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Abstract 
 

Proteases were initially associated with indiscriminate digestion and degradation of 

dietary proteins and damaged proteins. However, the involvement of these enzymes in the 

specific, complex, and fine-tuned cleavage of target proteins became evident as a growing 

number of studies identified proteases as major players in a multitude of physiological 

processes. It is by now also well known that deregulation of such key molecules’ activity is 

on the basis of several pathological conditions. Regulation of protease activity is essential 

for homeostasis, being attained by diverse mechanisms such as control of gene expression, 

protein compartmentalization, production of latent pro-forms (zymogens) that require 

subsequent activation, and by interaction with protein and peptide inhibitors. All forms of 

life are provisioned with a diverse repertoire of proteases and protease inhibitors working in 

a concerted and synergistic manner. Importantly, several proteases and their antagonistic 

protein or peptide inhibitors sparked researchers’ interest due to their potential as therapeutic 

targets. 

The present thesis unravels new information regarding protease and protease 

inhibitor structures and their mechanisms of action. To this end, this thesis compiles results 

obtained in three independent projects that addressed this topic focusing on distinct sets of 

proteases and inhibitors. 

In the first project, we assessed the involvement of human reversion-inducing 

cysteine-rich protein with Kazal motifs (RECK) in embryogenesis and tumour suppression 

by investigating its involvement in the regulation of matrix metalloproteinases (MMPs). 

MMPs are proteases mainly involved in the degradation of protein constituents of the 

extracellular matrix (ECM) and are reported to be inhibited by three major protein inhibitors: 

⍺2-macroglobulin (α2M), tissue inhibitors of metalloproteinases (TIMPs) and RECK. 

Notably, abrogation or decrease of RECK levels is embryonically lethal for mice and causes 

increased tumour invasiveness and metastasis in a plethora of human cancers, with both 

phenotypes evincing profound disturbance of vascular structures. We developed bacterial 

and eucaryotic expression systems for the production of RECK variants and established an 

exhaustive purification protocol. The inhibitory activity of RECK variants towards MMP-2, 

MMP-7, MMP-9, and MMP-14 catalytic domain were assessed using fluorogenic peptides 

and natural protein substrates. Contrary to the published literature, no significant MMP 
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inhibition was detected, suggesting that RECK is not a direct inhibitor of MMPs activity 

(Mendes et al., 2020). 

In the second project, we aimed to develop a specific and potent inhibitor of 

aureolysin, a protease and key virulence factor secreted by the human pathogen 

Staphylococcus aureus. At present, we are witnessing the uncontrolled increase of antibiotic-

resistant strains accountable for mild to life-threatening infections. S. aureus, one of those 

alarming pathogens, is equipped with several secreted proteases responsible for overcoming 

host defence molecules, one of which being aureolysin. Currently, there is no known specific 

inhibitor of aureolysin, but such molecules could be a valuable complement for antibiotic 

therapy. The insect metallopeptidase inhibitor (IMPI) is a unique low-molecular-weight 

defensive molecule produced by the greater wax moth Galleria mellonella, which effectively 

and potently inhibits thermolysins from some pathogenic bacteria. In the thesis we evaluated 

IMPI inhibition of aureolysin activity in vitro and explored its mechanism of action through 

analysis of the crystallographic structure of the complex. We conclude that the IMPI 

inhibition mechanism implies its proteolytic cleavage by the protease in the complex, an 

atypical mechanism of metallopeptidases inhibition. Furthermore, in an attempt to obtain a 

more effective or specific aureolysin inhibitor, we designed a set of twelve mutants 

displaying single or multiple point mutations in the reactive-centre loop. The best aureolysin 

inhibition was achieved by the I57F mutant, with a calculated inhibition constant (Ki) of 

346 nM. Taking into account the lack of thermolysin-like peptidases, a family which 

includes aureolysin, in animals, the work presented here provides extra input for the 

development of therapeutic proteins and peptide-based inhibitors based on IMPI and its 

inactivation mechanism for the treatment of infections caused by antibiotic resistant 

pathogens (Mendes et al., 2022). 

In the third project, a highly collaborative work was developed in order to explore 

the unique inhibitory mechanism of human plasma ⍺2M (h⍺2M). H⍺2M is a glycosylated 

high-molecular weight homotetrameric protein of approximately 720 kDa, which is present 

in high concentrations in human plasma. H⍺2M performs several functions including the 

transport of signalling molecules and inhibition of peptidases. Its unique mechanism of 

action, known as the “Venus fly-trap” mechanism, allows the non-specific inactivation of up 

to two protease molecules independently of their catalytic type. In this project we obtained 

eight ⍺2M structures by cryo electron microscopy (cryo-EM) (of both native and induced 

states) demonstrating that the flexible native protein displays an open conformation that 

changes to a closed compact structure upon induction by the cleaving and consequently 



 XIII 

entrapped peptidase, exposing the receptor binding domain and ultimately leading to the 

removal of the complex from circulation (Luque et al., 2022). Sparked by remarks during 

the review process of this paper, we then compared the function and biophysical properties 

of h⍺2M purified from fresh plasma with that of thawed frozen plasma through a range of 

experiments, providing light on this for the very first time, and demonstrating, that both 

h⍺2M preparations are indistinguishable (Mendes et al., in preparation). 
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Abstract (Spanish) 
Las proteasas han estado asociadas desde los inicios de la bioquímica a la digestión 

indiscriminada y degradación de proteínas nutricionales y/o defectuosas. Sin embargo, la 

participación de estos enzimas en la escisión específica, compleja y precisa de sustratos 

proteicos diana concretos se hizo evidente a medida que incrementaban el número de 

estudios. A la par, varios de estos estudios evidenciaron el papel de las proteasas como 

actrices principales en multitud de procesos fisiológicos. Actualmente se sabe que la 

desregulación de la actividad de estas moléculas clave es consecuencia de varias condiciones 

patológicas. La regulación de la actividad de las proteasas es esencial para la homeostasis y 

se logra mediante diversos mecanismos, como el control de la expresión génica, la 

compartimentación de proteínas, la producción de proformas latentes (zimógenos) que 

requieren una activación posterior y la interacción con inhibidores de proteínas y péptidos. 

Todas las formas de vida cuentan con un repertorio diverso de proteasas e inhibidores de 

estas que funcionan de manera concertada y sinérgica. Es importante destacar que varias 

proteasas y sus inhibidores de péptidos o proteínas antagonistas han venido despertando el 

interés de investigadores debido a su gran potencial como dianas terapéuticas. 

La presente tesis presenta nueva información sobre las estructuras de proteasas e 

inhibidores de proteasas y sus mecanismos de acción. Esta tesis recopila los resultados 

obtenidos en tres proyectos que abordan este tema centrándose en distintas proteasas e 

inhibidores. 

En el primer proyecto, revisamos la participación de la proteína “reversion-inducing 

cysteine-rich protein with Kazal motifs” (RECK) en la embriogénesis, la supresión de 

tumores y su implicación en la regulación de las metaloproteinasas de matriz (MMP). Las 

MMPs son proteasas involucradas principalmente en la degradación de los componentes 

proteicos de la matriz extracelular (ECM) y se ha descrito que son inhibidas por tres tipos 

de proteínas: la ⍺2-macroglobulina (α2Μ), los inhibidores tisulares de metaloproteinasas 

(TIMP) y RECK. En particular, la eliminación o disminución de los niveles de RECK 

provoca la muerte de embriones de ratón y también una mayor invasión tumoral y metástasis 

en una plétora de cánceres humanos. Ambos fenotipos están asociados con la alteración 

profunda de estructuras vasculares. En el marco de esta tesis desarrollamos sistemas de 

expresión bacterianos y eucariotas para la producción de variantes de RECK y establecimos 

un protocolo de purificación exhaustivo. Se evaluó la actividad inhibidora de las variantes 
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de RECK frente a MMP-2, MMP-7, MMP-9 y al dominio catalítico de MMP-14 utilizando 

péptidos fluorigénicos y proteínas naturales como sustratos. Durante los estudios realizados, 

no se detectó inhibición significativa de las MMP, lo que claramente indica que RECK no 

es un inhibidor directo de la actividad de MMPs (Mendes et al., 2020). 

En el segundo proyecto, nuestro objetivo fue desarrollar un inhibidor específico y 

potente de la aureolisina, una proteasa secretada por el patógeno humano Staphylococcus 

aureus. En la actualidad, se está observando el aumento descontrolado de cepas resistentes 

a los antibióticos responsables de infecciones leves o potencialmente mortales. S. aureus, 

uno de esos patógenos, está equipado con varias proteasas secretadas que anulan los 

mecanismos de defensa del huésped, una de las cuales es la aureolisina. No se conoce ningún 

inhibidor específico de la aureolisina, que sin duda sería un valioso complemento para la 

terapia con antibióticos. El inhibidor de metalopeptidasas de insectos (IMPI) es una molécula 

defensiva única de bajo peso molecular producida por la polilla de la cera Galleria 

mellonella, que inhibe eficaz y potentemente las termolisinas de algunas bacterias patógenas, 

una familia de metalopeptidasas a la que pertenece la aureolisina. En la tesis evaluamos la 

inhibición de la actividad de la aureolisina por parte de IMPI in vitro y también exploramos 

su mecanismo de acción a través del análisis de la estructura cristalográfica del complejo. 

Concluimos que el mecanismo de inhibición implica la escisión proteolítica por parte de la 

proteasa del inhibidor dentro del complejo, un mecanismo de inhibición atípico de 

metalopeptidasas. Asimismo, en un intento por obtener un inhibidor de aureolisina más 

eficaz o específico, diseñamos un conjunto de doce mutantes diferentes con mutaciones 

puntuales únicas o múltiples en el bucle del centro reactivo. La mejor inhibición de 

aureolisina se logró con el mutante I57F, con una constante de inhibición (Ki) de 346 nM. 

Teniendo en cuenta la ausencia de termolisinas en animales, el trabajo aquí presentado 

podría sentar las bases para el desarrollo de proteínas y péptidos terapéuticos basados en 

IMPI para el tratamiento de infecciones causadas por patógenos resistentes a los antibióticos 

(Mendes et al., 2022). 

En el tercer proyecto, se desarrolló un trabajo colaborativo para explorar el 

mecanismo inhibidor único de la ⍺2M de plasma humano (h⍺2M). La h⍺2M es una proteína 

homotetramérica glicosilada de alto peso molecular (720 kDa) presente en altas 

concentraciones en plasma humano. Realiza varias funciones, incluidos el transporte de 

moléculas de señalización y la inhibición de peptidasas. Su mecanismo de acción, conocido 

como “trampa Venus”, permite la inactivación inespecífica de hasta dos moléculas de 

proteasa, independientemente del tipo catalítico. En este proyecto, obtuvimos ocho 
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estructuras de ⍺2M mediante criomicroscopía electrónica (cryo-EM), tanto de estados 

nativos como inducidos, que demuestran que la proteína nativa es muy flexible y muestra 

una conformación abierta que cambia a una cerrada tras la inducción por la peptidasa 

atrapada, exponiendo el dominio de unión al receptor (Luque et al., 2022). Impulsados por 

los comentarios durante la revisión del manuscrito, procedimos posteriormente a comparar 

las propiedades biofísicas y funcionales de h⍺2M purificada a partir de plasma fresco no 

congelado con proteína obtenida a partir de plasma congelado (Mendes et al., en 

preparación). 
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1. Proteolytic enzymes 
 

1.1. Brief historical contextualization 
 

The Human Genome Project revealed that, contrary to expectations, only 

approximately 2 % of the human genome correspond to protein- or RNA-coding genes, 

amounting to a total of ~20,000 genes (Moraes & Góes, 2016; Nurk et al., 2022)). The 

awareness that about 50% of the human coding genes present high similarity with those from 

other organisms and that genome sizes might be identical despite of the organism’s 

complexity, dethroned DNA as key molecule responsible for complexity and variability. 

New significance was therefore awarded to proteins, the “one gene, one protein” dogma was 

ousted, and the pivotal role undertaken by proteins on the complexity and variability of all 

living organisms unravelled. For instance, one single gene could potentially give rise to 100 

different protein variants with slightly different functions (lately reviewed by Ezkurdia et 

al., 2014; Moraes & Góes, 2016; Ponomarenko et al., 2016). 

The term “protein”, coined by Mulder in 1838 (Vickery, 1950), is a general and non-

exquisite classification that encompasses a tremendous number of macromolecules. 

Enzymes are a large and relevant class of proteins, which speed up chemical reactions 

(Alberts et al., 2002). According to the International Union of Biochemistry and Molecular 

Biology (IUBMB), these catalysts are grouped into seven classes (oxidoreductases (EC 1), 

transferases (EC 2), hydrolases (EC 3), lyases (EC 4), isomerases (EC 5), ligases (EC 6) and 

translocases (EC 7)) according to the chemical reaction they exert (Jeske et al., 2019; 

McDonald et al., 2009). Depicting 2% of the human coding genes, peptidases are one of the 

largest human enzyme classes with 588 putative representatives known to date (Pérez-Silva 

et al., 2016; Quesada et al., 2009; Rawlings, 2020). Peptidases (EC 3.4), also called 

proteases, proteinases, or proteolytic enzymes in an interchangeable manner, are hydrolases 

responsible for cleavage of peptide bonds in peptide or protein substrates (Barrett & 

Rawlings, 2007). 

The historical development of scientific breakthroughs leading to enzyme and 

peptidase knowledge is very intriguing (Figure 1). Although the discovery of the first 

protease, pepsin, by William Beaumont's and Theodor Schwann took place already in 1836 

(Cushing, 1935), the term “enzyme” was only coined almost 40 years later by Wilhelm 

Kühne (Gutfreund, 1976). More interestingly, the association of catalytic activity with 
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protein molecules was only established in 1926 when James Sumner achieved urease 

crystallisation (Simoni et al., 2002). 

 
  

 

 

 

 

 

 

 

1.2. The catalytic site 
 

The active site of a protease is the region where the binding of the substrate and 

subsequent hydrolysis of its peptide bonds occurs. Protease-substrate binding is established 

by hydrogen bond interactions between the protease and the substrate peptide backbone and 

through hydrophobic and electrostatic contacts of substrate amino-acid side chains (P, P’ 

residues) with protease substrate pockets (S, S’ pockets) (Figure 2) (Deu et al., 2012; Klein 

et al., 2018). In agreement with the nomenclature established by Schechter & Berger (1967), 

the substrate residues and their cognate protease substrate pockets upstream (P, S) and 

downstream (P’, S’) of the scissile bond are numbered according to their relative position to 

the cleavage site. The permissiveness of a protease to bind to multiple or limited amino acid 

residues on the substrate determines its specificity (Schauperl et al., 2015). On top of that, 

various proteases possess exosites, interaction surfaces without catalytic activity, that are 

crucial for regulation of specificity and catalytic efficiency of physiological substrates (Bock 

et al., 2007). 

Figure 1: Historic timeline of proteolytic enzyme research. Chronological representation of protease history 
milestones, including the dates of discovery, crystallisation and three-dimensional (3D) structure resolution of the 
first known representatives of aspartic (pepsin), cysteine (papain), serine (trypsin), and metallopeptidases 
(carboxypeptidases A) along with the recently discovered threonine (20S Proteasome from T. acidophilum) and 
glutamic (pepstatin-insensitive carboxyl peptidase from S. lignicolum) peptidases and asparagine lyases (self-
cleaving precursor of the Tsh autotransporter from E. coli). Urease (EC 3.5) is included as it was the very first 
enzyme reported to be crystalized. 
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1.3. Classification of proteases 

A high number of peptidases was discovered since the report “The cleavage products 

of proteoses” in the Journal of Biological Chemistry in 1905 (Levene), leading to more than 

one million amino-acid sequences currently associated with peptidases in MEROPS 

(Rawlings et al., 2018). Initially, peptidases were divided into endopeptidases, responsible 

for cleavage of internal peptide bonds, and exopeptidases, acting near or at the ends of 

polypeptide chains ─ either at the amino (aminopeptidases) or carboxyl (carboxypeptidases) 

terminus of the substrate (Barrett, 1994). While not being common, some proteolytic 

enzymes might function as both endo- and exopeptidases (Turk, 2006). 

A more systematic classification of proteolytic enzymes is based on their catalytic 

mechanism (Figure 3). Seven catalytic types are known to date, allowing separation into 

serine, cysteine, aspartic, threonine, metallo- and glutamic peptidases (Hartley, 1960; 

Kataoka et al., 2005; Rawlings & Barrett, 1993; Seemüller et al., 1995) and asparagine 

lyases (Rawlings et al., 2011). It is important to emphasise that asparagine lyases do not fall 

within the definition of peptidases and hydrolases as they do not utilize a water molecule 

during peptide bond hydrolysis, these class members are nevertheless proteolytic enzymes. 

And while cysteine, serine and threonine peptidases catalyse the peptide cleavage through 

nucleophilic attack of their homonymous active site side chain residue and subsequent 

hydrolysis, the aspartic, glutamic and metallopeptidases draw on an activated water molecule 

as a nucleophile. In the case of asparagine lyases an asparagine residue is the nucleophile 

responsible for self-cleavage (Rawlings et al., 2011). 

 

Figure 2: Schematic representation of a putative enzyme-substrate complex and its nomenclature. The 
enzyme active site (in grey) comprises a variable number of subsites (Sx to S1 and S1’ to Sx’) which accommodate 
the substrate amino-acid chains (likewise, Px to P1 and P1’ to Px’), with cleavage occurring between the P1 and 
P1’ residue. Non-primed and primed positions are upstream and downstream of the scissile bond (indicated by the 
red arrow), respectively. 
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Categorization of proteolytic enzymes based on their catalytic type is the foundation 

of their hierarchical organization into databases such as MEROPS (Rawlings et al., 2016). 

Proteases presenting similar amino acid sequences are clustered into families where amino 

acid sequence similarity might be observed at the whole protein level or within the sequence 

of the catalytic domain (Rawlings, 2013; Rawlings & Barrett, 1993). Members of a protease 

family presenting high similarity within important features, such as substrate binding or 

biological function, are then subdivided into so-called peptidase “species” (Barrett & 

Rawlings, 2007). The best characterised peptidase from such a peptidase species is called 

“holotype” (Rawlings, 2016; Rawlings et al., 2016). Peptidase families are further clustered 

into “clans” when an evolutionary relation could be appreciated by the three-dimensional 

structure and by the linear order of the residues from the catalytic sites (Rawlings et al., 

2016). The complete repertoire of peptidases expressed by an organism or tissue is entitled 

“degradome” (Pérez-Silva et al., 2016). 

One particular organism does not necessarily have proteolytic enzymes of all 

catalytic types (Figure 4). For instance, human and mouse degradomes comprise aspartic, 

cysteine, threonine, serine, and metalloproteases, the last two being the classes with more 

representatives (Quesada et al., 2009). Glutamic peptidases are mainly found in fungi but 

also on archaea and bacteria (K. Jensen et al., 2010; Sims et al., 2004), just as asparagine 

lyases that were additionally detected on viruses (Rawlings et al., 2011). Furthermore, 

aspartic peptidases are mainly encoded by fungi (Nguyen et al., 2019). Moreover, from over 

the 270 protease families hitherto identified, none has homologues in species from every 

Figure 3: Simplified representation of the catalysis mechanism for each human protease class. Serine, 
cysteine, and threonine residues are responsible for the nucleophilic attack of the cognate protease class while in 
aspartic and metalloproteases this role is exerted by an activated water molecule. Metalloproteases comprise a 
divalent ion (yellow sphere) in their active site. Glutamic peptidases present an active site similar to aspartic 
peptidases but with a catalytic dyad of two glutamates or one glutamate and one glutamine. In threonine peptidases 
the ⍺-amine of the protein N-terminus (shown in blue) complements the active-site dyad. Adapted from (L. Wang 
et al., 2021). 
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phylum of organisms, except some who undertake essential housekeeping functions, such as 

methionyl aminopeptidase for N-terminal methionine excision and signal peptidases for the 

removal of targeting signals (Rawlings & Bateman, 2019). 

