environmental factors impacting protein aggregation 

The aggregation tendency of a protein is not only dictated by the aforementioned 

intrinsic determinants, but also influenced by the surrounding milieu. In this sense, 

extrinsic factors such as the ionic strength, the pH, the temperature and the protein 

concentration are crucial in the modulation of the aggregation tendency of a protein 

(DuBay et al., 2004; Morel et al., 2010; Wang et al., 2010).  

The pH of the solution influences the protonation states of the carboxyl and amide 

groups within amino acid side chains, modifying the net charge and the polarity of 

the polypeptide. When the pH reaches the isoelectric point (pI) of the polypeptide, 

the net charge of the protein is 0, precluding electrostatic repulsions and favoring 

the establishment of non-specific interactions between different monomers (Tedeschi 

et al., 2017). Similarly, the ionic strength can impact the electrostatic and repulsive 

forces between molecules, favouring or disfavouring self-association processes. 

Since the conformational stability of a protein is affected by the temperature, this 

parameter can destabilize the native state, promoting the appearance of transient 

partially unfolded conformations that expose previously buried hydrophobic regions 

to the solvent, triggering the formation of intermolecular contacts. These 

interactions between molecules can also potentially arise from a local increment in 

protein concentration (Ciryam et al., 2015; Tartaglia et al., 2007b; Vecchi et al., 

2020). 

2.2. Aggregation-Prone Regions (APRs) and gatekeeper residues 

As previously commented, protein aggregation is strongly influenced by the 

physicochemical properties of amino acids in the polypeptide chain. However, it has 

been demonstrated that not all the protein sequence contributes equally to the 

aggregation process. There are short stretches (10-15 residues in length) 

characterized by an enrichment in hydrophobic residues able to nucleate the 
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aggregation reaction (Teng and Eisenberg, 2009; Ventura et al., 2004). These 

aggregation-prone stretches, commonly known as Aggregation-Prone Regions 

(APRs), are usually located at the hydrophobic core in the native conformation 

(Ventura et al., 2002), stabilizing and facilitating the acquisition of the tertiary 

structure, and in the interfaces between protein subunits, sustaining the quaternary 

structure indispensable for the correct function (Castillo and Ventura, 2009). In both 

cases, nature has evolved protective strategies to prevent these APRs from 

establishing aberrant interactions, however, because proteins are not static 

molecules in solution, they might undergo aggregation reactions by the ephemeral 

exposure of APRs to the solvent (Garcia-Pardo et al., 2014). 

In order to diminish the aggregation tendency of APRs, nature has accommodated 

charged and β-breaker residues flanking these regions (Beerten et al., 2012; De Baets 

et al., 2014). The function of these gatekeeper residues is to complicate aberrant 

interactions between APRs, providing electrostatic repulsions or disfavouring β-

sheet conformations. Although the presence of these gatekeepers negatively impacts 

the folding kinetics and is associated with an overall destabilizing effect (each 

gatekeeper residue can decrease the thermodynamic stability of the folded state by 

0.8 kcal/mol) (De Baets et al., 2014), its effect is more prominent disfavouring the 

kinetics of protein aggregation (Houben et al., 2020), suggesting their emergence as 

the result of a selective pressure against aggregation. Intriguingly, there are 

important differences between negatively and positively charged gatekeeper 

residues. Positive gatekeepers, such as lysine or arginine, are more dehydrated and 

harbour more hydrophobic side chains than their negatively-charged counterparts 

(aspartic and glutamic acid), displaying a lower aggregation-breaking efficiency. 

However, these positive residues can be better incorporated to the globular structure 

of the protein than the negative ones, whose side chains (shorter and less 

hydrophobic) are not so well accommodated in the native structure (Houben et al., 

2021). This fact is extremely important for the redesign of protein solubility, because 

a destabilizing effect, caused by the incorporation of wrong gatekeepers in the 

structure, could act in the opposite direction, evoking the partial exposure of hidden 

APRs and accelerating the aggregation process. 

2.3. Mechanism of protein aggregation and amyloid fibril formation 

In the last years, different aggregation formation models have been proposed to 

illustrate the kinetics of protein aggregation. These models are the “Templated 
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Assembly” developed by Griffith (Griffith, 1967) or the “Monomer directed 

Conversion” postulated by Prusiner (Prusiner, 1982), both of them based on the 

analyses of the prion protein’ aggregation kinetics. However, the model that best 

explains the kinetics of protein aggregation for the majority of proteins, is the 

“Nucleation-dependent Polymerization” model (Jarrett and Lansbury, 1993) that 

divides this process in 3 different phases (Figure 3): 

The first stage is the nucleation process, a thermodynamically unfavourable 

reaction where protein monomers start to interact and associate, leading to the 

formation of oligomers or prefibrillar species. These protein oligomers are considered 

as the nucleation elements from which the propagation reaction begins, and 

represent one of the most pathogenic conformations in amyloid diseases (Kreiser et 

al., 2020). This first step is deeply affected by protein concentration since elevated 

concentrations imply a higher probability of monomer-monomer interactions; and 

can be accelerated by the addition of pre-formed aggregated species by a seeding 

process. Interestingly, experiments aimed at analysing self-seeding (seeding using 

the same APR) and cross-seeding (seeding using different APR) reactions, suggested 

a specificity in the assembly reaction, with an acceleration of the aggregation process 

when the same APR was used (Sabaté et al., 2010). 

Later on, the second stage, known as elongation, is a rapid and thermodynamically 

favoured process consisting in the polymerization and growth of the amyloid fibril 

through monomer addition.  

Finally, the incorporation of molecules to the fibril is associated with a decrease in 

the available monomers in solution, decelerating the elongation process and leading 

to the third stage, the steady or saturation phase. At this point, the 

assembly/disassembly reactions are in a chemical equilibrium because of the 

recycling of monomers in the mature fibril. In addition, different amyloid fibrils can 

laterally interact between them, forming a mature amyloid fiber composed of several 

protofilaments. 

This process can be easily monitored following the increments in Th-T fluorescence 

and light scattering. In the first stage, the soluble and monomeric species are not 

able to bind the Th-T dye and do not scatter the incident light, whereas the increase 

of amyloid structures in solution directly correlates with an increment of both signals 

(Figure 3). 
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Figure 3. Protein aggregation formation according to the nucleation-dependent 

polymerization model. The assembly of amyloid fibrils comprises three stages: The concentration-

dependent nucleation phase related to the formation of oligomeric species, the elongation phase 

characterised by the formation of amyloid fibrils after monomer addition, and the steady or saturation 

phase consisting in a dynamic equilibrium between the assembled and disassembled states. The 

seeding process, promoted by the incorporation of mature aggregated species into the first steps of the 

reaction, shortens the nucleation phase resulting in a logarithmic curve (red line). 

2.4. Protein aggregation in therapeutic proteins 

Protein therapeutics have emerged as promising life-saving drugs for human 

diseases due to their excellent specificity and low toxicity. The “therapeutic protein” 

term covers a wide range of biological molecules such as hormones, growth factors, 

interferons, recombinant vaccines, replacement enzymes, gene therapy vectors, 

monoclonal antibodies (mAbs) and next-generation antibody formats such as 

bispecific antibodies (BsAbs), antibody-drug conjugates (ADCs), single-chain 

variable fragments (scFvs) and single-domain antibodies (sdAbs) (Khongorzul et al., 

2020; Narayanan et al., 2021a; Wang et al., 2019a). 

Antibody-based therapies are perhaps the most successful approach to treat 

pathologically diverse human diseases such as cancer and autoimmune disorders. 

Specifically, mAbs are the most lucrative single product class, constituting almost 

the 50% of therapeutic proteins approved by the U.S. Food and Drug Administration 

(FDA), and doubling approvals in the last twenty years (Figure 4). Indeed, mAbs 

represent eight of the top ten products by sales in 2017, and the total sales of these 

molecular therapies reached $123 billion in 2017 (Walsh, 2018). 
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 Figure 4. mAb approvals for the first time in percentage of total approvals. The percentage of 

approvals in the period 2015-July 2018 (in blue color) is two times higher than the one for the previous 

twenty years. The tendency clearly indicates an increment in the approvals of these therapeutic 

proteins in the last years. Adapted from Walsh, 2018. 

Despite the increasing success of antibody-based therapies, their commercialization 

is still constrained by the difficulties associated with the production and 

manufacturing processes. For instance, in most cases, these therapeutic proteins 

present a very large size (around 150 kDa for mAbs) and complexity (post-

translational modifications), making unaffordable their chemical synthesis. A more 

feasible alternative to produce such proteins is their recombinant expression using 

microbial and eukaryotic cell factories such as Escherichia coli, Saccharomyces 

cerevisiae and Chinese hamster ovary (CHO) cells, being the last ones, the preferred 

options for the insertion of post-translational modifications. 

Moreover, there are challenging barriers regarding the production and 

manufacturing of these drugs, and in the end, impacting their commercialization 

(Roberts, 2014). Among the different degradation reactions that therapeutic proteins 

might suffer during their production, aggregation is the most common, being 

strongly associated with the extremely high protein concentrations required for most 

therapies (above 100 mg/mL) (Wolf Pérez et al., 2022). Protein aggregation is not 

only associated with the production stages, but also with the storage and 



16 
 

administration, because these drugs must be stable and active for long periods of 

time for which they have not been evolutionary adapted. This harmful process is also 

related to a diminished protein activity and undesired immunological responses, 

having regulatory implications (Wolf Pérez et al., 2022). Consequently, the FDA 

dictates specific and rigorous recommendations for the manufacturing and delivery 

of such protein drugs, compelling pharmaceutical and biotechnological companies to 

spend substantial efforts to prevent the eventual aggregation of their products, using 

trial-and-error assays to screen different buffers, salts, or additives that are time-

consuming and marginally successful. 

An emerging concept in the field of biotherapeutics is the developability of a product. 

The developability concept consists of a series of properties that ensure the correct 

stability and safety of a biological drug during production and formulation processes. 

In other words, developability is the combination of factors aimed at guarantying the 

successful development of a therapeutic protein as a safe, active and stable drug 

(Wolf Pérez et al., 2022). In this way, significant efforts have been dedicated to 

improve the developability of antibodies and economize the development of these 

highly demanded molecules, selecting the most idoneous candidates according to a 

panel of sophisticated methods such as AI or microfluidic technology, among others 

(Kopp and Arosio, 2018; Narayanan et al., 2021b). 

Although mAbs and their relatives are pivotal for cancer research and therapies, 

these molecules display significant limitations associated with their large size 

(Figure 5), hampering their tumor accessibility (Thurber et al., 2008), and with their 

short lifetime. Actually, there is a trend in the pharmaceutical industry towards the 

use and development of small antibody fragments with enhanced tumor penetration 

properties and easy-to-produce using microbial cell factories. These small proteins 

include a vast diversity of antibody formats as the scFvs and the sdAbs (the human 

single-domain antibodies (the variable heavy chain (VH) or the variable light chain 

(VL)) (Figure 5). However, these small and functional fragments tend to show poor 

biophysical properties, displaying a high aggregation propensity caused by the lack 

of the interdomain stabilization elements, present in their larger counterparts 

(Holliger and Hudson, 2005). In order to improve their properties, different 

strategies have been devoted to screening mutants with enhanced aggregation 

resistance. One of these approaches is phage display, a high-throughput method 

successfully applied by Christ and co-workers to select aggregation-resistant 
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variants of VH fragments derived from human germlines (Dudgeon et al., 2012). 

However, 6 mutations that decrease the aggregation propensity of these antibodies 

were located at the Complementarity-Determining Regions (CDRs) which are 

indispensable for the correct function of the antibody. This fact is expected since 

CDRs are sticky antigen-recognition sites, but these mutations can harm the affinity 

and selectivity for the antigen. A feasible alternative are nanobodies, small 

antibodies derived from camelids that show better solubility profiles than human 

sdAbs, however, they are not naturally expressed in humans and can evoke 

undesired immunogenic responses after administration. Approaches aimed at 

“humanizing” such molecules based on the replacement of surface residues by 

human sequences are strongly associated with a decrease in solubility (Yang and 

Shah, 2020). For that reason, there is a notable interest in obtaining highly soluble 

version of human sdAbs. 

Rational redesign has emerged as a way to avoid the insertion of mutations that can 

jeopardize the antibody’s functionality. This approach requires knowledge about the 

structure of the target protein and the role of specific residues in its correct folding 

and function, and consists in the introduction of specific point mutations aimed to 

improve one or more of these properties. The in silico rational design of new 

antibodies with improved characteristics and tailored functionalities is emerging as 

a promising strategy to diminish the efforts and time devoted to antibody discovery 

(Sormanni et al., 2018).   

Since protein aggregation is one of the main drawbacks hampering the development 

of novel therapeutic proteins, and is associated with different human pathologies, 

substantial efforts have been addressed to develop computational tools aimed at 

forecasting the aggregation tendency of a given polypeptide. The use of such 

predictors can allow to improve the biophysical properties of protein-based drugs and 

to elucidate the molecular determinants underlying human amyloidosis (Santos et 

al., 2020). 
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Figure 5. Schematic representation of different antibody formats developed for biomedical 

purposes. The main hallmarks of each format together with their structure and approximate size (in 

kDa) are shown. It is important to note that other different formats as bispecific single-chain antibodies 

are currently available (Wang et al., 2019a), but in this figure we sought to briefly provide an overview 

of the most representative examples. Created with Biorender.com. 

2.5. Prediction of protein aggregation 

The exhaustive study of protein aggregation during the last 20 years, and the 

identification of intrinsic factors encoded in the primary sequence influencing the 

aggregation tendency of a given polypeptide, have fuelled the development of 

computational approaches aimed at deciphering the aggregation propensity of 

proteins. Among these factors, APRs containing a high hydrophobicity, a low net 

charge, and an enrichment in residues adopting β-sheet conformations have been the 

main target of such predictors (Navarro and Ventura, 2019; Santos et al., 2020). 

The development of these numerous in silico tools (to date, more than 30 algorithms 

have been released) has been essential for a better understanding of the role of this 

process in nature (e.g., proteome-wide analyses has unveiled the relation between 

protein function and aggregation) and for assisting the redesign of protein solubility 

in therapeutic proteins (Ganesan et al., 2016; Sormanni et al., 2015; van der Kant et 

al., 2017).  

In this section, we will delve into the state-of-the-art aggregation predictor toolbox, 

distinguishing programs according to the different rationale that they employ for 

their predictions and providing useful information for their use.  
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2.5.1. Sequence-based aggregation predictors 

The first generation of such computational tools are known as sequence-based 

aggregation predictors and attempt to identify linear APRs across the primary 

sequence. These predictors are potentially useful for mapping the aggregation 

tendency of: (I) IDPs lacking of a defined 3D structure, (II) nascent polypeptides 

which are not already folded and still expose their linear APRs, essential for the 

hydrophobic collapse, and (III) destabilized globular proteins than can transiently 

expose their buried APRs to the solvent.  

To date, more than 20 sequence-based predictors have been developed, weighing 

different parameters. The first subclass of predictors are the phenomenological, 

whose predictions stem from experimental data. Two notable examples of these in 

silico tools are AGGRESCAN (Conchillo-Solé et al., 2007) and Zyggregator 

(Tartaglia and Vendruscolo, 2008).  

AGGRESCAN was the first predictor based on a scale derived from in vivo 

experimental data. The AGGRESCAN scale was defined measuring the green 

fluorescence of single mutation variants of the amyloid peptide (Aβ42) fused to GFP 

in the E. coli cytoplasm, establishing a direct correlation between solubility and 

intrinsic fluorescence. This smart strategy allowed the ponderation of the 

contribution of each single mutation for the solubility of the protein, resulting in an 

experimentally derived aggregation scale. AGGRESCAN predicts the protein 

aggregation propensity by calculating the average aggregation propensity for each 

residue of the primary sequence, and APRs are defined as a stretch of five or more 

consecutive residues harbouring an aggregation propensity score higher than the 

threshold (average value of the scale). 

Zyggregator implements in its predictions the scale developed by Pawar et al., 

accounting for hydrophobicity, secondary structure tendency and net charge (Pawar 

et al., 2005). This algorithm also considers the effect of gatekeeper residues along the 

sequence, taking into account the local structural stability of the target protein 

implemented in the CamP method (Tartaglia et al., 2007a), allowing the detection of 

putative APRs in folded proteins.  

The second subclass of these predictors forecast the aggregation propensity 

according to the theoretical properties associated with protein aggregation. One 

example of these algorithms is TANGO (Fernandez-Escamilla et al., 2004), an 
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algorithm aimed at identifying APRs considering the physicochemical properties and 

energetic contributions associated with the β-sheet conformation. To do that, 

TANGO evaluates the propensity of each amino acid to form different structural 

elements such as α-helix and α-helical aggregation, β-sheet and β-sheet aggregation, 

including the impact of different environmental factors (e.g., pH, temperature and 

ionic strength) on its predictions. Other widely used theoretical predictors are 

Prediction of Amyloid Structure Aggregation 2.0 (PASTA 2.0) (Walsh et al., 

2014), FoldAmyloid (Garbuzynskiy et al., 2010) and Waltz (Maurer-Stroh et al., 

2010). Briefly, PASTA 2.0 predictions rely on the assumption that amyloid β-sheets 

correspond to pairings of parallel or antiparallel β-sheets. The estimation of β-sheet-

based intermolecular contacts relies on experimentally-resolved β-sheet structures 

coupled with a statistical energy function able to identify fibril forming segments. 

FoldAmyloid bases its predictions on the “average packing density” concept that 

assumes high packing densities and H-bonding propensity for amyloid structures; 

and Waltz exploits a position-specific scoring matrix derived from the structural 

analysis of 48 fibril-forming hexapeptides for predicting the aggregation propensity. 

Furthermore, several machine learning methods such as FISH Amyloid (Gasior 

and Kotulska, 2014), APPNN (Família et al., 2015) and NetCSSP (Kim et al., 2009) 

employ neural networks to identify sequential patterns associated with protein 

aggregation, obtaining similar or even better results than the previously commented 

algorithms.  

Finally, the last subset of sequence-based predictors takes profit of the 

aforementioned tools to create consensus predictions. These predictors minimize the 

biases of each singular algorithm, improving the robustness of the output. Two 

notable examples are MetAmyl (Emily et al., 2013) and AMYLPRED2 (Tsolis et 

al., 2013). 

2.5.2. 3D structure-based aggregation predictors 

Although sequence-based algorithms are appropriate for the prediction of protein 

aggregation during protein synthesis (before the acquisition of the 3D structure) or 

in the case of IDPs (devoid of a 3D structure), they are clearly blind to APRs placed 

in a folded conformation. APRs might play pivotal roles to promote the correct 

protein folding, stabilizing the hydrophobic core, being thus, solvent-inaccessible. 

Therefore, these buried APRs make a neglectable contribution to the aggregation 

propensity of a folded protein, even if sequence-based algorithms would consider 
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them as important hot spots of aggregation, resulting in a significant overprediction 

of aggregation relevant stretches. 

In order to overcome the limitations associated with sequence-based prediction tools, 

substantial efforts have been addressed to develop improved algorithms aimed at 

forecasting the aggregation tendency of a folded protein. These structure-based 

aggregation predictors can detect structural clusters of hydrophobic residues that 

are not contiguous in sequence, but that, when the protein folds, rearrange very close 

in space. These aggregation-prone regions formed by the clustering of sequentially 

distant residues are named Structural Aggregation Propensity Regions (STAPs), and 

sequence-based predictors are blind to them. Structure-based software are valuable 

tools for the identification of solvent-exposed STAPs in therapeutic proteins, holding 

potential for biomedical and biotechnological applications. 

In the present thesis, we will describe four structure-based aggregation predictors 

whose performance has been already experimentally validated (Table 1). 

The first predictor intended to foresee the aggregation tendency of globular proteins 

was Spatial Aggregation Propensity (SAP) (Chennamsetty et al., 2009). 

Initially, SAP was conceived for the creation of aggregation-resistant antibodies. 

SAP exploits Molecular Dynamics (MD) to simulate the structural fluctuations in 

the folded state and assigns an aggregation score (SAP score) to each amino acid, 

calculating the mean SAP value of a residue considering the side chains of residues 

located at 5 Å. The spatial contribution for each amino acid is calculated considering 

the solvent accessible area of the atoms within the sphere and the corresponding 

hydrophobicity of each residue. To do that, SAP applies the Black and Mould scale 

(Black and Mould, 1991), dismissing the contribution of solvent-buried residues, and 

mapping the SAP value onto the protein surface according to a colour code. A 

posterior version of SAP, the Developability Index (DI) algorithm (Lauer et al., 

2012), exploits the SAP pipeline to accurately forecast the aggregation tendency of 

mAbs considering both their tertiary structure and net charge. 

The SAP method has been employed for the study of APRs within the different 

subclasses of antibodies, allowing to redesign their aggregation propensity by 

rational mutagenesis. This strategy is considered the first attempt to modulate the 

aggregation propensity of antibodies using in silico tools (Chennamsetty et al., 2009). 

Furthermore, SAP has been successfully applied for: (I) the prediction and 

identification of protein binding sites in two model proteins, the epidermal growth 
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factor receptor (EGFR) and an immunoglobulin G1 (IgG1), (II) the understanding of 

the aggregation propensity of light-exposed antibodies, and (III) the modelling of the 

aggregation tendency and toxicity of Aβ42 variants (Bommana et al., 2018; 

Chennamsetty et al., 2011; Tiwari and Kepp, 2015). Although this algorithm is 

appropriate to redesign the protein solubility, its availability is restricted to a 

commercial license. 

Other experimentally-validated tool is CamSol (Sormanni et al., 2015), intended to 

forecast the aggregation propensity of folded proteins considering the contribution 

of additional physicochemical properties, relative to SAP. CamSol predictions are 

based on the Zyggregator sequence-based algorithm, aimed at predicting protein 

solubility. Although solubility and aggregation are similar concepts, they differ from 

a physical point of view, reflecting different properties of the energy landscape. While 

solubility is a thermodynamic parameter associated with the free energy difference 

between the native and the aggregated state, the aggregation propensity is 

kinetically connected to the free energy barrier between these two states. Briefly, 

the CamSol pipeline consists of two steps: First, each residue of the primary 

sequence is scored according to its hydrophobicity, charge and secondary structure 

propensity, and a correction factor is applied to the resulting profile, smoothing the 

result in a 7-residue segment context that considers the influence of sequentially 

nearby residues. Then, this solubility profile is structurally corrected, analysing the 

contribution of the initial 7-residue window and the residues located at 8 Å radius 

sphere from the central amino acid, computing the impact on protein solubility after 

an evaluation of the relative solvent exposure. Thus, the structurally-corrected 

solubility score for each amino acid is derived from the ponderation of its intrinsic 

score in the linear profile and the structural context contribution, together with the 

solvent accessibility. The structure is finally coloured according to the resulting 

profile in order to assist the user in the identification of STAPs. 

Furthermore, the CamSol method includes a semi-automated mode able to detect 

and mutate the strongest STAPs, providing the user with the predicted most soluble 

variants. However, despite CamSol avoids mutating important regions in terms of 

structure and function, it does not predict the thermodynamic effect of such 

mutations in the overall structure upon mutation, being blind to undesired 

destabilizing changes. This computational tool has been successfully applied for (I) 

the computationally-assisted redesign of aggregation-resistant anti-Aβ42 antibodies, 
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(II) the identification of genetic variants of leptin with reduced solubility, (III) the 

analysis of the relationship between aggregation propensity, stability and 

conformational flexibility of β2-microglobulin and its W60G variant, and (IV) the 

selection of mAb variants with enhanced solubility, among others (Camilloni et al., 

2016; Haglund et al., 2018; Shan et al., 2018; Sormanni et al., 2015). This predictor 

is implemented as a free webserver for academic purposes. 

Another structure-based tool derived from a sequence-based predictor is SolubiS (De 

Baets et al., 2015; Van Durme et al., 2016). The SolubiS method forecasts the 

aggregation propensity of folded proteins identifying linear APRs using TANGO, 

evaluating the impact on protein stability of each APR using FoldX, and allowing 

the insertion of solubilizing and non-destabilizing mutations (van der Kant et al., 

2019). FoldX is an empirical forcefield able to analyse the contribution of different 

energetic terms on protein stability. Briefly, these energetic terms are the solvation 

energies for polar and non-polar amino acids, the electrostatic and Van der Waals 

interactions, the hydrogen bonds, the entropic cost of fixing a side chain in a 

particular conformation, and the steric clashes between atoms in the structure 

(Schymkowitz et al., 2005). The SolubiS output consists of a two-dimensional 

“Stretch-plot” where predicted APRs are plotted as a single point accounting for the 

intrinsic aggregation propensity and the stability contributions. SolubiS assists the 

rational redesign of protein aggregation propensity above a desired stability 

threshold, excluding potential destabilizing mutations that would negatively impact 

the protein solubility. The algorithm also offers an automatic search of solubilizing 

and stability neutral mutations based on the gatekeeper strategy. 

The SolubiS method has been effective in the redesign of biotechnologically relevant 

proteins such as the human α-galactosidase, widely used for the treatment of Fabry 

disease, and the protective antigen of Bacillus anthracis (Ganesan et al., 2016). 

Moreover, this software has successfully assisted the rational redesign of 

aggregation-resistant mAbs without altering their antigen binding capacity and 

stability (van der Kant et al., 2017). However, since SolubiS is trained to identify 

linear APRs, it is absolutely blind for the identification of STAPs formed by residues 

that are scattered in the sequence. This computational tool is freely available as a 

webserver and as a plugin for the YASARA software. 

Last but not least, our group has developed AGGRESCAN 3D (A3D) (Zambrano et 

al., 2015), an experimentally-validated structure-based aggregation predictor 
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derived from AGGRESCAN. Similar to CamSol, A3D foresees the structural 

aggregation propensity of a given protein by correcting the intrinsic aggregation 

prediction for each amino acid by the solvent exposure and the structural 

environment. This structural contribution derives from the sum of the corrected 

aggregation propensity for each residue within a 10 Å radius sphere from the Cα 

carbon of the particular amino acid, although A3D allows to reduce this radius 

sphere to 5 Å. 

Using a PDB structure as an input (derived from experimental data or 

computationally modelled), the A3D pipeline starts with an energy minimization of 

the structure using the FoldX forcefield in order to remove the unfavourable 

conformations (e.g., incorrect torsion angles, steric hindrance between side chains 

and non-optimized rotamer orientations). Then, the repaired PDB is analysed by 

A3D and the aggregation score for each residue is graphically represented, implying 

positive values an aggregation-prone tendency while negative values entail a 

protective effect against aggregation. 

Similar to SAP, A3D offers a dynamic mode to calculate the impact of molecular 

fluctuations in the protein aggregation propensity using MD simulations. These MD 

simulations are performed using CABS-flex, a high-resolution coarse-grained 

molecular modelling algorithm able to reproduce the dynamic fluctuations of the 

near-native ensembles (Jamroz et al., 2013). Furthermore, an improved version of 

this predictor that arises in part from the experimental results obtained in the 

present thesis, A3D 2.0 (Kuriata et al., 2019b), incorporates protein stability 

calculations upon mutation (using the FoldX forcefield) and a “automated mutations” 

mode aimed at identifying the most solubilizing and non-destabilizing variants, 

allowing the redesign of protein solubility without impacting protein stability. This 

new released version affords to run the dynamic mode for proteins larger than 400 

residues and multichain molecules, and has been recently used by Ventura and 

colleagues in combination with AlphaFold to forecast the aggregation propensity of 

the complete human proteome (unpublished data). These improvements in A3D can 

be extremely useful for researchers not familiarized with protein design, and the 

software is freely accessible for academic and non-profit users. Interestingly enough, 

it is also implemented as a standalone version in Python, offering a suitable 

framework for merging it with other available computational tools (Kuriata et al., 

2019a). 
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As previously mentioned, the experimental validation of the ability of A3D to assist 

the redesign of protein solubility without altering protein stability is part of the 

present doctoral thesis (Chapter 2) (Gil-Garcia et al., 2018). 

Table 1. Hallmarks of experimentally-validated 3D structure-based aggregation predictors. 

 SAP CamSol SolubiS A3D 2.0 

Score derived from 

experimental data 

No Yes No Yes 

Dynamic mode Yes No No Yes 

Auto-mutation mode No Yes Yes Yes 

Assessment of impact 

on protein stability 

No No Yes Yes 

Corrected by atom 

distance 

Yes Yes No Yes 

Corrected by solvent 

exposure 

Yes Yes No Yes 

Experimentally 

validated 

Yes Yes Yes Yes 

Availability Under 

license 

Free webserver Free webserver 

or YASARA 

plugin 

Free webserver 

and standalone 

version 

 

3. Protein-based self-assembled functional nanomaterials 

Nature has evolved functional nanostructures exploiting the physicochemical 

properties of peptides and proteins. The use of proteins as building blocks to create 

structured biomaterials is conserved across the different kingdoms of life. In this 

way, viruses are assembled via protein-protein interactions, creating nanocages able 

to encapsulate the genetic material (Perlmutter and Hagan, 2015), the bacterial 

biofilm of Escherichia, Salmonella and Pseudomonas contains significant amounts 

of amyloid fibrils in order to increase its rigidity and strength, improving cell 

adhesion and host colonization (Van Gerven et al., 2018); and, in the eukaryotic cell, 

actin fibrils are essential to perform different functions such as cell polarity or 

motility (Pollard and Borisy, 2003). Moreover, the Balbiani body in oocytes, a 

compartment involved in the recruitment of different organelles (e.g., mitochondria 

and endoplasmic reticulum) during the early phases of oocyte maturation, is 

sustained by amyloid-like interactions (Boke et al., 2016; Boke and Mitchison, 2017). 

Other functional amyloids are prions, a type of self-perpetuating proteins able to 

switch between a soluble state and a transmissible amyloid conformation, being 
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involved in heritable phenotypic adaptations (Batlle et al., 2017). Despite prion 

proteins have been extensively identified in yeast, the development of a set of prion 

predictors has fuelled the discovery of functional prion-like proteins in different and 

unrelated organisms (Gil-Garcia et al., 2021) such as the ones involved in the 

flowering process in plants (Chakrabortee et al., 2016; Jung et al., 2020).  

Considering more complex organisms, the silk secreted by spiders and silkworms is 

composed of self-assembled amyloid fibrils formed through a natural spinning 

process (Römer and Scheibel, 2008). In Drosophila, an aggregated conformation of 

Orb2A protein controls the long-lasting memory (Gill et al., 2017), and inside the 

human body; (I) a network of collagen fibrils shapes the mechanical properties of 

biological tissues (Bielajew et al., 2020) and (II) an essential biological process as 

blood coagulation is promoted by the polymerization of fibrin polypeptides (Weisel 

and Litvinov, 2013). Strikingly, the secretory granules of the human endocrine 

system act as functional amyloids storing peptide hormones until their release (Maji 

et al., 2009). 