 
 

 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

1.4. Metalloproteases 
 

The metalloproteases (MPs) are one of the protease classes with more representatives 

in all forms of life, together with serine and cysteine proteases (Figure 4). The diverse 

members of this class harbour at least one divalent metal ion, typically a zinc and less 

frequently cobalt, manganese or nickel, in their active site (Figure 5 and Figure 6). The 

active site metal ion is coordinated by at least one water molecule, the ultimate responsible 

for the hydrolysis of the scissile peptide bond, and three amino acid side chains of peptidase 

residues. The most common metal binding residues are histidines, followed by glutamates, 

aspartates, and lysines (Cerdà-Costa & Gomis-Rüth, 2014; Klein et al., 2018; Vallee & Auld, 

1990). An additional residue, typically a glutamate, which acts as a general base/acid in the 

proteolytic mechanism of MPs, is also in the neighbourhood of the catalytic metal, required 

to activate the catalytic water (Figure 5). 

 

 

Figure 4: Graphical representation of peptidase classes constituting the degradomes of different model 
organisms. Serine, metallo-, cysteine, aspartic and threonine proteases are shown in light blue, yellow, grey, 
orange, and green, respectively. Mix (shown in dark blue) stands for peptidases with protein nucleophiles of mixed 
catalytic type. Data from (Rawlings, 2020). 
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Figure 6: Illustrative metallopeptidase catalytic sites harbouring one or two distinct divalent metal ions. 
S. aureus Peptidase M20 domain-containing protein 2 (UP A0A0H3JAV7; PDB 3ram; Botelho et al., 2011) and 
E. coli methionine aminopeptidase (UP.P0AE18; PDB 1mat; Roderick & Matthews, 1993) and cytosol 
aminopeptidase (UP P68767; PDB 1gyt; Colloms, 2004; Strater, 1999) catalytic sites comprise two zinc, cobalt, 
and manganese ions (yellow, orange, and pink spheres), respectively. E. coli Hydrogenase 2 maturation protease 
(UP P37182; PDB 1cfz; Fritsche et al., 1999) catalytic site contains one nickel ion (green sphere). Peptidase 
residues coordinating the catalytic metal ions are represented in blue. All structural models were prepared in 
PyMOL (The PyMOL Molecular Graphics System, n.d.). 

Figure 5: Schematic representation of zinc metallopeptidases catalytic sites. The catalytic sites of the M4 
holotype thermolysin (from B. thermoproteolyticus; UP P00800; PDB 1kei), the pappalysin-like protease ulilysin 
(from M. acetivorans; UP Q8TL28; PDB 2cki; Tallant et al., 2006) and the human matrixin gelatinase A (UP 
P08253; PDB 3ayu; (Hashimoto et al., 2011) are shown with the catalytic zinc ion displayed as a yellow sphere. 
Residues engaged in ion binding and the general base/acid residue are shown in dark and light blue, respectively. 
The Met turn motif and its methionine residue are highlighted in purple. All structural models were prepared in 
PyMOL (The PyMOL Molecular Graphics System, n.d.). 
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Metallopeptidases are systematically organized and classified according to their 

characteristic metal binding motifs and additional structural features (Figure 7). They are 

allocated into two subclasses, the mononuclear peptidases with a single catalytic metal ion, 

and the dimetalate peptidases displaying two catalytic ions in their active site. These 

subclasses are then further subdivided into tribes (Cerdà-Costa & Gomis-Rüth, 2014). 

For example, zinc metalloproteases, which comprise mostly mononuclear peptidases, 

gather the zincin, inverzincin and ⍺β⍺-exopeptidase tribes. Members of the zincin peptidase 

tribe are characterised by the short zinc binding motif HExxH while inverzincins present a 

consensus sequence with identical residues in inverted order, HxxEH. In turn, zincins split 

into two main clans, the gluzincins, whose third zinc ligand is a glutamic acid (E), and the 

metzincins, which presents a histidine as the third zinc binding residue and a characteristic 

methionine-containing 1,4-b-turn (Met-turn) responsible for their designation (Figure 5 and 

Figure 7) (Bode et al., 1993; Fushimi et al., 1999; Gomis-Rüth et al., 2012; Hooper, 1994). 

Finally, peptidase clans are formed by families, which represent the most specific 

aggregating units. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Diagrammatic representation of zinc metallopeptidases classification. The suggested tree is 
structure-based and comprises five hierarchical levels: class, subclass, tribe, clan, and family. Consensus motifs 
comprising residues responsible for zinc ion binding and catalysis (residues acting as a general base/acid) are 
shown in bold and dark and light blue, respectively. The methionine residue from the Met-turn consensus sequence 
of metzincins is highlighted in bold purple letter. Adapted from (Cerdà-Costa & Gomis-Rüth, 2014). 
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1.4.1. The MMP family 

 

Matrix metallopeptidases (MMPs), interchangeably called matrixins, were initially 

identified sixty years ago as collagenolytic agents during amphibian metamorphosis (Gross 

& Lapiere, 1962). They constitute an important family of the metzincin clan of MPs (M10A 

subfamily of the MEROPS database) and are found in all kingdoms of life, being primarily 

engaged in the degradation of extracellular-matrix (ECM) proteins, as their name implies. 

The ECM is a non-cellular three-dimensional network formed by an agglomerate of various 

macromolecules. Fibrous-forming proteins, namely collagens, elastin, laminin and 

fibronectin (FN), together with proteoglycans and many other glycoproteins, like tenascin 

and vitronectin, are the main constituents of the ECM (Laronha et al., 2020; Theocharis et 

al., 2016). 

The members of this family are chiefly found in vertebrates and were denoted with 

MMP numbers following their order of discovery in addition to their individual trivial names 

(Table 1) (Nagase et al., 2006). In humans, the MMP family encompasses 23 members, 

which are expressed in different tissues and recognize and cleave different substrates 

(Table 1 and Table 2) (Cui et al., 2017). Their general architecture is well conserved 

comprising a signal peptide (SP) followed by a pro-peptide for zymogenic latency, a 

catalytic domain, a linker (hinge) region and a hemopexin-like domain (PEX) (Figure 8) 

(Pulkoski-Gross, 2015). The SP is a typical feature of secreted proteins, which is removed 

during secretion/export from the cell and is responsible for ensuring proper protein 

trafficking. In the case of MMPs, this entails translocation to the extracellular space (Nagase 

et al., 2006; Pulkoski-Gross, 2015). 

MMPs are expressed as latent zymogens, which are activated thought the removal of their 

pro-peptide (or pro-domain) after secretion. The pro-domain is composed of three ⍺-helices 

(⍺1–⍺3) lending stability to this domain and of flexible connecting loops, which are highly 

prone to proteolytic cleavage (Figure 9A) within a protease susceptible “bait region” located 

between α1 and α2 (Jozic et al., 2005; Nagase et al., 2006). This inhibitory domain encloses 

a highly conserved PRCGXPDV motif containing a cysteine residue which is responsible 

for the for the “cysteine-switch” mechanism of inhibition (van Wart & Birkedal-Hansen, 

1990). The thiol group (-SH) of the cysteine residue (C) binds to the catalytic zinc ion 

precluding the binding of the active-site water molecule responsible for the nucleophilic 

attack onto the scissile-bond carbonyl group (van Wart & Birkedal-Hansen, 1990). The 
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adjacent arginine (R) and aspartate (D) residues form a salt bridge that is essential for the 

stability of the cysteine-zinc interaction (Galazka et al., 1996; Suzuki et al., 1990). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The catalytic domain of MMPs is very well conserved, as highlighted by the good 

superimposition of the various structures. It shows a flattened ellipsoidal shape, with the active-site 

cleft traversing the domain in extended horizontal arrangement, which enables binding of a peptide 

substrate from left to right according the so-called “standard orientation” (Nagase et al., 2006). The 

Figure 8: Schematic representation of the matrixins general architecture. The signal peptide (SP), pro-
peptide, catalytic and hemopexin-like domains linked by the hinge region are conserved in all MMPs except in 
matrilysins which lack both hinge and hemopexin domains. The additional fibronectin-like, furin recognition, 
transmembrane (TM) and cytoplasmic (CP) domains, the alternative Type-II Signal Anchor, and the Cysteine- and 
Proline- Rich Regions (CRR and PRR, respectively), which are characteristic for some MMPs, are also 
represented. The cysteine-switch, zinc-binding and the furin activation consensus motifs protrude from the 
respective domains and their key residues are highlighted in bold and coloured letters. Adapted from (Cui et al., 
2017; Parks et al., 2004; Pulkoski-Gross, 2015). 
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catalytic domain is constituted by three ⍺-helices (⍺1–⍺3) and a five-stranded twisted b-sheet (b1–

b5) (Figure 9B). The loops connecting b-strands coordinate non-catalytic ions, specifically a second 

zinc ion and up to three calcium ions, which confer structural stability (Bode et al., 1999; Tallant et 

al., 2010) 

The active-site cleft separates the catalytic domain in two asymmetric parts, the larger N-

terminal subdomain (“upper” subdomain) and the smaller C-terminal subdomain (“lower” 

subdomain). The first half of a zinc-binding consensus sequence (HExxHxxGxxH), typical of 

MMPs, is part the helix ⍺2, which ends in a turn allowed by the glycine (G) residue. This turn is 

fundamental to allow the contact of the third histidine residue with the catalytic zinc ion. Downstream 

in the sequence is another characteristic structural feature, the Met-turn loop, which is found in 

MMPs and other members of the metzincin clan (Figure 7) (Nagase et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

Variations to the catalytic domain structure previously described are embodied by 

the membrane-type MMPs (MT-MMPs) catalytic domains, which harbour an insertion of 

eight extra residues in the loop connecting two strands of the b-sheet, known as the MT-

loop, and by the gelatinases MMP-2 and MMP-9 catalytic domains, which accommodate 

three fibronectin-like repeats (Maskos, 2005; Nagase et al., 2006; Tallant et al., 2010). 

Figure 9: Schematic representation of MMPs pro-peptide (A), catalytic (B) and hemopexin-like (C) 
domains. (A) Human MMP-1 pro-peptide structure (shown in light orange; UP P03956; PDB 1su3; Jozic et al., 
2005) comprises three ⍺-helices (⍺1–⍺3) connected by flexible loops. Pro-peptide key features as the MMP bait 
region and the cysteine switch motif are show in brown and dark orange, respectively. (B) MMP-1 catalytic 
domain structure (in grey) is constituted by three ⍺-helices (⍺1–⍺3), five b-strands (b1–b5) and the connecting 
loops harbouring zinc and calcium ions (yellow and cyan spheres, respectively). MMP-1 residues coordinating the 
catalytic zinc ions are shown in dark blue. (C) MMP-1 hemopexin-like domain presents a four-bladed b-propeller 
structure (light blue) bordered by two cysteine residues forming a disulphide bridge (show in red). All structural 
models were prepared in PyMOL (The PyMOL Molecular Graphics System, n.d.). 
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A hinge region links the catalytic and hemopexin domains. The length of the linker 

varies in the different MMPs, ranging from 15 to 65 amino acids. This proline-rich region 

interacts with both catalytic and hemopexin-like domains assuring proper catalysis and 

specificity (Fasciglione et al., 2012; Iyer et al., 2006; Knäuper et al., 1997). 

The hemopexin-like domain (PEX) presents a characteristic four-bladed b-propeller 

structure entrenched by a disulphide bond formed between cysteine residues located at the 

N- and C-termini of the PEX domain (Figure 9C). This domain is involved in substrate 

recognition and specificity, being crucial for collagenolytic activity (Iyer et al., 2006; 

Overall, 2002). 

Moreover, MMPs might contain additional distinctive features such as the furin-

recognition motif located between the pro- and catalytic domains, which is found in several 

representatives, or the exclusive vitronectin-like domain present in the MMP from Xenopus 

laevis (XMMP), which is flanked by the pro-peptide and the furin recognition domain. 

Surprisingly, this additional domain has no equivalent in the human ortholog, viz. MMP-21 

(Ahokas et al., 2002; Pei & Weiss, 1995). 

Furthermore, certain MMPs are tethered to cell membranes, either by a 

transmembrane (TM) domain followed by a cytoplasmic (CP) domain or by a glycosyl-

phosphatidyl inositol (GPI) anchor (Figure 8) (Itoh, 2015; Sohail et al., 2008). An exception 

to this is MMP-23, which has a type-II transmembrane domain. MMP-23 is unique in that it 

lacks the signal peptide and contains a shorter pro-peptide, in which the key cysteine residue 

is found within an ALCLLPA motif. In addition, it encompasses a cysteine-array region 

(CRR) and a proline-rich immunoglobulin-like domain (PRR) downstream of the catalytic 

domain (Pei et al., 2000; Velasco et al., 1999). 
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Table 1: Members of the MMP Family: Nomenclature and Tissue Distribution. Table adapted from (Cui 
et al., 2017; Laronha & Caldeira, 2020). 

 
MMP 

Designation 
Common name Other name(s) 

IUBMB Enzyme 
Nomenclature 

Production 

1 Collagenase-1 
Interstitial collagenase 
Fibroblast collagenase 

EC 3.4.24.7 
Cells: fibroblasts, keratinocytes, endothelial cells, 
macrophages, hepatocytes, chondrocytes, platelets, 
and osteoblasts. 

2 Gelatinase A 
72-kD gelatinase 
72-kD type IV 
collagenase 

EC 3.4.24.24 
Cells: dermal fibroblasts, keratinocytes, endothelial 
cells, chondrocytes, osteoblasts, leukocytes, 
platelets, and monocytes 

3 Stromelysin-1 Transin-1 EC 3.4.24.17 Cells: fibroblasts and platelets 

7 Matrilysin PUMP EC 3.4.24.23 
Cells: epithelia cells 
Organs: mammalian glands, liver, pancreas, 
prostate, and skin 

8 Collagenase-2 
Neutrophil collagenase 
PMNL collagenase 

EC 3.4.24.34 
Cells: chondrocytes, endothelial cells, activated 
macrophages, neutrophils, and smooth muscle cells 

9 Gelatinase B 
92-kD gelatinase 
macrophage gelatinase 

EC 3.4.24.35 

Cells: neutrophils, macrophages, 
polymorphonuclear leucocytes, osteoblasts, 
epithelial cells, fibroblasts, dendritic cells, 
granulocytes, T-cells, and keratinocytes 

10 Stromelysin-2 
Transin-2 
Protoglycanase 2 

EC 3.4.24.22 Cells: keratinocytes, macrophages, and epithelium 

11 Stromelysin-3   
Cells: fibroblasts 
Organs: uterus, placenta, and mammary glands 

12 Metalloelastase 
Macrophage 
metalloelastase 

EC 3.4.24.65 
Cells: chondrocytes, macrophages and other stromal 
cells, osteoblasts, fibroblasts. 
Organs: placenta 

13 Collagenase-3 - - 
Connective tissue (cartilage and developing bone) 
Cells: macrophages and epithelial and neuronal cells 

14 MT1-MMP Membrane-type MMP EC 3.4.24.80 Cells: fibroblasts, platelets, and osteoblasts 
15 MT2-MMP - - Organs: placenta, heart, and brain 

16 MT3-MMP - - 
Cells: cardiomyocytes progenitor cells, leucocytes 
Organs: lungs, placenta, kidney, ovaries, intestine, 
prostate, spleen, heart, and skeletal muscle 

17 MT4-MMP - - 
Cells: leucocytes 
Organs: brain, colon, ovaries, and testicles 

19 RASI-1 Stromelysin-4 - 

Cells: leucocytes 
Organs: colon, intestine, ovary, testis, prostate, 
thymus, spleen, pancreas, kidney, skeletal muscle, 
liver, lung, placenta, brain, and heart 

20 Enamelysin - - Organs: dental tissue (enamel) 

21 - Xenopus-MMP - 

Cells: leucocytes, macrophages, fibroblasts, basal 
and squamous cell 
Organs: ovary, kidney, lung, placenta, intestine, 
neuroectoderm, skin and brain. 

23 
Cysteine array 
(CA)-MMP 

- - Organs: ovary, testicles, and prostate 

24 MT5-MMP - - 
Cells: leucocytes 
Organs: brain, kidney, pancreas, and lung 

25 Leukolysin MT6-MMP - 
Cells: leucocytes and cancer tissue 
Organs: testicles, kidney, and skeletal muscle 

26 Endometase Matrilysin-2 - Cancer cells of epithelial origin 

27 - - - 
Cells: B-lymphocytes 
Organs: testicles, intestine, lung, and skin. 

28 Epilysin - - 
Cells: basal keratinocytes 
Organs: epidermis. High levels- testis. Low levels-
lungs heart, intestine, colon, placenta, and brain. 
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Table 2: Members of the MMP Family and their substrates. Adapted from (Cui et al., 2017; Laronha & 
Caldeira, 2020). 

 
MMP 

Designation 
Collagen Substrate Non-collagen ECM Substrates Other Substrates and Targets 

1 I, II, III, VII, VIII, X 

and XI, gelatin 

Aggrecan, fibronectin, nidogen, perlecan, 

proteoglycan link protein, serpins, tenascin, 

versican, vitronectin 

Casein, IGF-BP-3 and -5, IL-1β, L-selectin 

myelin basic protein, ovostatin, pro-TNF-⍺ 

SDF-1, ⍺1-antichymotrypsin, ⍺1-antitrypsin 

2 I, II, III, IV, V, VII, 

X and XI, gelatin 

Aggrecan, elastin, fibronectin, laminin, nidogen, 

proteoglycan link protein, tenascin, versican, 

vitronectin 

FGF-R1, IGF-BP-3, and -5, IL-1β, myelin basic 

protein, pro-TNF-⍺, TGF-β, 

Active MMP-9 and -13 

3 I, II, III, IV, V, IX, 

X and XI, gelatin 

Aggrecan, decorin, elastin, fibronectin, laminin, 

nidogen, perlecan, proteoglycan link protein, 

proteoglycans, tenascin, versican, vitronectin 

antithrombin III, casein, E-cadherin, fibrinogen, 

IGF-BP-3, L-selectin, myelin basic protein, 

osteonectin, ovostatin, pro-HB-EGF, pro-TNF-⍺, 

pro-IL-1β, SDF-1, ⍺1-antichymotrypsin, ⍺1-

antitrypsin, pro-MMP-1, -8, and -9, 

7 IV and X, 

gelatin 

Aggrecan, elastin, fibronectin, laminin, nidogen, 

proteoglycan link proteins, proteoglycans, tenascin, 

vitronectin 

Casein, decorin, defensin, E-cadherin, Fas–ligand, 

myeline, plasminogen, pro-TNF-⍺, syndecan-1 

transferrin β4 integrin 

pro-MMP-2, -7, and -8. 

8 I, II, III, V, VII, VIII 

and X, gelatin 
Aggrecan, elastin, fibronectin, laminin, nidogen Ovostatin, ⍺2-Antiplasmin, pro-MMP-8 

9 IV, V, VII, X, XI, 

and XIV, gelatin 

Aggrecan, decorin, elastin, fibronectin, laminin, 

nidogen, proteoglycan link protein, versican 

Casein, CXCL5, IL-1β, IL-8, IL2-R, myelin basic 

protein, plasminogen, pro-TNF-⍺, SDF-1, TGF-β 

10 III, IV, V, IX and X, 

gelatin 

Aggrecan, elastin, fibronectin, laminin, nidogen, 

proteoglycans 
Casein, fibrilin-10, pro-MMP-1, -8, and -10 

11 - Aggrecan, laminin, fibronectin IGF-BP-1, ⍺1-antitrypsin 

12 I, IV and V, gelatin 
Aggrecan, elastin, fibronectin, laminin, nidogen, 

proteoglycans, vitronectin 

Casein, fibrinogen, myelin, osteonectin, ⍺1-

antitripsin 

13 I, II, III, IV, IX, X 

and XIV, gelatin 
Aggrecan, fibronectin, laminin, tenascin 

Casein, osteonectin, plasminogen, SDF-1, pro-
MMP-9 and -13, 

14 I, II and III, gelatin 
Aggrecan, elastin, fibrin, fibronectin, laminin, 

nidogen, perlecan, tenascin, vitronectin 

CD44, pro-TNF-⍺, SDF-1, tissue transglutaminase, 

⍺1-antitrypsin, ⍺2-macroglobulin, ⍺vβ3 integrin, 

pro-MMP-2 and -13 

15 I, gelatin 
Aggrecan, fibronectin, laminin, nidogen, perlecan, 

vitronectin, tenascin 
Tissue transglutaminase, pro-MMP-2 and -13 

16 I and III, gelatin 
Aggrecan, fibronectin, laminin, perlecan, 

vitronectin 
casein, pro-MMP-2 and -13 

17 Gelatin Fibrin Fibrinogen 

19 I and IV, gelatin 
Aggrecan, fibronectin, laminin, nidogen, tenascin-

C isoform 
Casein 

21   ⍺1-antitrypsin 

20 V Aggrecan, amelogenin cartilage oligomeric protein - 

23 Gelatin  - 

24 Gelatin 
Chondroitin sulphate, dermatin sulphate 

Fibrin, fibronectin, N-cadherin 
Pro-MMP-2 and -13 

25 IV, gelatin Fibrin, fibronectin, proteoglycans ⍺1-antitrypsin, pro-MMP-2 

26 IV, gelatin, Fibrin, fibronectin, vitronectin, 
Casein, fibrinogen, IGFBP-1, ⍺1-antitrypsin, ⍺2-

macroglobulin, pro-MMP-2 

27 Gelatin - - 

28 - - Casein 

 

 

 MMPs are typically classified into (true) collagenases, gelatinases, stromelysins, 

matrilysins, membrane-type MMPs (MT-MMPs), and other MMPs according to their 

substrates or organization of their structural domains (Figure 8) (Table 3) (Cui et al., 2017). 

Collagenases and gelatinases are peptidases, which primarily cleave native or denatured 
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collagens (gelatins), respectively (Allan et al., 1995; Chung et al., 2004; Holmbeck & 

Birkedal-Hansen, 2013), while stromelysins and matrilysins present a broad substrate 

specificity against protein constituents of the ECM and cell surface proteins (Table 2). The 

last two differ in structural features: matrilysins are the smallest MMPs since they are 

constituted only by the pro- and catalytic domains and lack both the hinge region and the 

PEX domain, while stromelysins have the same domain arrangement as collagenases 

(Figure 8) (Piskór et al., 2020). 

 

MMP Family MMP Designation 

Collagenases MMP-1, -8, -13, -18 
Gelatinases MMP-2, -9 
Stromelysins MMP-3, -10, -11 
Matrilysins MMP-7, -26 
Membrane-type 

MMPs MMP-14, -15, -16, -17, -24, -25 

Other MMPs MMP-12, -19, -20, -23, -28 
 

An alternative classification, based on structural similarities and function, has been 

proposed in which MMPs are grouped into minimal domain, simple hemopexin, gelatin 

binding, furin-activated, vitronectin-activated, transmembrane, GPI-anchored and type II 

transmembrane MMPs (Caley et al., 2015).  

The members of the matrixin family are responsible not only for the turnover and 

degradation of ECM components as initially described, but also for the proteolytic cleavage 

of several non-matrix substrates, like cytokines, chemokines, receptors, and others 

(Table 2). Therefore, rigorous regulation of MMPs activity is fundamental, and it takes place 

at four levels: gene expression, compartmentalization, temporal and spatial control of pre-

form activation, and enzyme inhibition by their specific endogenous inhibitors, the tissue 

inhibitors of metalloproteinases (TIMPs; Laronha & Caldeira, 2020). Moreover, MMPs are 

also inhibited by endogenous non-specific inhibitors like ⍺2-macroglobulin (⍺2M) and, 

based on some studies, by the reversion-inducing-cysteine-rich protein with Kazal motifs 

(RECK; Laronha et al., 2020). 

In 1990, van Wart & Birkedal-Hansen proposed the still accepted “cysteine switch” 

mechanism for MMPs activation (van Wart & Birkedal-Hansen, 1990). During this 

activation process, the MMP pro-domain is removed through disruption of the interaction 

between its conserved cysteine residue thiol group with the catalytic zinc ion. This ligand 

Table 3: MMPs Classification ---------------------- 
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position is then taken over by a water molecule, complementing the proteinaceous zinc 

binding residues of the catalytic domain. The thiol–zinc ion interaction can be disrupted by 

(i) direct proteolytic cleavage of the pro-domain, (ii) allosteric disruption of the zymogen 

provoked by chaotropic agents or surfactants like sodium dodecyl sulphate (SDS), or by (iii) 

reduction of the free thiol by chemical agents such as disulphide compounds, sulfhydryl 

alkylating agents, oxidants, and heavy metal ions such as organomercurial compounds. 

Allosteric disruption or sulfhydryl reduction activation further leads to subsequent autolytic 

cleavage of the pro-domain (Ra & Parks, 2007; Springman et al., 1990; Yamamoto et al., 

2015). 

In vivo, latent pro-MMPs are mainly activated by proteolytic cleavage. One third of 

MMPs comprise a RxKR or RRKR motif recognized and cleaved by proprotein convertases 

(PPC) (Figure 8). Furin, a subtilisin-like serine protease and the prototypic PPC, is localized 

in the trans-Golgi network and therefore is accountable for MMPs intracellular activation 

before secretion. All the other MMPs are secreted as zymogens requiring posterior 

activation. In vitro studies reveal that pro-MMPs might be also activated by distinct serine 

proteases like plasmin, trypsin, chymase and elastase, or even by other MMPs. Nevertheless, 

the in vivo activation mechanism of this proteases remains unclear in many cases (Loffek et 

al., 2011; Ra & Parks, 2007). Pro-MMP-2 activation by active MMP-14 at the cell surface 

is probably the best described pro-MMP activation mechanism exerted by other active MMP 

members. Notably, this activation mechanism requires the concerted participation of TIMP-

2 and MMP-14, which form an activation complex with a 1:1:1 stoichiometric ratio on the 

cell surface (Itoh, 2001; Z. Wang et al., 2000). 

 

 

1.4.2. The thermolysin family 
 

Thermolysin (EC 3.4.24.27) was the first metalloendopeptidase whose X-ray crystal 

structure was solved (Matthews, 1988). Thermolysin is a neutral metallopeptidase of 

34.6 kDa secreted by Bacillus thermoproteolyticus, a thermophilic Gram-positive bacterium 

(Titani et al., 1972), and the prototypical member of the thermolysin family, also called 

thermolysin-like proteases (TLPs), which is included within family M4 of the MEROPS 

database. This is an important family of the gluzincin clan of zinc metallopeptidases and it 

comprises a large number of neutral metallopeptidases with similar amino-acid sequences, 

three-dimensional structures, catalytic mechanisms and, to some extent, substrate 
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specificities (de Kreij et al., 2000; van den Burg & Eijsink, 2013). TLPs are zinc and 

calcium-dependent metallopeptidases expressed by several microorganisms and are often 

virulence factors implicated in severe bacterial infections accountable not only for 

degradation of several host proteins (Table 4), but also for the proteolytic activation of 

bacterial toxin precursors (Adekoya & Sylte, 2009). 

 
Table 4: Thermolysin-like proteases (TLPs) secreted by pathogenic bacteria, their substrates, and 

pathological implications -------------------------------  

 

 

TLPs, as well as other proteases with broad specificity such as the Bacillus 

subtilisins, may be dangerous for the secreting bacterium, so they are produced as partially 

unfolded pre-proenzymes that are only activated after secretion (Eijsink et al., 2011). The 

pre-peptide, which acts as a signal peptide for transport, is removed during secretion (Eder 

& Fersht, 1995). The inactivating pro-peptide comprises two domains: the fungalysin-

thermolysin-pro-peptide (FTP) domain, common to bacterial and fungal metallopeptidase 

families (M4 and M36 in MEROPS database), and the PepSy domain, exclusively conserved 

within the M4 family (Markaryan et al., 1996; Tang et al., 2003). This pro-domain behaves 

as an intramolecular chaperone assisting protease folding in the extracellular milieu. After 

completion of the folding process, it is removed by autoproteolytic maturation (Eijsink et 

al., 2011; Gao et al., 2010; Marie-Claire et al., 1998). 

The TLPs structures display two domains connected by a central ⍺-helix, which 

comprises the residues of the central zinc binding motif (HExxH) (Figure 10). The N- and 

TLP Organism Host Substrates Pathological consequences Reference(s) 

l-toxin 
Clostridium 
perfringens 

Casein, collagen, complement 

C3, fibrinogen, fibronectin, 

immunoglobulin A 

Bacterial invasion, haemorrhagic 

oedema, increased vascular 

permeability, tissue destruction 

(Jin et al., 1996) 

Coccolysin Enterococcus 
faecalis 

Casein, collagen, fibrinogen, 

gelatin, haemoglobin, 

endothelin-1 

 

Food poisoning, intra-abdominal 

abscesses, secondary 

bacteraemia, and root canal, soft 

tissue, and urinary tract 

infections 

(Mäkinen et al., 1989; Makinen 

& Makinen, 1994) 

M4 TLP 

Helicobacter 
pylori 

Gelatin, mucin 

 

Gastric carcinoma, gastritis, 

peptic ulcer 
(Smith et al., 1994) 

Vibrio 
cholerae 

Fibronectin, lactoferrin, 

ovomucin 

 

severe vomiting and watery 

diarrhoea 

(Booth et al., 1983; Finkelstein 

& Hanne, 1982) 

ProA Legionella 
⍺1-antitrypsin, CD4, Interleukin 

2 

Legionnaire’s disease and 

pneumonia 

(Conlan et al., 1988; Mintz et al., 
1993; Scheithauer et al., 2021) 

Pseudolysin Pseudomonas 
aeruginosa 

⍺1-antitrypsin, casein, 

coagulation and complement 

factors, collagen, elastin, gelatin, 

immunoglobulins 

chronic ulcers, corneal and lung 

infections, muscle damage, 

severe haemorrhages 

(Heck et al., 1986; Hobden, 

2002; Kessler & Safrin, 2014; 

Komori et al., 2001; 

Schmidtchen et al., 2003; 

Wretlind & Pavlovskis, 1983; 

Yanagihara et al., 2003) 
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C-terminal domains are mainly constituted by b-sheets and ⍺-helices, respectively. The 

thermolysin catalytic zinc ion is deeply buried within the active-site cleft, at the junction 

between the domains, which has been shown to display a more closed conformation once a 

ligand is bound (Holland et al., 1992; van den Burg & Eijsink, 2013; Veltman et al., 1998). 

In vitro, removal of the catalytic zinc ion from prototypical thermolysin generates an inactive 

apoenzyme whose activity can be restored to 100%, 200%, 60% or 10% of the native activity 

through addition of zinc, cobalt, iron or manganese ions, respectively. Interestingly, excess 

of zinc ions leads to thermolysin inactivation due to binding of an additional zinc ion to H231, 

assuming the position usually occupied by the catalytic water molecule (H2O231) (Holland et 

al., 1995; Holmquist & Vallee, 1974). Furthermore, thermolysin binds four calcium ions 

(Ca1–Ca4). Whereas Ca1 and Ca2 occupy a double binding site near the active site cleft, Ca3 

and Ca4 are exposed in loops on the N- and C-terminal domains, respectively (Figure 10). 

Calcium ions are critical for enzyme stability, and thus itis not surprising that thermostable 

TLPs bind four calcium ions while less stable TLPs bind only two (Ca1 and Ca2). Studies on 

TLP from Bacillus stearothermophilus (TLP-ste) suggest that the calcium ions have an 

important regulatory role; the intracellular environment with low calcium concentrations 

favours protein instability and ensures partial protein unfolding while the higher availability 

of calcium ions in the extracellular space triggers complete folding and ensures protein 

stability (Eijsink et al., 2011).  

Just like in other gluzincins, the catalytic zinc of TLPs is coordinated by a water 

molecule and by the histidines and the downstream glutamate residue of the zinc-binding 

motif HExxH+E, in which the first glutamate (E) residue acts as a general base/acid for 

catalysis. 

The main specificity site of archetypal thermolysin is the S1’ pocket, which 

preferably accepts aliphatic amino acids like L, F, I, and V (Figure 11) (Adekoya & Sylte, 

2009; Heinrikson, 1977; Ligné et al., 1997). The TLPs aureolysin, coccolysin and l-toxin 

present similar specificities, preferring the hydrophobic residues L, V, Y, I, F and A in S1’ 

(de Kreij et al., 2000; Drapeau, 1978; Mäkinen et al., 1989; Makinen & Makinen, 1994). 

Pseudolysin and griselysin specificities are also similar to the prototype since they favour 

hydrophobic residues but they prefer aromatic over aliphatic residues (Kajiwara et al., 1991; 

Tsuyuki et al., 1991). 
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Figure 10: Schematic representation of thermolysins structure. (A) Structure of prototypical thermolysin (UP 
P00800; PDB 1kei). b-strands and ⍺-helices are coloured in purple and grey, respectively. Central ⍺-helix, 
connecting N- and C-terminal domains, is shown in light teal. Zinc ion and zinc binding residues are highlighted 
in yellow and dark blue, respectively. Calcium ions are numbered and shown in light blue. (B) Thermolysin surface 
plot in the (left) same orientation as (A) and after (right) clockwise 90° rotation, highlighting the active-site cleft, 
the catalytic zinc, and the surface exposed calcium ions. All structural models were prepared in PyMOL (The 
PyMOL Molecular Graphics System, n.d.). 

Figure 11: Illustrative IceLogo of thermolysin substrate preference. Image based on data deposited in 
MEROPS database (Rawlings et al., 2018) and created using IceLogo (Colaert et al., 2009) where preferential 
substrate residues were coloured according to hydrophobicity at pH 7. Substrate residues favourable for cleavage 
are shown above the substrate positions indicated (positive y-axis values), while unfavourable residues are 
displayed below. The red dashed line indicates the scissile bond between P1 and P1’. 
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Thermolysin is a thermostable enzyme with a bell-shaped pH profile, which shows 

maximal proteolytic activity at neutral pH values (Feder & Schuck, 1970). When working 

with this protease, phosphate buffers should be avoided since they inhibit its activity. 

Moreover, addition of CaCl2 to the buffers is recommended to minimise autolysis (Feder, 

1968; van den Burg & Eijsink, 2013). The presence of neutral salts, such as sodium chloride, 

at high concentrations (1–4 M) increases the thermal stability and catalytic activity of 

thermolysin (Inouye et al., 1998; Inouye, 1992; Yang et al., 1994), whereas zinc-chelating 

agents like ortho-phenanthroline reversibly inhibit its activity (Holmquist & Vallee, 1974). 

 

 

 

1.4.3. Aureolysin 

 

Among all TLPs, aureolysin caught the attention of researchers due to its 

involvement in Staphylococcus aureus infection. S. aureus is a clinically important pathogen 

involved in a wide range of human infections. This versatile pathogen can occupy numerous 

niches within the host, varying from a commensal bacterium to an infective opportunist that 

causes not only superficial lesions such as wound infections and abscesses, but also life-

threatening systemic infections such as bacteraemia, endocarditis, meningitis, pneumonia, 

sepsis, osteomyelitis, and toxic shock syndrome (David & Daum, 2010; Lowy, 1998; Shaw 

et al., 2004). S. aureus infections triggered major concerns since the emergency of 

methicillin-resistant S. aureus (MRSA) strains, which entail important clinical and economic 

consequences (Ahmad-Mansour et al., 2021; Zhen et al., 2020). 

The effectiveness of S. aureus infections relies on the concerted production of a vast 

amount of virulence factors, i.e. protein and non-protein factors that promote infection 

through colonization and evasion of the immune system, in a spatially, temporally and 

environmentally controlled manner (Ahmad-Mansour et al., 2021; Cheung et al., 2021). 

Some of these virulence factors are secreted proteases, such as the cysteine proteases 

staphopain A (ScpA) and B (SspB), the serine protease V8 (alias SspA) and seven further 

serine protease-like proteins (SplA–F), as well as the TLP aureolysin (Pietrocola et al., 

2017).  

The staphylococcal extracellular proteolytic system is driven by a cascade of 

zymogen activation. Unlike other TLPs, aureolysin zymogen activation seems to occur in 
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two sequential steps. Pro-aureolysin activation is initiated by autoproteolytic cleavage of the 

T85¯L86 bond within the FTP domain of the pro-peptide and completed by subsequent 

cleavage at E208¯A209, at the junction of the pro- and metallopeptidase domains  (Nickerson 

et al., 2008). Aureolysin activates SspA, which in turn activates SSpB, which further 

activates ScpA (Figure 12). Thus, aureolysin is the key initiator of the activation cascade 

(Shaw et al., 2004). 

Aureolysin activity is also implicated in the evasion of S. aureus from the host 

immune response. It cleaves and thus inactivates the endogenous protease inhibitor ⍺1-

antitrypsin, which leads to increased levels of neutrophil elastase, an ⍺1-antitrypsin target, 

that favours turnover of plasma proteins (Potempa et al., 1986). Moreover, aureolysin 

directly cleaves plasma proteins, such as prothrombin, which produces active thrombin and 

stimulates staphylocoagulase activity (Wegrzynowicz et al., 1980). Furthermore, aureolysin 

circumvents both innate and adaptive mechanisms of the host immune system. For instance, 

it disturbs T- and B-lymphocyte stimulation by polyclonal activators, inhibits the 

immunoglobulin production of lymphocytes (Prokešová et al., 1991), cleaves the anti-

microbial peptide LL-37 (Sieprawska-Lupa et al., 2004) and the complement components 

C3 and C3b (Laarman et al., 2011), and protects staphylococci within macrophages and 

neutrophils upon phagocytosis (Burlak et al., 2007; Kubica et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Diagrammatic representation of the activation cascade of S. aureus extracellular proteases. 
Aureolysin (Aur) autolytic activation depicted as a green arrow. The hypothetical activation of Pro-ScpA by SspB 
is shown by the grey arrows. Adapted from (Shaw et al., 2004). 
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The aureolysin encoding gene (aur) is strongly conserved across S. aureus strains 

and occurs in two allelic forms that give rise to aureolysin type-I and type-II, which differ in 

eleven residues (Sabat et al., 2000). Aureolysin type-II is two times more active than the 

type-I variant against azocasein (S. Takeuchi et al., 2002). 

The expression of aureolysin is tightly controlled, being activated during the bacterial 

post-exponential growth phase (Potempa & Shaw, 2013). Mature aureolysin is a single-chain 

protein that migrates according to a molecular mass of 28 kDa in size-exclusion 

chromatography and sedimentation equilibrium studies (Arvidson, 1973; Saheb, 1976) or as 

a 38-kDa protein in SDS-PAGE studies (Drapeau, 1978). Aureolysin type-I shares a 

sequence identity of only 49% with prototypical thermolysin, but their three-dimensional 

structures and substrate specificities are very similar (Figure 13) (Potempa & Shaw, 2013). 

However, aureolysin binds only three calcium ions, which are located close to the active site 

and in the C-terminal domain, and its deep active-site cleft has a more closed conformation 

than in other TLPs, mostly due to the insertion of five residues above the active site 

(Figure 13). This may also explain the lack of elastinolytic activity, a common feature of 

thermolysin and TLPs (Potempa & Shaw, 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Schematic representation of aureolysin structure. (A) Structure of aureolysin (UB 81177; 
PDB 1bqb; Banbula et al., 1998). b-strands and ⍺-helices are coloured in purple and grey, respectively. Central ⍺-
helix, connecting N- and C-terminal domains, is shown in light teal. Zinc ion and zinc binding residues are 
highlighted in yellow and dark blue, respectively. Aureolysin displays three calcium ions (light blue spheres). 
(B) Aureolysin surface plot in the (left) same orientation as (A) and (B) after clockwise 90° rotation, highlighting 
the active-site cleft, the catalytic zinc, and the surface exposed calcium ions. (C) Thermolysin surface in the exact 
same orientation as aureolysin to demonstrate the variance of depth of their active site clefts (highlighted with the 
red bar). 
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2. Proteolysis regulation 

 
 The original perception of proteases as simple indiscriminate digestive enzymes in 

charge of the degradation of dietary proteins or unfolded and erroneous proteins has changed 

over recent years as more proteases were discovered and studied in more detail (Puente et 

al., 2003). Proteases are also key players of limited proteolysis, which is a complex, fine-

tuned, irreversible post-translational modification (PTM) described for the first time by 

Linderstrom-Lang and Ottesen in 1949 according to (Doi et al., 1987; Richards, 1992). Such 

proteolytic processing is responsible for activation, inactivation or function modification of 

other proteins, including other proteases (Overall & Blobel, 2007). For example, signal-

peptide peptidases are implicated in protein quality control in the endoplasmic reticulum and 

are responsible for the removal of signal peptides from secreted proteins (Boname et al., 

2014; Liaci & Förster, 2021; Schrul et al., 2010). Moreover, proprotein convertases 

(proteinases functioning in the Golgi apparatus, endosomes, secretory granules or in the cell 

surface) such as furin are crucial for the activation of proproteins like prohormones or 

proneuropeptides (Ra & Parks, 2007; Seidah, 2011), in addition to the previously described 

MMPs. Furthermore, proteolytic enzymes are responsible for the activation at the 

appropriate time or localization of other proteases synthetized in inactive forms as zymogens 

(Khan & James, 1998). Some examples of this activation mechanism are the activation of 

thrombin (Krishnaswamy, 2013), plasma protein C (Stojanovski et al., 2020), caspases 

(Salvesen & Dixit, 1997) and MMPs (Ra & Parks, 2007). Consequently, proteases are 

implicated in multitudinous biological processes including cell signalling, cell-cycle 

regulation (Rhind & Russell, 2012), cell death (namely in apoptosis; Utz & Anderson, 2000), 

cellular stress response (Fulda et al., 2010), ECM organization (Ricard-Blum & Vallet, 

2016), cell migration/invasion (Madri & Graesser, 2000) and regulation of lipid homeostasis 

(Sam et al., 2019). They are therefore engaged in tissue remodelling (Chen, 1992; Ricard-

Blum & Vallet, 2016), organ formation (Sanaei et al., 2021), immune response ranging from 

antigen presentation (Matthews et al., 2010) to pathogen infection (Marshall et al., 2017) 

and T-cell maturation (Guerder et al., 2019), homeostasis of the vascular (McCarty & 

Percival, 2013; Walsh & Ahmad, 2002) and neurological systems  (Cenac, 2013; Yagami et 

al., 2019), as well as in reproductive processes like menstruation, pregnancy  (Girardi et al., 

2020) and embryogenesis (Rose et al., 2003; Seshagiri et al., 2003). 
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Limited proteolysis has also been associated with a multitude of roles in procaryotes, 

among which the control of lipid metabolism and of stress responses (Micevski & Dougan, 

2013; Wettstadt & Llamas, 2020), sporulation (Maurizi & Switzer, 1980) and pathogenicity 

(Culp & Wright, 2017; Frees et al., 2013; Miyoshi, 2013) are most studied. 