The use of protein-based self-assembled materials in nature has opened the door for 

the creation of versatile and biocompatible nanostructures with tunable properties 

and tailored functionalities. In comparison with synthetic nanostructures (e.g., 

polymeric nanoparticles and liposomes), these proteinaceous building blocks are 

easy to produce, biocompatible, biodegradable and can be tuned by simple genetic 

redesign (Jain et al., 2018). 

3.1. Amyloid-based self-assembled nanomaterials 

Amyloid fibrils have attracted increasing interest due to their promising potential 

as biomaterials for biomedical and biotechnological purposes. As previously 

commented, the amyloid architecture consists of intermolecular β-sheets oriented 

perpendicularly to the fibril axis. These amyloid fibrils possess an optimal strength, 

stiffness and toughness as a consequence of their hierarchical organisation, 

harbouring idoneous mechanical properties for their use as biomaterials. 

Furthermore, amyloids are tunable structures in which shape and size can be 

modified playing with the environmental conditions (ionic strength, temperature, 

pH) (Wei et al., 2017). Therefore, amyloid-based nanomaterials are a promising 

platform with potential applications in biomedicine, biotechnology and 

environmental sciences. 
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One of the most important applications of amyloids is their use as scaffolds for cell 

growth and proliferation. For instance, different amyloid fibrils formed by lysozyme 

or by amyloidogenic peptides obtained from the α1 chain of mouse laminin have been 

employed as biocompatible networks for promoting cell adhesion and spreading 

(Kasai et al., 2004; Reynolds et al., 2014). In addition, amyloid-based assemblies 

have been exploited to create biosensors. In an elegant application, Men et al., 

created amyloid nanowires composed of two fusion proteins consisting of Sup35 prion 

domain as the assembling unit and two unrelated functional moieties, the protein G 

for antibody binding and the enzyme methyl parathion hydrolase. Doping the 

solution with different ratios of both fusion proteins, the authors created 

multifunctional nanowires with a high ration of enzyme to protein G, displaying a 

100-fold higher sensitivity for the detection of F1 antigen from Yersinia pestis than 

classical HRP-conjugated antibody-based ELISA (Men et al., 2009). In subsequent 

studies, this group achieved the decoration of amyloid nanowires by exploiting the 

selective biotin-avidin interaction, allowing the attachment of any desired protein to 

the amyloid scaffold and skipping the production of different fusion proteins for each 

intended application (Men et al., 2010). 

Amyloid fibrils have also found remarkable applications in environmental science 

and technology, acting as cheap and environmentally friendly purifying 

nanostructures. In this way, the Eisenberg lab has developed amyloid fibrils able to 

catch CO2 from air (Li et al., 2014). 

Our group has devoted significant efforts to the creation of functional amyloid fibrils 

using two strategies that stem from the characteristic amino acid composition of 

prion domains, enriched in polar and uncharged residues and harbouring a cryptic 

amyloid propensity. 

The first strategy relies on the use of short-and-minimalist binary peptides able to 

self-assemble into β-sheet-enriched nanofibrils with electrocatalytic activities and 

without any associated-toxicity. The polar nature of these peptides results in a slow 

aggregation reaction, allowing a kinetic control of it (Díaz-Caballero et al., 2018). 

Subsequently, Díaz-Caballero et al., successfully created pH-responsive self-

assembling peptides, composed of tyrosine and histidine, that can trigger the 

formation of reversible hydrogels upon pH variations, holding hydrolytic and 

electrocatalytic activities. Interestingly, these biocompatible HY peptides exemplify 
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that the self-assembling properties and functionality of an amyloid fibril can be 

encoded by the same residues (Díaz-Caballero et al., 2021). 

The second strategy exploits the “soft amyloid core (SAC)” technology based on the 

use of cryptic amyloid sequences embedded within prion domains to drive the self-

assembly reaction into amyloid-based fibrils (Fernández et al., 2017). These SACs 

are more polar and longer than classical amyloid peptides, allowing the expression 

of a fusion protein consisting of these peptides and the desired protein as a soluble 

entity, while retaining a sufficient aggregation tendency to trigger the self-assembly 

process in vitro. This approach has been exploited for the creation of a wide variety 

of functional amyloids harbouring different activities such as fluorescence, catalysis 

and antibody capturing (Wang et al., 2019b, 2021). Moreover, modifying the length 

of the flexible linker between the SAC peptide and the appended globular domains, 

Wang et al., have successfully created amyloid oligomers capable of delivering a 

cytotoxic compound (methotrexate) to cancer cells specifically (Wang et al., 2020). 

3.2. Coiled-coil-based self-assembled structures 

Although amyloid-based nanomaterials are perhaps the most studied protein-based 

nanostructures, they have limitations, mostly derived from the associated-toxicity of 

the amyloid architecture (Díaz-Caballero et al., 2020). Certain natural functional 

amyloid-based assemblies are formed and work at physiological conditions, but this 

requires the existence of control mechanisms, developed by nature, to ensure that 

the self-assembly process is completed and the formation of toxic oligomeric species 

is avoided (Jackson and Hewitt, 2017). Artificial amyloid-based structures are not 

under this natural control, and the release of toxic oligomeric species during or after 

their polymerization cannot be discarded. 

In order to overcome these amyloid-associated drawbacks, several research groups 

have exploited the coiled-coil architecture sustained by α-helices to build up safer 

protein-based materials (Wu and Collier, 2017). 

From a biochemical point of view, coiled-coils present a characteristic structure, 

exploiting the knobs-into-holes strategy, relying in an ordered packing of the 

residues of the different helices that promotes the interdigitation of the side chains 

(Crick, 1953). Canonical coiled-coils share a particular amino acid composition, 

associated with a heptad repeat denoted as abcdefg, where a and d positions tend to 

be occupied by hydrophobic residues, and the eg positions by polar or charged amino 
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acids; although, other possible periodicities such as hendecad and pentadecad 

repeats have been described (Lupas and Bassler, 2017). 

Coiled-coils are considered an optimal architecture to create protein-based 

biomaterials since their shape and morphology can be fine-tuned by simple 

modifications of paired interactions between residues, displaying a negligible 

associated-toxicity. The easy modification of coiled-coil interfaces by protein design 

has allowed the creation of precisely defined structures such as nanofibers, 

nanoparticles, networks and hydrogels, paving the way for the build-up of 

biomaterials for biomedical and biotechnological applications such as drug delivery 

or vaccine development (Utterström et al., 2021). 

Similar to amyloid-based nanoassemblies, coiled-coil nanoparticles have been 

successfully exploited as stimulus-responsive drug delivery systems. Due to the pH 

and/or temperature sensitivity of these structures and their hydrophobic core, coiled-

coils have been used as nanocarriers to improve the circulation time in blood of a 

determined cargo molecule, allowing a selective release upon environmental 

variations. In this way, Eriksson and co-workers have demonstrated the ability of a 

coiled-coil domain to transport the chemotherapeutic drug, cisplatin, to tumoral 

cells, demonstrating elevated cytotoxic effects in comparison with free cisplatin in 

vitro (Eriksson et al., 2009). 

However, the most outstanding application of the coiled-coil architecture, in 

comparison with the amyloid one, is related to its ability to self-assemble into 

symmetric and well-defined nanocages. The versatility of this assembly has been 

pivotal to create coiled-coil based vaccines able to incorporate epitopes derived from 

diverse viruses as the severe acute respiratory syndrome virus (SARS) and the 

human immunodeficiency virus (HIV), triggering an antigen-specific humoral 

response without needing co-adjuvants (Pimentel et al., 2009; Wahome et al., 2012). 

This nanocage is assembled via pentameric and trimeric coiled-coils, displaying a 

spherical shape, an icosahedral symmetry and a diameter around 30 nm. 

Interestingly, this strategy provides a modular platform to present the desired 

antigen in an assembled conformation, increasing the valency of a virus component-

free format. 

3.3. Supramolecular architectures sustained by self-assembling 

proteins 
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The modular self-assembly of protein building blocks allows the creation of a 

plethora of different supramolecular architectures displaying different properties 

and opening an avenue for a new era of biodegradable, biocompatible and tailored 

biomaterials. Here, we will mention the main hallmarks of such structures (Figure 

6): 

Fibers: The formation of nanofibrils has been widely exploited by nature to create 

functional nanostructures. Determined proteins can self-assemble into spatially 

ordered and linear nanostructures, typically stabilized by extended supramolecular 

α-helical structures (coiled-coil nanofibrils) or β-sheet networks (amyloid fibrils), 

that share excellent mechanical properties, independently of the scaffolding 

polypeptide. Among the extensive applications of such structures, they can be 

exploited as antibody capturing entities or reusable catalysts, depending on the 

constituent active moiety (Wang and Ventura, 2020). The modular activity of these 

protein fibers stems from the ability of genetically append specific proteins to the 

assembling entity, whereas an in-depth understanding of the interactions sustaining 

these assemblies (α-helix or β-sheet) allow to fine-tune their structural properties by 

simple modification of the environmental conditions (pH, ionic strength, 

temperature…) (Shen et al., 2021). 

2D-Films or arrays: Nature uses the self-assembling properties of specific 

polypeptides to create 2D-protein arrays. The most known example is the S-layer, a 

2D-protein film frequently found in the surface of bacteria and archaea, and 

implicated in cell protection, adherence and topology (Zhu et al., 2017). Significant 

efforts have been devoted to mimicking this natural architecture, creating synthetic 

2D-films with tailored properties and functionalities (Liu et al., 2021). Several 

constructions departing from native proteins have been successfully achieved, 

however, their geometry and symmetry was strongly limited by the characteristics 

of the oligomeric state of the native polypeptide (Bai et al., 2016). To overcome this 

limitation, Di Maio and Baker labs have created de novo α-helical bundles with the 

desired geometry for obtaining customizable, one-component 2D-arrays (Chen et al., 

2019). Nevertheless, 2D-arrays formed by two or more components are more 

attractive. In this regard, the Baker lab has recently achieved an outstanding 

milestone, creating biologically active binary 2D-arrays that provide with potential 

advantages in the modulation of the assembly dynamics and in the biomaterial’s 

functionality (Ben-Sasson et al., 2021). These binary arrays can self-assemble at 
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nanomolar concentrations of each component and harbour defined activities, being 

able to assemble at the cell surface without suffering endocytic processes, and thus, 

holding a promising future in the modulation of cell responses and reshaping of 

living systems. Another biotechnologically-oriented application of 2D-protein films 

exploits their ability to specifically absorb heavy metal ions from water when 

decorated with active carbon, resulting in an eco-friendly approach to fight against 

water contamination (Bolisetty and Mezzenga, 2016).  

Protein cages: Inspired by nature, the design of protein cages formed by the self-

assembly of different subunits to create drug delivery systems has become a 

promising therapeutic strategy (Bhaskar and Lim, 2017). The concept of creating 

protein cages with specific structures and geometries has been extensively exploited 

by nature for the assembly of viruses able to protect their genome and deliver it into 

the host cell, or for the storage and transport of iron molecules by ferritin, a self-

assembled protein cage ubiquitously found in different biological systems 

(Chakraborti and Chakrabarti, 2019; Perlmutter and Hagan, 2015). These 

nanometric protein cages are built up by the establishment of intermolecular non-

covalent interactions between different protein building blocks, constraining the 

assembly to a well-defined cage with specific geometries. Advances in protein design 

are offering an increasing catalogue of protein cages created from scratch, displaying 

different geometries, symmetries and properties. These macromolecular structures 

are often sustained by α-helical polypeptides arranged via helical bundles or coiled-

coil architectures (Lapenta et al., 2018). In this way, and inspired by the DNA 

origami technology, Roman Jerala and colleagues have developed a semi-automated 

computational design strategy to assist the rational design of protein cages in any 

polyhedral shape of interest. In their pioneering work, they achieved the assembly 

of cages in vitro and in vivo with tetrahedron, four-sided pyramid, and triangular 

prism shapes without any associated toxicity (Ljubetič et al., 2017). The biomedical 

applications of such nanostructures are limitless, acting as drug delivery agents able 

to transport cargo molecules inside the cage and specifically deliver them at the 

selected destination, or as vaccines able to present different epitopes to the immune 

system in a safe way, acting as virus-like particles. A recent study developed by 

David Baker and colleagues has reported the de novo creation of protein cages able 

to assemble antibodies into well-defined architectures with controlled valency and 

geometry, enhancing the viral neutralization of SARS-CoV-2 virus and assisting the 

ex vivo T cell activation and proliferation required for Chimeric Antigenic Receptor 
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(CAR)-T cell therapies (Divine et al., 2021). Strikingly, such antibody-based 

nanocages can selectively target any desired epitope and contain cargo molecules in 

their interior, expanding the available toolbox for the a la carte creation of highly 

selective and modular drug delivery systems. 

Hydrogels: Protein hydrogels are 3D-hydrophilic networks formed by physical 

gelation or chemical crosslinking able to retain large amounts of water. These 

supramolecular structures are inherently viscoelastic, biodegradable, biologically-

friendly and share mechanical properties with most biological tissues, holding a 

great potential for tissue engineering and biomedical applications (Huerta-López 

and Alegre-Cebollada, 2021). They can be built using natural proteins isolated from 

vegetal or animal sources (e.g., collagen, elastin, silk proteins and soy) or created 

from scratch using synthetic proteins. As it occurs with the aforementioned 

assemblies, the mechanical properties of hydrogels can be tuned by mutating the 

constituent protein building blocks, offering a variety of stimuli-responsive 

structures with unique physicochemical properties. Due to their versatility, protein 

hydrogels composed of collagen or keratin have found application in cosmetology, for 

the treatment of skin problems such as wrinkles and scars (Mandal et al., 2020; 

Mitura et al., 2020). In tissue engineering, these structures can provide not only with 

a mechanical scaffold for the adhesion and proliferation of cells, but also with the 

chemical stimuli for promoting specific cell functions and behaviour (Schloss et al., 

2016), and, they can act as drug delivery agents able to specifically release cargo 

molecules upon external cues (Narayanaswamy and Torchilin, 2019). 

Protein-liquid droplets: The formation of protein coacervates or droplets via 

liquid-liquid phase separation (LLPS) has been identified as a pivotal process 

underlying the regulation of a wide variety of cellular functions (Boeynaems et al., 

2018; Shin and Brangwynne, 2017). Intense research has been devoted to identifying 

the molecular determinants behind this process, involving the mixing of proteins and 

other molecules such as nucleic acids into an oil-like phase. This protein coacervation 

is often prompted by the establishment of multivalent intermolecular interactions 

(e.g., electrostatic interactions, π-π interactions, cation-π interactions and hydrogen 

bonding) between residues mainly located at IDRs or IDPs, which can be modulated 

by modifying the pH, the temperature, the protein concentration and the ionic 

strength of the solution (Dignon et al., 2020). Thenceforth, the assembly of such 

supramolecular architectures can be modulated by environmental control, and their 
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composition easily modified by fusing different IDRs or IDPs to the protein/s of 

interest. This simple genetic design allows embedding a target protein inside a 

liquid-like structure, sustained by the interactions between the appended IDRs. 

Importantly, a detailed analysis of the molecular grammar governing this process 

has provided the stickers-and-spacers model of phase separation, deciphering the 

sequence features underpinning this reaction and opening the door for modulating 

the assembly process at the residue level (Choi et al., 2020; Martin et al., 2020). This 

has permitted to create multifunctional microcompartments sustained by natural or 

artificial IDPs where enzymatic reactions can occur at higher rates than in soluble 

conditions (Küffner et al., 2020). Moreover, the decoration of these enzymatic 

compartments with inorganic and magnetic nanoparticles enables their 

manipulation by applying external magnetic fields, representing an important 

advance toward the creation of stimuli-sensitive and biological-inorganic systems 

capable of performing multiple functions (Capasso Palmiero et al., 2020). These 

liquid-like compartments have been also exploited for the sequestration and 

functional isolation of proteins inside the cell, allowing to control endogenous cellular 

processes by annulling/programming protein functions or controlling the release of 

cargo molecules to the cytosol (Garabedian et al., 2021; Hastings and Boeynaems, 

2021; Krauss, 2021; Reinkemeier et al., 2019). 

Inclusion bodies: The use of microbial cell factories to produce recombinant 

proteins is a routine procedure for obtaining high yields of therapeutic proteins in 

the biotechnological industry (Sanchez-Garcia et al., 2016). However, this process is 

often associated with the accumulation of the desired protein as insoluble deposits, 

protein inclusion bodies (IBs), in the bacterial cytosol. These refractile and 

submicrometric intracellular particles contain significant amounts of active protein, 

providing assembled and functional particles cost-effectively and in a ready-to-use 

format (De Marco et al., 2019). Functional IBs composed of a wide variety of proteins 

allowed obtaining reusable catalysts able to perform enzymatic cascade reactions, 

drug delivery agents for the treatment of cancer, and protein-based vaccines or 

immunostimulants capable of protecting against harmful bacterial infections 

(Céspedes et al., 2020; Jäger et al., 2020; Kloss et al., 2018; Krauss et al., 2017; 

Pesarrodona et al., 2019; Roca-Pinilla et al., 2020; Schetters et al., 2020; Torrealba 

et al., 2016).  
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In the present doctoral thesis, we delve into the field of functional IBs, providing a 

review focused on the recent advances and applications of this technology (Gil-Garcia 

and Ventura, 2021a) (Chapter 1) and two research articles that describe the use of 

the coiled-coil architecture to create multifunctional IBs (Gil-Garcia et al., 2020; Gil-

Garcia and Ventura, 2021b) (Chapters 3 and 4). 

 

Figure 6. Schematic representation of the supramolecular architectures exploited to create 

functional biomaterials. A schematic illustration of different protein-based supramolecular 

assemblies is shown together with a short description of their main properties and potential 

applications. Created with Biorender.com. 
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RESEARCH OBJECTIVES 

The main objectives of the present doctoral thesis are the creation of improved 

therapeutic proteins and novel protein-based nanomaterials with potential 

application in biomedicine. Specifically, the strategy consisted in (I) the rational 

redesign of protein solubility without altering the active conformation using in silico 

tools, and (II) the creation of novel and versatile multifunctional protein-based 

nanomaterials stabilized by α-helical contacts. 

Chapter 1: Coiled-Coil Based Inclusion Bodies and Their Potential 

Applications 

The production of recombinant proteins using bacterial cells is often associated with 

the formation of insoluble protein aggregates in their cytosol. Traditionally, these 

refractile deposits, commonly known as protein inclusion bodies (IBs), have been 

considered as undesired and useless products without any significant value. 

However, several studies have corroborated that these proteinaceous elements can 

be a reservoir of functional protein, suggesting a potential application as functional 

nanomaterials. In principle, any protein, independently of its intrinsic solubility, can 

be assembled as IBs when fused to aggregation-prone sequences. These insoluble 

polypeptides, referred as IB-tags, are easily joined to the target protein, triggering 

the assembly of amyloid-based nanoparticles. Over the last years, this simple but 

effective approach has allowed the creation of functional IBs for different biomedical 

and biotechnological applications. However, this amyloid conformation is necessarily 

associated with a decreased functionality and a potential intrinsic cytotoxicity, 

compromising the biomedical application of such nanoparticles. To overcome these 

drawbacks, the use of non-amyloid scaffolds, based on the self-assembling properties 

of α-helical coiled-coils, is emerging as an alternative strategy to create highly 

functional IBs.  

In the present mini-review, we aimed at summarizing the state-of-the-art of 

functional IBs technology, delving into the potential advantages of using coiled-coils 

as IB-tags, and addressing their promising applications in biotechnology and 

biomedicine. 

 

 



36 
 

Chapter 2: Combining Structural Aggregation Propensity and Stability 

Predictions to Redesign Protein Solubility 

The production and downstream processing of therapeutic proteins often implies 

concentrations that are orders of magnitude beyond their cellular levels, resulting in 

their aggregation. This undesired and harmful reaction can occur at every step of 

protein-based drug development, jeopardizing the functionality and stability of the 

therapeutic protein, and entailing an inherent toxicity. Thus, biotechnological and 

pharmaceutical companies devote large efforts to avoid such deleterious reaction, 

usually by performing trial-and-error assays that are expensive and time-

consuming. In this regard, the use of computational tools aimed at foreseeing the 

structural aggregation propensity of a given polypeptide can provide an alternative 

to optimize the selection of candidates in a cost-effective way.  Here, we aimed to 

demonstrate that an in-house developed structural aggregation predictor, that 

considers protein stability, might allow to redesign the solubility of structurally 

unrelated proteins, without impacting their native conformation.  

Specifically, the main objectives of this chapter were: 

• To validate the structure-based aggregation predictor AGGRESCAN 3D 

(A3D) as a tool for assisting the redesign of protein solubility. 

• To redesign the solubility of a folding reporter version of the green fluorescent 

protein (fr-GFP). 

• To determine the 3D structure of this improved version of the fr-GFP and 

confirm that solubilizing mutations do not alter the native conformation. 

• To study the impact of protein thermodynamic stability in the overall protein 

solubility. 

• To include stability calculations in the prediction pipeline to ensure a correct 

interplay between solubility and thermodynamic stability. 

• To redesign the solubility of a human antibody without compromising its 

conformation and stability. 
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Chapter 3: Coiled-Coil Inspired Functional Inclusion Bodies 

The creation of functional IBs is often triggered by the fusion of aggregation-prone 

peptides or domains to the protein of interest, leading to the formation of amyloid-

like nanostructures, where the functional protein is trapped. Over the last years, a 

wide range of aggregation-prone tags, artificial peptides and natural proteins, have 

been employed to induce IBs’ formation. The majority of these tags promote the 

formation of IBs sustained by intermolecular β-sheet interactions. This fact can 

negatively impact their activity and safety, since a significant fraction of the target 

protein is misfolded and incorporated to the amyloid scaffold, and the release of 

oligomeric species can be potentially cytotoxic. In order to offer an alternative to 

these classical amyloid-based IBs, here, we attempted to create functional IBs 

exploiting the self-assembling properties of α-helical coiled-coils. 

The specific objectives of this chapter were: 

• To computationally identify an optimal protein candidate to build up α-helix-

based IBs. 

• To study the self-assembling properties of this protein. 

• To create fluorescent IBs sustained by α-helical contacts and characterize 

their conformational traits. 

• To compare the activity and biocompatibility of coiled-coil based IBs with 

those of amyloid-like IBs. 

 

 

 

 

 

 

 

 

 

 



38 
 

Chapter 4: Multifunctional Antibody-Conjugated Coiled-Coil Protein 

Nanoparticles for Selective Cell Targeting 

Monoclonal antibodies are the most lucrative protein-based drugs due to their 

application in bioimaging and therapeutics. However, their commercialization is 

often hampered by their low stability and half-life. In order to overcome these 

limitations, different strategies consisting in the covalent conjugation of antibodies 

to nanoparticles have been described. This antibody-decoration of nanosized 

particles provides two advantages: (I) The antibody is stabilized in a nanoscopic 

assembly, increasing its in vivo half-life, and (II) provides multivalency, resulting in 

an enhanced binding avidity and agonism through receptor clustering. These 

nanoparticles can be simultaneously conjugated with different antibodies, 

mimicking the function of bispecific antibodies. However, covalent conjugation steps 

can negatively impact the antibody’s functionality, since the antigen-binding sites 

can be buried upon binding. In this chapter, we aimed to generate biocompatible and 

fluorescent protein-based nanoparticles capable of binding monospecific antibodies 

non-covalently and simultaneously, for potential applications in biomedicine.  

The specific goals of this project were: 

• To create coiled-coil-based IBs displaying fluorescent and antibody-capturing 

activities. 

• To assess their conformational traits and bifunctionality. 

• To evaluate their biocompatibility in human cells. 

• To test the ability of antibody-conjugated IBs to target specific antigens in 

cells without associated toxicity. 

• To build up dual antibody-decorated nanoparticles. 

• To assess if double antibody-conjugated IBs can bring two unrelated cell types 

in close proximity. 
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The production of recombinant proteins using microbial cell factories is frequently
associated with the formation of inclusion bodies (IBs). These proteinaceous entities
can be sometimes a reservoir of stable and active protein, might display good
biocompatibility, and are produced efficiently and cost-effectively. Thus, these
submicrometric particles are increasingly exploited as functional biomaterials for
biotechnological and biomedical purposes. The fusion of aggregation-prone sequences
to the target protein is a successful strategy to sequester soluble recombinant
polypeptides into IBs. Traditionally, the use of these IB-tags results in the formation of
amyloid-like scaffolds where the protein of interest is trapped. This amyloid conformation
might compromise the protein’s activity and be potentially cytotoxic. One promising
alternative to overcome these limitations exploits the coiled-coil fold, composed of two
or more α-helices and widely used by nature to create supramolecular assemblies. In this
review, we summarize the state-of-the-art of functional IBs technology, focusing on the
coiled-coil-assembly strategy, describing its advantages and applications, delving into
future developments and necessary improvements in the field.

Keywords: functional inclusion bodies, biomaterials, tags, coiled-coil, biotechnology, biomedicine, protein
assembly

INTRODUCTION

The use of microorganisms as cell factories to produce biological products (as therapeutic proteins),
often leads to the formation of insoluble protein deposits in their cytoplasm (Villaverde and Carrió,
2003). These protein deposits, commonly known as inclusion bodies (IBs), have been considered a
significant bottleneck for obtaining high yields of well-folded and soluble protein since they were
understood as reservoirs of inactive protein (Baneyx and Mujacic, 2004).

IBs are refractile and submicron protein nanoparticles (between 50–1,000 nm) that usually
accumulate at the poles of the cell (Luo et al., 2006; Margreiter et al., 2008; García-Fruitós et al., 2009,
García-Fruitós et al., 2012; Castellanos-Mendoza et al., 2014). These proteinaceous inclusions
are mechanically stable in a wide range of temperatures and pHs, present a pseudo-spherical
shape, and are mainly composed of the target protein (De Marco et al., 2019); although
the composition and purity of the IBs significantly depends on the identity of the recombinant
protein. Moreover, a significant fraction of the protein trapped in these IBs can be well-folded
and functional, suggesting that these nanoparticles might be a source of active protein (Ventura
and Villaverde, 2006). Due to their inherent stability, they can be easily purified by simple
cell disruption methods, obtaining high yields of pure protein cost-effectively. Furthermore,
purified IBs can be stored in lyophilized form or at −80°C for extended periods (García-Fruitós
et al., 2009).
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IBs usually present an amyloid-like architecture responsible
for their excellent mechanical robustness, as corroborated by
several biophysical techniques (Carrió et al., 2005; Morell et al.,
2008; Wang et al., 2008). However, despite this amyloidogenic
character and the intrinsic toxicity of amyloid oligomeric forms
(Díaz-Caballero et al., 2020), these IBs are assumed to be non-
toxic materials, and thanks to their submicrometric size and
functional character, they have found biomedical and
biotechnological applications (Villaverde et al., 2015).

The formation of insoluble IBs can be induced by fusing
aggregation-prone peptide or protein tags to the globular
protein of interest, irrespectively of its solubility. Typically, the
tag provides the driving force for forming the intermolecular
β-sheet contacts that sustain the IBs amyloid-like nanostructure.
Different research groups have used coiled-coil domains as IB-
inducing tags (IB-tags) with significant success in the last years,
suggesting that these α-helix-based tags are a feasible alternative
to the β-sheet-based ones (Jäger et al., 2020).

In this mini-review, we illustrate recent advances in the field of
functional IBs, discussing their biotechnological and biomedical
applications, with particular emphasis on the uses of the new class
of coiled-coil IBs. We also describe the assembly of cell
component-free artificial IBs.

PROTEIN INCLUSION BODIES AS AN
UNEXPECTED SOURCE OF ACTIVE
PROTEIN
The development of recombinant DNA technologies has allowed
producing a wide diversity of proteins using heterologous
expression systems. This includes therapeutic proteins such as
replacement enzymes, hormones, or antibodies (Sanchez-Garcia
et al., 2016; Walsh, 2018).

Proteins function at concentrations at which they remain
soluble, whereas exceeding their solubility limits results in
their aggregation and inactivation, according to “the life on
the edge” hypothesis (Tartaglia et al., 2007; Vecchi et al.,
2020). Therefore, the proteins’ cellular levels are tightly
regulated, both in time and space, according to their intrinsic
solubilities (de Groot and Ventura, 2010; Castillo et al., 2011;
Sanchez de Groot et al., 2015). The production of such
polypeptides recombinantly often surpasses several orders of
magnitude these solubility limits, which together with the lack
of post-translational modifications or the deregulation of the
refolding machinery, trigger the occurrence of protein misfolding
and aggregation events inside the cell. This unavoidable
connection between intracellular protein concentration and
aggregation constitutes one of the main limitations for
producing recombinant proteins at preparative levels in the
biotechnological and pharmaceutical industry, evoking a
considerable loss of resources and time (Roberts, 2014).
Therefore, a significant effort has been devoted to
implementing strategies aimed to increase the yield of soluble
and functional protein, such as the redesign of the intrinsic
protein solubility (Gil-Garcia et al., 2018) or the fusion of
solubility tags (Costa et al., 2014), among others. These

approaches try to push the solubility of the target protein
above its natural limit. Soluble and folded protein has been
obtained from IBs by denaturing-renaturing procedures, but
the process is cost-ineffective and needs to be tailored for the
protein of interest (Singhvi et al., 2020).

Traditionally understood as undesired byproducts of protein
production processes, IBs have been ignored and avoided for
decades. Two independent studies published in the 80–90s
reported biological activity in the IBs formed by two different
enzymes (β-galactosidase and endoglucanase D) (Worrall and
Goss, 1989; Tokatlidis et al., 1991). However, they were
considered anecdotic, and only when, in 2005, two additional
studies recapitulated these data, our perception of IBs
molecular properties changed dramatically. Jevsevar and
coworkers obtained IBs of the human granulocyte-colony
stimulating factor from where the functional protein could
be easily isolated without the need for denaturing-renaturing
steps (Jevsevar et al., 2005). In parallel, García-Fruitós and
coworkers demonstrated that the IBs formed by two
fluorescent proteins (blue and green fluorescent proteins)
and two enzymes (human dihydrofolate reductase (DHFR)
and E. coli β-galactosidase) were functional (García-Fruitós
et al., 2005).

The awareness that IBs were functional particles, together
with their easy and cost-effective production and the remarkable
mechanical properties of such nanoparticles, paved the way for
creating rationally designed IBs with a wide variety of
functionalities.

THE USE OF IB-TAGS AS A SMART
STRATEGY FOR OBTAINING
COST-EFFECTIVE AND READY-TO-USE
FUNCTIONAL IBS

The formation of IBs involves the establishment of homotypic
intermolecular interactions, a process that is strongly dependent
on the microenvironment. In this way, it has been demonstrated
that different cell culture variables such as the pH of the solution
(Castellanos-Mendoza et al., 2014; Calcines-Cruz et al., 2018), the
production temperature (de Groot and Ventura, 2006; Peternel
et al., 2008; Seras-Franzoso et al., 2014), the time of induction
(Margreiter et al., 2008) or the concentration of inducer agent
(Luo et al., 2006), influence not only the kinetics of IBs formation
but also the size, stability, and activity of these nanoparticles (De
Marco et al., 2019).