 The myriad of biological processes in which proteases take part demonstrates that 

control of proteolytic enzymes is of utmost importance. Accordingly, peptidases are 

regulated at multiple levels, including regulation of gene expression, restriction to specific 

cellular compartments, and by inactivating pro-domains or endogenous inhibitors (López-

Otín & Bond, 2008). It is important to mark that the complexity of biological processes 

demands a strict control and perfect synchronization of all proteins participating in the 

respective mechanisms. The fine-tuning of individual proteins is not only attained thought 

the high specificity and selectivity of a protease and its substrates or by co-regulatory 

mechanisms at the protease level, but it might also be achieved through the interplay of 

distinct post-transcriptional modifications at both protease and substrate levels (Boon et al., 

2016; Goth et al., 2018). For instance, site-specific O-glycosylation is crucial for the co-

regulation of proteolytic events such as ectodomain shedding, proprotein processing and the 

cleavage of G-protein-coupled receptors (GPCR) and downstream signalling (Goth et al., 

2018). The regulation of fibroblast growth factor 23 (FGF23) by proteolysis, site-specific O-

glycosylation and phosphorylation is an illustrative example of this concerted regulation 

(Tagliabracci et al., 2014). 

In sum, throughout all forms of life, from single-cell archaea to complex multicellular 

eukaryotes, peptidases and their inhibitors, present in invading parasites and defending hosts, 

participate in various (patho)physiological processes and in virulence and invasion, as well 

as in the countered protective mechanisms (Armstrong, 2006). 
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2.1. α2-Μacroglobulins 

 

The ⍺2Ms are high molecular weight, multi-domain glycoproteins, which are able to 

inhibit a remarkably broad spectrum of endopeptidases. They belong to the superfamily of 

the thioester-containing proteins (TEPs) whose members share a common evolutionary 

origin and exhibit conserved structural and functional features. Other relevant members of 

this superfamily are complement components C3, C4 and C5; pregnancy zone protein (PZP) 

and the PZP-like ⍺2M-domain-containing protein 8 (CPAMD8); ⍺1-inhibitor-3 (⍺1I3) and 

insect and nematode TEPs. Despite functionally different, the mechanism of action of TEPs 

entails proteolytic processing and structural rearrangement (Garcia-Ferrer et al., 2017). 

The ⍺2Ms are intrinsic components of the innate immune system of eukaryote 

species, which are found in the haemolymph of invertebrates, plasma of vertebrates, and in 

the egg white of reptiles and birds (Armstrong, 2006; Buresova et al., 2009; Lim et al., 2011; 

Nielsen et al., 1994). However, ⍺2Ms are not exclusively found in metazoans. Indeed, they 

have been identified in several bacterial species, most of them being pathogenic to or 

colonizers of higher eucaryotes (Table 5) (Neves et al., 2012). ⍺2Ms exert similar trapping 

dynamics for their inhibitory mechanisms, which are triggered by the proteolytic cleavage 

of a bait region by the prey peptidase, which leads to subsequent conformational 

modification, independently of their oligomeric state (Arimura & Funabiki, 2022; Enghild 

et al., 1990; Garcia-Ferrer et al., 2015, 2017; Ikai et al., 1983; Marrero et al., 2012). And 

even though some ⍺2Ms lack the thioester bond, their inhibitory activity isn’t impaired; they 

just cannot covalently bind the entrapped target peptidase (Nagase & Harris, 1983; Robert-

Genthon et al., 2013). 

 

 

2.1.1. Human ⍺2M 

 

H⍺2M, first isolated in 1946, is a 720 kDa homotetrameric glycoprotein (Barrett & 

Starkey, 1973; Cohn et al., 1946; Travis & Salvesen, 1983). Mainly synthesized in the liver, 

all mammalian ⍺2Ms are found in blood, which ensures availability throughout the body 

and, therefore, execution of their innate immunity protection roles (Andus et al., 1983). 

H⍺2M is a unique plasma inhibitor protein that targets endopeptidases regardless of their 

substrate specificity or catalytic type, and it has been reported to inhibit serine, aspartic, 
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cysteine and metallopeptidases (Hibbetts et al., 1999; Kantyka et al., 2010). The h⍺2M 

inhibition mechanism, known as a “Venus flytrap” mechanism, does not function through 

blockage of the catalytic site of a target peptidase but rather by peptidase entrapping, 

following which the imprisoned enzyme remains active but without or limited substrate 

access (Figure 14) (Barrett & Starkey, 1973). 

 
Table 5: Summary table of characterised ⍺2-macroglobulins. The symbols (+), (-) and (~) represent 
presence, absence or unknown, respectively. Table adapted from (Garcia-Ferrer et al., 2017). 

 
Name Organism 

UniProt 

Number 
Localization 

Mass 

(kDa) 
Oligomerization 

Thioester 

bond 

⍺2M 

Homo sapiens 

P01023 Blood serum 720 Tetramer + 
⍺2ML1 A8K2U0 Epidermis 180 Monomer + 

PZP P20742 
Pregnancy blood 

serum 
720 Tetramer + 

Ovostatin Gallus gallus P20740 Egg white 780 Tetramer - 
⍺1M Rabbit - Blood serum ~ Tetramer + 

⍺2M 
Biomphalaria glabrata 

(gastropod mollusc) 
- Haemolymph 800 Tetramer + 

⍺2M 
Ornithodoros moubata 

(tick) 
- Plasma 420 Dimer + 

⍺1I3 
Rattus norvegicus 

P14046 Blood serum 174 Monomer + 
⍺1M Q63041 Blood serum ~ Tetramer ~ 

⍺2M 
Limulus polyphemus 

(horseshoe crab) 
- Haemolymph and 

blood cells 
354 Dimer + 

⍺2M 
Erinaceus europaeus 

(hedgehog) 

- Plasma 800 Tetramer ~ 

⍺2bM - Plasma 
450-
550 

Dimer ~ 

⍺2M 
Penaeus vannamei 

(white shrimp) 
- Hemolymph 360 Dimer + 

IrA2M 
Ixodes Ricinus 

(tick) - Haemolymph 440 Dimer + 

⍺2M Chelonia mydas japonica 
(turtle) 

- Blood serum ~ ~ + 
Ovostatin - Egg white ~ ~ - 

⍺M 
Rana catesbiana 

(frog) 
- Blood serum 180 Monomer + 

⍺2M 
Astacus astacus 

(crayfish) - Haemolymph 390 Dimer + 

⍺2M 
Octopus vulgaris 

(mollusc) 
- Haemolymph 360 Dimer + 

⍺2M 
Struthio camelus 

(ostrich) 
- Blood serum 779 Tetramer + 

⍺2M 
Helix pomatia 

(gastropod mollusc) 
- Haemolymph 697 Tetramer + 

⍺2M 
Pacifastacus leniusculus 

(crayfish) - Haemolymph 380 Dimer + 

⍺2M 
Libinia emarginata and Cancer borealis 

(crab) 
- Haemolymph 480-

460 
Dimer +/- 

⍺2M 
Homarus americanus 

(lobster) 
- Haemolymph 342 Dimer + 

⍺2M 
Cyprinus carpio 
(bony fish carp) - Blood serum 380 Dimer + 

⍺2M 
Farfantepenaeus paulensis 

(shrimp) - Blood serum 389 Dimer + 

ECAM Escherichia coli P76578 Inner membrane 
lipoprotein 

183 Monomer + 

SA-⍺2M Salmonella enterica ser. Typhimurium Q8ZN46 
Inner membrane 

lipoprotein 
179 Monomer + 

MagD 

(YfaS) 
Pseudomonas aeruginosa PA4489 

Inner membrane 
lipoprotein 165 Monomer - 
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The h⍺2M tetramer is a dimer of dimers, formed by the association of two disulphide-

linked dimers in antiparallel orientation (a top and a bottom dimer). Each protomer of 1451 

residues is a multidomain molecule comprising 11 domains (Figure 15), whose stabilization 

and solubility are ensured by twelve intramolecular disulphide bonds and eight residues 

containing N-linked carbohydrate groups (P. E. Jensen & Sottrup-Jensen, 1986; Kolodziej 

et al., 1996; Marrero et al., 2012; Qazi et al., 2000). The seven N-terminal macroglobulin-

like (MG) domains (MG1–MG7) are seven-stranded antiparallel b-sandwiches comprising 

three- and four-stranded b-sheets. Arrangement of the first six MG domains shapes a central 

ellipsoid opening (entrance 1) encircled by domains MG3 and MG6 (Figure 16). 

Downstream of the MG7 domain, which constitutes the upper limit of the molecule, and 

laterally attached to MG2, the CUB domain is formed by two four-stranded antiparallel b-

sheets. The thioester domain (TED), which is inserted within the CUB domain, is a helical 

domain with a ⍺/⍺-toroid topology and a small b-hairpin. The C-terminus of the protomer 

features the receptor binding domain (RBD), also called MG8. This domain displays a b-

sandwich architecture similar to the MG domains but further includes a b-⍺-b-motif. The 

MG1–MG7, CUB, TED and RBD domains frame a cavity (on the back face of the monomer) 

where the “bait-region domain” (BRD) is embedded.  

 

 

 

 

Figure 14: Illustrative representation of the “Venus flytrap” mechanism of inhibition by h⍺2M. Peptidases 
enter the inhibitor cavities where they recognize and cleave the bait region segments leading to exposure of the 
thioester bonds. Lysine residues protruding from the peptidase surface then attack the inhibitor thioester bond, 
thus covalently binding the peptidase to the inhibitor. Cleavage of the thioester bonds instigate the ⍺2M structural 
rearrangements marked by exposure of the receptor binding domain (RBD). The top and bottom dimers are built 
by monomers � and � and monomers � and �, respectively. Adapted from (Luque et al., 2022). 
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Each dimer allows access to the central cavity of the tetrameric particle through an 

“entrance 1” provided by each protomer and through two additional entrances (identified as 

“entrance 2”), which are framed by the MG2–MG3, MG7, CUB and TED domains, along 

with the MG4 domain of its disulphide linked monomer (Figure 16). A third central cavity 

(“entrance 3”) is created by tetramerization and is framed by the TED of one monomer, part 

of the BRD of its vicinal protomer and the MG4 domain of its opposite protomer (Marrero 

et al., 2012). Thus, the homotetramer has a total of twelve major entrances. The size of these 

entrances prevents the prey from escaping but allows the entrance of small proteins or 

inhibitors (6–9 kDa) to the central cavity (Barrett & Starkey, 1973). The so called “prey 

chamber” is located in the centre of the tetramer being delimited at the top and bottom by 

the MG3 and MG4 segments implicated in the covalent disulphide-dependent dimerization. 

Plus, this cavity is elongated by the “substrate ante-chambers” formed by the back, concave 

part of the four monomers. The prey chamber may accommodate two peptidase molecules 

of 20–30 kDa (one in each disulphide linked dimer) or a single peptidase of higher molecular 

weight (80–90 kDa), in agreement with the maximal 2:1 stoichiometry of inhibition 

determined for peptidase binding by tetrameric ⍺2M (Marrero et al., 2012; Sottrup-Jensen, 

1989).  

Figure 15: Schematic representation of ⍺2M domains organization and structure. (A) Arrangement of human 
⍺2M domains with indication of their flanking residues. The disulphide bonds, bait region segment, thioester 
motif, and N-linked glycosylation sites (◆) protrude from the respective domains. (B) Estimated arrangement of 
⍺2M protomer domains. The bait region and thioester site are represented with a star symbol and a dashed line, 
respectively.  Topological illustration of the secondary structure of MG, CUB, TED, and RBD domains (C, D, E 
and F, respectively). Adapted from (Marrero et al., 2012). 
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Inhibition by ⍺2M is triggered by the entrapped endopeptidase(s) who cleaves the 

“bait-region segment” (P690-T728) of the BRD, a universal bait for endopeptidases and whose 

flexibility ensures full accessibility and adaptation to distinct types of active-site clefts 

(Sottrup-Jensen, 1989). Cleavage of the bait region provokes a major conformational change 

that leads to the exposure of the up to then buried thioester bond. The exposed thioester 

bond, which is formed between the cysteine and glutamine side chains of the C972GEQ975 

motif within the TED, is promptly attacked by surface-located lysine residues from the prey 

proteinase, leading to covalent entrapment. Moreover, the hydrolysis of the thioester bond 

might be also triggered by the nucleophilic attack of small amines such as methylamine 

(MA), ethylamine and ammonia (Barrett et al., 1979; Garcia-Ferrer et al., 2017). In response 

to h⍺2M induction and independently of the trigger (proteinase or MA), the RBD of each 

monomer becomes exposed at the molecule surface, which causes recognition by specific 

cell-surface receptors and consequential internalization and lysosomal degradation 

(endocytosis) of the complex. In this way, h⍺2M ensures clearance of the inhibited proteases 

from the circulation (Marrero et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Surface plot of tetrameric ⍺2M. ⍺2M tetramer (PDB 6tav; Luque et al., 2022) is formed by the non-
covalent association of the top and bottom dimers, each constituted by two disulphide linked monomers (green 
plus blue monomers and pink plus yellow monomers, respectively). In the tetramer molecule, each protomer (green 
for reference) has one vicinal (pink), one opposite (yellow) and one disulphide-linked (blue) protomer. 
Exemplifying entrances 1, 2 and 3 are indicated by black arrows 



 31 

Induction of h⍺2M, either by a proteinase or small nucleophiles, instigates the 

transition of the native tetramer from an open native conformation to a closed induced one. 

Therefore, the native and induced h⍺2M molecules correspond to the electrophoretically 

“slow” (S) and “fast” (F) forms, respectively (Barrett et al., 1979; Luque et al., 2022). 

Finally, it is important to highlight that functions of ha2Μ are not limited to peptidase 

binding and inhibition, as it participates in the interaction with several endogenous and 

exogenous proteins (Garcia-Ferrer et al., 2017; Rehman et al., 2013). 

 

 

 

2.2. RECK 
 

The reck gene was discovered in 1998 during the screening of human cDNA clones, 

which induced a flat morphology (“flat reversion”) in fibroblasts transformed with the ras 

oncogene. Among the resulting genes, one was found to encode a 110-kDa protein with 971 

amino acids, of which 9% were cysteines. Sequence analysis unveiled the presence of three 

Kazal-like domains, so the protein was dubbed RECK, from reversion-inducing cysteine-

rich protein with Kazal motifs (Takahashi et al., 1998). RECK is an extracellular, GPI-

anchored protein, ubiquitously expressed in normal tissues throughout all development 

stages, whose downregulation is associated with tumour and metastasis suppression (Guo & 

Zou, 2006; Noda & Takahashi, 2007). Notably, in mouse embryos, RECK is expressed in 

mesenchymal tissues and in the marginal zone of the neuronal tube and large blood vessels 

(Oh et al., 2001). Moreover, it is also expressed in placenta, from early to term pregnancies, 

with expression levels increasing over the gestational time (Guo & Zou, 2006). By contrast, 

RECK expression is abolished or downregulated in tumour-derived cell lines that express 

oncogenes and in malignant tumours (Table 6) (Noda & Takahashi, 2007). 

The human reck gene was mapped to the short arm of chromosome 9 (9p13→p12), 

similarly to other tumour suppressor genes (Guo & Zou, 2006; Takahashi et al., 1998). 

Spanning more than 87 kb, RECK includes 21 exons and 20 introns, and a total of thirteen 

single nucleotide polymorphisms (SNPs) have been identified in RECK gene: four in gene 

coding regions (exons 1, 9, 13 and 15) and nine in intragenic regions (Eisenberg et al., 2002). 

The human RECK gene shows homologies of approximately 98%, 94%, 93% and 86% with 

the monkey, bovine, mouse, and rat orthologs, respectively (Russell et al., 2021). 
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The reck gene is tightly regulated through epigenetic mechanisms like promotor 

methylation, histone deacetylation or non-coding RNA-associated gene silencing, mostly 

exerted by microRNAs (miRNAs) (Russell et al., 2021). Furthermore, oncoproteins like 

TGAT (trio-related transforming gene in ATL tumour cells), HER-2/neu (human epidermal 

growth factor receptor 2), and RAS (rat sarcoma), downregulate RECK expression by 

interaction with the specificity protein 1 (SP1)-binding site within the RECK promotor, 

triggering the aforementioned epigenetic mechanisms (Y. Chen & Tseng, 2012). 

 
 

Table 6: List of cancer types who have been associated with RECK downregulation. ----------------------- 

 
 

 

At the molecular level, RECK is a glycoprotein comprising five putative cysteine 

knot motifs (KN) (C2-X7-8-C-X3-C-X12-22-C-X9-12-C) followed by two regions encompassing 

multiple epidermal growth factor-like (EGF-like) repeats and three Kazal-like domains. 

Such domains are flanked by hydrophobic extremities: the N-terminal extremity corresponds 

to a secretory signal peptide sequence, while the C-terminus includes a GPI signal 

responsible for RECK anchoring to the plasma membrane (Figure 17A) (Takahashi et al., 

1998). The RECK EGF-like repeats present weak homology with EGF, but their function 

remains unidentified. The Kazal motifs, characteristic for the I1 family of serine protease 

inhibitors, comprise six cysteine residues forming disulphide bounds in a defined and 

specific arrangement whose structure consists of a central ⍺-helix surrounded by b-strands 

(two at the C- and one at the N-terminal side) (Papamokos et al., 1982; Rawlings et al., 

Cancer type Reference 
Glioma (Chen & Tseng, 2012; Silveira Corrêa et al., 2010) 
Neuroblastoma (Xu et al., 2015) 
Head and neck cancer (Liu et al., 2012; Xia et al., 2014; Zhang et al., 2015; Zhou et al., 2014) 
Gastric cancer (Liu et al., 2015) 
Liver cancer (Xu et al., 2015) 
Biliary tract cancers (Masui et al., 2003; Yiqing et al., 2005) 
Colorectal cancer (Oshima et al., 2008; Takeuchi et al., 2004) 
Lung cancer (Chang et al., 2007; Qi et al., 2015) 
Melanoma (Jacomasso et al., 2014) 
Osteosarcoma (Kang et al., 2007) 
Bladder cancer (Hirata et al., 2012) 
Breast cancer (Chiang et al., 2013) 
Ovarian cancer (Fejzo et al., 2011) 
Cervical cancer (Discacciati et al., 2015) 
Prostate cancer (Hirata et al., 2013) 
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2004). In contrast to the first, the second and third Kazal motifs of RECK seem incomplete. 

The involvement of such motifs in the inhibition of serine proteases through “trapping 

reactions” or “reversible tight binding interactions” prompted Clark et al., (2007) to suggest 

the involvement of these domains in a putative inhibitory function of RECK. Additionally, 

RECK presents five N-glycosylation sites, three of which (N86, N297 and N352) have been 

shown to be crucial for regulation of RECK function (Simizu et al., 2005; Takahashi et al., 

1998). 

Omura et al., (2009), using transmission electron microscopy, described the RECK 

structure as a cowbell-like shaped dimer while in our hands the protein behaved as a 

monomer (Mendes et al., 2020). Despite intensive efforts, crystallisation of RECK has been 

unsuccessful, which might be explained by glycosylation or intrinsic flexibility of the 

protein. However, with the advent of the fold-prediction program AlphaFold (AF), a 

homology model of RECK became available (Figure 17B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Schematic representation of RECK domains organization and structure. (A) Domain arrangement of 
human RECK (UP O95980) with indication of each domain flanking residues. The disulphide bonds and N-linked 

glycosylation sites (◆) protrude from the respective domains. The hydrophobic extremities corresponding to the signal 
peptide (SP) and the GPI-anchoring signal are represented as a grey dashed line and a black square, respectively. RECK 
Cysteine knot motifs (KNx), EGF-like repeats and Kazal-like domains (KLx) are shown in blue, yellow, and green boxes, 
respectively. Signal Peptide sequence and EGF-like repeats according to (Mendes et al., 2020) and (Takahashi et al., 
1998), respectively. Kazal-like domains according to Uniprot. (B) RECK structure prediction by AlphaFold (AF; Jumper 
et al., 2021; Varadi et al., 2022). Cysteine knot motifs, EF-like repeats and Kazal-like domains regions coloured as in 
(A). Glycosylated asparagine residues and disulphide bonds formed by cysteine residues of the KZ domains are shown 
in red and black, respectively. SP and GPI-anchoring signal were omitted for clarity. (C) RECK structure prediction by 
AF coloured per-residue confidence score (pLDDT) in a position identical to (B). pLDDT colour legend shown in the top 
right corner. C- and N-terminal segments (corresponding to the SP, on the left, and to the GPI-anchoring signal, on the 
right site, respectively are coloured in orange (low pLDDT) which might indicate that they are unstructured segments. 
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The first clues regarding RECK function were collected by restoring RECK 

expression in tumour-derived cell lines. In vitro and in vivo studies demonstrated that 

recovery of RECK expression levels mitigate the invasiveness of tumour-derived cells and 

metastasis formation and tumour angiogenesis but did not impact cell viability and growth, 

chemotactic activity, or motility of these cells (Oh et al., 2001; Rhee, 2002; Takahashi et al., 

1998). Furthermore, these studies determined that RECK is involved in the negative 

regulation of MMP-2, MMP-9, and MMP-14, and, thus in the mediation of tissue 

remodelling. 

Takahashi et al., (1998) reported that expression of both membrane-anchored and 

secreted forms of recombinant RECK (hRECK and RECKΔC, respectively) in human 

fibrosarcoma (HT1080) cells repressed their invasiveness in vitro. However, RECK location 

at the plasma membrane is essential for inhibition of pro-MMP-9 secretion, as demonstrated 

by comparison of the MMP-9 levels in the conditioned medium of cells transfected with 

RECKΔC and hRECK. Furthermore, they revealed that RECKΔC, partially purified from 

conditioned medium could bind pro-MMP-9 but not pro-MMP2 and claimed that a purer 

sample (purity > 95%) could inhibit MMP-9 activity against a synthetic peptide. Posteriorly, 

Oh et al., (2001) observed that the recombinant expression of RECKΔC also downregulated 

the levels of active MMP-2 in the conditioned medium of HT1080 cells. Therefore, they 

tested the inhibitory capacity of purified RECKΔC (sample purity not mentioned) against 

MMP-2 and MT1-F (an MMP-14 truncated version lacking the transmembrane domain) 

towards a peptide substrate. On the basis of their results, the authors claimed that RECK can 

inhibit both MMP-2 and MMP-14. Later, a work developed by Omura et al., (2009) 

proposed that RECKΔC (with a purity of >90%) inhibits also MMP-7 against the natural 

protein substrate plasma fibronectin (pFN). 

RECK interactions are not limited to members of the MMP family. It has been 

reported to target two metallopeptidases of the adamalysin family (ADAM-10 and ADAM-

17), the serine peptidase urokinase-type plasminogen activator (UPA), the cytokine 

receptors IL-6 receptor ⍺ (IL-6R⍺) and gp130, and the epidermal growth factor receptor 

(EGFR) (Russell et al., 2021). 

Due to its function as tissue remodelling mediator, RECK expression is involved in 

a myriad of physiological functions, namely in skeletal muscle, brain and embryonic 

development, cartilage differentiation, organogenesis, and angiogenesis and pregnancy 

(Clark et al., 2007; Guo & Zou, 2006). The high physiological relevance of RECK is 

demonstrated by the lethality of RECK knock-out mice embryos at E10.5 owing to defects 
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in collagen fibrils, the basal lamina, and vascular development (Oh et al., 2001). 

Accordingly, alteration of RECK levels (downregulation or nullification) is associated with 

pathological conditions like cancer (Table 6), inflammation, fibrosis (Dashek et al., 2021) 

and autoimmune diseases (Hou & Zhang, 2008). There is a vast number of studies reporting 

RECK altered expression levels with distinct cancer types where, typically, expression levels 

of RECK and MMPs are proportionally inverse. Furthermore, a great part of these studies 

suggests RECK as a therapeutic target or as a prognostic or diagnostic marker (Nagini, 2012; 

C. Zhang et al., 2021), highlighting the potential importance of structural studies of RECK. 

 

 

 

2.3. IMPI 
 

Microbial pathogens have developed distinct virulence factors, such as proteolytic 

enzymes, which stimulate their hosts to create host defence molecules like peptidase 

inhibitors. While pathogens present a high evolutionary adaptability and are fitted with a 

broad spectrum of proteolytic enzymes including TLPs, host inhibitors have typically lower 

genetic plasticity. Despite this, host stimulation has generated an enhanced repertoire of 

antimicrobial defence molecules in a series of insect species (Vilcinskas, 2010). 

Insects, unlike vertebrates, are armed only with an innate immunity system, which is 

composed of three main pillars. First, anatomical and physiological barriers protect the 

organism from intruders. When this line of defence is breached, both cellular and humoral 

response mechanisms are activated. Insect humoral responses are mainly achieved by the 

synergistic action of several antimicrobial peptides and proteins (AMPs), haemolymph 

polypeptide components like cecropins, defensins, and proline- and glycine-rich peptides, 

which possess direct antimicrobial activity (Wojda et al., 2020). 

Some AMPs are serine protease inhibitors of the Kunitz, Kazal, serpin and ⍺-

macroglobulin families, and they are found in the insect haemolymph, where they not only 

exert protective functions against microbial proteinases but also regulate endogenous 

proteases (Kanost, 1999). During immune responses, the larvae of the greater wax moth 

Galleria mellonella produces and secretes distinct peptide and small protein inhibitors of 

pathogen-associated proteolytic enzymes and other anti-microbial peptides into the 

haemolymph. Among such proteinase inhibitors are three heat-stable inducible serine 



 36 

proteinase inhibitors (ISPIs), whose molecular weights range from 6.3 to 9.2 kDa (Fröbius 

et al., 2000), and the insect metalloproteinase inhibitor (IMPI), which is the first specific 

microbial metalloproteinase inhibitor discovered in invertebrates (Wedde et al., 1998).  

The Vilcinskas group characterised in 1998 native IMPI purified from the 

haemolymph of G. mellonella last-instar larvae after induction of a humoral immune 

response by bacterial or fungal stimuli. IMPI is a heat-stable and glycosylated peptide with 

five disulphide bridges and approximately 8.4 kDa molecular mass. The impi gene encodes 

two unique inhibitory peptides (IMPI and IMPI-2), which are obtained by the post-

translational cleavage of the 170-amino acid translation product by furin-like proteases 

(Figure 18). 

IMPI, which is encoded by the N-terminal part of the gene (upstream of the furin 

cleavage site), presents a specific activity against TLPs while the C-terminal IMPI-2 is 

inactive against these metallopeptidases but exhibits weak activity against MMPs (Arolas et 

al., 2011; Clermont et al., 2004; Wedde et al., 2007). Furthermore, the impi gene was found 

to be activated during G. melonella metamorphosis (Altincicek & Vilcinskas, 2006), 

supporting the notion that the IMPI precursor encodes two unique inhibitory small proteins: 

IMPI, whose inhibitory activity is inextricable of the insect innate immune system, and 

IMPI-2, which modulates endogenous MMPs during metamorphosis (Wedde et al., 2007). 

The crystal structure of IMPI complexed with thermolysin obtained by Arolas et al. 

(2011) (Figure 18D) unveiled that this low-molecular-weight inhibitor displays a spearhead 

shape with a rhombic base, whose “reactive-centre loop” (RCL) spans from P53 to R58 and 

protrudes from the molecular structure, with I57 being the tip of the spearhead. IMPI is 

laterally inserted into active-site cleft of thermolysin, like a slice into a mouth, and the 

protease-inhibitor interaction is limited to the small surface derived from the RCL. Notably, 

thermolysin cleaves the IMPI RCL between N56↓I57 in a substrate-like manner. However, as 

IMPI preserves its overall conformation due to its extensive disulphide network, the cleaved 

version retains full capacity to bind and inhibit thermolysin. 

Despite its function as a thermolysin-like metallopeptidase inhibitor, IMPI shares no 

similarity with tissue inhibitors of metalloproteinases (TIMPs) or any other metallopeptidase 

inhibitor presently reported for its structure. Unexpectedly, its amino acid sequence showed 

significant similarity with the trypsin inhibitor-like (TIL) cysteine-rich domain, a domain 

typical of serine protease inhibitors (Arolas et al., 2011; Clermont et al., 2004). Furthermore, 

IMPI presents a unique inhibitory mechanism contrasting with other metallopeptidase 

protein inhibitors who are not typically cleaved by their target protease. This mechanism 
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resembles those of several serine peptidase inhibitors, which are proteolytically modified by 

their affiliated proteases (Arolas et al., 2011). These observations indicate that IMPI and 

some serine peptidase inhibitors might share a common ancestor (Clermont et al., 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Schematic representation of IMPI domains organization and structure. (A) Domain arrangement 
of IMPI from the greater wax moth Galleria melonella (UP P82176). impi gene translation product comprises 
IMPI and IMPI-2 proteins (green and blue boxes, respectively). Furin recognition motif (▼), disulphide bonds 

and glycosylation sites (◆) protrude from the respective domains with key residues identified. Thermolysin 
cleavage site (N56↓I57) identified with a red arrow (▼). (B) and (C) IMPI structure model predicted by AlphaFold 
(AF; Jumper et al., 2021; Varadi et al., 2022) coloured as in (A) or per-residue confidence score (pLDDT), 
respectively. Note: The AlphaFold models were oriented to reflect the orientation of IMPI in the thermolysin 
complex structure further below. D) Crystal structure of recombinant IMPI (I20-S88; in green) in complex with 
prototypical Thermolysin (in grey and in frontal position as in Figure 10) (PDB 3ssb; Arolas et al., 2011). At the 
left, the complex front-view with IMPI in the same position than in the AF model (black rectangular frame). In 
the middle, the complex turned 90° along the y axis. On this side-view, the interaction of the peptide inhibitor RSL 
with the deep thermolysin active-site cleft is shown. At the right, a magnification of IMPI is shown. IMPI is in the 
exact same position than in the complex-side view (grey rectangular frame). IMPI is spearhead shaped with a 
rhomboid base (underlined by dashed grey lines) and cleaved when in complex with thermolysin (thermolysin 
cleavage site indicated by a red arrow (▼). The cysteine residues that form disulphide bonds and the isoleucine 
residue which shapes IMPI spear tip are shown in black and light blue, respectively. 
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Proteolytic cleavage of haemolymph constituents by pathogenic (Altincicek et al., 

2009) or endogenous (Altincicek & Vilcinskas, 2008) secreted metalloproteases generates 

low.molecular-weight (MW) degradation products, so-called “protfrags”, which strongly 

induce expression of AMP coding genes, including IMPI (Error! Reference source not 

found.) (Vilcinskas & Wedde, 2002). In this way, IMPI expression is induced in G. 

mellonella larvae challenged by mammalian or entomo-pathogens regardless of their fungal 

(Vertyporokh & Wojda, 2017, 2020; Woolley et al., 2020) or bacterial (Asai et al., 2021; 

Mukherjee et al., 2010; Wojda & Taszłow, 2013) nature.  

Similarly, previous exposition to abiotic (temperature or mechanic shock (Mowlds 

et al., 2008; Mowlds & Kavanagh, 2008; Wojda & Taszłow, 2013) or biotic (non-lethal 

doses of entomopathogens or antifungal compounds; Bergin et al., 2006; Kelly & Kavanagh, 

2011; Vertyporokh & Wojda, 2020) stress instigates expression of IMPI and other AMPs, 

whose synergistic activity improves the survival outcomes of infected G. mellonella larvae. 

 
 
 
 
 
 
 
 

Figure 19: Illustrative representation of induction of IMPI and other AMPs expression in G. mellonella 
larvae. Microbial metallopeptidases secreted into larva haemolymph by entomopathogens that cross the insect 
physical barriers, together with endogenous metalloproteinases, cleave haemolymph proteins into small fragments 
of ~3 kDa (Protfrag), which through receptor binding induce expression of antimicrobial peptides (AMPs), such 
as IMPI, in the larvae fat body. Adapted from (Wojda et al., 2020). 
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It is important to emphasize that IMPI is the only known specific protein inhibitor of 

TLPs, which include key virulence factors secreted by human pathogens such as 

Staphylococcus aureus and Pseudomonas aeruginosa. Additionally, there are no known 

members of this family of peptidases in animals, thus making IMPI a potential and promising 

drug-target candidate (Eisenhardt et al., 2019; Mendes et al., 2022). 
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This thesis compiles the results collected from the different projects in which I was 

involved during my Ph.D. studies at the IBMB-CSIC in Barcelona (2017-2022): (1) the 

RECK protein and its interaction with distinct MMPs, (2) the interplay of the protein 

inhibitor IMPI and the metallopeptidase aureolysin, and (3) the intricate inhibitory 

mechanism of ⍺2M. 

In addition, I significantly contributed also to other projects in the lab, two of which 

I have enclosed to the thesis as supplementary data due to their recent publication. One was 

spearheaded by my Ph.D. colleague, Laura del Amo Maestro, who extensively characterised 

a glutamic endopeptidase, which proficiently degrades the toxic peptides derived from 

gluten digestion that trigger coeliac disease. After Laura had finished her PhD, I took over 

the project and optimized purifications and enzymatic characterizations of various mutants 

(del Amo Maestro L., Mendes S.R., et al. 2022, accepted by Nature Communications). In 

the other project, we teamed up with the Protein Design and Modelling Lab of Enrique 

Marcos at IBMB. We focused on the de novo design of immunoglobulin-like β-sandwich 

scaffolds as a new class of antibody derivatives, which can be functionalized inserting 

hypervariable antigen-binding loops. Such designed molecules could tremendously expand 

our repertoire of protein-based drugs for a variety of diseases (Chidyausiku T.M, Mendes 

S.R., et al. 2022, under second revision at Nature Communications). 

Importantly, all of my PhD projects focused on the development of therapeutic 

proteins or peptides (TPs), with a significant emphasis on the complex interplay of proteases 

and their inhibitors in health and disease. 

 

RECK function is essential for embryogenesis, organogenesis, and tumour 

progression, most likely due to its involvement in the regulation of MMPs activity. Of 

particular interest is its involvement in tumour progression: it has been reported that 

decreased RECK levels are associated with higher invasiveness and metastasis of tumours 

and, consequently, with worse prognosis for cancer patients. RECK has been suggested not 

only as a diagnostic and prognostic marker but also as a potential cancer therapeutic target, 

which prompted us to develop the first project of this thesis (Project 1) with the following 

goals: 

• Establishment of bacterial and eucaryotic (both insect and mammalian) 

expression systems for the production of different RECK variants and subsequent 

establishment of an extensive purification protocol. 
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• Biochemical assessment of the interplay between MMPs and RECK through 

the evaluation of its inhibitory capacity against different MMPs (MMP-2, MMP-7, MMP-9, 

and the catalytic domain of MMP-14) using fluorogenic peptides and natural protein 

substrates. 

• Elucidation of RECK’s three-dimensional structure and inhibitory 

mechanism through X-ray crystallography and/or cryo-EM.  

 

Protease inhibitors are critical not only for the control of endogenous proteases but 

also for the regulation of proteases produced by invading pathogens as virulence factors. An 

enthralling example of such interplay is the induced expression of the insect 

metallopeptidase inhibitor (IMPI) in the greater wax moth after infection or laboratorial 

infectious stimuli. IMPI is a potent specific protein inhibitor of thermolysin from Bacillus 

thermoproteolyticus Rokko and other thermolysin-like proteases (TLPs). TLPs of particular 

interest are those secreted by human pathogens, among which aureolysin, a metalloprotease 

secreted by Staphylococcus aureus. The emergence of Staphylococcus aureus strains 

associated with antibiotic resistance makes it imperative to further study the proteases 

implicated in the virulence mechanisms of these pathogens and their putative inhibitors. 

With this in mind, we endeavoured to establish the second project presented in this thesis 

(Project 2) whose main objectives were:  

• Establishment of a purification protocol of secreted aureolysin from S. aureus 

strain V8-BC10 cultures. 

• Assessment of IMPI as an effective inhibitor of aureolysin and comparison 

with its inhibitory capacity against thermolysin. 

• Elaboration of a set of IMPI variants through single or multiple mutations in 

the IMPI reactive-centre loop and test of their inhibitory activity in comparison to wild-type 

IMPI. 

• Elucidation of the IMPI inhibitory mechanism against aureolysin through 

structure determination of the aureolysin-IMPI complex and the inhibitory profiles of the 

generated IMPI-mutant library.  

 

The main protease inhibitor found in human plasma, ⍺2-macroglobulin (hα2Μ), has 

been exhaustively studied along several years in our laboratory. This large homotetrameric 

glycosylated protein presents a permissive suicidal inhibitory mechanism, known as “Venus 
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flytrap”, which exerts inhibition of up to two peptidase molecules of disparate classes. The 

native inhibitor, which displays an open conformation, closes upon proteolytic cleavage of 

a bait region, thereby entrapping the peptidase molecules that, despite remaining 

catalytically active, cannot access their physiological substrates anymore. The third project 

of this thesis (Project 3) started as a long collaborative work developed by researchers from 

different institutions whose main purpose was to structurally elucidate the molecular 

mechanism of the inhibitory trap unique to hα2M. The results were presented in a prominent 

publication (Luque et al., 2022). 

Influenced by remarks during review of the manuscript, we further compared the 

activation state of h⍺2M samples purified from non-frozen versus frozen fresh plasma using 

a cohort of functional and biophysical experiments. Therefore, in the chapter about Project 

3, I present the “ongoing work” in addition to results of the published work, which entailed: 

• Demonstration that the quality of h⍺2M preparations purified from (i) frozen 

versus (ii) non-frozen fresh plasma (within less than 24h after blood donation) is equivalent 

and without significant differences at the biophysical and functional level. 
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Per la present vull confirmar que la Soraia Inês dos-Reis Mendes ha contribuït de forma excepcionalment significativa a la ciència 

durant la seva tesis, fet que ha donat lloc a la publicació dels tres articles següents:  

 

Soraia R. Mendes, Laura del Amo-Maestro, Laura Marino-Puertas, Iñaki de Diego, Theodoros Goulas & F. Xavier Gomis-Rüth (2020). 

Analysis of the inhibiting activity of reversion-inducing cysteine-rich protein with Kazal motifs (RECK) on matrix metalloproteinases. 

Sci. Rep., 10, 6317. 

 

Soraia R. Mendes, Ulrich Eckhard, Arturo Rodríguez-Banqueri, Tibisay Guevara, Peter Czermak, Enrique Marcos, Andreas Vilcinskas  

& F. Xavier Gomis-Rüth (2022). An engineered protein-based submicromolar competitive inhibitor of the Staphylococcus aureus 

virulence factor aureolysin. Comput. Struct. Biotechnol. J., 20, 534–544. 