Strange as it may seem, it is as challenging to produce an
aggregation-prone protein in a soluble conformation as it is to
force a soluble protein to form IBs efficiently, regardless of the
culture conditions. In this latter case, the fusion of an
aggregation-prone sequence to the target protein, commonly
known as IB-tag, may solve the problem and incorporate the
protein of interest into IBs.

In the last years, different IB-tags, consisting of small artificial
peptides or large protein domains, have been exploited to create
functional IBs (Krauss et al., 2017; Jäger et al., 2020).
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A large group of such tags corresponds to small artificial
peptides such as the β-sheet forming ELK16 or the hydrophobic
GFIL8 peptides, that have been exploited for forming catalytically
active IBs composed of oxidases, hydrolases, and oxidoreductases
(Wu et al., 2011; Wang et al., 2015).

Apart from these small IB-tags, other aggregation-tags involve
natural protein domains such as the viral capsid protein (VP1) of
the foot-and-mouth disease virus and the variant F19D of the
amyloid β-peptide (Aβ42). The VP1 domain has been exploited
for obtaining functional IBs in the yeast Pichia pastoris,
constituting an alternative for producing IBs of proteins
needing post-translational modifications (Rueda et al., 2016).
In the case of Aβ42, it has been used by our group to model
amyloid aggregation and identifying chemical modulators of this
deleterious reaction (De Groot et al., 2006; Dasari et al., 2011;
Villar-Piqué et al., 2012).

Alternative aggregation-prone domains for obtaining catalytic
IBs are the cellulose-binding domain (CBD) of different
organisms such as Clostridium cellulovorans and Cellulomonas
fimi (Nahalka and Nidetzky, 2007; Choi et al., 2011), a variant of
the maltose-binding protein (MBP), known as MalE31, from
E. coli (Arié et al., 2006) and the pyruvate oxidase (PoxB)
from Paenibacillus polymyxa (Park et al., 2012). These IB-tags
have been used to produce catalytic IBs composed of amylases,
alkaline phosphatases, and β-lactamases, among other enzymes.
Interestingly, the IBs promoted by MalE31 are located at the
periplasm of the E. coli cell, facilitating their isolation.
Furthermore, the IBs formed by PoxB present an intrinsic
enzymatic activity, allowing to obtain IBs with simultaneous
and different catalytic activities depending on the appended
enzyme.

Finally, the signal sequence of E. coli TorA (ssTorA) has been
successfully used to promote the accumulation into IBs of two
highly soluble proteins, the MBP and the thioredoxin-1 (TrxA),
usually exploited as solubility-enhancing fusion tags (Jong et al.,
2017), demonstrating the pro-aggregational potency of this IB-
tag. Moreover, a subsequent study has demonstrated that the IBs
formed by the fusion of ssTorA to ovalbumin (OVA)-derived
epitopes can act as an antigenic vaccine formulation for T cell
response (Schetters et al., 2020). Mutagenesis-screening of the
ssTorA sequence has allowed the identification of improved

versions of the tag with enhanced IB-formation properties
(Jong et al., 2019).

COILED-COIL DOMAINS AS SCAFFOLDS
FOR THE CREATION OF HIGHLY
FUNCTIONAL IBS

A significant fraction of the aforementioned IB-tags promotes the
formation of amyloid-based IBs (Cano-Garrido et al., 2013;
Carrió et al., 2005; Choi et al., 2011; Morell et al., 2008; Wu
et al., 2011) (Figure 1). In this supramolecular assembly, the
amyloid architecture acts as a mechanically stable scaffold where
the globular and functional protein is trapped (Cano-Garrido
et al., 2013). However, these amyloid assemblies present two
potential drawbacks: (I) A significant fraction of the target
protein must be unfolded and inactivated to sustain the
amyloid scaffold (Morell et al., 2008) and, (II) although IBs
are assumed to be non-toxic entities, the release of toxic
oligomeric species from the IBs cannot be entirely ruled out.

Different research groups have made use of the coiled-coil fold
as a scaffold for the design of self-assembled protein
nanostructures (Wu and Collier, 2017). The coiled-coil
structure consists of two or more α-helices twisted around
each other in a parallel or anti-parallel orientation (Figure 1).
As conjectured by Crick in the 50’s (Crick, 1953), the sidechains
of the residues from the different helices interlock along the core
of the structure with a defined periodicity (heptad, hendecad, or
pentadecad repeats), creating a distinctive packing named the
“knobs-into-holes” (Lupas and Bassler, 2017; Lupas et al., 2017).
We know now that the coiled-coil fold comprises a vast diversity
of periodicities and structures, allowing to perform a wide range
of functions in nature (Truebestein and Leonard, 2016) and
opening the avenue for the design of bioinspired
nanomaterials such as nanotubes (Xu et al., 2013), nanocages
(Ljubetič et al., 2017) and vaccines (Morris et al., 2019).

In this context, the use of the coiled-coil motif as IB-tag might
allow avoiding the caveats of β-sheet enriched IBs, since the
assembly of these α-helical structures is not expected to impact
the fold of the adjacent proteins or result in potentially toxic
species. The first coiled-coil domain used to obtain functional IBs

FIGURE 1 | Structural building blocks of amyloid based and coiled-coil based IBs. Schematic representation of cross-β-sheet (red, according to PDB: 5OQV) and
coiled-coil (blue, according to PDB: 2JEE) structures. They intend to illustrate the kind of scaffolds sustaining amyloid and coiled-coil based IBs.
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was the tetramerization domain of the cell surface protein
tetrabrachion (TDoT) of Staphylothermus marinus, a right-
handed and parallel tetramer consisting of an 11-residues
repeat, which has been extensively exploited for building up
catalytic IBs (Stetefeld et al., 2000; Diener et al., 2016; Kloss
et al., 2018a, Kloss et al., 2018b; Jäger et al., 2018, Jäger et al., 2019;
Lamm et al., 2020). Another coiled-coil domain employed to
create catalytically-active IBs was 3HAMP, derived from the
oxygen sensor protein Aer2 of Pseudomonas aeruginosa (Kloss
et al., 2018a; Jäger et al., 2019). This domain consists of a
homodimeric structure formed by two parallel monomers
harboring three successive helical regions connected by flexible
linkers (Airola et al., 2010). More recently, Garcia-Fruitós and
coworkers reported using two leucine zippers (Jun and Fos) as IB-
tags to produce fluorescent and antimicrobial IBs with
remarkable specific activity (Roca-Pinilla et al., 2020a; Roca-
Pinilla et al., 2020b). Without any doubt, these α-helical tags
can be used to form active IBs; however, except for Jun and Fos,
the biophysical properties of the IBs were not characterized in
detail, and the preservation of the native α-helical structure in the
final assembly could not be corroborated.

To provide a suitable coiled-coil tag that preserves its native
structure when embedded in IBs, our group performed a
computational analysis of the biophysical properties of
different IB-tags and selected the ZapB protein, a non-essential
factor involved in the cell division process of E. coli (Ebersbach
et al., 2008), as an optimal candidate for obtaining coiled-coil
inspired IBs. ZapB is a homodimeric and anti-parallel coiled-coil
domain able to self-assemble in vivo, and therefore, it allows the

production of α-helix-rich IBs when fused to a target protein, as
demonstrated by circular dichroism and Fourier transformed
infrared spectroscopy (Gil-Garcia et al., 2020). ZapB was fused to
two different fluorescent proteins in our study, obtaining active
and biocompatible nanoparticles displaying native-like
fluorescent spectra and devoid of any amyloid character. As
intended, these IBs were significantly more active than their
amyloid-like IBs counterparts, indicating that the amount of
inactivated target protein within ZapB-based IBs is low.

Although further biophysical studies of other coiled-coil-
based IBs are needed to ascertain the generic non-amyloid
character of these nanoparticles, the collected data suggest that
this new class of IB-tags might substitute aggregation-prone
sequences as a strategy for the production of high-quality
functional IBs.

BIOMEDICAL AND BIOTECHNOLOGICAL
APPLICATIONS OF FUNCTIONAL IBS: IS
THERE ROOM FOR IMPROVEMENT?
From a biotechnological point of view, IBs can be used as a source
of pure and active protein, since the functional target protein can
be easily isolated using mild-solubilization methods (for example,
using low concentrations of organic solvents or alkaline pH)
(Singh et al., 2015; Singhvi et al., 2020) (Figure 2). A more
industry-oriented application of functional IBs is their use as
reusable biocatalysts. Enzyme immobilization is a common
strategy for improving the stability, enantioselectivity, and

FIGURE 2 | Biotechnological and biomedical applications of functional IBs. Functional IBs can be exploited for biotechnological purposes as a source of pure and
active protein and as reusable and immobilized catalysts. Regarding their use in biomedical applications, IBs can act as targeted-nanopills, as biocompatible scaffolds for
tissue engineering, as immunostimulants to act against lethal infections or as antimicrobial agents.
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reusability of enzymes and the easy isolation of the reaction
product (Mohamad et al., 2015). In this context, catalytic IBs
fulfill the requirements of enzyme immobilization strategies,
acting as porous and highly stable enzymatic reactors that can
be separated from the reaction mixture by simple centrifugation
(Figure 2). The use of catalytically active-IBs has been
demonstrated for a wide range of different enzymes such as
oxidases, reductases, and synthases, among others (Jäger et al.,
2020), and different studies have reported striking recyclability
for catalytic IBs (Koszagova et al., 2018), together with higher
stability and activity under harsh conditions, like extreme pHs or
the presence of organic solvents, than their soluble counterparts
(Diener et al., 2016; Kloss et al., 2018a).

Apart from their biotechnological applications, IBs have been
successfully applied in biomedicine acting as functional scaffolds
in tissue engineering (García-Fruitós et al., 2010; Seras-Franzoso
et al., 2013; Tatkiewicz et al., 2013), as targeted-delivery agents
(Vázquez et al., 2012; Unzueta et al., 2018; Céspedes et al., 2019;
Pesarrodona et al., 2019), or as immunostimulants (Schetters
et al., 2020; Thwaite et al., 2018; Torrealba et al., 2016a, Torrealba
et al., 2016b).

With regard to their application in tissue engineering, it has
been demonstrated that the decoration of surfaces using IBs
provides a mechanotransduction-mediated stimulation of cell
adhesion and proliferation (via activation of the ERK pathway)
(Seras-Franzoso et al., 2012) (Figure 2). This proliferative effect
can also be achieved by the release of functional protein from IBs,
as demonstrated for fibroblast growth factor-2 (Seras-Franzoso
et al., 2014), with IB-decorated surfaces acting not only as a
material to which cells can attach but also as proactive delivery
agents. This property resembles that of the endocrine secretory
granules, which store hormones in an amyloid-like conformation
(Maji et al., 2009). Villaverde and coworkers have exploited this
IBs property for delivering proteins to tumors, arresting their
growth in mouse models of human colorectal (Céspedes et al.,
2019) and breast (Pesarrodona et al., 2019) cancer (Figure 2).
These IBs are constituted by a specific ligand for the CXCR4
receptor (overexpressed in metastatic cancer cells) and the PE24
toxin from Pseudomonas aeruginosa, or alternatively, by a specific
ligand for the CD44 receptor and two anti-tumoral proteins, p31
and Omomyc.

Another intriguing biomedical application of functional
IBs is the modulation of the immune system to fight lethal
infections. IBs composed of cytokines such as TNFα displayed
a prophylactic effect in zebrafish, protecting from infection
by the pathogen Pseudomonas aeruginosa. This strategy
overcomes the limitations associated with the low stability and
short half-life of soluble cytokines (Torrealba et al., 2016a)
(Figure 2).

Finally, the IBs technology can be exploited for the production
of protein-based nanoparticles displaying antimicrobial
activities. In this way, Roca-Pinilla et al. have been successful
in the production of IBs composed of an antimicrobial
polypeptide that combines different functional moieties, active
against diverse Gram-negative and Gram-positive bacteria,
including some multi-resistant strains (Roca-Pinilla et al.,
2020b) (Figure 2).

The higher specific activity displayed by proteins when they
are embedded in coiled-coil-based IBs allows forecasting that this
type of assemblies would turn useful for biomedical applications,
although their applicability in this context remains to be explored.
First, the largest proportion of folded and active protein in these
assemblies should permit reducing the critical concentrations for
in vivo administration and the production costs. Additionally,
lower doses would diminish undesired side effects, which,
together with the lack of significant intrinsic toxicity
demonstrated for coiled-coil based nanoparticles (Utterström
et al., 2021), would make α-helix-rich IBs safer protein
nanoparticles, mainly because they are expected to be devoid
of potentially toxic β-sheet sustained conformations. Finally,
because the native-like intermolecular interactions sustaining
coiled-coil IBs are expected to be less robust than the strong
amyloid-like contacts that glue β-sheet IBs (Carrió et al., 2005),
these nanoparticles could display a higher release-efficiency upon
their administration. However, an excessive release might be a
drawback for their use as biocatalytic nanoparticles since it can
negatively impact the product’s purity and limit their
recyclability.

CONCLUSIONS AND PERSPECTIVES

Initially considered waste products, IBs have opened as bio-nano-
technologically relevant tools for a plethora of applications. The
use of aggregation-inducing tags has allowed obtaining the
desired target protein in an assembled state, independently of
the protein identity, structure, or aggregation propensity.

In the last years, different strategies such as the use of
lipopolysaccharide (LPS)-free bacterial strains have been
implemented to create safe IBs devoid of bacterial toxic or
immunocompromising components (Rueda et al., 2014; Gifre-
Renom et al., 2018; Carratalá et al., 2021). An alternative to solve
this problem is creating artificial IBs (ArtIBs) by assembling
purified and initially soluble protein as IBs employing cell-free
methods, such as the coordination of His-tags to divalent cations
(Sánchez et al., 2020; Serna et al., 2020).

Considering the advantages of coiled-coil based-IBs and
ArtIBs, we envision a promising avenue for the generation of
a new class of functional IBs by mixing these two concepts since it
has been demonstrated that the assembly of different coiled-coil
proteins is dependent on the presence of divalent cations (Cristie-
David and Marsh, 2019). In this way, a next generation of
functional IBs can be potentially generated by creating ArtIBs
assembled via coiled-coil interactions. On the one hand, the
relatively high surface contact in this motif should render
these nanoparticles highly stable, whereas the dependence on
cations presence to keep their assembled state would allow tight
and reversible control of their nanostructure.

All in all, the use of IBs as active nanoparticles is an emerging
field that will continue cost-effectively providing new and unique
applications, without the need for complex and harsh chemical
reactions to assemble their active components; this
environmentally friendly character is yet another advantage of
this simple but effective technology.
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ABSTRACT: The aggregation propensity of each particular
protein seems to be shaped by evolution according to its natural
abundance in the cell. The production and downstream processing
of recombinant polypeptides implies attaining concentrations that
are orders of magnitude above their natural levels, often resulting
in their aggregation; a phenomenon that precludes the marketing
of many globular proteins for biomedical or biotechnological
applications. Therefore, there is a huge interest in methods aimed
to increase the proteins solubility above their natural limits. Here,
we demonstrate that an updated version of our AGGRESCAN 3D
structural aggregation predictor, that now takes into account
protein stability, allows for designing mutations at specific
positions in the structure that improve the solubility of proteins without compromising their conformation. Using this
approach, we have designed a highly soluble variant of the green fluorescent protein and a human single-domain VH antibody
displaying significantly reduced aggregation propensity. Overall, our data indicate that the solubility of unrelated proteins can be
easily tuned by in silico-designed nondestabilizing amino acid changes at their surfaces.

KEYWORDS: protein aggregation, protein stability, protein structure, green fluorescent protein, Aβ peptide, single-domain antibodies

■ INTRODUCTION

Proteins are molecules involved in a wide range of molecular
functions. To perform their functions, globular proteins have to
acquire a defined 3D structure, skipping misfolding and side
aggregation reactions.1 Protein aggregation involves the
establishment of intermolecular interactions, and therefore, it
is exquisitely sensitive to the protein concentration.2 Indeed, it
appears that the aggregation propensities of natural proteins
correlate with their abundance in the cell.3 This suggests that
proteins have been shaped to remain soluble at those
concentrations required to sustain function under physiological
conditions, according to the “living on the edge” hypothesis.4

Thus, many proteins might be only marginally soluble above
their natural levels.5

Despite their evident economic interest, there are challenging
barriers in the production and manufacturing of therapeutic
protein-based drugs that preclude the arrival of many of these
molecules to the market.6 Among the various degradation
reactions that a protein might experience during its biotechno-
logical production, aggregation is themost common.7 This is not
surprising, since therapeutic applications require protein

concentrations that are several orders of magnitude beyond
the cellular levels. Aggregation can occur at every phase of
protein-based drug development, from recombinant expression
to packaging and storage of the final product and admin-
istration.8 Aggregation leads to a decrease in protein activity and
might elicit an immunological response, having also regulatory
implications.9 Thus, pharmaceutical and biotechnological
industries spend large efforts to prevent the eventual aggregation
of their protein products,10 in many cases using trial and error
assays with different buffers, salts, or additives to increase
solubility. These approaches are costly and time-consuming, and
the adequate conditions for increased solubility may never be
found.
In principle, one can modify the amino acid sequence of a

globular protein in order to increase its solubility. However, this
is not a straightforward task, mainly because the physicochem-
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ical properties that allow a globular protein to fold into a stable
structure overlap with those triggering aggregation.11 Indeed,
the most aggregation-prone regions in a globular protein are
usually found at the hydrophobic core, whose correct packing is
a crucial determinant of native structures.12 This makes it
difficult to decrease a protein’s aggregation propensity without
impacting at the same time its stability and conformation.11,13

On the one hand, mutations that decrease the thermodynamic
and/or kinetic stability of a globular protein often facilitate
aggregation, favoring the population of partially folded states,
which expose the solvent hydrophobic regions that are otherwise
protected in the native folded conformation.11,13,14 On the other
hand, proteins can also aggregate from the native or native-like
conformations without the need of extensive destabilization and
unfolding;15,16 this is especially true when these polypeptides are
very concentrated, as it occurs in most protein biopharmaceutics
formulations.10 In these cases, the key to redesign the protein
solubility consists in identifying specific positions in protein
structures for which mutations that uncouple aggregation from
thermodynamic stability can be introduced. Novel algorithms
able to analyze the aggregation propensity of folded protein
structures constitute privileged tools to identify such potential
amino acid substitutions in a cost- and time-effective
manner.9,17−19

In general, mutations at the protein surface are better
tolerated than the residue changes in the protein interior20

and, accordingly, surface residues evolve faster than core ones.21

Surface mutations are more frequent because of their weaker
destabilizing effects.22 In addition, in folded globular proteins,
the solubility is strongly influenced by the identity of surface
residues.23 Thus, the identification of point mutations that
decrease surface aggregation propensity without destabilizing
the overall protein structure appears as a promising avenue to
optimize protein solubility. We have recently developed
AGGRESCAN 3D (A3D), a structure-based aggregation
prediction tool that seems optimal to implement such an
approach, since it already predicts the aggregation properties of
globular protein surfaces.18 Here, we coupled these predictions
with calculations of protein stability changes upon mutation by
incorporating stability predictions using the FoldX empirical
force field24 in the A3D pipeline. The value of this combined
prediction scheme is experimentally demonstrated by redesign-
ing the solubility of two unrelated protein folds of biotechno-
logical interest.

■ EXPERIMENTAL SECTION
In Silico Analysis. A3D predictions and virtual mutations

were made with the algorithm default parameters: static mode
and a distance of aggregation analysis of 10 Å. The “Total Score”
value results from the sum of the A3D scores of all individual
residues. The “Average Score” results from normalizing the
“Total Score” relative to the number of total amino acids in the
protein.25 For both scores, the more negative the value, the
higher the solubility. We used as inputs the folding reporter
green fluorescent protein (GFP) (fr-GFP) X-ray structure
(PDB: 2B3Q) and a 3D model generated with SwissModel26

(based on PDB: 5I19) in the case of the DP47 antibody. The
impact of mutations on the protein stability was initially
analyzed using the FoldX force field.24 Protein structures and
their surfaces were represented with Pymol (DeLano Scientific,
LLC). The prediction of protein stability was implemented in
the A3D web server,18 and it is automatically invoked when the
user introduces mutation(s). A3D calculates the stability for the

input and mutated structure (using FoldX24) and reports the
energy difference between the input and mutated protein in
kcal/mol. Therefore, negative and positive values indicate
stabilization and destabilization, respectively, with respect to the
input structure. The report appears under the ’Project Details”
tab of the A3D web server18 (see example output in Figure S9).

Protein Engineering, Expression, and Purification. fr-
GFP27 and Aβ42-GFP28 were cloned in pET21a and pET28a
vectors (Addgene, USA), respectively. Mutations were intro-
duced using the Quickchange mutagenesis kit (Stratagene,
USA). E. coli BL21 (DE3) competent cells were transformed
with the correspondent plasmids.
The DP47 VH antibody29 was cloned in pET12a (Novagen,

USA), mutagenesis was performed as above, and E. coli BL21-
Gold competent cells (Stratagene, USA) were transformed with
correspondent plasmids.
For the production of fr-GFP and Aβ42-GFP and their

variants, transformed E. coli BL21 (DE3) cells were grown
aerobically in LB medium supplemented with 50 μg/mL of
kanamycin and 100 μg/mL of ampicillin, respectively. Protein
expression was induced with 1 mM IPTG, and cells were grown
at 25 °C for 12 h. For protein purification, cells expressing fr-
GFP, GFP/KKK, and GFP/DDD were harvested by centrifu-
gation (13 000 rpm for 15min). After cell lysis by sonication and
fractionation, the soluble fraction was collected and injected in a
Histrap FF 5mL column (GEHealthcare, USA) using an ÄKTA
(GE Healthcare, USA). The proteins were repurified by size-
exclusion chromatography in a HiLoad 26/600 Superdex 75 pg
column (GE Healthcare, USA), and native buffer (50 mM Tris,
100mMNaCl pH 8.4) was used as a mobile phase. The purity of
the proteins was checked by 15% SDS-PAGE.
Antibody fragments were expressed using a periplasmic

expression system in E. coli BL21-Gold at 30 °C in 2XTY
medium supplemented with 100 μg/mL of ampicillin and
tetracycline. Protein expression was induced with 1 mM IPTG
for 48 h at 30 °C. Filtered supernatant was added to the protein
A resin column (GE Healthcare, USA). The proteins were
eluted with PBS pH 3.2 and neutralized with PBS pH 9.0 to a pH
of 7.4. The purity of the proteins was checked by 18% SDS-
PAGE.

GFP Fluorescence. Excitation and emission spectra of fr-
GFP, GFP/KKK, and GFP/DDD were analyzed in a Jasco FP-
8200 fluorescence spectrofluorometer (Jasco Corporation,
Japan) using 0.5 mg/mL of protein in the native buffer at pH
8. Three spectra were accumulated at 25 °C, with slit widths of 5
nm, a 0.5 nm interval, and a 1000 nm/min scan rate. Emission
spectra were obtained recording the emission between 500 and
600 nm. Excitation spectra were obtained by exciting in a 450−
600 nm range. Fluorescence of fr-GFP and GFP/KKK purified
proteins was recorded using the excitation and emission
wavelengths of 485 and 515 nm, respectively.
For thermal denaturation, GFP fluorescence was recorded in a

range of 25−90 °C with an increasing heat rate of 1 °C/min, slit
widths of 5 nm, a 0.5 nm interval, and a 1000 nm/min scan rate.
Proteins at 10 μM were excited at 485 nm, and emission was
recorded at 515 nm each 0.5 °C.
For chemical denaturation, fr-GFP, GFP/KKK, and GFP/

DDD proteins were mixed with increasing concentrations of
guanidinium hydrochloride, from 0 to 6 M, keeping a constant
protein concentration of 10 μM. Samples were left to stand for
48 h at 25 °C in order to equilibrate. Then, fluorescence was
analyzed by exciting at 485 nm and recording the emission in a
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500−600 nm range, with a bandwidth of 1 nm. Experiments
were performed in duplicate.
For refolding kinetics, protein samples at 0.5 mg/mL in the

native buffer pH 8 were unfolded at 95 °C for 5 min and allowed
to refold at 25 °C for 30 min. The recovery of GFP fluorescence
was monitored by exciting at 485 nm and recording the emission
fluorescence at 515 nm every 5 s during 30 min.
For analyzing the dependence of the fluorescence emission on

the pH, fr-GFP, GFP/KKK, and GFP/DDD proteins were
diluted in different buffers ranging from pH 2 to 13, at a final
protein concentration of 10 μM, and incubated for 2 h.
Experiments were performed in duplicate.
In Vivo GFP Fluorescence. Induced E. coli cells expressing

the Aβ42-GFP variants were harvested by centrifugation,
washed with phosphate-buffered saline (PBS buffer pH 7.0),
and adjusted to an OD of 0.2. GFP fluorescence of intact cells
was measured on a Jasco FP-8200 fluorescence spectrofluor-
ometer (Jasco Corporation, Japan), with slit widths of 5 nm, a
0.5 nm interval, and 1000 nm/min scan rate, by exciting the
sample at 485 nm and recording the average of the three
accumulated emission spectra from 500 to 600 nm. Experiments
were performed in triplicate.
Fluorescence Microscopy. Induced Aβ42-GFP variant

cultures were centrifuged and washed in PBS buffer, and 10 μL
of cells was deposited on top of microscopy glass slides. Images
were obtained in a Leica fluorescence microscope (Leica
Microsystems, Germany) under UV light with a filter for GFP
excitation (450−500 nm) and an emission filter (515−560 nm).
Immunoblotting. Ten microliters of fractioned cell extracts

of Aβ42-GFP was loaded on a 15% SDS-PAGE gel containing
0.1% SDS. Proteins were transferred to a polyvinilidene
difluoride membrane (PVDF) (MerckMillipore, Germany)
with a Mini Trans-Blot Cell (Bio-Rad, USA) using the transfer
buffer (0.5 M Tris, 0.04 M glycine, 0.04% SDS, 20% methanol)
at 100 V for 1 h. Membranes were blocked in the blocking
solution (0.05 M Tris-HCl, pH 7.6, 0.15 NaCl, 0.1% Tween 20,
5%milk) and incubated with 1:1000 anti-GFP antibody (Roche,
Switzerland). The blot was then incubated with 1:2000 dilution
of goat anti-mouse IgG conjugated with peroxidase for 1 h at
room temperature. Detection was carried out using an enhanced
chemiluminescence (ECL) SuperSignal kit (Pierce Protein
Biology, USA).
Flow Cytometry Analysis. Flow cytometry was performed

using a BD FACSCanto flow cytometer (BD Biosciences,USA)
software equipped with 488 and 635 nm lasers. Cells were first
gated (P1) for forward scatter (FSC) and side scatter (SCC),
both set on logarithmic amplification. A threshold was adjusted
on FSC to reduce electronic background noise. Cells in P1 were
then regated (P2) for the FITC-channel to acquire GFP
emission with a 530/30 nm band-pass filter. A total of 20 000
events were acquired. Noninduced cells were used as GFP signal
controls. Data were collected with the FACSDiva Software (BD
Biosciences, USA), and data analysis was performed with the
FlowJo software. Experiments were performed in triplicate.
Protein Crystallization and X-ray Structure Determi-

nation. GFP/KKK was crystallized on MRC2 commercial
crystallization plates at 18 °C, using the sitting drop vapor
diffusion method; mixing 300 nL of protein (22.5 mg/mL) with
300 nL of precipitant (0.1 M MMT buffer, 25% PEG 1500, pH
4.0) (PACT permier HT-96, Molecular Dimensions), which
was allowed to equilibrate against a well containing 50 μL of
precipitant. Single crystals appeared after 2 weeks. Crystals were

cryo-protected in a reservoir buffer containing 10% glycerol and
flash-frozen in liquid nitrogen prior to diffraction analysis.
Diffraction data were collected from cryo-cooled crystals (100

K) on ALBA synchrotron (BL13-XALOCbeamline), Barcelona,
Spain.30

Data were integrated and merged using XDS31 and scaled,
reduced, and further analyzed using CCP4.32 The structure of
GFP/KKK was determined from the X-ray data by molecular
replacement using the wtGFP crystal structure (PDB: 1GFL) as
a starting model with phaser.phenix. Refinements and model
rebuilding of the GFP/KKK crystal structure were performed
using PHENIX33 and Coot.34 All structure figures were
generated using PyMOL (DeLano Scientific, LLC). The data-
collection and refinement statistics are summarized in the Table
S1. The atomic coordinates and structure factors for the GFP/
KKK structure have been deposited in the Protein Data Bank
(PDB entry 6FWW).

Circular Dichroism Spectroscopy. Thermal denaturation
experiments were performed using a JASCO J-715 spectropo-
larimeter (Jasco Corporation, Japan) equipped with a Peltier
system for temperature control. The protein concentration was
10 μM in PBS pH 7.4. The CD signal at 202 nm was recorded
from 25 to 90 °C, with a heating rate of 1 °C/min. Far-UV
spectra were recorded before and after heating. Five
accumulations were averaged for each sample.

Light Scattering. Aggregation kinetics of GFP and DP47
variants were followed on a Jasco FP-8200 fluorescence
spectrofluorometer (Jasco Corporation, Japan) by exciting at
330 nm and recording the orthogonal light scattering signal in a
320−340 nm range, with slit widths of 5 nm, a 0.5 nm interval,
and 1000 nm/min scan rate.
For temperature induced aggregation, 0.5 mg/mL of GFP and

GFP/KKK in the native buffer, pH 8, were incubated at 80 °C.
Measurements were made every 10 min during the 70 min.
For chemical induced aggregation, 0.5 mg/mL of GFP and

GFP/KKKwere incubated in the presence of 40%TFE at 25 °C.
The signal was acquired every 10 min for a total of 90 min in the
same conditions as above.
DP47 and DP47/KKK aggregation kinetics were analyzed at

37 °C with an agitation of 300 rpm for 72 h. The protein
concentration was 10 μM in PBS at pH 7.4.

Intrinsic Tryptophan Fluorescence. Tryptophan intrinsic
fluorescence of DP47 and DP47/KKK was analyzed at 25 °C in
a Jasco FP8200 spectrofluorometer (Jasco Corporation, Japan).
Three averaged spectra were accumulated by using an excitation
wavelength of 280 nm and recording the emission from 300 to
400 nm, with slit widths of 5 nm, a 0.5 nm interval, and 1000
nm/min scan rate.