 

Daniel Luque, Theodoros Goulas, Carlos P. Mata, Soraia R. Mendes, F. Xavier Gomis-Rüth & José R. Castón (2022). Cryo-EM structures 

show the mechanistic basis of pan-peptidase inhibition by human α2 -macroglobulin. Proc. Natl. Acad. Sci. USA, 119, e2200102119. 
 

En tots tres articles, la seva contribució va ser decisiva, en dos d’ells és la primera autora.  

 

Així mateix, és la primera autora de a manuscrit més que es troba en la fase final de redacció i que es presenta a la seva tesi:  

 

Soraia R. Mendes, Theodoros Goulas & F. Xavier Gomis-Rüth (2022). One single plasma freeze-thaw cycle does not affect α2M 

homogeneity. 

 

A més a més, també va participar de forma molt rellevant en el següents articles actualment sota revisió a la revista Nature 

Communications, en que és co-primera autora. Aquests articles no es discuteixen a la seva memòria de tesis. 

 

Laura del Amo-Maestro#, Soraia R. Mendes#, Arturo Rodríguez-Banqueri, Laura Garzon-Flores, Marina Girbal, María José Rodríguez-

Lagunas, Tibisay Guevara, Àngels Franch, Francisco J. Pérez-Cano, Ulrich Eckhard and F. Xavier Gomis-Rüth (2022). Molecular and in 

vivo studies of a glutamate-class prolyl-endopeptidase for coeliac disease therapy. 

 

Tamuka M. Chidyausiku #, Soraia R. Mendes#, Jason C. Klima, Marta Nadal, Ulrich Eckhard, Jorge Roel-Touris, Scott Houliston, Tibisay 

Guevara, Hugh K. Haddox, Adam Moyer, Cheryl H. Arrowsmith, F. Xavier Gomis-Rüth, David Baker & Enrique Marcos (2022). De Novo 

design of immunoglobulin-like domains. 

 

Degut a tots aquests mèrits, no hi ha cap dubte que la Sra. Mendes ha realitzat una feina extraordinària, fóra de sèrie, que supera 

amb escreix el que es d’esperar d’una tesi doctoral.  

 

 

 

 

 

 

F. Xavier Gomis-Rüth 

Professor d’Investigació CSIC  
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The Results presented here are the compilation of the work developed in three 

separate projects, all aiming to elucidate the involvement of proteases in pathological 

conditions and to strengthen the knowledge about protein and peptide inhibitors of proteases 

with therapeutic potential. The results culminated in three publications, which are here 

presented as sub-chapters Project 1, Project 2, and Project 3. 

An additional manuscript elucidating the effect of a single freeze-thawing cycle of 

the plasma sample on the structural and functional homogeneity of ⍺2-macroglobulin 

purified from it is currently in preparation (Mendes S.R. et al.). The current status of results 

is summarized at the project 3 subchapter “Work under development: ⍺2M samples purified 

from frozen and unfrozen fresh plasma present no significant structural or functional 

differences”. 

Furthermore, the work developed during my PhD resulted in two more research 

manuscripts where I am shared first author, which are included in the Supplementary 

Materials (del Amo Maestro L., Mendes S.R., et al. 2022; and Chidyausiku T.M, Mendes 

S.R., et al. 2022; accepted by and under second revision at Nature Communications, 

respectively). 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Project 1 
 

 

“Analysis of the inhibiting activity of reversion-inducing cysteine-rich 

protein with Kazal motifs (RECK) on matrix metalloproteinases” 
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protein with Kazal motifs (RECK) on matrix metalloproteinases” 
 
Soraia R. Mendes, Laura del Amo-Maestro, Laura Marino-Puertas, Iñaki de Diego1, 

Theodoros Goulas & F. Xavier Gomis-Rüth * 
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(Catalonia, Spain). 
*Corresponding author: e-mail: xgrcri@ibmb.csic.es. 
 
Published in: Scientific Reports (2020) 

Impact factor: 4.38 
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The present publication explored whether this proposed regulator of MMPs can 

directly inhibit their catalytic activity. Moreover, it discloses three different expression 

systems established for the expression of RECK variants, a protein with tumour suppressor 

functions and thus high interest in cancer research, and highlights recommended 

improvements for protein purifications from Expi293F cells.  

 

In this first project, I cloned several RECK variants into the respective expression 

vectors and produced them in bacterial, insect, and mammalian cells. Furthermore, after 

detection of a contaminant with proteolytic activity in partly purified RECK samples, I 

established an exhaustive purification protocol to ensure removal of the respective 

contaminant, which was posteriorly used by some of my PhD colleagues that detected the 

very same background activity in their preparations. Subsequently, I used highly pure RECK 

protein for evaluation of inhibitory activity against MMP-2, MMP-7, MMP-9 and the 

catalytic domain of MMP-14, the latter produced and purified by myself in the lab from 

inclusion bodies). RECK inhibitory capacity against these MMPs was evaluated using both 

quenched fluorescent peptides (QF-peptides) and natural protein substrates. 
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Summary 
 

Reversion-inducing cysteine-rich protein with Kazal motifs (RECK) is a 

glycosylated protein pivotal for embryogenesis and tumour progression. Notably, its 

involvement in these processes was linked in parts to its reported role as a negative regulator 

of matrix metalloproteinases (MMPs), a family of metalloproteases whose proteolytic 

activity against components of the extracellular matrix is essential for a myriad of 

(patho)physiological processes. Here we established a bacterial, insect, and mammalian 

expression systems for the production of different RECK proteoforms. We further observed 

that RECK sample purified from the conditioned medium of Expi293F cells, but not from 

the other eucaryotic system, comprised a contaminant with proteolytic activity, but which 

was inhibited by the serine peptidase inhibitor AEBSF. Subsequent adaptation of the 

purification protocol yielded RECK of highest purity and lacking the AEBSF-sensitive 

activity, which was then used in the inhibitory assays against MMPs. Importantly, no 

significant inhibition of the MMP activity was observed, suggesting that RECK isn’t a direct 

inhibitor of MMPs and that the previously reported regulation of these proteases might occur 

at a different level and/or through other mechanisms. 
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Matrix metalloproteinases (MMPs) occur in 23 human paralogues with key functions 
in physiology, and their activity is controlled by protein inhibitors. Reversion-inducing 
cysteine-rich protein with Kazal motifs (RECK), which is essential for embryogenesis and 
tumour suppression, has been reported to inhibit MMPs. Here, we developed eukaryotic and 
bacterial expression systems for different RECK variants and analysed their inhibitory 
capacity against representative MMPs in vitro. We could not detect any significant inhibition. 
Instead, we found that partially purified RECK from the conditioned medium of transfected 
Expi293F cells but not that of ExpiCHO-S or Drosophila Schneider cells contained a 
contaminant with proteolytic activity. The contaminant was removed through treatment with 
a small-molecule serine peptidase inhibitor and additional chromatographic purification. A 
tantamount contaminant was further detected in an equivalent expression system of the N-
terminal fragment of the proteoglycan testican 3, but not in those of two other proteins. These 
results indicate that previous reports of inhibitory activity of recombinant RECK on MMPs, 
which were performed with partially purified samples, were probably masked by a coeluting 
contaminant present in the supernatant of HEK293-derived cells. Thus, RECK is probably not 
a direct inhibitor of MMP catalytic activity but may still regulate MMPs through other 
mechanisms

 
Proteolysis is a post-translational 

modification of proteins and peptides that is 
essential for all physiological pathways. It is 
exerted by peptidases, among which 
metallopeptidases (MPs) are one of several 
chemical classes and consist of various clans 
and families [1]. The matrix 
metalloproteinases (MMPs; 23 paralogues in 
humans), as well as the ADAMs/adamalysins 
(19 in humans) and the more distantly related 
ADAMTSs (19 in humans) are among the 
most studied MPs because of their enormous 

relevance for human health and disease [2-8]. 
Collectively, they carry out functions as broad 
degraders during the digestion of intake 
proteins, turnover of extracellular-matrix 
components for tissue remodelling and 
developmental processes, and clearance of 
obsolete or malfunctioning polypeptides. 
Moreover, they are fine regulators of 
shedding, maturation and inactivation of other 
proteins through limited proteolysis of one or 
a few peptide bonds [9]. Peptide-bond scission 
is normally irreparable under physiological 



 

 

conditions, so MPs must be fastidiously 
controlled to avoid aberrant cleavage that 
would cause dysfunction and pathology. This 
regulation is physiologically carried out for 
MMPs in humans by four tissue inhibitors of 
metalloproteinases and the broad-spectrum 
pan-peptidase inhibitor ⍺2-macroglobulin 
[3,10-12]. Another reported inhibitor is the 
protein RECK [13-17]. 

RECK, an acronym for reversion-
inducing cysteine-rich protein with Kazal 
motifs, is encoded by a gene that suppresses 
the transformed phenotype caused by ras 
oncogenes [13,18]. The 971-residue molecule 
is a membrane-anchored glycoprotein of 
~125 kDa, which contains an N-terminal 
signal peptide for secretion, a region spanning 
five cystine knots (KNs; KN1-KN5), a region 
with three repeats similar to Kazal inhibitors 
of serine endopeptidases (KLs; KL1-KL3) 
[19,20], and a C-terminal segment (CTS; 
residues A943–N971; for numbering, see 
UniProt database entry [UP] O95980) (Fig. 1). 
The CTS is removed during maturation, which 
leads to binding of RECK to the plasma 
membrane through a 
glycosylphosphatidylinositol anchor attached 
to S942 [13,21]. In addition, N-linked 
glycosylations have been determined at 
residues N200, N86, N297 and N352, and the latter 
three are essential for function [22].  

Physiologically, RECK is critical 
because knockout mice die during embryonic 
development with severe tissue, vascular, and 
neuronal defects [14,23]. It is highly 
expressed in most normal tissues and non-
transformed cells, and is probably involved in 
myogenesis, chondrogenesis, patterning 
during embryogenesis, and the establishment 
of the neuromuscular junction [13,17,24]. It 
also participates in Notch-dependent 
neurogenesis, Wnt signalling and brain 
angiogenesis [25-27]. Moreover, it has been 
implicated in tumour processes including 
growth, angiogenesis, invasion, metastasis 
and relapse [14,28,29]. It is downregulated 
with poor prognosis for disease outcome in 
pancreatic, oral, breast, prostate and non-small 

cell lung cancers, as well as in osteosarcoma 
[30-35]. Consistently, restored expression of 
RECK in tumour cells suppresses 
angiogenesis, invasion and metastasis in 
animal models, and the level of residual 
RECK expression in tumour tissues correlates 
with better prognosis [17]. All these findings 
suggest that RECK has a potential therapeutic 
value as a tumour suppressor for the treatment 
of malignant conditions [21]. 

At the molecular level, RECK binds 
ADAMTS-10, which is involved in 
connective-tissue development36, and impairs 
modulation of Notch signalling during 
neurogenesis mediated by ADAM-10 [23]. 
RECK without the CTS (RECKΔC) has 
further been described to prevent cleavage by 
ADAM-10 of a fragment of protein Delta1 
and of a synthetic substrate with an apparent 
inhibition constant (Ki) of <15 nM [23]. 
Moreover, RECKΔC has been claimed to 
directly inhibit cleavage of fluorogenic 
peptide substrates by MMP-2, MMP-9 and 
MMP-14 with associated Ki values of 
20-80 nM [13-15,17], and of plasma 
fibronectin by both MMP-2 and MMP-7, the 
latter with a Ki of ~41 nM [17]. In a report by 
another group [16], tagged RECKΔC and 
shorter constructs spanning the two C-
terminal Kazal-like motifs (P676–V799), the 
cysteine knots (residues L28–R368) and all three 
Kazal-like motifs (residues V799), 
respectively, were assayed for inhibition of 
MMP-9 with fluorescein-conjugated gelatine 
as substrate. The authors have reported that 
the two former constructs but not the two latter 
significantly inhibit gelatine cleavage [16]. 
Based on all these reports, RECK has been 
included as an MMP inhibitor in the MEROPS 
database under family I1, which groups the 
Kazal family of inhibitors of serine 
endopeptidase families S1 and S8 [19,20,37]. 

Prompted by these results, we 
embarked on a long-term project to 
characterize the structure and function of 
RECK. To this aim, we here produced several 
constructs of the protein with the highest 
purity as a requisite for molecular and 



 

 

biophysical studies, and we assayed their 
inhibitory capacity against MMPs in vitro. 

 
 

MATERIALS AND METHODS 
 
Expression vectors – Plasmid pBS-hRECK 
(for details on constructs, plasmids, vectors 
and primers, see Table 1) encoding full-length 
human RECK cDNA in the pBlueScript 
vector was kindly provided by Makoto Noda, 
Kyoto (Japan). Constructs encoding 
fragments RECK∆C (plasmid pS6-RECKΔC; 
residues G27–S942), KL123 (pCri9a-KL123; 
S621–S797) and KL23 (pCri9a-KL23; T697–S797) 
(Fig.1), as well as the coding sequence for 
residues A22–Q313 (UP Q9BQ16) of the N-
terminal region of human testican 3 (N-TES; 
plasmid pS6-NTES) in a synthetic gene (from 
GenScript) were amplified with primers that 
introduced sites for directional cloning. For 
bacterial expression, plasmid pCri9a [38], 
which adds a C-terminal hexahistidine (His6)-
tag, was used for insertion between the NcoI 
and XhoI restriction sites. For expression in 
mammalian cells, vector pCMV-Sport 6 
(Thermo Scientific) with the original signal 
peptide (for RECK∆C) or with the mouse 
immunoglobulin κ leader sequence (for N-
TES) was used to insert genes between 
SmaI/AsiSI and BstEII/AsiSI restriction sites, 
respectively. For expression of RECKΔC in 
insect cells, the RECK gene was inserted into 
vector pIEx (Novagen) by restriction-free 
cloning in frame with the signal peptide of 
adipokinetic hormone as previously described 

[39] to yield plasmid pIE-RECKΔC. Primers 
and DNA-modifying enzymes for polymerase 
chain reaction (PCR) steps were purchased 
from Sigma-Aldrich and Thermo Scientific, 
respectively. PCR was performed with 
Phusion High Fidelity DNA polymerase 
(Thermo Scientific) according to the 
manufacturer’s instructions with an extra 
optimization step by thermal gradient after 
each reaction. DNA was purified with the 
OMEGA Biotek Purification Kit (Omega) or 
GeneJET Plasmid MaxiPrep Kit (Thermo 
Scientific) according to the manufacturer’s 
instructions, and all constructs were verified 
by DNA sequencing. Plasmid pET3a-MT1∆C 
(see Table 1) encoding the pro- and catalytic 
domains of MMP-14 (S24–G284; UP P50281) 
plus an extra N-terminal methionine [40] was 
kindly provided by Yoshifumi Itoh, Oxford 
(UK).  
 
Eukaryotic cell culture and transient 
transfection – Drosophila melanogaster 
embryonic Schneider cells (S2; Gibco) 
adapted to suspension, as well as the HEK293-
derived Expi293F cells (Expi; Gibco) and 
ExpiCHO-S derived from Chinese hamster 
ovary cells (Expi-CHO; Gibco), were 
maintained in Sf-900 II SFM and FreeStyle 
F17 expression medium (Gibco) for insect and 
human cells, respectively. Both media were 
supplemented with 0.5 µg/mL amphotericin B  
(Gibco), 100 units/mL penicillin and 
100 µg/mL streptomycin (Sigma).  
 

Figure 1. Overview of RECK constructs. Scheme depicting the domain structure of human RECK. SP, signal peptide; KN1–
KN5, cysteine knot regions; KL1–KL3, Kazal-like domains; and CTS, C-terminal segment. The distinct constructs that were 
studied in this work are shown and labelled. 1, RECKΔC produced in Expi or Expi-CHO cells. 2, RECKΔC produced in S2 
cells. Brown lollipops pinpoint glycosylation sites according to [22].  

 



 

 

Additionally, FreeStyle F17 medium was 
supplemented with 8 mM L-glutamine and 
0.2% Pluronic F-68 (Gibco). Expi and Expi-
CHO cells were grown to a density of 3–
5×106 cells/mL and 4–6×106 cells/mL, 
respectively, and subcultured every 3–4 days 
by dilution to 0.3–0.5×106 cells/mL and 0.2–
0.3×106 cells/mL, respectively. To this aim, 
they were incubated at 37°C in a Multitron 
Cell Shaker Incubator (Infors HT) at 150 rpm 
in humidified atmosphere with 8% CO2. Cells 
were then subcultured to 0.7×106 cells/mL and 
transfected after 24 h at a cell density of 
1×106 cells/mL with a dropwise added 
mixture of 1 mg of vector DNA (see Table 1) 
and 3 mg of linear 25-kDa polyethyleneimine 
(Polysciences Europe) in 20 mL of Opti-MEM 
medium (Gibco) per litre of expression 
medium. The mixture had been previously 
incubated at room temperature for 15–20 min. 
After 3 days, the cell-culture supernatant was 
harvested for protein purification. 

S2 cells were grown to a density of 
12–16×106 cells/mL, subcultured by dilution 
to 4×106 cells/mL every 3–4 days and 
incubated at 28°C in an Innova 42 Incubator 
Shaker (New Brunswick Scientific) under 
agitation at 200 rpm. Cells were subcultured 
to 6×106 cells/mL and transfected after 24 h at 
a cell density of 12×106 cells/mL with a 
dropwise added mixture of 0.6 µg of DNA 
(see Table1) and 2 µg of linear 25-kDa 
polyethyleneimine per 106 cells. The mixture 

had been previously incubated at room 
temperature for 15–30 min. Transfected cells 
were diluted to 4×106 cells/mL after 1 h 
incubation at 28ºC under agitation at 200 rpm, 
and the cell-culture supernatant was harvested 
after 7 days for protein purification. 

 
Bacterial expression – Plasmids pCri9a-
KL123 and pCri9a-KL23 were transformed 
into competent Lemo21 (DE3) 
Escherichia coli cells (New England Biolabs) 
and plated on Luria-Bertani (LB) plates. Fifty 
millilitres of lysogeny broth was inoculated 
with a single bacterial colony and incubated 
overnight at 37°C under stirring at 220 rpm. 
Five millilitres of this preinoculum was used 
to inoculate 500 mL of lysogeny broth, and 
cells were left to grow at 37°C until 
OD600≈0.7. Subsequently, cultures were 
cooled to 20°C and protein expression was 
induced with 0.4 mM isopropyl-β-D-1-
thiogalactopyranoside (IPTG; Duchefa) for 
18–20 h. LB plates and lysogeny broth were 
supplemented with 50 µg/mL kanamycin 
(Fisher Bioreagents) and 34 µg/mL 
chloramphenicol (Fluka). 

For the expression of MMP-14 
catalytic domain (CD), E. coli BL21 (DE3) 
cells (Sigma) were transformed with plasmid 
pET3a-MT1∆C. One hundred millilitres of 
lysogeny broth was inoculated with a single 
colony and incubated overnight at 28°C under 
stirring at 200 rpm. Ten millilitres of this 

Plasmid name Protein Parental vector(s) Forward-primer* Reverse-primer * Protein sequence ** Tag**
* 

pS6-RECK∆C RECK∆C pBS-hRECK 
pCMV-Sport6  

ATGCCCCGGGATGGCGAC
CGTCCGG 

GCATGCGATCGCCGATGG
CACACTGCTG 

G27-S942+AIA+H6 His6 

pIE-RECK∆C RECK∆C pBS-hRECK    
pIEx 

TCATCGCTTTCGTCATCAT
CGCTGGGCCTGGCTCCGG

GCAGTGCGGGTG 

AAACTCAATGGTGATGGT
GATGATGCGATGGCACAC
TGCTGGAGACCTGT 

G27- S942 + H6 His6 

pS6-NTES N-TES Synthetic DNA 
pCMV-Sport6 

ATGCGGTGACCTAGCTGC
CGCGGCGGT 

GCATGCGATCGCTTGCTG
TCTCTGGAAGCA 

L + A22-Q313+AIA+H6 His6 

pCri9a-KL23 KL23 pS6-RECK∆C 
pCri9a  

ATGCCCATGGTAACGACT
TTTGATAA 

GCATCTCGAGGCTGTGCT
CTGAGAGG 

V+T697-S797+LE+H6 His6 

pCri9a-KL123 KL123 pS6-RECK∆C 
pCri9a  

ATGCCCATGGTATCAGAA
GATGACCG 

GCATCTCGAGGCTGTGCT
CTGAGAGG 

V+S621-S797+LE+H6 His6 

pET3a-MT1∆C MMP-14 CD pET3a – – M+S24-G284 None 

Table 1. Constructs, primers, plasmids and proteins. All constructs are for extracellular expression of the respective 
proteins. *Restriction-site sequences and overhangs for restriction-free cloning are underlined. **Peptide sequence of the 
expressed protein. Amino acids derived from the construct are in bold. See also Fig. 1. ***Tag fused to the carboxy-terminus.  
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preinoculum was used to inoculate 500 mL of 
lysogeny broth, and cells were left to grow at 
37°C until OD600≈0.6. Cells were then induced 
with 0.5 mM IPTG and kept for 5 h at 37°C. 
LB plates and lysogeny broth were 
supplemented with 100 µg/mL ampicillin 
(Apollo Scientific). 