Electrophoretic Mobility Assay. The EMSA reaction with
(FITC)-labeled 50b random ssDNA was prepared with a
constant DNA concentration of 0.2 μM, and various
concentrations of purified protein in the binding buffer (10
mM HEPES−KOH pH 7.5, 2 mM 2-ME). After a 30 min
incubation at 30 °C and the addition of 10% (v/v) glycerol, free
DNA and DNA−protein mixtures were resolved by electro-
phoresis for 90min at 10 V on 0.5% (w/v) TAE-agarose gels at 4
°C. Gels with FITC-labeled short ssDNA were detected directly
on a Versadoc system (BioRad) with excitation at 488 nm.

Size-Exclusion Chromatography. The protein solutions
of fr-GFP and GFP/KKK (500 μL) at 10 μM in the native buffer
pH 8.0 were loaded onto a Superdex 75 10/300 GL (GE
Healthcare, USA) column coupled to an ÄKTA-fast protein
liquid chromatography device (GE Healthcare, USA), pre-
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viously equilibrated with the native buffer pH 8. Protein elution
was monitored by following absorbance at 280 nm.
Differential Scanning Calorimetry (DSC). Samples were

dialyzed in 20 mM phosphate buffer, 100 mM NaCl pH 7.95.
Sample concentrations were adjusted to 15 μM. Experiments
were carried out on a VP-DSC capillary-cell microcalorimeter
from MicroCal (Malvern Panalytical Ltd., UK) at a scan rate of
120 °C/h from 5 to 105 °C. Calorimetric cells (operating
volume 0.134 mL) were kept under pressure (60 psi) to prevent
sample degassing. Several buffer−buffer baselines were obtained
before each protein run to ascertain proper equilibration of the
instrument. Reheating showed that the unfolding process was
irreversible.

■ RESULTS
A3D Description. The A3D algorithm uses the protein 3D

structure as an input, which is subsequently energetically
minimized using the FoldX force field.24 Then, an aggregation
propensity score is calculated for all the spheres with a 10 Å
radius in the protein structure. The variables that contribute to
the A3D score are (i) the experimentally derived individual
amino acid aggregation propensities,35 (ii) the surface area
exposure of the amino acids in the sphere, and (iii) the effective
distance between adjacent residues and the central amino acid in
the sphere. Therefore, the A3D score is structurally corrected
and, in contrast to sequence-based aggregation predictors,
provides information on the structural aggregation propensity
(STAP) of globular proteins in their functional folded states.18

Rational Design of an Aggregation-Resistant GFP.We
initiated our redesign exercise trying to generate a more soluble
variant of an already folding-optimized GFP version: the fr-
GFP,27 a folding-enhanced GFP containing the “cycle-3”
mutations36 and the “enhanced GFP” (EGFP) mutations37

(Figure 1A,B). The cycle-3 mutations F99S, M153T, and
V163A reduced the hydrophobicity of the protein, rendering it
significantly more resistant to aggregation than the wild-type
GFP,38 whereas the EGFP mutations F64L and S65T modified
the chromophore for the simple absorption spectrum and strong
fluorescence.39 fr-GFP was the variant on top of which the
superfolder-GFP was evolved upon four rounds of DNA
shuffling and paneling.40

The structure of fr-GFP (PDB: 2B3Q) was analyzed using the
A3D algorithm. Only three aggregation-prone residues were
identified in the fr-GFP A3D profile: V11, Y39, and L221
(Figure 1C). In order to obtain amore soluble version of fr-GFP,
we exploited the so-called aggregation gatekeeper residues. They
correspond to either charged amino acids (Asp, Glu, Arg, or
Lys) or Pro, all shown to contribute to modulate the aggregation
properties of natural proteins.3,41,42 The three fr-GFP
aggregation-prone residues were virtually and individually
mutated by gatekeepers and the theoretical most soluble
variants selected according to their average and A3D total
scores. Mutations to Asp or Lys were top ranked. Accordingly,
variants containing one, two, or three aggregation-prone
residues mutated either to Asp or to Lys were analyzed with
A3D. Predictions indicated that the successive introduction of
charged residues at the fr-GFP surface would potentially
abrogate the presence of aggregation-prone exposed patches
and accordingly decrease the STAP of the redesigned proteins
(Table 1 and Figure 2).
Even when a particular residue substitution at the protein

surface is predicted to increase the protein solubility, this
positive effect might be canceled in case the mutation impacts

the thermodynamic stability, since it would facilitate protein
fluctuations and the exposure of aggregation-prone regions
previously protected in the structure.43 This might render the
mutant variant even more aggregation-prone than the original
protein. We calculated the impact of the designed mutations on
the fr-GFP stability using the FoldX force field.24 FoldX is
among the most popular stability predictors and was already
implemented in the original version of A3D to minimize the
input PDB files. Despite this, computational predictions of
stability changes upon mutation are still far from being perfect,
FoldX has been described as an accurate stability predictor44

with a low prediction bias.45 Moreover, FoldX has already been
used to explore the connection between the protein stability and
aggregation.3,46 Mutations to Asp were predicted to be
destabilizing (ΔΔG > 1 kcal/mol), whereas mutations to Lys
were predicted to be neutral (0.5 >ΔΔG >−0.5 kcal/mol). This

Figure 1. Sequence, structure, and aggregation profile of GFP. (A)
Amino acid sequence of fr-GFP. Residues shared with cycle-3 and
EGFP variants are indicated in green and blue, respectively. (B) 3D
structure of fr-GFP (PDB: 2B3Q). C) Aggregation profile of fr-GFP
according to A3D. In (A) and (B), the predicted aggregation-prone
residues are indicated in red, in (C), they are circled.

Table 1. A3D and FoldX Analysis of fr-GFP and Its Variantsa

GFP mutations name
average
score total score

ΔΔG
(kcal/mol)

fr-GFP −1.026 −231.814
V11K GFP/K −1.078 −243.631 −0.065
V11K/L221K GFP/KK −1.102 −248.993 −0.026
V11K/Y39K/L221K GFP/

KKK
−1.132 −255.922 0.017

V11D GFP/D −1.09 −246.239 1.08
V11D/L221D GFP/DD −1.107 −250.147 2.555
V11D/Y39D/L221D GFP/

DDD
−1.140 −257.73 3.545

aMore negative average and total A3D scores indicate higher
solubility. Negative and positive ΔΔG values correspond to over-
and de-stabilizing mutations, respectively.
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provided us a unique opportunity to evaluate the interplay
between the predicted STAP and stability in determining the fr-
GFP solubility and, more generally, on the eventual benefit of
incorporating stability predictions in our A3D pipeline.
Designed Lysine Mutations Increase Aβ42-GFP Sol-

ubility upon Overexpression. The already optimized folding
and solubility properties of fr-GFP27 make the selection of a
more robust variant a challenging exercise.We reasoned that this
can be achieved by fusing the above six designedmutants with an
N-terminal aggregation-prone bait that would favor the
aggregation of the fusion protein. To this aim, we used a fusion
of the amyloidogenic Aβ Alzheimer’s peptide (Aβ42) with fr-
GFP (Aβ42-GFP) or its variants. We have used this kind of
fusion extensively to analyze the impact of Aβ42 mutations on
aggregation-propensity,28 toxicity,47 or cellular aging,48 by
mutating specific residues in the Aβ42 moiety, while leaving
intact the GFP domain. Independently of the Aβ42 mutation,
Aβ42-GFP was shown to accumulate always in the insoluble
fraction as inclusion bodies.28 However, the presence of active
GFP in such aggregates differed significantly, displaying a high
correlation with the intrinsic aggregation propensity of the Aβ42
mutants.49 This is due to the existence of an in vivo kinetic
competition between the attainment of the GFP functional
structure and the aggregation of the fusion protein, directed by
the Aβmoiety;50 highly aggregation-prone Aβ variants resulting
in low fluorescence and the other way around.

In this work, we proceeded in the opposite way, testing if
mutations in the GFP domain can somehow counteract the high
aggregation-propensity of wild-type Aβ42. In this system, it is
expected that the more soluble fr-GFP variants would result in
higher levels of active GFP upon intracellular overexpression, by
decreasing the overall aggregation rate of the protein fusion.
Therefore, we measured the GFP fluorescence of intact cells
overexpressing Aβ42 fused to fr-GFP (Aβ42-GFP) as well as to
our six fr-GFP variants using spectrofluorimetry. As shown in
Figure 3A, a single Lys mutation at position 11 (Aβ42-GFP/K)
did not suffice to significantly increase GFP emission, relative to
cells expressing the original fusion, despite it being predicted to

Figure 2. A3D structural predictions for fr-GFP and its variants. 3D
structures of fr-GFP and its mutational variant structures. The protein
surface is colored according to the A3D score in a gradient from blue
(high-predicted solubility) to white (negligible impact on protein
aggregation) to red (high-predicted aggregation propensity).

Figure 3. GFP fluorescence of intact cells expressing Aβ42-GFP
variants. (A) Quantification of the fluorescence emission of different
lysine variants in E. coli cells measured by fluorescence spectroscopy.
(B) Quantification of the fluorescence emission of different aspartic
acid variants in E. coli cells measured by fluorescence spectroscopy. (C)
Histogram of Aβ42-GFP variants showing the average value of
fluorescence intensity as detected by FC. All experiments correspond
to triplicates, and the statistical values were obtained using an unpaired
student t-test. Statistically significant values as compared with Aβ42-
GFP are indicated as p-value <0.001 (***). Error bars correspond to
SEM.
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be the individual Lysmutation with the largest impact on protein
solubility. However, the introduction of two and three Lys point
mutations in fr-GFP (Aβ42-GFP/KK and Aβ42-GFP/KKK)
promoted a significant increase in the fluorescence emitted by
the respective cells (Figure 3A). The need for several
simultaneous mutations to attain a significant solubilizing effect
has been evidenced in different computer-assisted protein
solubility redesign exercises.3,17,42,51 Cells expressing Aβ42-
GFP/KKK were 3-fold more fluorescent than those expressing
Aβ42-GFP. We also assayed the GFP fluorescence of the
different cell populations using flow cytometry (FC) (Figure
3C). The ability of FC to analyze a large number of cells (20.000
cells/sample) averages the experimental variability and provides
more quantitative results.47 The analysis showed that,
independently of the considered variant, a large majority of
the cells were somehow fluorescent, indicating that they were
expressing the correspondent protein fusions (data not shown).
The mean fluorescence values obtained for the different variants
were in excellent agreement with those obtained by spectro-
fluorimetry, confirming that cells expressing Aβ42-GFP/KKK
were three times more fluorescent than the ones expressing the
original fusion.
The distribution of the recombinant protein fusions between

the soluble and insoluble cellular fractions was analyzed by
Western blotting (Figure 4A). As previously reported,48,49 all
Aβ42-GFP resided in the insoluble fraction, as was the case for
Aβ42-GFP/K. In contrast, despite a majority of Aβ42-GFP/KK
and Aβ42-GFP/KKK fusions still being located in the insoluble
fraction, increasing amounts of soluble protein were detected for
these two variants. It is worth emphasizing here that, in our
previous studies, we only observed the Aβ42-GFP fusion in the

soluble fraction when at least two highly disruptive mutations
were introduced in the Aβ42 moiety.47

Finally, we used fluorescence microscopy to identify the
cellular location of the detected GFP emission in E. coli cells. As
expected, the cells become more fluorescent as the number of
Lys in fr-GFP increases (Figure 4B). In good agreement with
fractionation analysis, the fluorescence was confined mainly in
inclusion bodies at the poles of the cells. The high fluorescence
of Aβ42-GFP/KKK inclusions indicates that the higher
solubility of this fr-GFP variant competes with the aggregation
of the Aβ42 peptide, allowing for a higher amount of
fluorophore formation before the intracellular aggregation
occurs.
Interestingly enough, despite A3D STAP predictions for Asp

variants being, overall, equivalent to those obtained for the Lys
counterparts (Table 1 and Figure 2), both spectrofluorimetry
and FC data indicated that bacterial cells expressing Aβ42-GFP/
D, Aβ42-GFP/DD, and Aβ42-GFP/DDD fusion proteins
displayed fluorescence intensities equivalent to that of non-
induced cultures and thus, significantly lower than that of the
induced Aβ42-GFP (Figure 3B,C), even if they were expressed
at similar levels to that of the original fusion (Figure S1). This
highlighted the important role played by protein stability on
effective protein solubility and advised us on the convenience of
incorporating stability in our A3D prediction scheme.

GFP/KKK Is Folded and Stable. Once in cell analysis
suggested GFP/KKK being the more soluble among the
generated variants, we wanted to asses first that, once purified,
it was well-folded and stable. To this aim, the mutant GFP
domain alone was His-tagged, recombinantly produced, and
purified using affinity and size exclusion chromatography. The

Figure 4. Cellular distribution of Aβ42-GFP fusions. (A) Western blot of Aβ42-GFP in the total (T), soluble (S), and insoluble (I) fractions of E. coli
cells. (B) Visualization of GFP fluorescence in intact E. coli cells expressing Aβ42-GFP (top, left), Aβ42-GFP/K (top, right), Aβ42-GFP/KK (bottom,
left), and Aβ42-GFP/KKK (bottom, right).
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same procedure was used for the original fr-GFP protein. We
also produced and purified GFP/DDD in order to assess if, as
predicted by FoldX, this variant was destabilized relative to both
GFP/KKK and fr-GFP. Both GFP/DDD and Aβ42-GFP/DDD
exhibited anomalous electrophoretic mobility (Figures S1 and
S2), a property already described for other proteins in which
mutations to acidic residues have been introduced.52

The fluorescence emission spectra of fr-GFP, GFP/KKK, and
GFP/DDDwere superimposable (Figure 5A). The fluorescence
excitation of GFP/KKK and GFP/DDD were slightly blue-
shifted relative to fr-GFP, an effect that was also observed for
superfolder-GFP.40 At pH 8.0, the emission fluorescence
intensities of GFP/KKK and GFP/DDD at 515 nm were 91
and 87% of that exhibited by fr-GFP, respectively.
In order to confirm that the introduced mutations did not

significantly impact protein stability, as predicted, fr-GFP and
GFP/KKK were submitted to thermal and chemical denatura-
tion. The thermal stability of the proteins was analyzed at pH 8.0
by monitoring the changes in the GFP fluorescence emission.
We obtained cooperative, superimposable denaturation curves
with Tm = 81.72± 0.17 °C and Tm = 81.47± 0.16 °C for fr-GFP
and GFP/KKK, respectively (Figure 5B). As predicted by
FoldX, the two variants displayed a Tm higher than that of GFP/
DDD, with a Tm = 76.06 ± 0.10 °C (Figure 5B). The heat
denaturation of all of the variants in these conditions was
irreversible, which precluded the calculation of the thermody-
namic constants. To confirm that fr-GFP and GFP/KKK differ
from GFP/DDD in terms of thermal stability, we performed
thermal denaturation assays for the three variants in the presence
of increasing concentrations of guanidinium hydrochloride
(GuHCl) (Figure S3). As it can be deduced from the calculated

Tms in the different conditions (Figure 5D), fr-GFP and GFP/
KKK display a similar stability, both being more stable than
GFP/DDD, for which the denaturation curve in the presence of
2.4 M GuHCl was no longer cooperative. To validate that fr-
GFP andGFP/KKK have similar thermal stability, we used DSC
(Figure S4). We calculated Tm = 84.6 ± 0.1 °C and Tm = 84.0 ±
0.1 °C for fr-GFP and GFP/KKK, respectively. For GFPs, the
calculated Tms depend significantly on the scan rates;53 this
would explain the difference between the Tms obtained for both
variants in fluorimetry and DSC analysis. In any case, all of the
results converge to indicate that, in contrast to GFP/DDD,
GFP/KKK is very similar to fr-GFP in terms of thermal stability.
The resistance against chemical denaturation with guanidi-

nium hydrochloride (GuHCl) was also monitored by recording
the changes in GFP fluorescence in the presence of increasing
concentrations of denaturant after equilibration for 48 h. The
obtained curves were cooperative and displayed a midpoint of
denaturation of 3.19 ± 0.06, 3.08 ± 0.08, and 2.56 ± 0.10 M
(Figure 5C). It is worth noting that the conditions of the assay
are of pseudoequilibrium, since the equilibrium of GFP is not
attained even after several weeks,54 and that the reaction is not
reversible due to the hysteresis caused by the denaturation of the
chromophore during the unfolding reaction,55 both factors
impeding the calculation of thermodynamic parameters.
Overall, as predicted in GFP/KKK, the introduced mutations

did not compromise GFP function or stability, whereas the
GFP/DDD variant is significantly less stable.
Finally, we calculated the dependence of the chromophore

fluorescence on the pH for the three variants (Figure S5). The
three proteins remained inactive below pH 5.0. fr-GFP and
GFP/DDD exhibited a very similar profile, displaying maximum

Figure 5. Spectral properties and stability of fr-GFP, GFP/KKK, and GFP/DDD. (A) Normalized excitation and emission spectra of different GFP
variants. (B) Thermal unfolding curves followed by GFP fluorescence from 25 to 90 °C with an increasing rate of 1 °C/min. (C) Chemical
denaturation of variants at 10 μMwith increasing concentrations of GuHCl. Samples were equilibrated for 48 h. (D)Melting temperature values in the
presence of increasing GuHCl concentrations. Experiments were performed in duplicate. Error bars correspond to SEM.
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fluorescence emission at pH 9.0. GFP/KKK is more fluorescent
at alkaline pH, reaching a maximum at pH 11.0. Upon
incubation at pH 12.0 and above, all of the proteins become
inactive.
GFP/KKK Is Highly Resistant to Aggregation. In order to

confirm that the increased solubility of the Aβ42-GFP/KKK
inside cells, relative to Aβ42-GFP, can be assigned to a more
soluble GFP moiety, we compared the aggregation properties of
purified GFP/KKK and fr-GFP.
First, we monitored the kinetics of aggregation for the two

variants by following the increase in light scattering when the
proteins were heated at 80 °C. The aggregation rate was
significantly lower for the redesigned protein (k1= 0.017± 0.005
min−1) than for fr-GFP (k1= 0.030± 0.009 min−1), as well as the
scattering at the end of the reaction (Figure 6A). Next, we tested

the proteins resistance to aggregation in the presence of 40% of
TFE, a strongly denaturing condition known to promote the
aggregation of β-sheet rich proteins.23,56 We recorded the light
scattering signal at different time points after the addition of the
cosolvent. As shown in Figure 6B, fr-GFP already started to
aggregate after 10 min, whereas for GFP/KKK, the detection of
the initial aggregates occurred only after 50min, exhibiting lower
scattering intensity than the original protein at any analyzed time
point.
Finally, we analyzed the ability of both proteins to refold into

the native state upon thermal denaturation. fr-GFP and GFP/
KKK were incubated at 95 °C for 5 min and allowed to refold at
25 °C, and the recovery of GFP fluorescence along time was
monitored (Figure 6C). The refolding reactions were adjusted
to double-exponential functions (R ≥ 0.99). GFP/KKK folds
more than 3-fold faster (k1= 0.175 ± 0.004 min−1) than fr-GFP
(k1= 0.045± 0.001min−1). In addition, GFP/KKK recovers two
times more fluorescence than fr-GFP at the end of the reaction.
Overall, the data in this section demonstrate how the

combined prediction of STAP and the stability allowed us to
design a GFP variant with significantly improved solubility and
folding properties by mutating only three residues at the protein
surface. This result is remarkable if we take into account that fr-
GFP was already designed to have optimal properties as a
reporter of protein folding.

X-ray Structure of GFP/KKK. To investigate if the inserted
mutations in GFP/KKK impact the 3D structure of GFP, we
solved the crystal structure of this mutant at 1.13 Å resolution
(PDB: 6FWW). The side chains of the newly introduced Lys
residues are well-defined in the electron density maps, all being
exposed to the solvent (Figure 7A). The chromophore formed
from residue T65-Y66-G67 (annotated as CRO in the PDB file)
is correctly formed and buried in the middle of the central helix
(Figure 7A,B). The Cα backbone trace of wild-type GFP
(1GFL) and GFP/KKK could be superimposed with a root-
mean-square deviation (rmsd) of 0.52 Å (Figure 7C), which is
comparable to the rmsd of 0.50 Å between the fr-GFP andGFP/
KKK. Thus, as expected, the three-surface mutations did not
change the overall GFP fold, indeed no evident structural
rearrangements were observed around the mutated regions
(Figure 7D). An analysis of the GFP/KKK structure with A3D
confirms that, in contrast to fr-GFP, this variant lacks any surface
exposed aggregation-prone region (Figures 7E,F).
Although purified fr-GFP and GFP/KKK proteins were

monomeric (Figure S6), it has been reported that fr-GFP
crystallizes as an antiparallel dimer (PDB:2B3Q), similar to
other reported GFP crystal structures, likely because GFP has a
certain tendency to dimerize in solution.40 In contrast, GFP/
KKK crystallizes as a monomer. Using the dimeric structure of
fr-GFP, we generated a model of a GFP/KKK dimer. The
L221K residue of each monomer protrudes into the symmetry-
related monomer facing the equivalent L221K residue,
potentially generating repulsion and hindering dimerization
(Figure S7). Calculation of the impact of this single mutation on
the stability of the dimeric interface with FoldX24 confirms that
it is highly disruptive (ΔΔG = 4.96 kcal/mol). We found out
that Lippincott-Schwartz and co-workers introduced exactly the
same single mutation in GFP to generate a variant that could not
dimerize.57,58 This effect might contribute to the higher
solubility of this re-engineered variant. In addition, in the crystal
structure of GFP/KKK, the side chains of the other twomutated
residues, Lys 11 and Lys 39, are at less than a 5 Å distance (Table
S2), resulting in a local clustering of positive charges, which will

Figure 6. Comparison of the aggregation properties of fr-GFP and
GFP/KKK. (A) Evolution of the light scattering signal upon incubation
at 80 °C. (B) Evolution of the light scattering signal upon incubation in
40% TFE. Both experiments were performed in duplicate. (C)
Refolding kinetics of both proteins at 25 °C after thermal unfolding
at 95 °C, as measured by monitoring the recovery of GFP fluorescence
emission. All the experiments were performed at a 0.5 mg/mL
concentration in the native buffer pH 8.0 and in duplicate. Error bars
correspond to SEM.
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likely cause the electrostatic repulsion between the GFP/KKK
molecules.
It has been shown that a positively supercharged version of

GFP binds strongly to nucleic acids, which compromises its use
in a cellular context.59 The electrophoretic mobility shift assays
showed that increasing concentrations of fr-GFP or GFP/KKK
did not reduce the mobility of a random FITC-labeled 50 base
long ssDNA in the native agarose gel, even when the protein
concentration exceeds 50 molar times over the DNA (Figure
S8). This result indicates that the insertion of the three mutated
Lys is not sufficient to promote the binding of GFP/KKK to
DNA.
Incorporating Stability Predictions in A3D. The above-

described data clearly indicated the convenience of skipping the
experimental validation of mutations that, despite the
optimizing STAP, negatively impacted the protein stability. To
this aim, we implemented the FoldX empirical force field24 in the
A3D web server for automated protein stability calculations if a
user introduces any mutation(s) (see the In Silico Analysis
section). An example of the output is presented in Figure S9B.
We wanted to prevent A3D users from producing redesigned

proteins that ultimately will aggregate at the same or higher
levels than the original protein only because they are
destabilized. Therefore, we took a conservative criterion for
structural integrity, in which a mutation resulting in a ΔΔG ≥ 1
kcal/mol is considered disruptive. Indeed, all fr-GFP Asp
mutants overpass this destabilization limit. Accordingly, a
warning message is now displayed in the “Project Details”
screen of A3D when sequence changes are predicted to
destabilize the protein ≥1 kcal/mol (Figure S9C).

Rational Design of a VH Antibody with Increased
Aggregation Resistance. We decided to test the novel
version of A3D in the redesign of a therapeutically relevant
scaffold. There is a trend in the industry toward the use of small
antibody formats for imaging and tumor targeting purposes.
They include human single chain fragments (scFv) and human
single domain antibodies.29 However, the biophysical properties
of these human proteins are poor, and their aggregation
propensity is even higher than the one of complete antibodies,
due to the lack of interdomain stabilization. Here we tried to
improve the solubility of a variable heavy (VH) segment of the
human antibody germline (DP47).29 DP47 VH is a monomer
consisting of 3 α-helices, 10 β-strands, 1 disulfide bond, and 3
complementarity-determining regions (CDRs) essential for
antigen binding (Figure 8A,B). DP47 VH was selected because

the evolution of more soluble variants of this specific antibody
has been previously addressed using phage display.29 In this
work, CDR3 was excluded from mutation to limit effects on the
antigen binding. Despite 6 mutations that increased the
solubility of the molecule being identified, all of them were
clustered at CDR1, while mutations at other positions had little
effect.60 This was expected, because CDRs tend to be sticky in
order to recognize antigens. Nevertheless, mutations at CDRs
can significantly compromise binding and, accordingly, they are

Figure 7. 3D structure and A3D structural prediction of GFP/KKK.
(A) Crystal structure of GFP/KKK (PDB: 6FWW) mutant showing
the differential map (2mFo-Fc contoured at 1.2σ) surrounding the
mutated lysine residues 11, 39, and 221 and the fluorescent
cromophore, which are depicted in mesh and stick. (B) Surface
representation of the superposed GFP structures showing the perfect
overlay of the fluorescent chromophore (blue and green sticks for
wtGFP and GFP/KKK mutant, respectively). (C) Superposition of
wtGFP (blue, PDB: 1GFL) and GFP/KKK (green) monomers. The
overall rmsd for the 226 superposed Cα atoms is 0.52 Å with 96.9%
identity. (D) Zoom of GFP/KKK structure around themutated lysines.
(E, F) A3D of GFP/KKK and fr-GFP crystal structures, respectively.
The protein surface is colored according to the A3D score in a gradient
from blue (high-predicted solubility) to white (negligible impact on
protein aggregation) to red (high-predicted aggregation propensity).

Figure 8. Sequence, structure, and aggregation profile of DP47. (A)
Amino acid sequence of DP47. (B) 3D structure of DP47 model
obtained from SwissModel. (C) Aggregation profile of DP47 model
according to A3D. In (A) and (B), the predicted aggregation-prone
residues are indicated in red and CDR residues in blue, in (C), they are
circled and underlined, respectively.
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not a preferred strategy to generate more soluble antibody
variants.
Here, we aimed at generating a DP47 variant with increased

aggregation resistance without changing any of its CDRs
residues. No structure is available for wild-type DP47, and the
version with mutated CDRs was crystallized as a domain-
swapped dimer (PDB: 3UPC).29 Therefore, no suitable DP47
monomeric structure was available for direct A3D analysis.
Accordingly, we created a homology model on top of
sequentially related available structures (PDB:5I19) using
Swiss-Model.25 This model has a GMQE (global model quality
estimation) of 0.99 and a QMEAN Z-score of 0.6 (Figure 8B).
As expected, A3D predicted a high aggregation propensity for
the three DP47 CDRs. Apart from them, only three other
residues were predicted as aggregation-prone, Leu3 and Leu9 at
the N-terminus and Leu109 at the C-terminus (Figure 8C).
These residues were virtually mutated by the different
gatekeeper residues using the new A3D algorithm, and again, a
triple Lys mutant (DP47/KKK) appeared as the version that
best combined the predicted solubility and stability (Table 2 and
Figure 9), whereas an equivalent DP47/DDD version was again
predicted to be destabilized (Table S3).

DP47/KKK Is Folded and Stable. Wild-type DP47 and
DP47/KKKwere recombinantly expressed in E. coli and purified
to homogeneity from the extracellular medium by affinity on a
protein A column. Thenwe compared the biophysical properties
of both single-domain antibodies.
The circular dichroism (CD) spectra of both proteins showed

the characteristic β-sheet minimum at 218 nm and overlapping,
indicating that they essentially shared the same secondary
structure content (Figure 10A). DP47 contains three Trp

residues at positions 34, 45, and 104, with W34 being inside the
structure, and W45 and W104 being exposed to the solvent. Its
intrinsic fluorescence spectra in the folded state exhibits a
maximum at 345.5 nm. The Trp intrinsic fluorescence spectra of
DP47/KKK shows the same intensity as that of DP47, although
the maximum is slightly red-shifted (maximum at 346.5 nm)
(Figure 10B), suggesting that, despite the two antibodies sharing
a similar globular tertiary structure, they can exhibit certain local
conformational differences.
Finally, in order to confirm that, as predicted, the introduced

mutations did not significantly impact the antibody stability

Table 2. A3D Analysis of DP47 and Its Variantsa

DP47 protein average score total score ΔΔG (kcal/mol)

DP47 −0.48 −54.248
DP47/K −0.6021 −68.0402 −0.5196
DP47/KK −0.6993 −79.0154 −0.014
DP47/KKK −0.758 −85.681 −0.427

aMore negative averages and total A3D scores indicate higher
solubility. Negative ΔΔG values correspond to over-stabilizing
mutations.

Figure 9. A3D structural predictions for DP47 and its variant. 3D
Structures of DP47 (left) and its mutational variant structure (right).
(A) The protein surface is colored according to the A3D score in a
gradient from blue (high-predicted solubility) to white (negligible
impact on protein aggregation) to red (high-predicted aggregation
propensity). (B) Ribbon representation of the two models indicating
the wild-type Leu residues in red and the mutated Lys residues in blue.

Figure 10. Biophysical characterization of DP47 variants. (A) Far-UV
CD spectra with a minimum value at 218 nm. (B) Tryptophan intrinsic
fluorescence. (C) Thermal unfolding curves followed by Far-UV from
25 to 90 °C with a heating rate of 1 °C/min. The experiments were
performed at 10 μM protein in PBS pH 7.4.
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(predicted ΔΔG = −0.43 kcal/mol), DP47 and DP47/KKK
were submitted to thermal denaturation. The thermal stability of
the proteins was analyzed by monitoring the changes in the CD
signal at 202 nm. Both proteins cooperatively unfolded,
displaying a very similar Tm of 60.0 ± 0.1 and 60.4 ± 0.1 °C
for DP47 and DP47/KKK, respectively (Figure 10C). The
reaction was not reversible, and thermodynamic constants could
not be calculated.
DP47/KKK Displays Increased Aggregation Resist-

ance. To address if, as intended, the three Leu to Lys mutations
increased the resistance of the antibody against aggregation in
close to physiological conditions, DP47 and DP47/KKK were
incubated in PBS at pH 7.4. and 37 °C for 3 days, and we
monitored the changes in light scattering. Figure 11 illustrates

how the scattering of the DP47 solution steadily increases with
time reaching a maximum after 2 days. In contrast, the scattering
of the DP47/KKK solution remains constant and is lower than
that of the wild-type protein at any time point. Despite the final
scattering signal attained in these conditions being low
compared with the one obtained after heat denaturation, the
differences between the proteins are statistically significant,
indicating that the redesign has succeeded in reducing the
inherent high aggregation propensity of this particular antibody.