 
Protein purification – For purification of 
RECK∆C from Expi cells, cell-culture 
supernatant was cleared at 4°C by 
centrifugation at 3,500×g for 30 min, filter-
sterilized and concentrated 20-fold with a 
VivaFlow 200 Cross Flow Cassette device 
with a Hydrosart membrane of 30-kDa cutoff 
(Sartorius). Concentrated supernatant was 
then dialysed against a 75-fold volume excess 
of buffer 20 mM Tris·HCl pH 7.5, 150 mM 
sodium chloride. After addition of 20 mM 
imidazole to the dialysed supernatant, 
RECK∆C was captured by nickel-
nitrilotriacetic acid (Ni-NTA) affinity 
chromatography (AC) in a HisTrap HP 
column (GE Healthcare) previously washed 
with buffer A (50 mM Tris·HCl pH 7.5, 
1M sodium chloride, 500 mM imidazole) and 
equilibrated with buffer A without imidazole. 
The protein was washed and eluted with a step 
gradient of imidazole (2%, 4%, 12% and 60% 
of buffer A). The presence of a proteolytic 
impurity in fractions containing RECK∆C 
was assessed through incubation with 
1 mg/mL fibrinogen from human plasma 
(Sigma) in buffer B (50 mM Tris·HCl pH 7.5, 
150 mM sodium chloride, 5 mM calcium 
chloride, 50 µM zinc chloride) overnight at 
37°C. To remove this contaminant and obtain 
highly pure RECK∆C, the protein was 
incubated for 1 h at room temperature with 
1 mg/mL 4-[2-aminoethyl]benzenesulfonyl 
fluoride (AEBSF, commercial name 
Pefabloc, Sigma) and further purified by size 
exclusion chromatography (SEC) in a 
Superdex 200 (GE Healthcare) column 
equilibrated with buffer A without imidazole.  

For the production and purification of 
RECK construct FRAG-1 (see Fig.1), highly 
purified RECK∆C was incubated with 20-fold 

molar excess of MMP-14 CD in buffer B 
overnight at 37°C. Cleavage fragments were 
purified by SEC in a Superdex75 (GE 
Healthcare Life Sciences) column equilibrated 
with buffer C (50 mM Tris·HCl pH 7.5, 
150 mM sodium chloride). Presence of 
proteolytic activity in the fractions containing 
FRAG-1 was assessed as above with 
fibrinogen. 

For purification of RECK∆C from S2 
or Expi-CHO cells, cleared cell culture 
supernatant was dialysed against a 17-fold 
volume excess of buffer 20 mM Tris·HCl 
pH 7.4, 250 mM sodium chloride, 20 mM 
imidazole. RECK∆C in the supernatant was 
captured by AC with Ni-NTA resin (Thermo 
Scientific) by overnight incubation at 4ºC. It 
was subsequently loaded onto an open column 
for batch purification (Bio-Rad), and washed 
extensively and eluted with 4% and 60% of 
buffer A, respectively. The presence of 
proteolytic activity was assessed as above 
with fibrinogen. Partially purified protein was 
further purified by SEC in a 
Superdex 200 10/300 (GE Healthcare) 
column equilibrated with buffer C (RECK∆C 
from S2 cells) or buffer A without imidazole 
(RECK∆C from Expi-CHO cells). 

For N-TES purification, cleared cell 
culture supernatant was supplemented with 
20 mM imidazole and incubated for 3-4 h with 
Ni-NTA resin. It was subsequently loaded 
onto an open column for batch AC 
purification (Bio-Rad), and washed 
extensively and eluted with 4% and 60% 
buffer A, respectively. Eluted fractions were 
pooled, desalted and concentrated, and the 
presence of proteolytic activity was assessed 
as above with fibrinogen. This activity was 
suppressed as described above and subsequent 
purification by SEC followed in a 
Superdex 75 10/300 (GE Healthcare) column 
equilibrated with buffer A without imidazole. 

For purification of RECK constructs 
KL23 and KL123, bacterial cells were 
harvested by centrifugation at 3,500×g for 30 
min at 4°C and resuspended in cold buffer 
50 mM Tris·HCl pH 7.5, 250 mM sodium 



 

 

chloride, 2 mM ethylenediaminetetraacetate 
(EDTA). Cells were lysed with a cell disrupter 
(Constant Systems) at a pressure of 1.35 kBar, 
and nonclassical inclusion bodies were 
recovered by centrifugation at 48,000×g for 
30 min at 4°C and washed first with buffer 
100 mM Tris·HCl pH 7.5, cOmplete EDTA-
free (inhibitor cocktail; Roche, Sigma), 2 M 
urea, 2% Triton X-100, and then twice with 
buffer D (50 mM Tris·HCl pH 7.5, inhibitor 
cocktail, 2 M urea). The washed inclusion 
bodies were resuspended in buffer D and kept 
for 48 h under stirring at room temperature. 
Non-solubilised protein was removed by 
centrifugation at 48,000×g for 30 min at 4°C, 
and the supernatant was supplemented with 
20 mM imidazole. Protein was captured by 
AC in a HisTrap HP column (GE Healthcare) 
previously washed with buffer E (50 mM 
Tris·HCl pH 7.5, 250 mM sodium chloride, 
500 mM imidazole) and equilibrated with 
buffer 50 mM Tris·HCl pH 7.5, 250 mM 
sodium chloride, 20 mM imidazole. The 
RECK fragments were washed and eluted 
with 20 mM and 300 mM imidazole (0% and 
60% of buffer E), respectively. Partially 
purified proteins were polished by SEC in a 
Superdex 75 (GE Healthcare) column with 
buffer C. 

Pure MMP-14 CD was obtained from 
inclusion bodies by adapting a published 
protocol41. Accordingly, bacterial cells were 
harvested by centrifugation at 3,500×g for 
30 min at 4°C and washed with 20 mM 
Tris·HCl pH 8.0, 20% sucrose for 10 min at 
37°C under stirring at 220 rpm. Subsequently, 
cells were resuspended in buffer F (20 mM 
Tris·HCl pH 8.0) and kept under gentle 
agitation overnight at room temperature. 
Afterwards, first deoxycholate (Sigma) at 
1.25 mg/mL and then DNase I (Roche) at 
1 mg/mL were added to the lysed cells for 3 h. 
After a further 2 h incubation, inclusion 
bodies were harvested by centrifugation at 
6,500×g for 15 min at 4°C and resuspended in 
buffer F with 0.5% Triton X-100. Inclusion 
bodies were then dissolved in buffer 20 mM 
Tris·HCl pH 8.6, 50 µM zinc chloride, 20 mM 

1,4-dithio-D,L-threitol (DTT; Thermo 
Scientific), 8 M urea. They were further 
purified by ion exchange chromatography 
(IEC) in a 6-mL Resource Q column (GE 
Healthcare), previously washed with buffer G 
(20 mM Tris·HCl pH 8.6, 0.4 M sodium 
chloride, 50 µM zinc chloride, 1 mM DTT, 
8 M urea) and equilibrated with buffer G 
without sodium chloride. A step gradient of 
0%, 25%, 50% and 100% of buffer G was 
applied and fractions containing protein were 
pooled. These were then diluted to 0.2 mg/mL 
with buffer 50 mM Tris·HCl pH 8.6, 150 mM 
sodium chloride, 5 mM calcium chloride, 
100 µM zinc chloride, 1 mM DTT, 6 M urea, 
supplemented with cystamine (20 mM) and 
folded in two consecutive dialysis steps at 
4°C. The first step was performed overnight 
against a 10-fold volume excess of buffer 
50 mM Tris·HCl pH 8.6, 150 mM sodium 
chloride, 5 mM calcium chloride, 100 µM 
zinc chloride, 5 mM β-mercaptoethanol, 
1 mM 2-hydroxyethyldisulfide. The second 
step was performed against a 10-fold volume 
excess of buffer B, twice for 4 hours and then 
overnight. This procedure caused activation of 
MMP-14 under removal of the pro-domain. 
Precipitated protein was removed by 
centrifugation at 48,000×g for 30 min at 4°C. 
Subsequently, MMP-14 CD was concentrated 
and further purified by SEC in a Superdex 75 
(GE Healthcare) column with buffer B.  

Other procedures applied were similar 
to those of previous publications of the group, 
e.g.[42]. In particular, protein identities and 
purities were assessed by 10-14% Glycine 
SDS-PAGE gels stained with Coomassie 
Brilliant Blue, by peptide mass fingerprinting 
of tryptic protein digests and by N-terminal 
sequencing through Edman degradation. The 
latter two analyses were carried out at the 
Protein Chemistry Service and Proteomics 
Facilities of the Centro de Investigaciones 
Biológicas (Madrid, Spain). Ultrafiltration 
steps were performed with Vivaspin 15, 
Vivaspin 2 and Vivaspin 500 filter devices of 
3-to-30-kDa cutoff (Sartorius Stedim 
Biotech). Protein concentrations were 



 

 

generally estimated by measuring the OD280 in 
a spectrophotometer (NanoDrop; GE 
Healthcare) and applying the respective 
theoretical extinction coefficients. Particular 
concentrations were also measured by the 
BCA Protein Assay Kit (ThermoFisher 
Scientific) with bovine serum albumin as a 
standard.  

 
Multi-angle laser light scattering – To 
determine the real molecular mass of 
RECKΔC, multi-angle laser light scattering 
(SEC-MALLS) was performed as previously 
reported [42] in a Dawn Helios II apparatus 
(Wyatt Technologies) coupled to a SEC 
Superdex 200 10/300 Increase column 
equilibrated in buffer 20 mM Tris·HCl 
pH 7.4, 150 mM sodium chloride at 25ºC at 
the joint IBMB/IRB Crystallography 
Platform, Barcelona Science Park (Catalonia, 
Spain). ASTRA 7 software (Wyatt 
Technologies) was used for data processing 
and analysis, for which a typical dn/dc value 
for proteins (0.185 mL/g) was assumed. All 
experiments were performed in triplicate. 
 
Proteolytic inhibition assays – Inhibition 
assays with fluorogenic protein and peptide 
substrates were performed in a microplate 
fluorimeter (Infinite M200, TECAN) in 
100 µL reaction volumes. Proteolytic activity 
of MMP-2, MMP-7 and MMP-9 (all from 
R&D Systems) was measured with the 
fluorescence-based EnzCheck Assay Kit 
containing DQ Gelatin (λex=490nm and 
λem=520nm) as fluorescein conjugate 
(Invitrogen) at 12.5 µg/mL. Peptidolytic 
activity of MMP-14 CD was measured with 
the fluorogenic substrate FS-6 (Mca-K-P-L-
G-L-Dnp-Dpa-A-R-NH2; λex=325nm and 
λem=400nm; Sigma) at 5 µM. Reactions were 
carried out at 37°C in buffer H (50 mM 
Tris·HCl pH 7.5, 150 mM sodium chloride, 
10 mM calcium chloride, 50 µM zinc 
chloride, 0.05% Brij-35) except for MMP-2 
and MMP-7, for which buffer H supplemented 
with 1 mM 4-aminophenylmercuric acetate 
(APMA, Sigma) was used to activate the 

respective zymogens by incubation for 1 h at 
37ºC. Inhibition was measured after 
preincubation of a 2-, 5-, 10-, 50- and 100-fold 
molar excess of tester proteins (KL23, KL123, 
RECK∆C, FRAG-1 and N-TES) with MMP-2 
(0.35 ng), MMP-7 (9.8 ng), MMP-9 (2.5 ng) 
or MMP-14 CD (50 ng) for 1 h at 37°C. 
Substrates were added to the reaction mixture 
and the residual proteolytic activity was 
measured over a timespan of 3 h. Relative 
activities of MMP-2, MMP-7 and MMP-9 
against fluorogenic protein substrates were 
determined from the slope of a fluorescence 
vs. time curve. In contrast, fluorogenic 
peptides were cleaved too fast for proper slope 
determination, so the relative activity of 
MMP-14 in front of FS-6 was determined 
from the absolute fluorescence values 
measured between 40 and 50 min after 
reaction start. Control activity of KL23, 
KL123, RECKΔC, FRAG-1, N-TES and BSA 
was measured between 110 and 120 min after 
reaction start. Bovine serum albumin (BSA; 
Sigma) at 100-fold molar excess and o-
phenanthroline (Fluka) at 5 mM were 
included as negative and positive controls for 
inhibition, respectively. In addition, inhibition 
assays against cleavage of human plasma 
fibronectin (pFN, MP Biomedicals) were 
evaluated by Western blot analysis (see 
below). MMP-2 or MMP-7 (at 40 nM) were 
incubated in buffer H plus 1 mM APMA for 
activation with pFN (4 nM) at 37°C for 0, 1, 
2, 4, 6, 8 or 18 h with or without RECK∆C 
(400 nM). The broad-spectrum MMP 
inhibitors marimastat (Sigma), EDTA (Fluka), 
o-phenanthroline, and batimastat 
(Calbiochem) were used in controls, as well as 
the serine peptidase inhibitors AEBSF and 
phenylmethanesulfonyl fluoride (PMSF; 
Acros Organics) plus the cOmplete EDTA-
Free inhibitor cocktail. 
 
Western blot analyses – Protein samples 
were separated by 10% Glycine SDS-PAGE, 
transferred to Amersham Protran Premium 
NC Nitrocellulose Membranes (GE 
Healthcare Life Sciences) and blocked for one 



 

 

hour under gentle stirring at room temperature 
with 50 mL of blocking solution (5% BSA in 
phosphate buffered saline [PBS] plus 0.2% 
Tween 20 [PBS-T]; Sigma). Fibronectin was 
detected by overnight incubation at 4ºC with a 
rabbit polyclonal primary antibody (Abcam) 
diluted 1:5,000 in PBS-T with 1% BSA and 
subsequent incubation for 2 h at room 
temperature with an anti-rabbit HRP-
conjugated secondary antibody (Sigma) 
diluted 1:8,000 with PBS-T. Blots were 
incubated with mild stripping buffer (1.5% 
glycine pH 2.2, 0.1% SDS, 1% Tween 20) and 
further washed with PBS and PBS-T under 
gentle agitation at room temperature. Blots 
were re-blocked and re-probed. 

His6-tagged proteins were detected 
with the monoclonal His-HRP Conjugated 
Antibody (Santa Cruz Biotechnology) diluted 
1:5,000 in PBS-T with 1% BSA incubated 
overnight at 4°C and subsequently visualized 
with an enhanced chemiluminescence system 
(Super Signal West Pico Chemiluminescent; 
Pierce) according to the manufacturer’s 
instructions. Membranes were exposed to 
Hyperfilm ECL films (GE Healthcare Life 
Sciences). 

 
Miscellaneous – Structure prediction 
calculations through threading were 
performed with LOMETS [43] and 
RAPTORX [44] with standard parameters. 

 
 

RESULTS AND DISCUSSION 
 
Protein preparation – Inhibitory activity of 
RECK on MMPs in vitro has been reported for 
RECKΔC[13-15,17,23] and a construct 
spanning the KL2 and KL3 domains [16]. As 
there were discrepancies in the boundaries of 
these domains [13,16], we performed 
structure prediction through threading of 
segment V600–A800. These calculations 
suggested that constructs KL123 and KL23 
should actually span segments V621–S797 and 
T697–S797, respectively (Fig.1), which do not 
contain any of the glycosylation sites of the 

full-length protein [22]. Follistatin (Protein 
Data Bank [PDB] entries 2P6A, 3HH2 and 
2B0U), a regulator of ligands of the 
transforming growth factor-β superfamily 
with three Kazal-like repeats [45], and 
follistatin-like protein 3 (PDB 3B4V) were 
identified as the closest structural relatives. 
Both RECK constructs were produced with C-
terminal His6-tags overnight in E. coli 
Lemo21 cells at room temperature and 
translocated to the periplasm, which provides 
an oxidizing environment for the formation of 
disulphide bonds and protein folding. The 
proteins were obtained in high yields as 
nonclassical inclusion bodies [46], which 
were treated under non-reducing conditions 
with a chaotropic agent and detergent prior to 
purification by AC and SEC steps (Fig.2A–
D). The resulting proteins were soluble and 
highly pure, did not aggregate when 
concentrated, and migrated according to 
16 kDa (KL23) and 26 kDa (KL123) in 
calibrated SEC (data not shown), which are 
consistent with monomeric species. These 
data suggest that the proteins were well-
folded. 

We also isolated RECKΔC with a C-
terminal His6-tag (Fig.1) from the conditioned 
medium of transiently transfected Expi cells 
by adapting a protocol developed previously 
for human ⍺2-macroglobulin [42]. The yield 
after purification was 0.8 mg per litre of 
expression medium, and the protein was 
subsequently purified by AC and SEC 
(Fig.2E). It had a molecular mass of 111 kDa 
according to SEC-MALLS (Fig.2F), which is 
in good agreement with the theoretical protein 
mass plus glycosylation, and indicates that the 
protein is monomeric. This contrasts with 
other studies postulating it is a dimer [17]. We 
further produced RECKΔC from S2 and Expi-
CHO systems but the initial yields were 
significantly lower (0.2 and 0.5 mg/L, 
respectively) and the proteins required several 
additional purification steps (data not shown). 
We next obtained N-TES by the same method 
from transfected Expi cells (Fig.2H). This 
protein spans the N-terminal region of the 



 

 

calcium-binding proteolgycan testican 3, 
which has been reported to bind membrane-
type MMPs including MMP-14 and to inhibit 
pro-MMP-2 activation in HEK293T cells 
when their respective cDNAs were co-
transfected. These results led the authors to 
suggest that N-TES is an inhibitor of MMP-14 
and MMP-16 [47]. 

Finally, we also produced and 
purified RECK fragment FRAG-1 resulting 
from the limited cleavage of RECKΔC by 
MMP-14 CD, which contained the C-terminal 
half of the full-length protein including KL1 
through KL3 (Figs.1 and 2G). MMP-14 CD 

was produced by E. coli BL21 (DE3) in 
inclusion bodies, purified by IEC under 
denaturing conditions, folded by dialysis, and 
finally purified by SEC by implementing a 
previous protocol41 (Figs.2I,J). 

 
Proteolytic contamination and additional 
purification steps – Recombinant RECKΔC 
from Expi cells was initially purified by AC 
(Fig.2E) and SEC. Despite rather high purity 
(>98%; Figs.2E and 3A), it underwent 
cleavage over time, which was prevented by 
an inhibitor cocktail and partially slowed 
down by the general zinc chelator and MP 

Figure 2. Protein purification. SDS-PAGE of AC and SEC purification steps of KL23 (A,B) and KL123 (C,D). (E) SDS-
PAGE of stepwise AC of RECKΔC from Expi cells. (F) SEC-MALLS chromatogram of RECK∆C showing it has a total 
molecular mass of 111.3 kDa of which 93.7 kDa would correspond to protein. (G) SDS- PAGE of SEC fractions containing 
FRAG-1 (22–25) and MMP-14 CD (26–28). (H) SDS-PAGE of partially purified N-TES after AC purification. (I) SDS-
PAGE of AEC purification of MMP-14 CD. (J) SDS-PAGE of the SEC fractions containing MMP-14 CD (C2-C5). MMP-
14 CD migrates as two bands as previously observed for construct MT1Cat in [41]. Figure panels with lanes/parts from 
different gels/blots show white separation lines. All original gels can be found in the supplementary materials.  