■ DISCUSSION
Protein aggregation remains a major factor limiting the
biotechnological and therapeutic use of many proteins.10

When globular proteins are employed for such applications,
they should remain soluble and active in artificial conditions for
which they have not been optimized by evolutionary selection.
Therefore, it is not surprising that they tend to aggregate, since
they are expressed and manufactured at concentrations that are
far beyond their natural limits and stored for periods of time that
are much longer than their cellular lifetimes, both factors
favoring the establishment of intermolecular interactions that
can nucleate the aggregation reaction, especially in the absence
of the protective mechanisms provided in vivo by the protein
quality surveillance machinery. This implies that the use of
proteins above their cellular concentrations would require
certain sequential adaptations; however, it is not knownwhat the
margin of improvement is, if any, for such an approach.61

Protein aggregation not only affects protein production but
also the downstream processes, like purification, storage,

administration, and activity.10 In this context, effective computa-
tional approaches able to rank protein therapeutics according to
their solubility and improve this particular property upstream in
the industrial pipeline hold the promise to result in significant
savings in time and money, since, in principle, they can sift the
properties of hundreds to thousands protein variants before
performing any experiment.
Redesigning globular proteins to reduce their natural

aggregation propensity is, however, not an easy task, since the
more potent aggregation-promoting regions lie at the hydro-
phobic core, and it becomes difficult to mutate them without
disrupting the protein structure and function.3 Because
mutations at the surface are, in general, less disruptive, an
alternative is to mutate those exposed residues that contribute
significantly to the aggregation properties of globular structures.
The identification of such an amino acid requires a novel
generation of aggregation-prediction algorithms that work on
top of protein structures and not on protein sequences. SAP,
CamSol, and A3D are examples of these kinds of programs.9,17,18

An important feature of these computational tools is that they
allow for the detection of aggregating regions that are relevant
only in the native state. These regions are generally formed by
residues that, despite being scattered in the sequence, come
together in the structure upon folding to form an aggregation-
prone surface. Indeed, the three aggregation-prone residues
predicted by A3D and mutated here in both fr-GFP and DP47
lie in the same face of the protein, despite some of them being N-
and others C-terminal in the respective sequences. Nevertheless,
in their present versions, none of these programs take into
account the protein stability, and thus they do not allow for the
assessment of the impact of the designed mutations in the
protein structural integrity. This is an important issue, because
mutations that negatively impact the thermodynamic and/or
kinetic stability would likely facilitate aggregation, increasing the
exposure of the hydrophobic regions to the solvent, irrespective
of whether they are predicted to increase or decrease the protein
surface aggregation propensity in the native state. In fact, all
these programs predict the fr-GFP Lys and Aspmutational series
to be similarly solubilizing, whereas, in contrast, our results
indicate that this is not the case. This stresses the advantage of
integrating protein stability predictions in A3D, since it allows
for further experimental validation of potentially destabilized or
not-folding protein variants to be discarded.
Solubis is a recent program that combines aggregation and

stability predictions with remarkable success.3,19,42 However, in
contrast to A3D, it looks for contiguous aggregation-prone
residues in the sequence and not in the structure, implementing
the TANGO sequential prediction algorithm.61 It aims to
introduce solubilizing mutations in themiddle of these sequence
stretches without disturbing the protein structure. V11 and Y39
residues in fr-GFP do not lie inside an aggregation-prone region
(APR) according to TANGO. L221 maps in a C-terminal APR,
but TANGOpredicts that its mutation to Lys would increase the
aggregation potential of the sequence (Figure S10). Therefore,
the gain in solubility observed for GFP/KKK cannot be
predicted by Solubis. In the case of DP47, only Leu109 lies in
a TANGO-predicted APR, comprising residues 107-GTLVTV-
112 (Figure S10), illustrating again how, despite in certain cases
sequential and structural APRs might overlap, this is not
generally the case. Thus, the new version of A3D incorporates
features that are not combined in any pre-existent algorithm.
Our data demonstrate that there is room to increase the

solubility of globular proteins by introducing a small number of

Figure 11. Comparison of the aggregation properties of DP47 variants.
The two antibodies were incubated at 37 °C with an agitation of 300
rpm for 72 h. The protein concentration was 10 μM in PBS at pH 7.4.
The light scattering signal was recorded along time. Statistical values
were obtained using an unpaired student t-test. Statistically significant
values are indicated as p-value < 0.01 (**). Error bars correspond to
SEM.
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mutations that reduce the STAP while preserving the structure.
GFP/KKK is clearly more-aggregation resistant than the folding
reporter version of the fluorescent protein,27 being able to
provide intracellular solubility to the highly aggregation-prone
Aβ42 peptide. GFP/KKK only shares with superfolder-GFP a
mutation at position 39 (Y39N), indicating that experimental
direct evolution and computational redesign can arrive at
different solutions in order to optimize protein solubility. This is
best illustrated in the case of antibodies, where the overlap
between the regions responsible for epitope binding and those
accounting for their aggregation potential critically compromise
their redesign. In fact, for DP47, phage display screening could
only identify solubilizing mutations mapping in the CDRs,
without any other surface exposed residue impacting aggrega-
tion.29 In contrast, A3D detected three of these residues, whose
mutations to Lys effectively increased the antibody aggregation-
resistance, allowing for the avoidance of the modification of
amino acids involved in antigen recognition.
As in our designs, the aggregation of several proteins has been

shown to be reduced by introducing charged residues.3,42,60 It
has been argued that this effect results from an increase in
colloidal stability by increasing the net charge of the protein, and
therefore that it is rather unspecific.62 However, the introduction
of three Lys residues in fr-GFP reduces the net charge of the
protein from −7 to −4, whereas in the nonfunctional GFP/
DDD variant, the net charge increases to −10. This suggests
that, in our study, the observed impact on the solubility results
from structural gatekeeping and preservation of the protein
conformation and not from the mere change in the
physicochemical characteristics of the protein sequence.
Overall, we developed an improved prediction tool

(accessible at http://biocomp.chem.uw.edu.pl/A3D/) that
should allow for the solubility to be redesigned through protein
engineering without impacting the native structure and stability
of the target protein. Despite the functionality of the redesigned
human antibody still needing to be confirmed, with an increasing
number of protein-based therapeutics under development,63 this
algorithm might become a powerful tool to assist the design of
well folded and soluble versions of these drugs, and it might
compete or, at least, complement experimental screening efforts.
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Abstract 
Background:  Recombinant protein expression in bacteria often leads to the formation of intracellular insoluble 
protein deposits, a major bottleneck for the production of soluble and active products. However, in recent years, these 
bacterial protein aggregates, commonly known as inclusion bodies (IBs), have been shown to be a source of stable 
and active protein for biotechnological and biomedical applications. The formation of these functional IBs is usually 
facilitated by the fusion of aggregation-prone peptides or proteins to the protein of interest, leading to the formation 
of amyloid-like nanostructures, where the functional protein is embedded.

Results:  In order to offer an alternative to the classical amyloid-like IBs, here we develop functional IBs exploiting 
the coiled-coil fold. An in silico analysis of coiled-coil and aggregation propensities, net charge, and hydropathicity 
of different potential tags identified the natural hom -dimeric and anti-parallel coiled-coil ZapB bacterial protein as 
an optimal candidate to form assemblies in which the native state of the fused protein is preserved. The protein itself 
forms supramolecular fib illar networks exhibiting only α-helix secondary structure. This non-amyloid self-assembly 
propensity allows generating innocuous IBs in which the recombinant protein of interest remains folded and func‑
tional, as demonstrated using two different fluo escent proteins.

Conclusions:  Here, we present a proof of concept for the use of a natural coiled-coil domain as a versatile tool for 
the production of functional IBs in bacteria. This α-helix-based strategy excludes any potential toxicity drawback that 
might arise from the amyloid nature of β-sheet-based IBs and renders highly active and homogeneous submicromet‑
ric particles.

Keywords:  Coiled-coil protein, Fusion tag, Functional inclusion bodies, Fluorescent proteins, Protein engineering
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Background
Biotechnological and pharmaceutical industries exploit 
microorganisms as cell factories in order to produce their 
biological products, including therapeutic proteins, such 
as hormones, enzymes for replacement therapies, or anti-
bodies [1, 2]. However, the production of these molecules 
in their soluble and functional states faces significant bar-
riers [3, 4]. Proteins have been shaped by natural selec-
tion to remain soluble and functional under physiological 

conditions, according to the “living on the edge” hypoth-
esis [5]. The heterologous expression of these molecules 
in bacteria leads to intracellular concentrations that are 
several times above their natural solubility limits. As a 
result, these proteins might establish non-native inter-
molecular interactions, which would facilitate their 
aggregation into inclusion bodies (IBs) in the bacterial 
cytosol [6].

Traditionally IBs were thought to be formed by mis-
folded conformations and thus devoid of any function-
ality. However, data is accumulating to indicate that, at 
least for specific proteins and production conditions, 
IBs might exhibit significant activity [7, 8]. IBs are easy 
to purify and can be stored for long periods, thanks 
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to their inherent stability [9]. They have a nanometric 
size (50–1000 nm) [9–12], and ~ 90% of them are com-
posed of the target protein [13–15]. These properties, 
combined, make them active nanoparticles, which are 
finding increasing applications in biotechnology and 
biomedicine. In this way, the ability to immobilize 
enzymes in IBs has been exploited to build up reusable 
catalysts [16, 17], and IBs have been used as nanocar-
riers or/and nanopills to deliver antitumoral polypep-
tides in the body [18, 19].

We have shown that, generically, a significant pro-
portion of the protein contacts that sustain IBs have an 
amyloid-like nature [20–22]. When embedded in IBs, 
proteins exhibit a significant increase in β-sheet content, 
relative to their soluble counterparts, and, often, become 
able to bind typical amyloid dyes. For specific proteins 
or protein fusions, this amyloid scaffold coexists with 
functional conformations [23, 24]. However, because the 
process of protein aggregation into non-native intermo-
lecular β-sheet structures necessarily involves the popu-
lation of misfolded species, a fraction of the recombinant 
protein is necessarily inactivated to build up the amyloid 
structure that sustains the IB [22].

IBs have been assimilated to natural functional amy-
loids [25], which are non-toxic for their host cells or 
organisms [26–28]. However, different studies indicate 
that this is not because functional amyloids are intrin-
sically non-cytotoxic [29], but instead because, in these 
specific cases, nature has evolved dedicated mecha-
nisms to prevent amyloid-associated toxicity [27, 30, 31]. 
The artificial formation of IBs lack these natural control 
mechanisms and, although bacterial aggregates have 
been assumed to be innocuous, it cannot be entirely dis-
carded that toxic β-sheet conformations can be incorpo-
rated or released from these amyloid-like inclusions.

In order to overcome the two above-described limita-
tions, we introduce here an IBs production strategy that 
exploits a natural coiled-coil protein to promote non-
amyloid supramolecular interactions.  In the last years, 
the use and design of coiled-coil domains as building 
blocks in protein assemblies have attracted significant 
attention [32, 33]. The self-organization capacity of these 
structures has been exploited to create different nano-
structures, such as nanofibers [34] and nanocages [35, 
36]. Furthermore, two different coiled-coil domains have 
been previously used to generate active IBs: the tetramer-
ization domain of the tetrabrachion protein (TDoT) from 
Staphylothermus marinus [16, 37–40] and the 3HAMP 
coiled-coil, which was derived from the oxygen sensor 
protein Aer2 from Pseudomonas aeruginosa [37, 41]. 
In this work, we apply this strategy to build up func-
tional IBs using ZapB, a non-essential  Escherichia coli 
(E. coli) protein consisting of two anti-parallel α-helices, 

involved in Z-ring formation during the bacterial cell 
division process [42, 43].

We first show that the ZapB self-assembles to form 
α-helix-based fibrillar networks, and afterward, we dem-
onstrate how this property allows its use as a tag to form 
non-amyloid and non-toxic IBs which preserve the activ-
ity of the attached polypeptides.

Results and discussion
Selection of a polar and non‑aggregating coiled‑coil 
protein for the production of functional IBs
A wide range of fusion tags has been used to induce IBs 
formation. They comprise small artificial peptides [44], 
and aggregation-prone natural proteins or domains [22, 
37, 45], which are fused to functional globular proteins. A 
characteristic property of most of these tags is that they 
promote the formation of aggregates sustained by collec-
tive intermolecular β-sheet interactions. Alternatively, 
two different coiled-coil domains have been used for the 
production of fluorescent and/or catalytically IBs [37]. 
Nevertheless, the biophysical properties of these active 
aggregates were not assessed, and thus it is not known if 
the coiled-coil encoding sequences keep their native heli-
cal structure in the IBs or they had just transitioned to 
a conventional amyloid-like assembly. Indeed, the forma-
tion of β-sheet-rich amyloid fibrils by aggregation-prone 
coiled-coil sequences is behind the onset of several neu-
rodegenerative disorders [46]. A similar transition in 
coiled-coil-tagged proteins during IBs formation might 
turn these aggregates potentially toxic.

We selected the E. coli protein ZapB as a scaffold to 
obtain functional IBs. ZapB is an 81 residues-long pro-
tein whose 3D-structure (PDB: 2JEE) consists of two 
α-helical polypeptide chains arranged in anti-parallel 
orientation to form a dimeric coiled-coil of 116 Å (PDB: 
2JEE) [42]. In the crystal structure, individual coiled-coils 
interact close to their termini, which already suggested 
that, under appropriate conditions, these helical modules 
might self-assemble into supramolecular structures [42].

The propensity to form a stable coiled-coil assembly in 
solution is encoded in the protein sequence. The higher 
the coiled-coil propensity, the lowest the probability to 
transition into an aggregated β-sheet structure since sta-
ble α-helices protect against aggregation [47, 48]. We cal-
culated the coiled-coil propensity of ZapB and compared 
it with that of the two coiled-coil domains used as IBs 
formation tags in previous studies (3HAMP and TDoT) 
using four different algorithms: COILS [49], PCoils [50], 
MARCOIL [51] and DeepCoil [52]. Additional file  1: 
Figures  S1–S3 show the coiled-coil probability profiles 
for ZapB, 3HAMP and TDoT. The four algorithms coin-
cide to predict a very high coiled-coil propensity along 
the complete ZapB sequence. In the case of 3HAMP, the 
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programs identify a region of high propensity close to 
the N-terminus and two additional stretches with low to 
moderate propensity. This is consistent with the homo-
dimeric 3HAMP structure, in which parallel monomers 
exhibit three successive domains (HAMP1, 2, and 3), 
each about 50 residues long and bridged by flexible link-
ers. For TDoT, only DeepCoil is able to identify a sig-
nificant coiled-coil propensity in the central part of the 
sequence. This makes sense, since TDoT is a parallel and 
right-handed coiled-coil tetramer, which is based on the 
11-residue repeat, and COILS, PCoils and MARCOIL 
were trained to identify canonical heptad repeats, where 
DeepCoil was aimed to identify both kinds of periodici-
ties. Therefore, we used this last algorithm to compare 
the average coiled-coil probabilities of ZapB, TDoT and 
3HAMP primary sequences. As it can be seen in Fig.  1 
ZapB seems to be a better coiled-coil former than the 
proteins it has been compared to.

Not only the coiled-coil propensity accounts for the 
ability to maintain the native state in the multimeric 
state, but also the protein’s intrinsic aggregation pro-
pensity, which facilitates the conformational shift to 
aggregated β-sheet states. We analyzed this property 
for ZapB, TDoT, 3HAMP, and other three non-coiled-
coil sequences used previously as IB-tags, namely the 
amyloid β-peptide (Aβ42) [53, 54], the viral capsid 
peptide VP1 [45, 55], and the signal sequence of E. coli 
TorA (ssTorA) [56, 57]. In order to do that, we used 
two of the most popular sequence-based aggregation 
prediction servers, Aggrescan [58] and TANGO [59]. 
As it can be seen in Fig.  2a, b, ZapB was predicted as 
the least aggregation-prone sequence in this polypep-
tide set. Aggrescan (Fig.  2a), predicts ZapB to be the 
most soluble sequence with a significant difference, 
relative to the other proteins or domains. In the case 
of TANGO (Fig. 2b), ZapB remains as the less aggrega-
tion-prone sequence, in this case, together with ssTorA.

Polarity and hydrophobicity are critical negative and 
positive contributors to protein sequence aggregation pro-
pensity, respectively. Their role is crucial at the nucleation 
step of the aggregation reaction [60, 61]. These biophysical 
properties were analyzed by calculating the Grand Average 
of Hydropathicity (GRAVY score) provided by the Prot-
Param server, according to the Kyte-Doolittle scale [62]. 
Positive GRAVY scores indicate higher hydrophobicity, 
whereas negative values correspond to polar sequences. 
As it is shown in Fig.  2c, ZapB has the more negative 
GRAVY score (− 0.980), being this value three times 
higher than the secondly ranked sequence (VP1, GRAVY 
score = − 0.307), thus indicating that ZapB is a highly polar 
protein, relative to compared sequences.

We also checked the secondary structure propensity of 
the six tags. Cryptic regions of significant β-sheet pro-
pensity might exist even in sequences that usually fold 
into α-helices [63]. These stretches might favor aggre-
gation into amyloid-like structures upon coiled-coil 
unfolding or once the polypeptide chain emerges from 
the ribosome [64]. To this aim, we used the PSIPRED 
[65] and GOR [66] servers. ZapB is predicted to be com-
pletely α-helix, with an extremely high propensity for this 
secondary structure; meanwhile, 3HAMP and specially 
TDoT are predicted to have a significantly lower α-helical 
propensity and predicted β-strand segments are identi-
fied at their sequences (Additional file 1: Figures S4, S5).

The above-described analyses converge to indicate 
that the sequence of ZapB is more polar, less aggrega-
tion-prone, devoid of cryptic β-sheet regions, and with 
highest α-helical and coiled-coil propensities than any 
previously used IBs tag. Each of these individual prop-
erties disfavors the potential aggregation of the ZapB 
sequence into β-sheet-rich aggregates. However, aggrega-
tion can still occur from the folded state of the proteins 
[67]. We have recently developed AGGRESCAN3D, an 
algorithm that allows predicting a protein’s aggregation-
propensity taking into account the structural context 
[68–70]. When we analyzed the published 3D structures 
of the three coiled-coil domains (ZapB, PDB:2JEE; TDoT, 
PDB:1FE6; and 3HAMP, PDB:3LNR), ZapB turned to be 
the less aggregation-prone structure, displaying a highly 
soluble surface (Additional file 1: Figure S6).

Finally, we assessed the net charge of the different 
IBs tagging sequences. This value is essential because 
if the high predicted solubility of ZapB comes together 
with a high positive charge, this will be a significant 
drawback for its use in nanomedical applications. 
Cationic sequences bind to negatively charged nucleic 
acids and cell membranes, which then become incor-
porated into IBs during their formation or purification, 
making them compositionally heterogeneous. The cal-
culated net charge for the six tags is represented in 

Fig. 1  Coiled-coil probability for ZapB, TDoT, and 3HAMP. The 
coiled-coil propensity is represented according to DeepCoil predictor
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Fig. 2d. ZapB is the most acidic of the sequences (net 
charge − 8), the net charge being two times higher 
than that of the second most anionic tag (TDoT, net 
charge − 4). These tags differ in their lengths. In order 
to obtain a value independent of the protein size, we 
calculated the net charge per residue (NCPR) (Addi-
tional file  1: Figure S7) [71]. According to the NCPR 
values, ZapB is again the most acidic tag (NCPR: 
− 0.099), followed by TDoT (NCPR: − 0.077). There-
fore, no interaction is expected between DNA, RNA, 
or membranes and ZapB.

Overall, we can conclude that, theoretically, ZapB 
fulfills all the requirements to work as a tag to promote 
the formation of non-amyloid-like functional IBs; 
still, to act as such, the domain should be able to self-
assemble, despite its high predicted solubility in both 
the folded and unfolded states.

ZapB self‑assembles into coiled‑coil, non‑amyloid, 
nanofibers
In order to test the ability of ZapB to form pro-
tein assemblies driven by interactions between 
natively folded coiled-coils, a His-tag was added at 

the C-terminus of the full-length protein, and it was 
recombinantly produced in E.coli at 30 °C. The protein 
was expressed at high yield (> 1 g/L culture) (Additional 
file 1: Figure S8) and purified from the soluble cell frac-
tion by IMAC. This soluble fraction was significantly 
viscous, and an imidazole gradient should be used for 
ZapB homogeneous purification (Additional file  1: 
Figure S9). This unusual viscosity already suggested a 
certain degree of ZapB self-assembly, which was fur-
ther corroborated by transmission electron microscopy 
(TEM) analysis of the purified protein. Abundant long 
protein nanofibers 20 ± 5  nm in width and displaying 
a regular striated pattern were observed (Fig.  3a), in 
excellent agreement with the nanostructures visualized 
in a previous study [42].

We analyzed the secondary structure content of 
self-assembled ZapB by circular dichroism (CD) 
spectroscopy. The spectrum is characteristic of an 
α-helical structure, with two minima at 208  nm and 
222  nm (Fig.  3b). Some studies have revealed that the 
222/208  nm ratio allows discriminating individual 
α-helices from coiled-coils, owing to the different 
periodicity of the two folds. A 222/208 nm ratio ≥ 1 is 

Fig. 2  Aggregation propensity predictions, hydrophaticity scores, and net charge values. Aggregation propensity values calculated with a 
Aggrescan (Na4vSS value) and b TANGO (AGG​ value) for the six selected tags. For both predictors, the more positive the value, the higher the 
aggregation propensity. c GRAVY hydrophaticity score of the different tags according to the Kyte-Doolittle scale. d The calculated net charge of the 
sequences at physiological pH
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indicative of coiled-coil structures, and ratios ≤ 0.86 
can be attributed to individual α-helices in a protein 
structure [72, 73]. For ZapB, the 222/208  nm ratio 
is 0.99, indicating that, as anticipated by the protein 
crystal structure (PDB: 2JEE), ZapB keeps the coiled-
coil fold in the macromolecular fibrillar assembly. 
The absence of a β-signature in the CD spectrum of 
self-assembled ZapB is consistent with a non-amyloid 
nature. This trait was confirmed using the Congo Red 
(CR) and Thioflavin-T (Th-T) amyloid dyes. Both analy-
ses indicated that the ZapB nanofibers do not have an 
amyloid-like nature, since the spectra of both dyes in 
the presence and absence of the protein (buffer alone) 
are fairly similar (Fig. 3c, d).

ZapB IBs exhibit a coiled‑coil conformation
In order to explore whether, like the nanofilaments puri-
fied from the soluble cell fraction, ZapB IBs are sustained 
by coiled-coil interactions, they were purified from the 
insoluble cell fraction (Additional file  1: Figure S10) 
and their secondary structure content analyzed by CD 

spectroscopy and Fourier Transform Infrared Spectros-
copy (FTIR).

The Far-UV CD spectrum of ZapB IBs resembles the 
one obtained for the nanofibrillar solution (Fig. 4a). The 
packing of ZapB into IBs seems to favor the preservation 
of the coiled-coil conformation since the 222/208  nm 
ratio of these aggregates is 1.14. We recorded the infrared 
spectra of ZapB IBs in the amide I region of the spectrum 
(1700–1600  cm−1), corresponding to the absorption of 
the main chain carbonyl group and sensitive to protein 
conformation (Fig. 4b). It is important to note here, that 
in coiled-coils, the supercoil bending of the α-helices 
results in a spectral splitting of the α-helical IR amide 
I band and in a shift to lower wavenumbers [74]. FTIR 
measurements on the model coiled-coil GCN4 dem-
onstrated the assignment of the solvated portion of the 
coiled-coil to a low helix frequency (1631 cm−1); in con-
trast, the buried helix frequency (1651 cm−1) is observed 
for residues in the interior of the coiled-coil. These two 
signals alone accounted for the 78% of the GCN4 spec-
tral area [75, 76]. Similarly, the major contributors to 
ZapB IBs IR spectra are two signals at 1632  cm−1 and 

Fig. 3  ZapB coiled-coil assembly biophysical characterization. a TEM image of ZapB fibers upon negati e staining. b Far-UV circular dichroism 
spectrum. c Congo-Red absorbance spectra and d Th-T fluo escence emission spectra
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1651 cm−1 bands, accounting for the 28% and the 35% of 
the absorbance spectrum area, respectively. Additional 
bands at 1620  cm−1 and 1672  cm−1 were detected, the 
latest one being also present in the IR spectra of GCN4 
and other coiled-coil proteins [75]. When observed using 
Scanning Electron Microscopy (SEM) (Fig.  4c), these 
IBs displayed a spherical shape. The non-amyloid nature 
of the IBs was confirmed using both CR and Th-T amy-
loid dyes, observing similar absorbance and fluorescence 
spectra for the IBs and the buffer alone, respectively 
(Fig. 4d, e).

Overall, the CD and FTIR data converge to indicate 
that ZapB IBs consist mostly of coiled-coil molecules.

ZapB‑GFP and ZapB‑mCherry proteins are produced 
as fluorescent IBs in E. coli
In order to test the ability of ZapB to assist the formation 
of functional IBs inside bacteria, ZapB was N-terminally 
fused to GFP and expressed in E. coli. After induction of 
protein expression, the soluble and the insoluble cellular 
fractions were separated by centrifugation and analyzed 
by SDS-PAGE. As shown in Fig. 5a, the ZapB-GFP fusion 
protein was mainly located in the insoluble fraction 
(~ 95%), whereas, non-tagged insoluble GFP accounts 
for ~ 30% of the recombinant protein (Additional file  1: 
Figure S11). Thus, the fusion of the two polypeptides 
facilitates GFP deposition. We used fluorescence con-
focal microscopy to localize the GFP fluorescence 

emission in E. coli intact cells. As expected, the GFP sig-
nal was confined mainly in IBs placed at the poles of cells 
(Fig. 5b).

GFP is considered the default fluorescent protein for 
most applications, but when dealing with deep in  vivo 
imaging, red-shifted fluorescent proteins are preferred 
since, at these wavelengths, light absorption by tissues is 
significantly lower [77], among them mCherry is one of 
the most used variants [78, 79]. We N-terminally fused 
ZapB to mCherry, in order to asses if we can obtain red 
fluorescent IBs with potential in vivo applications.

ZapB-mCherry was expressed in E. coli, and the solu-
ble and the insoluble fraction were separated as above. 
In this case, ~ 55% of the fusion protein is present in 
the insoluble fraction (Fig.  6a), whereas in non-tagged 
mCherry only ~ 5% of the protein is insoluble (Additional 
file 1: Figure S12). The difference between the fraction of 
ZapB-GFP and ZapB-mCherry located in the respective 
insoluble fractions likely owes to the highest solubility 
of the mCherry structure when compared with GFP, as 
assessed using the AGGRESCAN3D algorithm (Addi-
tional file  1: Figure S13). When the location of the red 
fluorescence was monitored using confocal microscopy, 
highly fluorescent IBs become evident at the poles. How-
ever, their discretization was more difficult than in the 
case of ZapB-GFP, due to the soluble fusion protein fluo-
rescent background (Fig. 6b).

Fig. 4  Conformational properties of ZapB IBs. a Far-UV circular dichroism spectrum. b FTIR absorbance spectrum in the amide I region (dashed 
line). The different component bands (solid lines) were obtained by deconvolution of the absorbance spectrum. c SEM image of a ZapB IB. d 
Congo-Red absorbance spectra. e Th-T fluo escence emission spectra
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GFP and mCherry maintain native spectral properties 
in ZapB‑based IBs
In order to evaluate the impact of the coiled-coil struc-
ture in the functionality of the attached fluorescent pro-
teins when embedded in the IBs, we purified both IBs 
from the insoluble fraction (Additional file 1: Figures S14, 
S15). The analysis of the purified protein aggregates 
using an epifluorescence microscope and adequate filters 
allowed us to observe the presence of abundant green 
and red fluorescent particles for ZapB-GFP and ZapB-
mCherry, respectively (Fig.  7a,b). We compared the 
spectral properties of the fluorescent proteins trapped 
in the IBs with those of their soluble and non-tagged 
counterparts. As it is shown in Fig. 7c, soluble GFP and 
ZapB-GFP IBs presented identical excitation and emis-
sion maxima at 495–496 and 512  nm, respectively. The 
same behavior was observed when comparing soluble 
mCherry with ZapB-mCherry IBs, both displaying exci-
tation and emission maxima at 589 and 604 nm, respec-
tively (Fig.  7d). The emission spectra of ZapB-GFP and 
ZapB-mCherry overlap perfectly with that of the respec-
tive soluble untagged fluorescent proteins, whereas, 
in both cases, the left side of the excitation spectrum is 
slightly red-shifted when the protein is located within the 
IBs, which likely respond to differences in crowding and 

or mobility between soluble and assembled fluorescent 
proteins.

Overall, these results allow us to confirm that GFP and 
mCherry keep their activity and, likely, their native con-
formation inside ZapB-induced IBs.

ZapB‑GFP inclusion bodies contain a coiled‑coil 
conformation
We selected the ZapB-GFP fusion as a model system to 
further study the properties of ZapB promoted IBs. We 
analyzed the secondary structure content of these IBs 
using CD spectroscopy and FTIR. The far-UV CD spec-
trum of ZapB-GFP is of course influenced by the all 
β-sheet structure of GFP (Fig. 8a); still, the two main sig-
natures of α-helices could be detected in the IBs, with the 
global minimum placed at 222 nm and inflection of the 
spectrum at 208 nm (Fig. 8a).

When ZapB-GFP IBs were analyzed using FTIR in the 
amide I region of the spectrum, we could detect, again, 
the characteristic helical band at 1651 cm−1, accounting 
for 39% of the absorbance area. However, now the major 
signal is located at 1626  cm−1 (49% of the area). This 
band, likely results from the sum of the low-frequency 
coiled-coil signal and the β-sheet signal of the fused GFP 
β-barrel (Fig. 8b). An additional band at 1678 cm−1, likely 

Fig. 5  Cellular distribution of ZapB-GFP IBs. a SDS-PAGE of intact cells, soluble, and insoluble cellular fractions. The arrow indicates the ZapB-GFP. b 
Visualization of ZapB-GFP IBs in intact E. coli cells by confocal microscopy. Some IBs located at the poles of cells are indicated
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arising from the mixed contribution of the two structur-
ally different domains in the fusion at high frequencies 
was also evident. Finally, the non-amyloid character of 
ZapB-GFP IBs was corroborated using the CR amyloid 
dye, observing similar absorbance spectra in the presence 
of ZapB-GFP IBs, soluble GFP or only buffer (Fig. 8c).

Overall, the secondary structure analyses of ZapB-GFP 
IBs suggest that they contain a significant proportion of 
coiled-coil conformations and do not have an amyloid-
like nature. This is likely also the case for ZapB-mCherry 
IBs, since their binding to Th-T and CR are negligible 
(Additional file 1: Figure S16).

Comparison of ZapB‑based and amyloid‑like IBs
We wanted to compare the properties of the above 
described coiled-coil-based IBs with those of model 
amyloid-like IBs. To this aim, we selected fusion of the 
Alzheimer’s related β-amyloid peptide (Aβ42) and GFP. 
In previous studies, we have characterized in detail the 
properties of Aβ42-GFP IBs [22, 80, 81]. The high amy-
loid propensity of the Aβ42 peptide drives the incor-
poration of the GFP moiety into β-sheet enriched and 
fluorescent IBs.

We expressed Aβ42-GFP (Additional file 1: Figure S17) 
and purified its IBs (Additional file  1: Figure S18) and 

compared the spectral properties of GFP in these aggre-
gates with those of ZapB-GFP. Figure  9a demonstrates 
that Aβ42-GFP and ZapB-GFP IBs share the same excita-
tion and emission spectra, indicating that the active and 
properly folded GFP they contain is in a similar environ-
mental context. The size of the IBs was analyzed using 
dynamic light scattering (DLS). Both IBs exhibited simi-
lar sizes, with moderately polydisperse distributions and 
calculated average diameters of 462.2 ± 69.51  nm and 
463.3 ± 99.9  nm, for ZapB-GFP and Aβ42-GFP, respec-
tively. The DLS data suggested that ZapB-GFP IBs are 
quite homogeneous in size (Additional file 1: Figure S19). 
Effectively, when these aggregates were imaged by Scan-
ning Electron Microscopy (SEM), it was observed that 
they correspond to submicrometric spherical assemblies 
(Fig. 9b), and accordingly, they can be assimilated to pro-
tein nanoparticles.

Once confirmed that ZapB-GFP and Aβ42-GFP IBs 
share spectral properties and dimensions, we wondered 
if the GFP activity in both nanostructures was similar. To 
this aim, we analyzed the GFP fluorescence intensity of 
both IBs by fluorescence microscopy. The mean fluores-
cence intensity values as obtained from images (Addi-
tional file  1: Figure S20) quantification of 50 isolated 
fluorescent dots in each sample, using ImageJ, revealed 

Fig. 6  Cellular distribution of ZapB-mCherry IBs. a SDS-PAGE of intact cells, soluble, and insoluble cellular fractions. The arrow indicates the 
ZapB-mCherry. b Visualization of ZapB-mCherry IBs in intact E. coli cells by confocal microscopy. Some IBs located at the poles of cells are indicated
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that ZapB-GFP IBs exhibited two times higher activity 
(3713 ± 91.25 a.u.) than Aβ42-GFP IBs (1839 ± 25.23 a.u.) 
(Fig.   10). This observation is not surprising since the 
assembly of Aβ42-GFP IBs depends on an aberrant inter-
action between hydrophobic Aβ42 regions, which leads 
to a relatively rapid aggregation into amyloid-like struc-
tures, with the subsequent inactivation of a least a frac-
tion of the attached globular domains, with their most 
aggregation-prone sequence stretches contributing to 
stabilize the aggregate through amyloid-like contacts 
[22]. Indeed, we have demonstrated that the activities 
of the IBs formed by 20 Aβ42-GFP variants, bearing dif-
ferent mutations in the Aβ42 moiety, inversely correlate 
with the aggregation propensities of the peptides [82]. 
Aβ42-GFP IBs inactivation was favored by increased 
β-sheet propensity and hydrophobicity and counter-
acted by increased net charge [54]. ZapB has a negligi-
ble β-sheet propensity, is polar, highly charged and has 
a very low aggregation propensity, compared with Aβ42, 
all these factors likely contributing to the higher activity 
of ZapB-GFP IBs. In addition, the inter- and supramo-
lecular assembly of ZapB is directed by native interac-
tions, and not by non-native contacts, as in Aβ42, which 

are expected to interfere less with the folding and struc-
ture of the GFP moiety, and indeed, many coiled–coil 
domains naturally exist and function appended to globu-
lar domains [83].

ZapB‑GFP IBs are innocuous for human cells
One of the potential advantages of coiled-coil inspired 
IBs, relative to amyloid-like IBs, is that in the absence 
of intermolecular β-sheet assemblies that might elicit 
cytotoxicity, these α-helical-based assemblies should 
be non-toxic for human cells. To confirm this extent, 
we incubated HeLa cells with increasing concentrations 
of ZapB-GFP IBs (from 0 to 12 µM) for 72 h and moni-
tored their viability using PrestoBlue® fluorescent assay. 
As it can be observed in Fig.  11a, the IBs turned to be 
innocuous at any of the assayed concentrations, which 
should make them suitable for  in vivo applications. This 
is contrast with Aβ42-GFP IBs, which exhibit a mod-
erate and concentration-dependent toxicity for HeLa 
cells (Fig.  11b), in good agreement with the toxicity we 
described previously for Aβ42 IBs [84].

Fig. 7  Epifluo escence microscopy images and spectral properties of ZapB-GFP and ZapB-mCherry IBs. a Fluorescence microscopy image of 
purified Zap -GFP IBs. b Fluorescence microscopy image of purified Zap -mCherry IBs. c Excitation and emission spectra of ZapB-GFP IBs and 
soluble GFP. d Excitation and emission spectra of ZapB-mCherry IBs and soluble mCherry
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Conclusions
IBs have been traditionally regarded as waste reser-
voirs containing only misfolded and thus non-active and 
useless proteins. However, it is now clear that at least 
some proteins can retain certain activity when embed-
ded in these aggregates, turning them into functional 
sub-micron particles [23, 85]. These nanostructures are 

finding amazing applications in biotechnology [86] and 
biomedicine [18, 19].

Conventionally, IBs are enriched in intermolecular 
β-sheet structure, and contain both amyloid-like and 
native protein conformations [24]. Unavoidably, a frac-
tion of the target protein becomes inactivated to form 
the amyloid skeleton that provides mechanical stability 
to IBs. In order to endorse IBs with tailored functionali-
ties, the particular protein of interest is usually fused to 
an aggregation-prone polypeptide that act as IB-forming 
tag [44, 87]. This allows to recruit otherwise soluble pro-
teins into IBs. However, the high-aggregation potential of 
these tags compromises the folding of the target protein, 
a fraction of which establishes non-native contacts and 
becomes an integral part of the amyloid-like architecture, 
and thus inactive [22].

Because of their amyloidogenic nature, active IBs 
are assimilated to natural functional amyloids [88]. It is 
important to note here that, as pathogenic amyloids, 
functional amyloids found in nature are also inher-
ently cytotoxic [29]; the difference being that nature has 
evolved dedicated mechanisms to prevent the toxicity 
of natural assemblies. In the absence of these control 
mechanisms it cannot can be completely discarded that 
amyloid-like IBs might contain or release toxic protein 
conformers.

A way to avoid protein inactivation by non-native 
interactions and potential toxicity is to run away from 
non-native-β-sheet based IBs and develop native-α-helix 
based IBs. We take here a step towards this direction 
by implementing ZapB based IBs. Catalytic coiled-coil 
based IBs have been described previously [16, 17, 37–41]. 
However, our computational analysis suggests that these 
sequences display lower α-helical and coiled-coil propen-
sities and higher intrinsic aggregation propensities than 
ZapB, which suggests that a partial transition towards 
amyloid-like structures upon overexpression cannot be 
fully discarded, especially because the IBs they promoted 
were not conformationally characterized.

To avoid the above-mentioned α-helix to β-sheet tran-
sition, we have selected ZapB. A natural sequence with 
extremely high α-helical and coiled-coil propensities, 
a neglectable intrinsic aggregation propensity and a 
high polar and anionic character. This coiled-coil pro-
tein exhibits the ability to spontaneously assemble into 
α-helical macromolecular fibrils devoid of any amyloid 
character. We show how this property can be exploited to 
obtain innocuous, spherical, relatively homogeneous and 
highly active sub-micrometric coiled-coil inspired IBs. 
ZapB expands our existing toolbox to generate immobi-
lized enzymes or biomedical nanocarriers, among other 
applications. However, the present work constitutes a 
proof-of-concept, and the ability of ZapB to facilitate the 

Fig. 8  Conformational properties of ZapB-GFP IBs. a Far-UV circular 
dichroism spectrum of ZapB-GFP IBs and soluble GFP. b FTIR 
absorbance spectrum of ZapB-GFP IBs in the amide I region (dashed 
line). The different component bands (solid lines) were obtained by 
deconvolution of the spectrum using PeakFit software. c Congo-Red 
absorbance spectra
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formation of functional IBs when fused to other protein 
folds should still be demonstrated.

Methods
In silico analysis
For the analysis of the coiled-coil tendency, four differ-
ent predictors were used: Coils, DeepCoil, PCoils and 
MARCOIL. For the different predictions, the Coiled-coil 
probability (%) was calculated in order to obtain a quan-
titative value of the coiled-coil tendency of the analyzed 
sequences.

Aggregation propensity predictions were performed 
using Aggrescan and TANGO webservers. In the case of 
Aggrescan, the Normalized a4v Sequence Sum for 100 
residues (Na4vSS) was employed as the aggregation pro-
pensity value. In the case of TANGO, predictions were 
made using the default parameters and the AGG​ value 
was selected as the aggregation propensity value.

Fig. 9  Spectral properties and morphology of ZapB-GFP IBs. a GFP-Excitation and emission spectra of ZapB-GFP IBs, Aβ42-GFP IBs, and soluble GFP. 
b SEM image of ZapB-GFP IBs

Fig. 10  GFP fluo escence of ZapB-GFP and Aβ42-GFP inclusion 
bodies. Quantification of GFP flu escence intensity from 
fluo escence microscopy images using ImageJ. The corresponding 
intensity of 50 individual fluo escent dots for each sample was 
analyzed and averaged. The statistical values were derived using the 
Mann–Whitney Test. A p value < 0.001 is indicated as ***. Error bars 
correspond to SEM

Fig. 11  Citotoxicity of ZapB-GFP and Aβ42-GFP IBs. HeLa cells viability was assessed after adding different concentrations (from 2 to 12 µM) of 
ZapB-GFP a and Aβ42-GFP b IBs for 72 h. PBS buffer was used as a control
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For the aggregation propensity predictions consider-
ing the 3D structure, AGGRESCAN3D webserver was 
used with the default parameters and using the follow-
ing PDBs as an input: PDB: 2JEE for ZapB, PDB: 1FE6 for 
TDoT and PDB: 3LNR for 3HAMP, PDB: 2Y0G for GFP 
and PDB: 2H5Q for mCherry. In the case of ZapB and 
3HAMP proteins, the dimeric structures were generated 
with PISA. Protein structures and their surfaces were 
represented with Pymol (DeLano Scientific, LLC).

The Grand Average of Hydropathicity (GRAVY score) 
and the net charge at physiological pH were calculated 
using the ProtParam tool. The net charge per residue 
(NCPR) was calculated dividing the net charge by the 
total number of residues.

Finally, secondary structure predictions were per-
formed using GOR and PSIPRED webservers.

Protein production and purification
ZapB gene fragment (Additional file 1: DNA and amino 
acid sequences of ZapB protein) was cloned into a pET-
21a vector between NdeI and BamHI restriction sites. 
The ZapB-GFP and ZapB-mCherry fusion proteins 
were generated inserting both target proteins after ZapB 
sequence, using a linker (SIPGA) and BamHI and EcoRI 
restriction sites.

For the production of soluble and His-tagged ZapB, 
GFP and mCherry proteins, transformed E. coli BL21 
(Invitrogen, USA) cells were grown aerobically in Luria 
Broth (LB) medium supplemented with 100  µg/ml of 
ampicillin. Protein expression was induced with 1  mM 
Isopropyl β-d-1-thiogalactopyranoside (IPTG) at 30  °C 
for 12  h. For protein purification, cells expressing the 
recombinant protein were harvested by centrifugation 
(5000g for 20 min). After cell lysis by sonication and frac-
tionation, the soluble fraction was collected and injected 
in a Histrap FF 5 mL column (GE Healthcare, USA) using 
an ÄKTA (GE Healthcare, USA). After purification, pro-
teins were dialyzed in buffer A (50  mM Tris, 100  mM 
NaCl, pH 7.4). The purity of these proteins was checked 
by SDS-PAGE.

For the production of ZapB, ZapB-GFP, ZapB-mCherry 
and Aβ42-GFP IBs, transformed E. coli BL21 (Invitro-
gen, USA) cells were grown aerobically in LB medium 
supplemented with 100  µg/mL of ampicillin for ZapB, 
ZapB-GFP and ZapB-mCherry transformed cells, and 
with 50 µg/mL of kanamycin for Aβ42-GFP transformed 
cells. Protein expression was induced with 1  mM IPTG 
at 30  °C for 12 h. For IBs purification, cells were centri-
fuged at 5000g for 20 min. After that, IBs were purified 
as described [89]. Briefly, pelleted cells were resuspended 
in 400  µL of buffer A (50  mM Tris, 100  mM NaCl, pH 
7.4) plus 4 µL of 100 mM PMSF and 6 µL of 10 mg/mL 
lysozyme. After 1  h of incubation at 37  °C, the mixture 

was cooled in ice and sonicated 3 min at 15% amplitude 
under 1  s cycles. After that, 4  µL of Nonidet P40 (NP-
40) were added and the mixture incubated at 4  °C for 
1 h. Then, 10 µL of 1 mg/mL DNase I and 12 µL of 1 M 
MgSO4 were added and the mixture was further incu-
bated at 37 °C for 45 min. IBs were collected by centrif-
ugation at 15.000g for 15  min at 4  °C and washed with 
buffer A (50 mM Tris, 100 mM NaCl, pH 7.4) containing 
0.5% Triton X-100. All incubations were done under gen-
tle agitation. Finally, IBs were washed three times with 
buffer A (50 mM Tris, 100 mM NaCl, pH 7.4) to remove 
remaining detergent. The purity of the IBs was checked 
by SDS-PAGE. Protein concentration was estimated 
measuring the absorbance at 280  nm in a Specord 200 
Plus spectrophotometer (Analytik Jena, Germany).

Circular dichroism (CD) spectroscopy
For the analysis of the secondary structure, ZapB protein, 
ZapB and ZapB-GFP IBs were exhaustively resuspended 
in buffer A (50 mM Tris, 100 mM NaCl, pH 7.4). Solu-
ble GFP was diluted in buffer A (50  mM Tris, 100  mM 
NaCl, pH 7.4) at 5  µM. Sedimentation problems were 
avoided with thorough resuspension of the sample before 
the measurements. The correct resuspension of the sam-
ple was checked before and after of each measurement. 
Far-UV CD spectra of the different protein solutions 
were recorded using a 1 nm bandwith, a response time of 
1 s, and a scan speed of 100 nm/min in a Jasco-710 spec-
tropolarimeter (Jasco Corporation, Japan), thermostated 
at 25  °C. Ten accumulations were averaged for each 
spectrum.

Transmission electron microscopy (TEM)
For TEM sample preparation, 10  µL of 10  µM of ZapB 
protein were deposited onto a carbon-coated copper grid 
for 10 min and the excess of liquid was removed with fil-
ter paper, followed by a negative stain with 10 µL of 2% 
(w/v) uranyl acetate for 1  min. Grids were exhaustively 
scanned using a JEM 1400 transmission electron micro-
scope (JEOL Ltd, Japan) operating at 80 kV, and images 
were acquired with a CCD GATAN ES1000W Erlangshen 
camera (Gatan Inc., USA). The width of fibers was ana-
lyzed using ImageJ, averaging the measures of 5 individ-
ual fibers.

Scanning electron microscopy (SEM) and dynamic light 
scattering (DLS)
Scanning electron microscopy (SEM) was used in order 
to analyze the morphology of ZapB and ZapB-GFP IBs. 
To do that, 10  µL of sample resuspended in water were 
deposited on silicon wafers (Ted Pella Inc., USA), air-
dried and observed using a SEM Merlin (Zeiss Merlin, 
Germany) operating at 2 kV.
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Dynamic light scattering (DLS) was used for a quan-
titative determination of ZapB-GFP and Aβ42-GFP IBs 
size. The size of these nanoparticles was determined 
using a Zetasizer Nano ZS (Malvern Instruments Lim-
ited, UK) at 25  °C. Three different measures of ten runs 
were recorded for each sample.

Cell fractionation
The distribution of the expressed ZapB, GFP, mCherry 
and the fusion proteins (ZapB-GFP, ZapB-mCherry and 
Aβ42-GFP) in E. coli cells was analyzed by SDS-PAGE. 
After protein expression at 30 °C for 12 h, cells were har-
vested by centrifugation (5000g for 20  min) and resus-
pended in buffer A (50 mM Tris, 100 mM NaCl, pH 7.4). 
After that, disrupted cells (total fraction) by sonication 
were centrifuged at 15.000g for 15 min at 4 °C, and super-
natant (soluble fraction) was separated from pellet (insol-
uble fraction). The insoluble fraction was resuspended in 
the same volume of buffer A (50 mM Tris, 100 mM NaCl, 
pH 7.4) than the soluble fraction and the different frac-
tions were heated at 98  °C for 10 min. After that, 10 µL 
of each fraction were loaded separately into SDS-PAGE. 
Band intensity quantification was performed using the 
ImageJ software in order to estimate the percentage of 
protein in each fraction.

Confocal microscopy
E. coli BL21 cells expressing ZapB-GFP and ZapB-
mCherry proteins at 30  °C for 12  h were centrifuged 
and resuspended in PBS pH 7.4 to an OD of 0.1. 10 µL 
of resuspended cells were deposited on top of micros-
copy poly-l-lysine glass slides, covered with coverslips 
and observed in a Leica SP5 confocal fluorescence micro-
scope (Leica Microsystems, Germany).

Epifluorescence microscopy
10  µL of the ZapB-GFP, ZapB-mCherry and Aβ42-GFP 
IB samples in buffer A (50 mM Tris, 100 mM NaCl, pH 
7.4) were deposited on top of microscopy glass slides and 
covered with coverslips. The fluorescence was observed 
using an Eclipse Ts2R-FL inverted microscope (Nikon, 
Japan) using a C-LED470 filter for GFP fluorescence and 
a C-LED525 for mCherry fluorescence.

To determine the GFP-fluorescence intensity of ZapB-
GFP and Aβ42-GFP IBs, images were analyzed using the 
ImageJ software. 50 fluorescent dots were selected in each 
image maintaining the same dimensions (height × width) 
for the different selections. After that, the intensity of 
these different fluorescent dots was calculated and the 
average and SEM values were estimated.

GFP and mCherry fluorescence spectra
Excitation and emission spectra of soluble GFP, ZapB-
GFP IBs and Aβ42-GFP IBs in buffer A (50  mM Tris, 
100 mM NaCl, pH 7.4) were analyzed in a Jasco FP-8200 
fluorescence spectrofluorometer (Jasco Corporation, 
Japan). Emission spectra were obtained recording the 
emitted fluorescence between 500 and 600 nm. Excita-
tion spectra were obtained by exciting the samples in a 
400–500 nm range.

Excitation and emission spectra of soluble mCherry 
and ZapB-mCherry IBs in buffer A (50  mM Tris, 
100  mM NaCl, pH 7.4) were analyzed using Jasco 
FP-8200 fluorescence spectrofluorometer (Jasco Cor-
poration, Japan). Emission spectra were obtained 
recording the emitted fluorescence between 600 and 
700  nm. Excitation spectra were obtained by excit-
ing the samples in a 500–600  nm. Three spectra were 
accumulated at 25 °C with slit widths of 5 nm, a 0.5 nm 
Interval, and a 1000 nm/min scan rate for each sample.

Fourier transform infrared spectroscopy (FTIR)
Samples of ZapB and ZapB-GFP IBs were washed 
with H2O to remove the presence of salts. Both sam-
ples were placed on the ATR crystal and dried out 
under N2 flow. The experiments were carried out in a 
Bruker Tensor 27 FTIR (Bruker Optics, USA) supplied 
with a Specac Golden Gate MKII ATR accessory. Each 
spectrum consists of 32 acquisitions measured at a 
resolution of 1 cm−1. Data were acquired and normal-
ized using the OPUS MIR Tensor 27 software (Bruker 
Optics, USA). IR spectrum was fitted employing a 
nonlinear peak-fitting equation using PeakFit package 
v4.12 (Systat Software, USA). The area for each Gauss-
ian curve was calculated in the amide I region from 
1700 to 1600 cm−1 using second derivative deconvolu-
tion method in PeakFit package v4.12 (Systat Software, 
USA).

Toxicity assay
HeLa cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% Fetal Bovine 
Serum (FBS) and seeded into 96-well plates. ZapB-GFP 
and Aβ42-GFP IBs were resuspended in PBS pH 7.4 and 
added at a range from 2 to 12 µM. For control, the same 
volume of PBS pH 7.4 was added. Treated and control 
cells were incubated for 72  h at 37  °C, and then 10  µL 
of PrestoBlue® reagent (ThermoFisher Scientific, USA) 
was added and incubated for 10 min. To determine cell 
viability, fluorescence signal was measured by exciting at 
560 nm and collecting at 590 nm in a Victor3 fluorescent 
plate reader (Perkin Elmer, USA).
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Thioflavin T (Th‑T) and congo red (CR) binding
For the Th-T binding assay, ZapB, mCherry. ZapB and 
ZapB-mCherry IBs, were diluted in buffer A (50  mM 
Tris, 100 mM NaCl, pH 7.4) and incubated with 25 µM 
Th-T. Emission fluorescence was recorded using a Jasco 
FP-8200 spectrofluorometer (Jasco Corporation, Japan) 
in the 460–600  nm range, using an excitation wave-
length of 440  nm and an emission bandwith of 5  nm. 
The same buffer with 25 μM Th-T and without protein 
was employed as a control. In the case of ZapB-GFP, 
Th-T binding assay was not performed due to an over-
lap between the fluorescence spectra of GFP and Th-T.

For the CR binding assay the different IBs and soluble 
proteins were diluted in buffer A (50 mM Tris, 100 mM 
NaCl, pH 7.4) and mixed with CR to a final concentra-
tion of 10  µM CR. Optical absorption spectrum was 
recorded in the range from 375 to 700 nm in a Specord 
200 Plus spectrophotometer (Analytik Jena, Germany). 
Spectrum of protein alone was acquired to subtract 
protein scattering.
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a b s t r a c t 

Nanostructures decorated with antibodies (Abs) are applied in bioimaging and therapeutics. However, 

most covalent conjugation strategies affect Abs functionality. In this study, we aimed to create protein- 

based nanoparticles to which intact Abs can be attached through tight, specific, and noncovalent interac- 

tions. Initially considered waste products, bacterial inclusion bodies (IBs) have been used in biotechnology 

and biomedicine. However, the amyloid-like nature of IBs limits their functionality and raises safety con- 

cerns. To bypass these obstacles, we have recently developed highly functional α-helix-rich IBs exploit- 

ing the natural self-assembly capacity of coiled-coil domains. We used this approach to create spherical, 

submicrometric, biocompatible and fluorescent protein nanoparticles capable of capturing Abs with high 

affinity. We showed that these IBs can be exploited for Ab-directed cell targeting. Simultaneous deco- 

ration of the nanoparticles with two different Abs in a controllable ratio enabled the construction of a 

bispecific antibody mimic that redirected T lymphocytes specifically to cancer cells. Overall, we describe 

an easy and cost-effective strategy to produce multivalent, traceable protein nanostructures with the po- 

tential to be used for biomedical applications. 

Statement of significance 

Functional inclusion bodies (IBs) are promising platforms for biomedical and biotechnological applica- 

tions. These nanoparticles are usually sustained by amyloid-like interactions, which imposes some lim- 

itations on their use. In this work, we exploit the natural coiled-coil self-assembly properties to create 

highly functional, nonamyloid, and fluorescent IBs capable of capturing antibodies. These protein-based 

nanoparticles are successfully used to specifically and simultaneously target two unrelated cell types 

and bring them close together, becoming a technology with potential application in bioimaging and im- 

munotherapy. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

The use of microorganisms as cell factories to produce recom- 

binant proteins often leads to the formation of protein inclusion 

bodies (IBs) in the cytoplasm [ 1 , 2 ]. The formation of such protein- 

based nanoclusters is the consequence of an inside-the-cell assem- 

bly reaction consisting in the establishment of noncovalent inter- 

molecular interactions between different copies of the recombi- 
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nant protein (Fig. S1). For decades, these refractile aggregates have 

been considered waste products [3] . However, it has gradually been 

revealed that IBs might contain a significant degree of properly 

folded and functional proteins [ 4 , 5 ]. These nanometric protein par- 

ticles are mechanically stable [ 6 , 7 ] and their production and pu- 

rification are cost-effective and fully scalable, making them attrac- 

tive and ready-to-use functional nanostructured materials [8–10] . 

In this regard, IBs are increasingly used in biotechnological and 

biomedical applications, i. e., as reusable biocatalysts [11–13] or in 

cancer therapy, since they can penetrate cells and release antitu- 

moral polypeptides [ 14 , 15 ]. 
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The mechanical stability of IBs relies on the amyloid-like nature 

of the interactions that stabilize these nanoparticles [16–18] . This 

amyloidogenic character raises two critical concerns. First, the for- 

mation of nonnative intermolecular β-sheet conformations comes 

at the expense of the native structure, implying that a significant 

fraction of the protein inside IBs becomes necessarily inactivated 

[18] . Second, together with the release of adequately folded moi- 

eties, the liberation of toxic oligomeric β-sheet species from these 

nanostructures cannot be disregarded. To offer an alternative to 

classical amyloid-like IBs, we have recently developed functional 

IBs exploiting the antiparallel coiled-coil fold of the ZapB protein. 

This domain promotes intracellular self-assembly into nonamyloid, 

nontoxic, α-helix-rich IBs. The native-like nature of the interactions 

that sustain these IBs may preclude the inactivation of ZapB-fused 

globular domains during the assembly reaction, resulting in highly 

active nanometric particles [19] . This high functionality seems to 

be a common property of coiled-coil stabilized IBs [ 11 , 13 , 20–22 ]. 

Active ZapB-based IBs can be produced in high yields and easily 

purified to homogeneity [19] , thus they are amenable for use in 

preparative applications. 

The globular nature of proteins confers the main advantage 

onto protein-based materials, allowing the alteration of material 

functionality by genetic redesign to fit the intended application 

[23] . We explored the potential of ZapB-based protein nanopar- 

ticles to generate functionalized nanostructures by creating a tri- 

partite fusion protein consisting of ZapB, as the assembling unit, 

sequentially connected to the green fluorescent protein (GFP) and 

the Z-domain, as the active moieties (ZapB-GFP-Z). GFP is widely 

used for in vivo imaging [24] , whereas the Z-domain [25] is an 

engineered analog of the B-domain of Staphylococcus aureus pro- 

tein A with high affinity (in the nanomolar range) for IgGs [26–

28] . The binding of this all α–helix protein to the Fc region of an 

IgG is mainly mediated by hydrophobic and noncovalent interac- 

tions involving residues located at helices 1 and 2 (Fig. S2) [ 29 , 30 ]. 

Considering this, the objective was to create traceable fluorescent 

submicrometric particles that can be easily decorated with an an- 

tibody of interest and directed to a specific cellular antigen. 

Bispecific antibodies (BsAbs) are mAbs engineered to recognize 

and bind to two different epitopes simultaneously. BsAbs are in- 

creasingly used in cancer therapy since they can recognize tar- 

gets in cancer cells and immune cells, helping to bring the two 

cell types together and facilitating tumor cell destruction [31–33] . 

However, the generalized use of these BsAbs in the clinic is hin- 

dered by the high costs and low yields of production and the short 

half-life of these molecules in vivo [34] . Dual-targeting nanopar- 

ticles conjugated to two different monoclonal antibodies (mAbs) 

[35] or binding proteins [36] are being developed to bypass these 

obstacles and generate new therapeutic applications. We show 

how ZapB-GFP-Z IBs behave as spherical and fluorescent protein 

nanoparticles that, when decorated with two different antibodies, 

promote selective interactions between different cell types, specif- 

ically redirecting T lymphocytes to tumoral cells. 

2. Materials and methods 

2.1. Protein production and purification 

The ZapB-GFP-Z gene fragment (the DNA sequence is presented 

in the Supplementary Information) was cloned into a pET-28a vec- 

tor between the NcoI and BamHI restriction sites. 

For the production of ZapB-GFP and ZapB-GFP-Z IBs, Es- 

cherichia coli ( E. coli ) BL21 (DE3) (Invitrogen, USA) competent 

cells were transformed with the corresponding plasmids and 

grown aerobically in Luria-Bertani broth (LB) medium supple- 

mented with 100 μg/mL ampicillin and 50 μg/mL kanamycin, re- 

spectively. After absorbance OD 600 of 0.6 was reached, protein ex- 

pression was induced by treatment with 1 mM isopropyl β- D -1- 

thiogalactopyranoside (IPTG) for 6 h at 30 °C. The cells were col- 

lected after centrifugation at 50 0 0 g for 20 min and the pelleted 

cells were resuspended in 400 μL of buffer A (50 mM Tris and 

100 mM NaCl, pH 7.4) supplemented with 4 μL of 100 mM PMSF 

and 6 μL of 10 mg/mL lysozyme. Then, the cells were incubated 

for 1 h at 37 °C, cooled on ice and sonicated for 3 min at 15% 

amplitude in 1 s cycles. 4 μL of Nonidet P40 (NP-40) was added 

to the sonicated cells, and the mixture was incubated for 1 h at 

4 °C. Next, 12 μL of 1 M MgSO 4 and 10 μL of 1 mg/mL DNase I 

were added and the mixture was incubated for 45 min at 37 °C. 

The mixture was centrifuged at 15,0 0 0 g for 15 min at 4 °C, and 

the pellet was washed with buffer A containing 0.5% Triton X-100. 

All incubations were performed under agitation. Purified IBs were 

washed three times with buffer A, and the remaining detergent 

was removed. The purity of the IBs was confirmed by SDS-PAGE, 

and the protein concentration was estimated by measuring the ab- 

sorbance of IBs dissolved in guanidine hydrochloride at 280 nm 

using a Specord 200 Plus spectrophotometer (Analytik Jena, Ger- 

many). 

For the production of soluble and His-tagged Z-domain, E. 

coli BL21 (DE3) (Invitrogen, USA) competent cells were trans- 

formed with the corresponding plasmid and grown aerobically in 

LB medium supplemented with 50 μg/mL kanamycin. After an ab- 

sorbance OD 600 of 0.6 was reached, protein expression was in- 

duced by treatment with 1 mM IPTG for 16 h at 20 °C. The cells 

were collected after centrifugation at 50 0 0 g for 20 min and resus- 

pended in buffer A containing 20 mM imidazole and 1 mM PMSF. 

The solution was sonicated on ice, and the supernatant was col- 

lected after centrifugation at 15,0 0 0 g for 30 min, and the protein 

was purified by a 5 mL HisTrap FF column (GE Healthcare, USA) 

using an ÄKTA chromatograph (GE Healthcare, USA). 

α-Synuclein was produced, purified and aggregated as previ- 

ously described in Pujols et al. [37] . 

2.2. Cell fractionation 

The distribution of the expressed ZapB-GFP-Z protein in E. coli 

was analyzed by SDS-PAGE. After protein expression, the cells 

were centrifuged at 50 0 0 g for 20 min and resuspended in buffer 

A. Then, the cells were lysed by sonication and centrifuged at 

15,0 0 0 g for 15 min at 4 °C, and the soluble fraction (supernatant) 

was separated from the insoluble fraction (pellet). The insoluble 

fraction was resuspended in buffer A to be the same volume as 

the soluble fraction, and both fractions were heated for 10 min 

at 98 °C. Finally, 10 μL of the different fractions were loaded onto 

SDS-PAGE gels. 

2.3. Preparation of antibody-loaded IBs 

For the preparation of the IgG-IB complexes, 5 μM ZapB-GFP-Z 

and 5 μM ZapB-GFP IBs were incubated in the presence of 1 μg 

of IgG for 45 min at room temperature. Due to the nature of the 

noncovalent but strong interaction between the Z-domain and the 

IgGs, the preparation of antibody-decorated IBs was performed by 

simple mixing. Then, the IBs were harvested by centrifugation at 

15,0 0 0 g for 20 min and resuspended in buffer A. Next, five wash- 

ing steps were performed to remove unbound antibody molecules 

and prevent nonspecific binding. 

For the competition assay with ZapB-GFP-Z IBs and soluble Z- 

domain protein, 1 μg of IgG labeled with Alexa Fluor 555 was in- 

cubated in the presence of 5 μM ZapB-GFP-Z IBs, either with an 

excess (50 μM) or without soluble Z-domain. After incubation for 

45 min at room temperature, the samples were centrifuged, and 

the presence of the IgGs labeled with Alexa Fluor 555 in the insol- 

uble fraction (corresponding to the IBs) was analyzed by measuring 
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their fluorescence in a Jasco FP-8200 fluorescence spectrofluorom- 

eter (Jasco Corporation, Japan). 

For the determination of the antibody-binding capacity of the 

ZapB-GFP-Z IBs, 0.5 μg of IgG labeled with Alexa Fluor 555 was in- 

cubated in the presence of increasing concentrations of ZapB-GFP-Z 

IBs (from 0.5 to 20 μM) for 45 min. Then, the GFP and Alexa Fluor 

555 fluorescence of the IBs was measured using a Jasco FP-8200 

fluorescence spectrofluorometer (Jasco Corporation, Japan). 

2.4. Stability in bovine serum 

ZapB-GFP-Z IBs were incubated in bovine serum at room tem- 

perature for 15 days. Then, samples obtained at different time 

points were loaded onto SDS-PAGE gels to evaluate the integrity 

of the ZapB-GFP-Z protein fusion. 

2.5. Epifluorescence microscopy 

Ten microliters of 5 μM decorated IBs in buffer A were de- 

posited on top of microscopy glass slides and covered with cover- 

slips. Fluorescence was observed using an Eclipse Ts2R-FL inverted 

microscope (Nikon, Japan) with a C-LED385 filter for eFluor 450 

fluorescence (excitation (390/38 nm) and emission (475/90 nm)), 

C-LED470 filter for GFP fluorescence (excitation (470/40 nm) and 

emission (534/55 nm)) and C-LED525 filter for Alexa Fluor 555 flu- 

orescence (excitation (525/50 nm) and emission (597/58 nm)). 

2.6. Confocal microscopy 

Ten microliters of the solution containing 5 μM ZapB-GFP-Z IBs 

decorated with two different IgGs labeled with eFluor 450 and 

Alexa Fluor 555 were deposited on top of microscopy glass slides 

and covered with coverslips. Then, the fluorescence intensity of the 

different fluorophores (eFluor 450, GFP and Alexa Fluor 555) was 

observed upon excitation at a specific wavelength for each fluo- 

rophore in a Leica SP5 confocal fluorescence microscope (Leica Mi- 

crosystems, Germany). Undecorated ZapB-GFP-Z IBs at a concen- 

tration of 5 μM were used as negative controls, as no fluorescence 

signal corresponding to eFluor 450 or Alexa Fluor 555 fluorophores 

was observed. 

2.7. Fourier transform infrared spectroscopy (FTIR) 

ZapB-GFP-Z IBs at 5 μM were washed with H 2 O to remove the 

presence of salts, placed on ATR crystals and dried under N 2 flow. 

The experiment was carried out in a Bruker Tensor 27 FTIR (Bruker 

Optics, USA) supplied with a Specac Golden Gate MKII ATR acces- 

sory. The spectrum consisted of 32 acquisitions measured at a res- 

olution of 1 cm 

−1 . The data were acquired and normalized using 

OPUS MIR Tensor 27 software (Bruker Optics, USA). The IR spec- 

trum was fitted employing the nonlinear peak-fitting equation in 

PeakFit package v4.12 (Systat Software, USA). The area for each 

Gaussian curve was calculated in the amide I region from 1700 to 

1600 cm 

−1 using the second derivative deconvolution method with 

PeakFit package v4.12 (Systat Software, USA). 

2.8. Circular dichroism (CD) spectroscopy 

CD spectroscopy was used to analyze the secondary structure 

content of the ZapB-GFP-Z IBs. Specifically, 5 μM ZapB-GFP-Z IBs 

were resuspended in buffer A, and the far-UV CD spectrum was 

recorded at a 1 nm bandwidth, scan speed of 100 nm/min and 

response time of 1 s using a Jasco-815 spectropolarimeter (Jasco 

Corporation, Japan) at 25 °C. 

2.9. Scanning electron microscopy (SEM) and dynamic light 

scattering (DLS) 

Scanning electron microscopy (SEM) was used to analyze the 

morphology of the undecorated and antibody-decorated ZapB-GFP- 

Z IBs. Specifically, 10 μL of 5 μM IBs with and without antibodies 

resuspended in H 2 O were deposited on silicon wafers (Ted Pella 

Inc., USA), air-dried and observed using a Merlin scanning electron 

microscope (Zeiss Merlin, Germany) operating at 2 kV. 

Dynamic light scattering (DLS) was used for quantitative size 

determination of 5 μM ZapB-GFP-Z IBs undecorated or decorated 

with antibodies. For the determination of the stability of the ZapB- 

GFP-Z IBs, the size of the nanoparticles was monitored for 15 days. 

The size of the IBs was determined using a Zetasizer Nano S90 

(Malvern Instruments Limited, UK) at 25 °C. 

2.10. Congo red (CR) binding assay 

A Congo red (CR) assay was performed to determine the pres- 

ence of amyloid structures. For the CR assay, 5 μM ZapB-GFP-Z IB 

was resuspended in buffer A and mixed with CR to a final concen- 

tration of 10 μM CR. Aggregated α-synuclein was used as a positive 

control for protein amyloid aggregation. Optical absorption spectra 

were recorded in the range from 375 to 700 nm in a Specord 200 

Plus spectrophotometer (Analytik Jena, Germany). The spectrum of 

the protein alone was acquired to subtract protein scattering. 

2.11. Fluorescence spectra 

The emission spectrum of Alexa Fluor 555 IgG was obtained by 

recording the emitted fluorescence between 560 and 700 nm using 

an excitation wavelength of 555 nm. 

The emission spectrum of eFluor 450 IgG was obtained by 

recording the emitted fluorescence between 440 and 660 nm using 

an excitation wavelength of 410 nm. 

The emission spectrum of the ZapB-GFP-Z IBs in buffer A was 

obtained by recording the emitted fluorescence between 500 and 

600 nm. The excitation spectrum was obtained by exciting the 

samples at a range of 40 0–50 0 nm. 

Three spectra were accumulated at 25 °C using a Jasco FP-8200 

fluorescence spectrofluorometer (Jasco Corporation, Japan) with slit 

widths of 5 nm, a 0.5 nm interval, and a 10 0 0 nm/min scan rate 

for each sample. 

For the thermal unfolding of unloaded and IgG-loaded ZapB- 

GFP-Z IBs, the GFP fluorescence signal was recorded in a range of 

25–95 °C with an increasing heat rate of 1 °C/min and slit widths 

of 5 nm and 600 rpm. ZapB-GFP-Z IBs were excited at 495 nm and 

emission was recorded at 514 nm using a Jasco FP-8200 fluores- 

cence spectrofluorometer (Jasco Corporation, Japan). 

2.12. Toxicity assay 

HeLa cells and MRC-5 cells were seeded into 96-well plates and 

cultured for 24 h in Dulbecco’s Modified Eagle Medium (DMEM) 

and Minimum Essential Medium α (MEM α), respectively, supple- 

mented with 10% Fetal Bovine Serum (FBS). The ZapB-GFP-Z IBs 

were resuspended in PBS at pH 7.4 and added at a concentration 

ranging from 2 to 12 μM. PBS was used alone as a control. 

For the evaluation of the potential antibody-associated ZapB- 

GFP-Z IBs toxicity, HeLa cells were seeded into 96-well plates and 

cultured in DMEM supplemented with 10% FBS for 24 h. ZapB-GFP- 

Z IBs loaded with anti-EGFR IgGs were resuspended in PBS at pH 

7.4 and added at a concentration ranging from 2 to 12 μM. PBS 

alone and anti-EGFR IgGs were used as controls. 

In the case of the potential toxicity induced by ZapB-GFP-Z IBs 

loaded with anti-CD3 IgGs, T cells (Jurkat cell line) were seeded 
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into 96-well plates cultured in Roswell Park Memorial Institute 

(RPMI) 1640 + GlutaMAX medium supplemented with 10% FBS for 

24 h. ZapB-GFP-Z IBs decorated with anti-CD3 IgGs were resus- 

pended in PBS at pH 7.4 and added at a concentration ranging from 

2 to 12 μM. PBS alone, anti-CD3 IgGs and undecorated ZapB-GFP-Z 

IBs at 10 μM were used as controls. 

Treated and control cells were incubated at 37 °C in 5% CO 2 

for 72 h. Then, 10 μL of PrestoBlue cell viability reagent (Thermo 

Fisher Scientific) was added and incubated for 30 min. Cell viabil- 

ity was determined by quantifying the fluorescence with a Victor3 

fluorescent plate reader (Perkin Elmer, USA). 

2.13. Statistical methods 

All experimental values are presented as the means ± standard 

error of the mean (SEM). Measurements are taken in duplicate. 

GraphPad Prism software (GraphPad Software, USA) was used to 

calculate the mean and SEM values. 

2.14. Specific cell targeting by decorated IBs 

HeLa cells were cultured on a 35 mm cell culture dish (SARST- 

EDT AG & Co, Germany) to a confluence of 70–80%. The initial 

DMEM was replaced with fresh medium containing 10 μM ZapB- 

GFP-Z-anti-EGFR IgG IB labeled with Alexa Fluor 555 and prepared 

as previously described in the “Preparation of antibody-loaded IBs”

section. Then, HeLa cells were incubated with ZapB-GFP-Z-anti- 

EGFR IgG IBs for 1 h at 37 °C and 5% CO 2 , and ZapB-GFP-Z-IgG anti- 

rabbit IBs were used as controls. The incubated cells were washed 

five times with fresh medium to remove unbound molecules. 

T cells were maintained in RPMI 1640 + GlutaMAX medium 

supplemented with 10% FBS. T cells were harvested and resus- 

pended in fresh medium containing 5 μM ZapB-GFP-Z-anti-CD3 

IgG IB labeled with eFluor 450. The cells were incubated with 

ZapB-GFP-Z-anti-CD3 IgG IBs for 1 h at 37 °C and 5% CO 2 , precip- 

itated and washed five times with fresh medium. ZapB-GFP-Z-IgG 

anti-rabbit and anti-EGFR IBs were used as controls. 

For the binding of unrelated cell types, HeLa cells were cul- 

tured on a 35 mm dish cell culture (SARSTEDT AG & Co, Germany) 

to a confluence of 70–80%. Then, the initial medium was replaced 

with T cells and dual antibody-decorated 10 μM ZapB-GFP-Z IBs 

(anti-EGFR labeled with Alexa Fluor 555 and anti-CD3 labeled with 

eFluor 450). The cells with antibody-decorated IBs were incubated 

for 1 h at 37 °C and 5% CO 2 and washed five times with fresh 

medium. IBs decorated with only anti-EGFR IgGs were used as con- 

trols. 

Finally, the cells incubated with decorated IBs were visualized 

using an Eclipse Ts2R-FL inverted microscope (Nikon, Japan), and 

images were acquired using the appropriate filters and brightfield. 

2.15. Flow cytometry assay 

ZapB-GFP-Z IBs were decorated with anti-EGFR IgG labeled with 

Alexa Fluor 555 as previously described. Then, HeLa cells were in- 

cubated with the decorated IBs for 1 h, pelleted and washed five 

times to discard unbound molecules. HeLa cells incubated with 

ZapB-GFP IBs (previously incubated with anti-EGFR IgGs), ZapB- 

GFP-Z IBs decorated with anti-rabbit IgG, ZapB-GFP-Z IBs alone, 

and buffer alone were used as controls. For the T cell experiments, 

the procedure was the same as previously described for HeLa cells, 

decorating ZapB-GFP-Z IBs with anti-CD3 IgG. In this case, T cells 

incubated with ZapB-GFP IBs (previously incubated with anti-CD3 

IgGs), ZapB-GFP-Z IBs decorated with anti-rabbit IgG, ZapB-GFP-Z 

IBs alone, and buffer alone were used as controls. 

A total of 10,0 0 0 cells incubated with IBs were analyzed using 

a FACSCanto flow cytometer (BD Biosciences, USA) equipped with 

a FITC laser to detect the green fluorescence of GFP. Fluorescence 

intensities of cell-bound IBs were analyzed and quantified using 

FlowJo (BD Biosciences, USA). 

For the evaluation of the localization of HeLa and T cells in the 

presence of dual-decorated (anti-EGFR and anti-CD3 IgGs) ZapB- 

GFP-Z IBs, HeLa cells were cultured on a 35 mm cell culture dish 

(SARSTEDT AG & Co, Germany) to a confluence of 70–80%. Then, 

the initial medium was replaced with T cells and dual antibody- 

decorated 10 μM ZapB-GFP-Z IBs (anti-EGFR and anti-CD3 IgG). 

Cells with decorated IBs were incubated for 1 h at 37 °C and 

5% CO 2 and washed five times with fresh medium. ZapB-GFP-Z 

IBs decorated with only anti-EGFR IgGs were used as controls. 

Then, trypsin was added to the solution and neutralized with FBS- 

supplemented medium. Then, the cells were centrifuged, resus- 

pended in PBS at pH 7.4 and analyzed using a FACSCanto flow cy- 

tometer (BD Biosciences, USA). FSC and SSC signals were measured 

for the detection of both cell types, and untreated HeLa and T cells 

were used alone as controls. Finally, the percentage and quantifi- 

cation of the cells were determined using FlowJo (BD Biosciences, 

USA). 

3. Results 

3.1. ZapB-GFP-Z forms nonamyloid α-helix-rich IBs 

To generate nonamyloid fluorescent IBs with antibody capturing 

activity, ZapB was N-terminally fused to two consecutive globular 

domains: GFP and the Z-domain. This created a tripartite fusion 

protein named ZapB-GFP-Z. The Z-domain [25] is an engineered 

analog of the B domain of Staphylococcus aureus protein A, consists 

of 58 residues (6.6 kDa), and folds into three α-helices. Therefore, 

the fusion protein consisted of sequentially ordered coiled-coil, all- 

β, and all α- domains (Fig. S3). 

ZapB-GFP-Z was expressed in E. coli and located in the insolu- 

ble cell fraction (Fig. S4), from which IBs composed of assembled 

copies of the fusion protein were purified to homogeneity (Fig. S5) 

at a yield of 98.5 ± 5.5 mg/L. The secondary structure of the IBs 

was analyzed using Fourier Transform Infrared Spectroscopy (FTIR). 

We recorded the infrared spectrum of the ZapB-GFP-Z IBs in the 

amide I region (170 0–160 0 cm 

−1 ), corresponding to the absorp- 

tion of the main chain carbonyl group. As shown in Fig. 1 A, the 

primary contributor to the ZapB-GFP-Z IBs spectrum was a signal 

located at 1654 cm 

−1 (44% of the area), assigned to the α-helix 

conformation. This outcome is reasonable since the ZapB and Z- 

domains both consist of α-helices. A second band at 1631 cm 

−1 ac- 

counts for 35% of the spectrum area and likely represents the low- 

frequency coiled-coil signal [38] and the β-sheet signal of the GFP 

β-barrel. The third band at 1676 cm 

−1 (21% of the area) possibly is 

attributable to the mixed contribution of structurally different do- 

mains at high frequencies. Although the far-UV Circular Dichroism 

(CD) spectrum of the ZapB-GFP-Z IBs is influenced by the β-barrel 

structure of GFP, the two main α-helical signals are still evident, 

with a minimum at 224 nm and an inflection at 210 nm, in good 

agreement with the FTIR data (Fig. S6) and with the previous sec- 

ondary structure analysis of ZapB IBs and ZapB-GFP IBs [19] . These 

results corroborate the native-like secondary structure of the ZapB- 

GFP-Z polypeptides embedded in these IBs. 

Scanning Electron Microscopy (SEM) revealed that the ZapB- 

GFP-Z IBs were of submicrometric size and displayed a spheri- 

cal shape ( Fig. 1 B). Dynamic light scattering (DLS) data revealed 

a moderately polydisperse size distribution with an average diam- 

eter of 560 ± 157 nm (Fig. S7) that remained stable in size for at 

least 15 days (Fig. S8). This submicrometric size is the result of the 

high order assembly of multiple copies of the ZapB-GFP-Z fusion 

protein inside the bacteria, already before their purification. To as- 

sess whether ZapB-GFP-Z IBs were stable under close to physiolog- 
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Fig. 1. Conformational properties of the ZapB-GFP-Z IBs. (A) FTIR absorbance spectrum of the ZapB-GFP-Z IBs in the amide I region (dashed line). The different component 

bands (solid lines) were obtained by deconvolution of the spectrum using PeakFit software. (B) SEM image of a ZapB-GFP-Z IB. (C) CR absorbance spectra of the ZapB-GFP-Z 

IBs (solid line) and buffer alone (dashed line). 

ical conditions, they were incubated with bovine serum for up to 

15 days. The SDS-PAGE analysis revealed that the fusion protein in 

these IBs remained stable for at least 10 days at room temperature 

(Fig. S9). 

An amyloid-like nature for ZapB-GFP-Z IBs was excluded using 

one of the most common dyes to detect amyloid-like structures, 

the Congo red (CR) [39] . The CR absorption spectrum is sensitive 

to the presence of amyloid structures, displaying a redshift in their 

presence, caused by the cooperative binding of CR molecules along 

the fibril axis [40] . As shown in Fig. 1 C, the spectra of CR dye in 

the presence and absence of ZapB-GFP-Z IBs were very similar. In 

contrast, when CR was incubated with aggregated α-synuclein, the 

displacement of the spectrum was evident (Fig. S10). 

Finally, the thermal stability of the fusion protein within the 

ZapB-GFP-Z IBs was analyzed by monitoring the changes in the 

GFP fluorescence intensity upon heating. As shown in Fig. S11, the 

melting curve is indicative of cooperative GFP unfolding with a T m 

of 74.5 ± 3.0 °C. 

Overall, the biophysical analysis indicates that ZapB-GFP-Z IBs 

are α-helix-rich and stable nanometric spherical particles, likely 

sustained by coiled-coil interactions, and devoid of amyloid-like in- 

termolecular β-sheet structures. 

3.2. ZapB-GFP-Z IBs are bifunctional 

The conformational traits of ZapB-GFP-Z IBs suggest that the 

different domains in the protein fusion might maintain their native 

structure in the assembled state. Therefore, they were expected 

to emit green fluorescence and bind antibodies simultaneously. To 

confirm that the spectral properties of the GFP embedded in the 

ZapB-GFP-Z IBs were preserved, the excitation and emission spec- 

tra were recorded. As shown in Fig. S12, the GFP located in the 

IBs displays the characteristic excitation and emission profiles, in 

good agreement with our previous studies [19] , with excitation and 

emission maxima at 495 nm and 514 nm, respectively. To confirm 

the expected bifunctional activity of these IBs, we incubated ZapB- 

GFP-Z IBs with an IgG antibody labeled with Alexa Fluor 555 at 

room temperature for 45 min. Then, the IBs were precipitated and 

washed five times to minimize nonspecific binding, and the fluo- 

rescence of these nanoparticles was analyzed by fluorescence mi- 

croscopy. The ZapB-GFP-Z IBs emitted the characteristic GFP green 

fluorescence and the labeled antibody red fluorescence, with a per- 

fect overlap between both signals ( Fig. 2 ). When ZapB-GFP IBs 

without the Z-domain were used as controls, green fluorescence 

was evident, but we could not detect red fluorescence coming from 

the labeled IgG (Fig. S13), indicating that the Z-domain was essen- 

tial for the binding of IgG to the IBs. The ability of the ZapB-GFP-Z 

IBs to bind antibodies was tested in the presence and in the ab- 

sence of 10-fold molar excess of soluble Z-domain. As shown in 

Fig. 3 A , the binding of these IBs to antibodies labeled with Alexa 

Fluor 555 was strongly reduced in the presence of the competing 

soluble Z-domain, as it was evident by the much lower fluores- 

cence intensity. This indicates that, as intended, the binding of the 

antibodies to the IBs is mediated by the Z-domain. 

To determine the IgG loading capacity of these IBs, we per- 

formed a titration assay by measuring the fluorescence of the la- 

beled IgG bound to the IBs. As shown in Fig. 3 B, the GFP fluo- 

rescence of these IBs increases linearly with the concentration. In 

contrast, the binding of the Alexa Fluor 555-labeled IgG reached a 

plateau at 2 μM ZapB-GFP-Z IB, revealing a conventional saturation 

binding curve, with an apparent binding capacity of 130 ng of an- 

tibody per μg of IB and 867 ng of antibody per μg of Z-domain in 

the IB ( Fig. 3 C). 

We characterized the size and morphology of these nanoparti- 

cles when loaded with antibodies using DLS and SEM. The pres- 
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Fig. 2. Bifunctional activity of the ZapB-GFP-Z IBs. Representative fluorescence microscopy images of (A) GFP fluorescence and (B) IgG labeled with Alexa Fluor 555 fluores- 

cence. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 

ence of the IgGs increased the average diameter of the IBs to 

724.8 ± 292.7 nm, while they kept the spherical shape (Fig. S14). 

The stability of the IBs constituent fusion proteins was not signifi- 

cantly altered by the presence of the IgGs, as it was deduced from 

the cooperative melting curve of GFP, with a Tm of 75.0 ± 2.1 °C, 

fairly similar to that of undecorated IBs (Fig. S11). 

3.3. ZapB-GFP-Z IBs are biocompatible 

Once the functionality of ZapB-GFP-Z IBs was confirmed, we 

sought to determine whether they induce toxicity in human cells 

since it would preclude any further cellular assay. HeLa cells were 

incubated with different concentrations of ZapB-GFP-Z IBs (from 0 

to 12 μM), and we monitored their viability using a PrestoBlue®

fluorescent assay. As it can be observed in Fig. 4 A, ZapB-GFP-Z IBs 

did not show associated toxicity at any of the assayed concen- 

trations. The IBs toxicity was further tested in the MRC-5 nontu- 

mor human lung fibroblast line. As shown in Fig. 4 B, ZapB-GFP-Z 

IBs were innocuous to MRC-5 cells at all the assayed concentra- 

tions, corroborating that these functional protein-based nanoparti- 

cles have optimal biocompatibility. 

3.4. Antibody-decorated ZapB-GFP-Z IBs specifically target human 

cancer cells 

We aimed to assess whether ZapB-GFP-Z IBs can target spe- 

cific antigens in living cells once they have been loaded with an- 

tibodies through their Z-domain. First, we decorated ZapB-GFP-Z 

IBs with an anti-EGFR antibody labeled with Alexa Fluor 555 as 

described above. Anti-EGFR antibodies recognize epidermal growth 

factor receptor (EGFR) overexpressed on the membrane of epithe- 

lial cancer cells such as HeLa cells [ 41 , 42 ]. We incubated the anti- 

EGFR antibody-loaded ZapB-GFP-Z IBs with HeLa cells. The pres- 

ence of IBs attached to the cell membranes was corroborated us- 

ing fluorescence and brightfield microscopy ( Fig. 5 ). We observed 

a good overlay between green and red fluorescence signals, emit- 

ted from the GFP and the antibody, respectively, indicating that 

the nanoparticles maintained their bifunctionality in the assay. In 

contrast, when HeLa cells were incubated in the presence of ZapB- 

GFP-Z IBs loaded with an anti-rabbit antibody, IBs binding to cells 

was not detected (Fig. S15), indicating that the recognition of HeLa 

cells by IBs is specific and depends on the presence of anti-EGFR 

antibodies anchored to their Z-domains. 

The binding of IBs to cells was also investigated using flow cy- 

tometry (FC). We incubated ZapB-GFP-Z IBs alone and loaded with 

either anti-EGFR or anti-rabbit antibodies with HeLa cells, followed 

by a washing step. The cells were immediately analyzed by FC, 

taking advantage of GFP fluorescence using a FITC emission de- 

tector. The analysis revealed that approximately 80% of the HeLa 

cells were labeled with anti-EGFR decorated IBs (Fig. S16), whereas 

no significant labeling was observed in the other cases. Similarly, 

when ZapB-GFP IBs were incubated with the anti-EGFR antibody, 

and these IBs were added to HeLa cells, the cells remained unla- 

beled. Furthermore, when ZapB-GFP-Z IBs loaded with anti-EGFR 

antibody were incubated with cells deficient in EGFR expression, 

such as T lymphocytes, the IBs did not recognize them (Fig. S17). 

Finally, we wanted to discard any antigen-specific toxicity of the 

antibody-decorated IBs. ZapB-GFP-Z IBs loaded with anti-EGFR an- 

tibody were incubated with HeLa cells. As shown in Fig. S18 , these 

functionalized IBs did not induce any detectable antigen-associated 

toxicity in the HeLa cells, which displayed viability values similar 

to the cells treated with buffer or anti-EGFR soluble antibody. 

Overall, we can conclude that ZapB-GFP-Z IBs can be used to 

target specific human cell epitopes and that this activity depends 

both on the presence of the Z-domain and the identity of the con- 

jugated antibody, without any antigen-associated toxicity. The in- 

trinsic green fluorescence of these nanoparticles allows to localize 

them easily without need for post-assembly IBs labeling. 

3.5. Dual antibody binding by the ZapB-GFP-Z IBs 

In principle, these bifunctional IBs can be endorsed with mul- 

tivalency simply by loading different IgG antibodies onto the Z- 

domain. To confirm this possibility, ZapB-GFP-Z IBs were simul- 

taneously incubated with two different antibodies labeled either 

with Alexa Fluor 555 (red fluorescence) or eFluor 450 (blue flu- 

orescence). As shown in Fig. 6 , ZapB-GFP-Z nanoparticles emit- 

ted three different fluorescence signals, green from GFP, and red 

and blue fluorescence from the antibodies, with a perfect over- 

lap, indicating that both antibodies were bound to the IBs, as in- 

tended. This dual antibody-loading was confirmed using confocal 

microscopy. A good overlap of the three fluorescence signals in 

the dual-decorated IBs was observed, without detecting blue or red 

fluorescence signals in the undecorated ZapB-GFP-Z IBs (Fig. S19). 

Moreover, controlling the proportion of the antibodies in the initial 

mixture allowed us to obtain IBs decorated with a defined ratio of 

these molecules (Fig. S20). 

Overall, the data indicate that ZapB-GFP-Z IBs can be function- 

alized with the desired proportion of two, and likely more, differ- 

ent antibodies. 

3.6. Dual antibody-conjugated ZapB-GFP-Z IBs direct T lymphocytes 

to HeLa cells 

Once we confirmed the ability of ZapB-GFP-Z IBs to capture dif- 

ferent antibodies simultaneously, we wondered whether they can 

be used as scaffolds to bring two different cell types together. To 

this end, we first analyzed the ability of the ZapB-GFP-Z IBs to tar- 
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Fig. 3. Antibody-binding capacity of the ZapB-GFP-Z IBs. (A) Alexa Fluor 555 flu- 

orescence intensity of ZapB-GFP-Z IBs incubated with labeled IgG in the presence 

and absence of excess of competing soluble Z-domain. (B) Fluorescence intensity of 

GFP of IgG-loaded ZapB-GFP-Z IBs as a function of the IBs concentration. (C) Alexa 

Fluor 555 fluorescence intensity of IgG-bound to ZapB-GFP-Z IBs as a function of 

the IBs concentration. 

get T lymphocytes when they were decorated with anti-CD3 IgG 

labeled with eFluor 450. This anti-CD3 antibody recognizes the 

TCR/CD3 complex of T cells [43] . ZapB-GFP-Z IBs loaded with anti- 

CD3 IgG were incubated with T cells for one hour and washed to 

prevent nonspecific binding. As shown in Fig. 7 , the presence of 

conjugated IBs attached to T cells was evident in the fluorescence 

and brightfield microscopy images. In addition, there was a per- 

fect overlap between the green and blue fluorescence emitted from 

the GFP and anti-CD3 antibody, respectively. When T cells were 

incubated with ZapB-GFP-Z IBs loaded with anti-rabbit IgG, these 

nanoparticles did not recognize the T lymphocytes (Fig. S21). 

The binding of IBs to T cells was also investigated using FC, as 

previously described with HeLa cells. As shown in Fig. S22, the 

analysis indicated that approximately 60% of T cells were labeled 

when incubated with ZapB-GFP-Z IBs conjugated to the anti-CD3 

antibody. In contrast, T cells incubated with IBs loaded with non- 

specific antibodies, unloaded IBs or IBs incubated with the anti- 

CD3 antibody but devoid of the Z-domain remained unlabeled and 

were nonfluorescent. 

To confirm that ZapB-GFP-Z IBs decorated with anti-CD3 an- 

tibody did not induce antigen-specific toxicity, T cells were in- 

cubated with different concentrations of anti-CD3-loaded IBs for 

72 h. As is shown in Fig. S23, these functionalized IBs did not in- 

duce any significant toxicity at the tested concentrations. 

The data indicate that, as shown for HeLa cells, the binding to T 

lymphocytes is controlled by the specificity of the bound antibody. 

Next, we loaded ZapB-GFP-Z IBs simultaneously with two antibod- 

ies, namely, fluorescently labeled anti-EGFR and anti-CD3. These 

dual-antibody decorated IBs were incubated with HeLa and T cells 

for one hour, and the culture was washed to remove unbound par- 

ticles. Brightfield microscopy analysis showed abundant circular T 

cells and polygonal HeLa cells connected by fluorescent IBs ( Figs. 8 

and S24). In contrast, when HeLa cells and T cells were incubated 

in the presence of ZapB-GFP-Z IBs loaded only with anti-EGFR IgG, 

the IBs targeted HeLa cells but did not capture T lymphocytes (Fig. 

S25). 

The IBs mediated colocalization of the two cell types was fur- 

ther studied using FC. As shown in Fig. S26, the dual decoration of 

ZapB-GFP-Z IBs with anti-EGFR and anti-CD3 antibodies promoted 

the association of T cells and HeLa cells. However, in the absence 

of anti-CD3 antibody, the ZapB-GFP-Z IBs failed to promote this cell 

association. A quantitative analysis indicated that dual anti-EGFR 

and anti-CD3 antibody decoration of ZapB-GFP-Z IBs increased the 

number of T cells associated to HeLa cells by at least 14-fold, when 

compared with IBs decorated only with anti-EGFR antibody (Table 

S1). 

Overall, the data indicate that dual antibody-loaded ZapB-GFP- 

Z IBs can simultaneously bind at least two different antigens and 

approach unrelated cell types. 

Fig. 4. Cytotoxicity induced by the ZapB-GFP-Z IBs. HeLa (A) and MRC-5 (B) cell viability was tested at different concentrations (from 2 to 12 μM) of ZapB-GFP-Z IBs. IBs 

were added to the cells and incubated for 72 h. PBS buffer was used as the control. 

478 



M. Gil-Garcia and S. Ventura Acta Biomaterialia 131 (2021) 472–482 

Fig. 5. Specific binding of functionalized ZapB-GFP-Z IBs to human cells. Representative microscopy images of green fluorescence emitted from the ZapB-GFP-Z IBs (A), red 

fluorescence emitted from anti-EGFR IgG labeled with Alexa Fluor 555 (B), HeLa cells with brightfield microscopy (C), and the three images merged (D). (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 

4. Discussion 

Functional IBs are becoming promising sources of active protein 

for biotechnological and biomedical purposes [44] . These protein 

nanoparticles are easy to produce and purify at preparative yields 

and have been applied in tissue engineering, protein delivery, as 

vaccines, and for catalysis [45–48] . 

We have recently succeeded in exploiting the ability of a nat- 

ural coiled-coil domain to self-assemble inside bacterial cells to 

generate highly active IBs [19] . These α-helix-rich protein nanopar- 

ticles overcome the drawbacks of classical β-sheet-rich, amyloid- 

like IBs. Here, we address whether this inside-the-cell coiled-coil- 

driven assembly strategy can be used to create multifunctional IBs 

containing two different folded and active globular domains. 

The tripartite ZapB-GFP-Z fusion protein was successfully ex- 

pressed in E. coli cells as IBs. These nanoparticles have been pu- 

rified to homogeneity, and they display a spherical submicrometric 

size that remains stable in solution for more than a week, sug- 

gesting suitability for their use in nanotechnological or biomedical 

applications [ 49 , 50 ]. In this study, we showed that these IBs are 

sustained by native-like α-helical interactions and that the activ- 

ity of the all- β GFP and all α- Z-domain moieties is preserved, as 

evidenced by the perfect overlap between the green fluorescence 

of GFP and the red or blue fluorescence emitted from the labeled 

IgG antibody attached to the Z-domain. This outcome suggests a 

generic ability of proteins to keep their active structures within 

ZapB-based IBs, as indicated by the cooperative melting of the GFP 

moiety. Importantly, ZapB-GFP-Z IBs keep a submicrometric size 

when bound to antibodies, without their shape or the constituent 

proteins stability being altered. 

Biomaterials for in vivo applications need to be nontoxic to hu- 

man cells [19] . As intended, generating IBs without amyloid char- 

acteristics resulted in innocuous and biocompatible IBs potentially 

suitable for biomedical purposes, as it has been corroborated with 

different cell lines. Another requirement for future in vivo uses is 

negligible antigen-specific toxicity when they are loaded with an- 

tibodies, a feature that IgG-decorated ZapB-GFP-Z IBs fulfill. 

Selective targeting of defined cell types has emerged as a safe 

alternative to conventional therapies, minimizing toxic side effects. 

The ability of BsAbs to simultaneously recognize two different epi- 

topes is increasingly exploited in immuno-oncology, gradually dis- 

placing monovalent therapies, since this capacity allows redirection 

of immune cells to selected cancer cell types [51] . 

Dual-targeting nanoparticles that combine two different mAbs 

are receiving increasing attention as alternatives to BsAbs for can- 

cer immunotherapy [35] . The FDA has approved many monovalent 

mAbs for targeted cancer treatment, and these mAbs are manufac- 

tured at a much lower cost than BsAbs. In addition, mAb immobi- 

lization in a nanoscopic assembly results in significant stabilization 

relative to short-lived soluble BsAbs. Current methods for develop- 

ing multivalent antibody nanostructures rely on covalent strategies 

that require consecutive chemical conjugations steps [52] , which 

can potentially modify the antibody structure and function. In con- 

trast, in ZapB-GFP-Z protein nanoparticles, antibody decoration re- 

lies on the strong, specific, and noncovalent interaction between 

the Z-domain and the Fc-region of IgG, as shown in the compe- 

tition binding assay, which is not expected to alter the antibody 

affinity/specificity for its target. 

Once we demonstrated the ability of antibody decorated ZapB- 

GFP-Z IBs to recognize different cell types specifically, we ratio- 

nalized that our multifunctional nanoparticles can be a convenient 

way to promote dual epitope targeting when decorated with two 

different specific antibodies and, indeed, dual-loaded nanoparticles 

effectively redirect T cells to cancer cells. 

The intrinsic fluorescence of these nanostructures makes them 

traceable in vivo , without the need for fluorescent dyes, and they 

can be simultaneously loaded with two, and likely more, antibod- 

ies in a user-defined stoichiometry. These features, together with 

the high yield of production confer them advantages, relative to 

BsAbs, from a biotechnological point of view. 
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Fig. 6. Multifunctional ZapB-GFP-Z IBs decorated with two different antibodies. Representative microscopy images of GFP fluorescence (A), red fluorescence emitted from 

IgG labeled with Alexa Fluor 555 (B), blue fluorescence emitted from IgG labeled with eFluor 450 (C), and the three images merged (D). (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Specific binding of bifunctional ZapB-GFP-Z IBs to T lymphocytes. Representative microscopy images of GFP fluorescence (A), blue fluorescence emitted from anti-CD3 

IgG labeled with eFluor 450 (B), and merging of these images and brightfield image (C). (For interpretation of the references to color in this figure, the reader is referred to 

the web version of this article.) 
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Fig. 8. Dual IgG-decorated ZapB-GFP-Z IBs direct T cells expressing CD3 to HeLa cells expressing EGFR. Representative microscopy images of GFP fluorescence (A), red 

fluorescence emitted from anti-EGFR IgG labeled with Alexa Fluor 555 (B), blue fluorescence emitted from anti-CD3 IgG labeled with eFluor 450 (C), and merging of these 

three images and brightfield (D). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Overall, the present proof-of-concept study describes a novel 

kind of protein-based nanoparticles with potential applications 

in biomedicine, although the in vivo usefulness of this approach 

needs to be further validated. 

5. Conclusion 

In this work, we created fluorescent nonamyloid IBs able to 

capture antibodies with high affinity. These submicrometric, spher- 

ical, and α-helix-rich protein nanoparticles are innocuous for hu- 

man cells. They can potentially recognize any cell type of interest 

when loaded with the proper antibody. Furthermore, these func- 

tional IBs can be easily functionalized by adding different anti- 

bodies simultaneously, promoting the association of unrelated cell 

types, acting as mimics of BsAbs. Their production is cost-effective 

and fully scalable, and therefore, they are convenient sources of in 

vivo traceable protein nanoparticles for potential biomedical appli- 

cations. 
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CONCLUDING REMARKS  

Chapter 1: Coiled-Coil Based Inclusion Bodies and Their Potential 

Applications 

• IBs are a source of active protein in a ready-to-use and assembled form, 

holding great potential in biomedicine and biotechnology. 

• The formation of IBs assisted by aggregation-prone domains often results in 

the intracellular accumulation of active nanoparticles sustained by amyloid 

interactions. 

• Coiled-coil domains are emerging as an alternative for creating highly 

functional and safe IBs that overcome the drawbacks related to amyloid 

conformations. 

• Functional IBs have been employed for a plethora of biomedical and 

biotechnological applications thanks to their excellent mechanical properties, 

biocompatibility, and versatility, acting, for example, as drug delivery agents 

and reusable enzymatic microreactors. 

• Their easy production, together with their high specific activity, suggests that 

coiled-coil-based IBs might be a strategy that, together with the artificial IBs 

technology, can lead to a next generation of functional IBs with enhanced 

properties. 

Chapter 2: Combining Structural Aggregation Propensity and Stability 

Predictions to Redesign Protein Solubility 

• A3D successfully assisted the redesign of the fr-GFP solubility by inserting 

three basic residues at the protein surface, resulting in an improved version 

with enhanced solubility and folding properties. 

• The introduction of solubilizing but destabilizing mutations negatively 

impacts the effective protein solubility due to destabilization and misfolding 

of the native conformation. 

• Forecasting the impact of solubilizing mutations on the thermodynamic 

stability of proteins allows improving their solubility by simple protein 

redesign procedures. 

• Incorporating stability calculations using FoldX into the A3D pipeline could 

prevent users from selecting mutations that jeopardize successful protein 

redesign. 
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• A minimalist redesign of protein solubility does not alter the 3D structure 

and function of the target protein. 

• The reported approach can be transversely applied to redesign the solubility 

of therapeutic proteins such as human antibodies, providing solubilized 

variants that display the same stability as the wild-type counterpart. 

• The obtained data suggest that there is room to improve protein solubility 

without impacting protein structure and stability by inserting a small 

number of mutations at the protein surface. 

Chapter 3: Coiled-Coil Inspired Functional Inclusion Bodies 

• An exhaustive in silico analysis of the structural properties of different 

proteins confirmed the suitability of a natural coiled-coil domain to work as 

an IB-tag for creating non-amyloid-based IBs. 

• This coiled-coil domain is a versatile tool for building up different 

supramolecular structures that are sustained by native α-helical interactions. 

• The described approach allows us to design highly functional and 

biocompatible IBs maintained by coiled-coil interactions cost-effectively. 

• The higher specific activity and better biocompatibility reported for coiled-

coil-based IBs in comparison with their amyloid counterparts can be 

explained by the nature of the intermolecular contacts sustaining each of 

these assemblies.  

• The present study paves the way for creating functional IBs using coiled-coil 

domains instead of the classical amyloid tags, expanding the toolbox to 

generate safe nanoparticles with tailored functionalities. 

Chapter 4: Multifunctional Antibody-Conjugated Coiled-Coil Protein 

Nanoparticles for Selective Cell Targeting 

• The design of a fusion protein composed of a coiled-coil domain, as the 

assembling entity, and the GFP and the Z-domain, as active moieties, results 

in the assembly of fluorescent and antibody-capturing nanoparticles. 

• These multifunctional IBs, sustained by α-helical interactions, display a 

spherical shape and a submicrometric size, which is maintained for a long 

time, demonstrating that coiled-coil-based protein fusions can self-assemble 

into homogeneous and highly stable nanoparticles. 
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• These nanoparticles are biocompatible in two unrelated human cell lines, 

confirming their safety for in vivo biomedical applications. 

• Single antibody-decorated IBs target specific human cells expressing the 

intended receptor without any associated toxicity, allowing to direct these 

nanoparticles to the desired objective easily. 

• A dual antibody-functionalization of these IBs triggers the approach of two 

unrelated cell types, mimicking the mechanism of action of bispecific 

antibodies. 

• The nanoparticles described in this chapter constitute an appealing and 

economical platform to target different antigens simultaneously, emerging as 

a feasible strategy with promising therapeutic and bioimaging applications. 
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Table S1. Data collection and refinement statistics. Values in parentheses are for the last shell. 21 

 GFP/KKK 

Data collection  

Space group P21 21 21 

Unit cell parameters (Å) a, b, c 31.81, 60.86, 106.41 

Resolution range (Å) 60.86-1.13 

Rmerge 0.09(0.80) 

(I/s(I)) 8(1.5) 

Completeness (%) 99.5(92.6) 

Multiplicity 4.2(3.9) 

CC(1/2) 0.99(0.56) 

Structure refinement  

Resolution range (Å) 53.20(1.13) 

No. Reflections 77574 

Rwork/Rfree (%) 18.5/20.4 

No. of atoms  

  Protein 1848 

  Water molecules 334 

Overall B factors (Å2) 13.38 

R.m.s. deviations  

   Bonds (Å) 0.013 

   Angles (°) 1.67 

PDB entry 6FWW 

 22 

  23 



3 

 

Table S2. Distances between residues 11, 39 and 221 in fr-GFP and GFP/KKK. Distances measured using PDB: 24 

2B3Q and PDB: 6FWW for fr-GFP and GFP/KKK, respectively. 25 

 26 

  27 



4 

 

Table S3. A3D analysis of DP47 and its aspartic acid mutants. More negative average and total A3D scores indicate 28 

higher solubility. Negative ∆∆G values correspond to over-stabilizing mutations. 29 

 30 

 31 

 32 

 33 

 34 
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 35 

Figure S1. Expression gel of Aβ42-GFP and aspartic acid variants.  Lane 1 corresponds to protein ladder, lane 2 to 36 

non-induced culture and lanes 3,4,5,6 correspond to Aβ42-GFP, Aβ42-GFP/D, Aβ42-GFP/DD and Aβ42-GFP/DDD 37 

respectively. Different lanes were extracted from the same SDS-PAGE gel. 38 

  39 
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 40 

 41 

 42 

Figure S2. SDS-PAGE of fr-GFP variants.  Lane 1 corresponds to protein MW ladder, lane 2 to fr-GFP protein, lane 3 43 

to GFP/KKK and lane 4 to GFP/DDD.  44 
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 45 

Figure S3. Thermal denaturation of different fr-GFP variants in the presence of increasing concentrations of 46 

GuHCl.  A), B) and C) correspond to thermal denaturation curves of fr-GFP, GFP/KKK and GFP/DDD, respectively. 47 
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 48 

Figure S4. Thermal denaturation of fr-GFP and GFP/KKK analyzed by Differential Scanning Calorimetry (DSC). 49 

A) Thermal denaturation of both proteins showing the transition at 84 oC. B) and C) Thermal denaturation of both proteins 50 

followed by DSC (black line). The grey line corresponds to the thermogram obtained in a second consecutive heating of 51 

the sample. 52 



9 

 

 53 

Figure S5. Dependence of GFP fluorescence on the pH. A) Normalized fluorescence of fr-GFP variants in a range of 54 

pH from 2 to 13. The value of all proteins at pH 9.0 was normalized to 1, the rest of values are relative to it. B), C) and D) 55 

Fluorescence emission spectrum at pH 9 and pH 11 of fr-GFP, GFP/KKK and GFP/DDD, respectively. 56 



10 

 

 57 

Figure S6. Elution profile of fr-GFP and GFP/KKK in a Size-Exclusion Chromatography. Both proteins elute in the 58 

same volume, corresponding with the monomeric form of the protein. 59 
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 60 

Figure S7. 3D Structure of GFP/KKK dimer model based on PDB: 2B3Q. Lysine 221 in each of the GFP molecules is 61 

indicated in blue. 62 

  63 
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 64 

Figure S8. Electrophoretic mobility shift assays (EMSA). DNA binding properties of fr-GFP and GFP/KKK mutant, 65 

were analyzed by EMSA saturation experiments. Protein mixtures were incubated for 30 min at 30°C before loading the 66 

TAE-agarose gel. Numbers above gel indicate the molar ratio of protein over (FITC)-labeled 50b ssDNA in each lane. 67 

  68 
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 69 

Figure S9. “Project details” screen of A3D indicating the predicted effect of selected point mutations in protein 70 

stability according to FoldX. “Project details” screens of fr-GFP (A), GFP/KKK (B) and GFP/DDD (C) prediction 71 

projects. 72 
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 73 

 74 

Figure S10. Aggregation profile of A) fr-GFP, B) GFP/KKK, C) DP47 and D) DP47/KKK according to TANGO. 75 

Mutated positions are indicated. 76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 
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Figure S1. Coiled-coil predictions for ZapB. Coiled-coil predictions for ZapB obtained from four different 

servers: A) COILS, B) DeepCoil, C) PCoils and D) MARCOIL. 

  



 

Figure S2. Coiled-coil predictions for 3HAMP. Coiled-coil predictions for 3HAMP obtained from four 

different servers: A) COILS, B) DeepCoil, C) PCoils and D) MARCOIL. 



 

Figure S3. Coiled-coil predictions for TDoT. Coiled-coil predictions for TDoT obtained from four different 

servers: A) COILS, B) DeepCoil, C) PCoils and D) MARCOIL. 

  



 

Figure S4. Secondary structure prediction by PSIPRED server. Secondary structure prediction for the 

six IB-tags by PSIPRED server. 

 

 

 

 

 

 

Figure S5. Secondary structure prediction by GOR server. Secondary structure prediction for the six 

IB-tags by GOR server. 



 

 Figure S6. AGGRESCAN3D structural aggregation propensity predictions for ZapB (A), TDoT (B) 

and 3HAMP (C). The protein surface is colored according to the A3D score in a gradient from blue (high-

predicted solubility) to white (negligible impact on protein aggregation) to red (high-predicted aggregation 

propensity). The A3D Score value for each structure is indicated under the structures. More negative A3D 

Score values indicate higher solubility.  

 

 

Figure S7. Net charge per residue (NCPR) of the different tags. 



 

Figure S8. SDS-PAGE of the cellular distribution of ZapB. 

 

 

 

Figure S9. SDS-PAGE of ZapB purification by IMAC. Different elution fractions of ZapB IMAC 

purification. 



 

Figure S10. SDS-PAGE of purified ZapB IBs. 

 

 

 

 Figure S11. SDS-PAGE of the cellular distribution of GFP. 



 

 

 

 

 

 

 

Figure S12. SDS-PAGE of the cellular distribution of mCherry. 

 

 

Figure S13. AGGRESCAN3D structural aggregation propensity predictions for GFP (A) and mCherry 

(B). The protein surface is colored according to the A3D score in a gradient from blue (high-predicted 

solubility) to white (negligible impact on protein aggregation) to red (high-predicted aggregation propensity). 

The A3D Score value for each structure is indicated under the structures. More negative A3D Score values 

indicate higher solubility. 



 

Figure S14. SDS-PAGE of purified ZapB-GFP IBs. 

 

 

 

  

Figure S15. SDS-PAGE of purified ZapB-mCherry IBs. 



 

Figure S16. Characterization of the non-amyloid nature of ZapB-mCherry IBs. A) Congo-Red 

absorbance spectra. B) Th-T fluorescence emission spectra. 

 

 

 

Figure S17. SDS-PAGE of the cellular distribution of Aβ42-GFP. 



 

Figure S18. SDS-PAGE of purified Aβ42-GFP IBs. 

 

 

 

Figure S19. DLS spectra of ZapB-GFP (A) and Aβ42-GFP (B) IBs.  



 

Figure S20. Epifluorescence microscopy images of ZapB-GFP (A) and Aβ42-GFP (B) IBs. A) GFP 

fluorescence of ZapB-GFP IBs. B) GFP fluorescence of Aβ42-GFP IBs. 

 

 

DNA and amino acid sequences of ZapB protein 

ZapB DNA sequence: 

ATGACAATGTCATTAGAAGTGTTTGAGAAACTGGAAGCAAAAGTACAGCAGGCGATTGATACCATCAC

TCTGTTGCAGATGGAAATCGAAGAGCTGAAAGAAAAAAACAACTCACTGTCGCAGGAAGTTCAAAATG

CCCAGCATCAGCGCGAAGAGCTGGAGCGTGAGAACAACCATCTGAAAGAACAGCAGAACGGCTGGCA

GGAACGTCTGCAGGCCCTGCTGGGTCGCATGGAAGAGGTC 

ZapB amino acid sequence: 

MTMSLEVFEKLEAKVQQAIDTITLLQMEIEELKEKNNSLSQEVQNAQHQREELERENNHLKEQQNGWQER

LQALLGRMEEV 
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Fig. S1. Schematic representation of inclusion body (IB) formation inside microbial cells. The IBs 

formation starts after the induction of recombinant protein expression. Once the fusion protein is synthesized, 

it establishes intermolecular interactions with similar polypeptides, triggering the formation of protein-based 

nanoclusters, commonly known as IBs, usually located at the poles of the cell. These IBs formed by an 

accumulation of functional fusion protein can be easily purified as ready-to-use submicrometric 

nanoparticles. Created with Biorender.com. 

 

Fig. S2. Structural representation of the interaction between the Z-domain (blue) and the Fc region 

of an IgG (red) according to the PDB: 5U4Y. Protein structures are shown in cartoon representation (A), 

in cartoon representation showing the sidechains (B) and in surface representation (C). 

  



 

Fig. S3. Schematic representation and sequence of ZapB, GFP and Z-domain. A) Cartoon 

representation of ZapB (red, PDB: 2JEE), GFP (green, PDB: 2Y0G) and Z-domain (blue, PDB: 2SPZ). B) 

Sequence of ZapB-GFP-Z fusion protein. ZapB, GFP, Z-domain, linkers and 6xHis-tag are shown in red, 

green, blue and gray, respectively. 

 

 

Fig. S4. SDS-PAGE of the cellular distribution of ZapB-GFP-Z. SDS-PAGE of intact cells, soluble, and 

insoluble cellular fractions. The arrow indicates ZapB-GFP-Z protein. 



 

 

Fig. S5. SDS-PAGE of purified ZapB-GFP-Z IBs. 

 

Fig. S6. Far-UV circular dichroism spectrum of ZapB-GFP-Z IBs. 

 



 

Fig. S7. DLS analysis of ZapB-GFP-Z IBs. 

 

Fig. S8. Stability of ZapB-GFP-Z IBs as measured by DLS. A) Size distribution graphics of ZapB-GFP-Z 

IBs at specific time points. B) Size distribution values of ZapB-GFP-Z IBs during two weeks. 



 

Fig. S9. SDS-PAGE analysis of the stability of ZapB-GFP-Z IBs in bovine serum. The different numbers 

at the top of each lane correspond to the time of incubation (in days). The arrow indicates the ZapB-GFP-Z 

protein band. 

 

Fig. S10. CR absorbance spectra of amyloid fibrils of α-synuclein (solid line) and buffer alone 

(dashed line). 



  

Fig. S11. Thermal stability of ZapB-GFP-Z IBs. Thermal unfolding curves monitored by changes in GFP 

fluorescence intensity from 25 to 95 °C of undecorated and IgG-decorated ZapB-GFP-Z IBs. 
 

 

Fig. S12. Spectral properties of ZapB-GFP-Z IBs. Excitation and emission spectra of ZapB-GFP-Z IBs. 

 

 

 



 

Fig. S13. Fluorescence microscopy of ZapB-GFP IBs incubated in the presence of IgG labeled with 

Alexa Fluor 555. Representative fluorescence microscopy images of (left) green fluorescence from ZapB-

GFP IBs and (right) red fluorescence from IgG labeled with Alexa Fluor 555. 

 

 

Fig. S14. Size distribution and shape of antibody-decorated ZapB-GFP-Z IBs. A) Size distribution 

graphic of antibody-decorated ZapB-GFP-Z IBs as measured by DLS. B) SEM image of an antibody-

decorated ZapB-GFP-Z IB. 

 

 



 

Fig. S15. Fluorescence microscopy of HeLa cells incubated with ZapB-GFP-Z IBs decorated with an 

anti-rabbit IgG. Representative fluorescence microscopy images of (left) brightfield and (right) green 

fluorescence from ZapB-GFP-Z IBs. 

Fig. S16. Quantitative analysis by flow cytometry of the specific binding of decorated IBs to HeLa 

cells. HeLa cells were incubated with anti-EGFR IgG-decorated ZapB-GFP-Z IBs (green line) and different 

controls such as ZapB-GFP-Z IBs (yellow line), ZapB-GFP IBs previously incubated with an anti-EGFR IgG 

(blue line) and ZapB-GFP-Z IBs decorated with an anti-rabbit IgG (red line). The black line corresponds to 

non-incubated HeLa cells. The green fluorescence of GFP was used to analyze the binding capability of the 

different IBs to HeLa cells. 

 



 

Fig. S17. Fluorescence microscopy analysis of T cells incubated with ZapB-GFP-Z IBs decorated 

with an anti-EGFR IgG. Representative fluorescence microscopy images of (left) brightfield and (right) 

green fluorescence from ZapB-GFP-Z IBs. 

 

Fig. S18. Cytotoxicity induced by the ZapB-GFP-Z IBs decorated with anti-EGFR IgGs. HeLa cells 

viability was tested after adding different concentrations (from 2 to 12 µM) of anti-EGFR IgG-decorated 

ZapB-GFP-Z IBs. IBs were added to the cells and incubated for 72 h. PBS buffer and anti-EGFR IgG were 

used as controls. 



 

Fig. S19. Dual-antibody decoration of ZapB-GFP-Z IBs analyzed by confocal microscopy. A) 

Representative confocal microscopy images of antibody-decorated IBs. GFP fluorescence (top, left), red 

fluorescence emitted from IgG labeled with Alexa Fluor 555 (top, right), blue fluorescence emitted from IgG 

labeled with eFluor 450 (bottom, left), and merging of these images (bottom, right). B) Representative 

confocal microscopy images of undecorated IBs. GFP fluorescence channel (left), red fluorescence channel 

(middle), blue fluorescence channel (right). 



 

Fig. S20. Fluorescence spectra of ZapB-GFP-Z IBs incubated with two labeled antibodies at different 

ratios. eFluor 450 (A) and Alexa Fluor 555 (B) fluorescence spectra of ZapB-GFP-Z IBs incubated with a 

mixture of blue and red labeled antibodies at different ratios. The color of the curve corresponds to that of 

the antibody incubated at 2-fold concentration.  

 

Fig. S21. Fluorescence microscopy of T cells incubated with ZapB-GFP-Z IBs decorated with an anti-

rabbit IgG. Representative fluorescence microscopy images of (left) brightfield and (right) green 

fluorescence from ZapB-GFP-Z IBs. 

 



 

Fig. S22. Quantitative analysis by flow cytometry of the specific binding of decorated IBs to T cells. 

T cells were incubated with anti-CD3 IgG-decorated ZapB-GFP-Z IBs (green line) and different controls such 

as ZapB-GFP-Z IBs (yellow line), ZapB-GFP IBs previously incubated with an anti-CD3 IgG (blue line) and 

ZapB-GFP-Z IBs decorated with an anti-rabbit IgG (red line). The black line corresponds to non-incubated 

T cells. The green fluorescence of GFP was used to analyze the binding capability of the different IBs to T 

cells. 

 

Fig. S23. Cytotoxicity induced by the ZapB-GFP-Z IBs decorated with anti-CD3 IgGs. T cells viability 

was tested after adding different concentrations (from 2 to 12 µM) of anti-CD3 IgG-decorated ZapB-GFP-Z 

IBs. IBs were added to the cells and incubated for 72 h. PBS buffer, anti-CD3 IgG and undecorated ZapB-

GFP-Z IBs were used as controls. 



 

Fig. S24. ZapB-GFP-Z IBs loaded with anti-EGFR and anti-CD3 IgGs direct T cells to HeLa cells. 

Representative microscopy images of GFP fluorescence (A), red fluorescence emitted from anti-EGFR IgG 

labeled with Alexa Fluor 555 (B), blue fluorescence emitted from anti-CD3 IgG labeled with eFluor 450 (C), 

and merging of GFP fluorescence and brightfield (D). 



 

Fig. S25. Fluorescence microscopy of HeLa cells incubated with ZapB-GFP-Z IBs decorated with 

anti-EGFR IgG in the presence of T cells. Representative fluorescence microscopy images of (left) green 

fluorescence from ZapB-GFP-Z IBs, (right) red fluorescence from anti-EGFR IgG labeled with Alexa Fluor 

555 and (bottom) brightfield and merge. 



 

Fig. S26. Quantitative analysis by flow cytometry of the specific binding of T cells to HeLa cells 

mediated by dual-antibody decorated ZapB-GFP-Z IBs. Flow cytometry dot plots of HeLa cells alone (A), 

T cells alone (B), HeLa and T cells incubated with ZapB-GFP-Z IBs loaded only with anti-EGFR IgGs (C) 

and HeLa and T cells incubated with ZapB-GFP-Z IBs loaded with anti-EGFR and anti-CD3 IgGs (D). 

  



Table S1. Quantification of the binding of T cells to HeLa cells mediated by antibody-decorated ZapB-

GFP-Z IBs.  

 HeLa cells (%) T cells (%) T cells/HeLa cells Ratio 

Untreated  
HeLa cells 

69.2 2.3* - 

Untreated  
T cells 

3.74# 72.5 - 

HeLa and T cells + anti-
EGFR IgG-loaded IBs 

59.3 1.5 0.025 

HeLa and T cells + anti-
EGFR and anti-CD3 

IgG-loaded IBs 

42.6 15.1 0.35 

 

* This value corresponds to events of HeLa cells compatible in size and complexity with T cells. 

#  This value corresponds to events of T cells compatible in size and complexity with HeLa cells. 

  



Annex 1. DNA sequence of ZapB-GFP-Z protein. DNA sequences corresponding to ZapB, GFP and Z-

domain proteins are colored in red, green and blue, respectively. DNA sequences corresponding to linkers 

and 6xHis-Tag are colored in black. 

ACAATGTCATTAGAAGTGTTTGAGAAACTGGAAGCAAAAGTACAGCAGGCGATTGATACCATCACTCT

GTTGCAGATGGAAATCGAAGAGCTGAAAGAAAAAAACAACTCACTGTCGCAGGAAGTTCAAAATGCCC

AGCATCAGCGCGAAGAGCTGGAGCGTGAGAACAACCATCTGAAAGAACAGCAGAACGGCTGGCAGG

AACGTCTGCAGGCCCTGCTGGGTCGCATGGAAGAGGTCAGCATCCCCGGCGCCGTGAGCAAGGGC

GAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAG

TTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGC

ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGC

TTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACG

TCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCG

AGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCC

TGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAA

CGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCA

CTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCAC

CCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGAC

CGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGAGCGGCGGCGGCAGCGGCGGCAGCG

TGGATAACAAGTTCAACAAAGAGCAGCAAAACGCGTTTTACGAAATCCTGCACCTGCCGAACCTGAAC

GAGGAACAGCGTAACGCGTTCATTCAAAGCCTGAAGGACGATCCGAGCCAAAGCGCGAACCTGCTG

GCGGAAGCGAAAAAACTGAACGATGCGCAAGCGCCGAAACATCACCATCACCATCAC 
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