 

 

inhibitor o-phenanthroline (Fig.3A). 
However, this cleavage did not result in 
dissociation of RECKΔC in the short term, 
according to SEC. The cleavage products 
caused by this impurity (Fig. 3A, lane 2) were 
subjected to N-terminal Edman degradation, 
which revealed that a ~50 kDa fragment, 
dubbed FRAG-1, resulted from cleavage 
before G484 and thus comprised RECK 
domains KL1-KL2-KL3. As partially purified 
RECKΔC had initially shown slight inhibition 
of MMP-14 CD (data not shown), we 
speculated that RECKΔC cleavage might be 
necessary to yield a species with MMP 
inhibitory activity. Thus, we included FRAG-
1 in subsequent inhibition assays (see below).  

To investigate the nature of the 
proteolytic impurity, we incubated initially 
purified RECKΔC with the general peptidase 
substrate human plasma fibrinogen, and found 
it was cleaved (Fig.3B). We assayed a series 

of peptidase inhibitors and found that AEBSF 
abolished the cleavage (Fig.3B). AEBSF is an 
irreversible small-molecule serine peptidase 
inhibitor that covalently modifies the catalytic 
serine of serine endopeptidases, thus blocking 
them. The same ablation was obtained with 
the inhibitor cocktail, which contained 
AEBSF, but not with PMSF or general MP 
inhibitors (Fig.3B). This motivated us to 
include an extra step in the purification 
protocol of RECKΔC from Expi cells 
consisting of incubation with AEBSF and 
final polishing by several cycles of SEC. This 
protocol yielded RECKΔC of highest purity, 
incapable of fibrinogen or RECKΔC 
degradation, for subsequent inhibitory studies. 
Interestingly, protein produced from S2 or 
Expi-CHO cells did not show this contaminant 
and fibrinogen remained intact upon 
incubation with these RECKΔC species 
(Fig.3C,D). Finally, FRAG-1 obtained from 

Figure 3. Functional assays. (A) Partially purified RECK∆C incubated for up to 8 days at 37 °C with or without o-
phenanthroline (o-Phe.) or an inhibitor cocktail (cOmplete EDTA-free). (B) Degradation of fibrinogen. Lane 1, intact 
fibrinogen; lane 2, control, fibrinogen incubated with partially purified RECKΔC for two days shows degradation; lanes 
3–9, same except for a previous one hour-incubation of RECKΔC with AEBSF, inhibitor cocktail, marimastat, batimastat, 
EDTA, PMSF or o-phenanthroline. Fibrinogen cleavage does not occur with similarly purified RECKΔC from (C) S2 cells 
or (D) Expi-CHO cells (both, left lane, fibrinogen alone; right lane, fibrinogen plus RECKΔC [black arrow]). (E) 
Incubation of fibrinogen (lane 1, control) with SEC fractions containing only FRAG-1 (22–25) show no degradation. 
However, the substrate is cleaved by a coeluting MMP-14 CD contamination (fraction 26). (F) Incubation of fibrinogen 
(lane 1) with partially purified N-TES without (lane 2, control) or with (lanes 3–7) inhibitors. (G) An N-TES preparation 
purified by SEC cleaved fibrinogen (control). This cleavage was abolished with AEBSF. Figure panels with lanes/parts 
from different gels/blots show white separation lines. All original gels can be found in the supplementary materials.  



 

 

highly pure RECKΔC through treatment with 
MMP-14 CD did not contain the proteolytic 
contaminant of partially purified RECKΔC 
but some traces of the MP, which could be 
separated in SEC (Fig.3E). 

To assess whether the AEBSF-
sensitive contaminant was a specific feature of 
the overexpression of RECKΔC, we studied 

protein N-TES obtained with the same 
expression system (Fig.2H) and observed 
similar peptidolytic activity against fibrinogen 
that was abolished with AEBSF or the 
inhibitor cocktail (Fig.3F,G). In contrast, two 
other proteins obtained with the same system 
did not contain this contaminant (data not 
shown). 

Figure 4. Activity and inhibition assays. (A) Hydrolytic activity of pure RECK constructs, N-TES and BSA (tested 
proteins, orange bars) relative to that of the respective MMPs (MMP-2, -7, -9 and -14) with BSA (100%; positive control, 
green bar) or o-phenantroline (negative control, yellow bar). Only FRAG-1 evinces slight residual activity against the 
fluorogenic substrate FS-6, possibly due to a contamination with MMP-14 CD used for its generation (see Fig.2G). 
(B) Residual activity of MMP-2 in the presence of KL23, KL123, RECKΔC or FRAG-1 at various molar rations (1:2, 1:5, 
1:10, 1:50 and 1:100; white, gray, black, blue and red bars) after 1 h incubation relative to the activity shown in (A; green 
bar). (C) and (D), same as (B) for MMP-7 and MMP-9. (E) Same as (B) for MMP-14 but further including N-TES as 
candidate inhibitor up to 1:50 molar ratio. Only 50-fold excess of KL123 shows a slight inhibitory effect on MMP-14 CD 
activity. All assays of panels A-E were performed in triplicate.  



 

 

 
Inhibition studies of RECK and N-TES 
constructs – Highly pure RECK variants 
RECK∆C, KL123, KL23 and FRAG-1, as 
well as N-TES, were tested for their inhibitory 
capacity against MMP-2, MMP-7, MMP-9 
and MMP-14 activity with peptide and protein 
substrates up to 100-fold molar excess of the 
tester proteins (Figs.4 and 5). Fluorescein-
conjugated gelatine was used for assays with 
previously activated MMP-2 (Fig.4B), MMP-
7 (Fig.4C) and MMP-9 (Fig.4D), and 
fluorogenic peptide FS-6 was employed for 
MMP14 CD (Fig.4E). In addition, inhibition 

of the activity of MMP-2 (Fig.5A) and MMP-
7 (Fig.5B) against plasma fibronectin by 
RECKΔC at tenfold molar excess was assayed 
by Western blot analysis. Moreover, 
inhibition of the activity of MMP-14 CD 
against a fluorogenic peptide substrate by N-
TES was likewise analysed (Fig.4E). As 
expected, none of the RECK constructs, N-
TES or BSA, which was used as a negative 
control, alone showed relevant peptidolytic 
activity and o-phenanthroline inhibited the 
MMPs as predictable (Fig.4A). In addition, 
BSA at the highest tester concentration (1:100 
molar excess) had no influence on MMP 

Figure 5. MMP-2 and MMP-7 activity assays against plasma fibronectin. (A) Western-blot analysis of the MMP-2 
(40 nM) activity in front of plasma fibronectin (pFN; 4 nM) in the presence or absence of RECKΔC (400 nM) over time 
(0–18 h). The peptidase eventually cleaves the substrate irrespective of the presence of RECKΔC. (B) Same as (A) for 
MMP-7. In addition, MMP-7 cleaves RECKΔC over time. Figure panels with lanes/parts from different gels/blots show 
white separation lines. All original gels can be found in the supplementary materials. 



 

 

activity (Fig.4A). Notably, the experiments 
revealed that none of the RECK constructs or 
N-TES showed any significant inhibition of 
MMPs activity.  
 
 
CONCLUSIONS  
 
Since its discovery in the 1980s, protein 
RECK has been found to have pleiotropic 
roles, for example in embryogenesis and as a 
tumour suppressor. Among other functions, it 
has been hailed as an MMP inhibitor. Here, we 
produced two RECK variants through the 
mammalian Expi and Expi-CHO systems and 
through the insect S2 system. We could not 
detect any significant inhibition with either 
construct produced with Expi when we 
assayed MMPs that have been previously 
reported to be targeted, neither with peptide 
nor protein substrates. Instead, we found that 
even quite pure samples of RECKΔC showed 
proteolytic activity resulting from a 
contamination by a probable serine peptidase, 
which could be removed by treatment with 
AEBSF and additional SEC. This activity was 
missing when the protein was produced in 
Expi-CHO or S2 cells. We further established 
a production and purification protocol for N-
TES, which has also been postulated to be an 
MMP inhibitor. As in the case of RECK, we 
detected the contaminating peptidase but no 
inhibitory activity in front of the target MMP-
14. In contrast, similar expression systems for 
two other unrelated proteins did not produce 
the contaminant in the supernatant. Finally, 
we made two shorter constructs of RECK 
spanning KL1-KL2-KL3 and KL2-KL3, 
respectively, through an E. coli system, which 
also lacked the contaminant. These proteins 
did not show any inhibitory effect on MMPs 
either. 

These results are consistent with 
marginal notes in a recent article describing 
very sensitive gelatine zymography, which 
revealed gelatinolytic activity associated with 
recombinant RECKΔC preparations [23]. 
These corresponded to co-purified peptidases 

of ~19 and ~28 kDa, which necessarily must 
have perturbed previously published kinetic 
assays with partially purified RECKΔC from 
supernatants of transfected 293F and 293T 
cells, as well as construct K23 from 293T 
cells, for which inhibitory activity on MMPs 
had been reported [13,15-17]. Moreover, the 
inhibitory activity of RECK on MMPs was 
requalified as “weak” recently [36]. 

 Taken together, all these findings 
suggest that RECK, and probably N-TES, are 
not direct inhibitors of MMP catalytic activity. 
Instead, RECK may still regulate MMPs in 
vivo at a different level, e.g. through 
downregulation of MMP transcription, 
translation or secretion, or by binding and 
sequestering them, thus preventing them from 
carrying out their extracellular peptidolytic 
function. 

Finally, we recommend checking for 
unexpected proteolytic activity associated 
with recombinant proteins of interest when 
employing transfected Expi293F or other 
HEK293-derived cells as protein expression 
systems, which is absent from systems based 
on Chinese hamster ovary or fruit-fly S” cells. 
This activity can be removed through 
irreversible serine peptidase inhibitors or 
inhibitor cocktails. 
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This publication explores the inhibitory capacity of the insect metallopeptidase 

inhibitor (IMPI) against aureolysin, a major S. aureus virulence factor without a specific 

protein inhibitor known so far. 

 

 In this project, I cloned all twelve IMPI mutants, and produced and purified them 

along with wild-type IMPI from E. coli Origami 2 cells. I also purified native aureolysin 

isoform I from S. aureus (strain V8-BC10) cultures. Subsequently, I performed all activity 

and inhibition assays, analysed IMPI cleavage by aureolysin through MALDI-TOF and 

SDS-PAGE and crystallised aureolysin in complex with both wt and I57F IMPI. 
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Summary 
 

 Upon infection, the greater wax Galleria mellonella produces a set of defensive 

proteins with antimicrobial properties, so called antimicrobial peptides and proteins (AMPs). 

One of those molecules is the insect metallopeptidase inhibitor (IMPI), a low molecular 

weight protein stabilized by five disulphide bridges which specifically inhibits thermolysin 

and other members of the thermolysin family (M4). Aureolysin is an attractive target of the 

M4 family due to its inextricable association with the S. aureus infection mechanism, and 

the growing number of infections caused by antibiotic resistant S. aureus strains impel the 

need for new antibiotic therapeutic drugs. Here we analysed the inhibitory capacity of IMPI 

against aureolysin and crystallised the protease-inhibitor complex revealing that IMPI 

inhibits aureolysin through a “standard mechanism of action”, which is poorly characterised 

for metallopeptidases. We then designed a set of fourteen IMPI variants with single or 

multiple mutations on their reactive-centre loop (RCL); among them, I57F was the best 

inhibitor of aureolysin with an estimated inhibition constant (Ki) of 346 nM. This work 

highlighted the inhibitory mechanism of IMPI against the potent virulence factor aureolysin, 

as well as the structural features of the protease-inhibitor complex, providing valuable 

information for further development of safe, IMPI-based therapeutic peptides (TP) targeting 

aureolysin, which might be used in the treatment of antibiotic resistant infections.  
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Aureolysin, a secreted metallopeptidase (MP) from the thermolysin family, functions as a 
major virulence factor in Staphylococcus aureus. No specific aureolysin inhibitors have yet 
been described, making this an important target for the development of novel antimicrobial 
drugs in times of rampant antibiotic resistance. Although small-molecule inhibitors are 
currently more common in the clinic, therapeutic proteins and peptides (TPs) are favourable 
due to their high selectivity, which reduces off-target toxicity and allows dosage tuning. The 
greater wax moth Galleria mellonella produces a unique defensive protein known as the insect 
metallopeptidase inhibitor (IMPI), which selectively inhibits some thermolysins from 
pathogenic bacteria. We determined the ability of IMPI to inhibit aureolysin in vitro and used 
crystal structures to ascertain its mechanism of action. This revealed that IMPI uses the 
“standard mechanism”, which has been poorly characterised for MPs in general. Accordingly, 
we designed a cohort of 12 single and multiple point mutants, the best of which (I57F) inhibited 
aureolysin with an estimated inhibition constant (Ki) of 346 nM. Given that animals lack 
thermolysins, our strategy may facilitate the development of safe TPs against staphylococcal 
infections, including strains resistant to conventional antibiotics.

  
Antibiotic resistance is a major global health 
burden, leading to hundreds of thousands of 
deaths every year and greatly increasing 
healthcare costs associated with the treatment 
of bacterial infections [1-3]. Resistance arises 
from selection pressure caused by the 
widespread abuse, overuse and misuse of 
antibiotics in humans, including premature 
treatment discontinuation [4], subtherapeutic 
dosing, and the distribution of counterfeit 
drugs [5]. Furthermore, ~80% of all 

antimicrobials used in the USA are 
administered as prophylactics to farm animals 
to boost their health and productivity [6]. 
Once acquired, resistance is spread by 
horizontal gene transfer, often across species 
barriers, ultimately giving rise to multidrug-
resistant strains [7]. The impact of antibiotic 
resistance is heightened by the lack of new 
drugs in the development pipeline, with only 
two new classes of antibiotics approved in the 
last 30 years: the oxazolidinones, which target 



 

 

protein synthesis, and the acidic lipopeptides, 
which target bacterial membranes [8, 9]. This 
lack of progress reflects decades of low 
returns compared with other drug classes, 
discouraging investment by the 
pharmaceutical industry [2, 7, 10] and thus 
posing a serious threat to public health [11]. 
There are few therapeutic options for the 
treatment of infections with “superbugs” such 
as Acinetobacter baumannii, Neisseria 
gonorrhoeae, Pseudomonas aeruginosa, 
Streptococcus pneumoniae and 
Staphylococcus aureus, which kill someone 
every 15 min in the USA [12-14]. Drug-
resistant strains of S. aureus cause severe 
endocarditis, pneumonia, sepsis, and toxic 
shock syndrome [15]. Thus, there is an urgent 
need for the development of new classes of 
antibiotics to tackle such infections. 

Microbial pathogenesis involves 
diverse pathways and mechanisms that lead to 
host colonisation and infection [16]. Virulence 
factors are secreted by the pathogen to 
facilitate this process, including peptidases 
that break down host defence proteins, 
regulate the availability of other secreted 
bacterial factors, and provide peptide nutrients 
for the pathogen. One example is the 
thermolysin family of bacterial 
metallopeptidases (MPs), also referred to as 
the M4 family according to the MEROPS 
database (www.ebi.ac.uk/merops) [17]. The 
archetype is Bacillus thermoproteolyticus 
thermolysin, which was the first endo-MP to 
be structurally resolved [18] and the founding 
member of the gluzincin clan of MPs [19, 20]. 
Related MPs produced by human pathogens 
include P. aeruginosa pseudolysin [21], 
vibriolysin from several Vibrio species [22], 
Burkholderia cenocepacia ZmpA/B [23], 
Enterococcus faecalis coccolysin [24], 
Legionella pneumophila Msp [25], 
Clostridium perfringens λ-toxin [26], and 
aureolysin from Staphylococcus epidermidis 
and S. aureus [16, 27-29]. 

Aureolysin was discovered in 
S. aureus strain V8 [30] and is the product of 
the aur gene, which is located on a 
monocistronic operon [31] and regulated by 
the alternative sigma factor σB and the 
staphylococcal accessory regulator SarA [31]. 
Aureolysin is prevalent in both pathogenic and 
commensal S. aureus strains [32], and peak 
abundance occurs during post-exponential 
growth and when the bacterial cells are 

phagocytosed by human neutrophils [33]. The 
enzyme accounts for ~50% of the total 
peptidase activity in culture supernatants [28] 
and participates in the extracellular peptidase 
system of S. aureus by activating the V8-type 
serine peptidase SspA, which in turn activates 
the cysteine peptidase SspB [16]. Together 
with the cysteine peptidase ScpA, they 
constitute the four major extracellular 
peptidases of S. aureus [34] known as the 
“staphylococcal proteolytic cascade” [31]. 
Moreover, aureolysin recruits nutrients from 
host proteins [35] and contributes to 
staphylococcal infections by promoting 
hypervirulence and the transition from a 
sessile, biofilm-forming lifestyle to a mobile, 
invasive phenotype [36, 37]. It degrades the 
human antimicrobial peptide LL-37 [38] and 
complement protein C3, while releasing the 
chemoattractant C5a to prevent complement-
mediated killing by neutrophils [39]. It also 
contributes to the intracellular survival of 
S. aureus in human macrophages [40]. 
Furthermore, aureolysin highjacks the blood 
coagulation and fibrinolytic systems by 
activating prothrombin [41] and inactivating 
the serpin-type serine peptidase inhibitors ⍺1-
proteinase inhibitor, ⍺2-antiplasmin, and ⍺1-
antichymotrypsin by cleaving their “reactive-
centre loops” (RCLs). This deregulates their 
targets such as neutrophil urokinase-type 
plasminogen activator, elastase, and plasmin 
[42-46]. Finally, aureolysin was shown to 
trigger osteoblast death and bone destruction 
in a murine model of osteomyelitis [29], 
which is a hallmark of S. aureus infection in 
humans [47]. Aureolysin is therefore a 
promising drug target given its role in the 
establishment and persistence of infection, 
which underpins its relevance for bacterial 
survival in vivo [48]. 

Aureolysin occurs as two isoforms (I 
and II) across distinct S. aureus strains that 
share 93% sequence identity [49]. It is 
exported as a 509-residue pre-pro-enzyme 
(UniProt access code [UP] P81177) 
comprising a 27-residue signal peptide for 
secretion, a 181-residue pro-domain (S28–E208; 
aureolysin residue numbering in subscript), 
and a 301-residue mature catalytic domain 
(CD, A209–E509; [27]) with 49% identity to 
thermolysin [28]. Once secreted, the zymogen 
is self-processed to yield the mature form [50], 
which (like other thermolysins [51]) prefers 
neutral pH and hydrophobic residues in the 



 

 

substrate P1′ position [28] (nomenclature of 
enzyme sub-site and substrate positions on the 
non-primed and primed sides of the active-site 
cleft according to [52, 53]). Typically for 
MPs, the enzyme is inhibited by the general 
metal chelators EDTA and o-phenanthroline, 
as well as the nonspecific pan-peptidase 
inhibitor ⍺2-macroglobulin [28], but no 
specific small-molecule or protein inhibitors 
have yet been reported. 

Small-molecule drugs are favoured in 
the clinic because they are often characterised 
by a long shelf life, oral bioavailability, 
efficient uptake by cells, and ease of 
manufacturing [54]. However, they generally 
have a small surface area for interaction with 
targets (usually large proteins), and this can 
limit their specificity and promote off-target 
effects. In contrast, therapeutic proteins (TPs) 
have larger surface areas, which result in 
higher selectivity, fewer toxic side effects, and 
tuneable dosage [54], often without harmful 
immune responses [55]. Although most TPs 
must be injected due to poor gastrointestinal 
absorption, various systems have been 
developed to overcome these limitations [56]. 
Recombinant TPs can also be redesigned to 
increase their specificity or efficacy. For 
example, defence proteins produced by one 
animal host against a class of bacterial 
virulence factors may be adapted to another 
host. Overall, this has increased the efficacy 
and potency of TPs, and they now account for 
~10% of the broader pharmaceutical market 
[54]. 

The MP inhibitor from Streptomyces 
nigrescens was the first M4 family inhibitor 
(MEROPS I36) shown to target thermolysin, 
pseudolysin and griselysin [57, 58], but its 
mechanism of action remains unknown. In 
contrast, the mature 68-residue inducible 
insect metallopeptidase inhibitor (IMPI) from 
the greater wax moth Galleria mellonella 
(MEROPS I8; UP P82176) is a potent 
inhibitor of thermolysin, pseudolysin, 
vibriolysin, bacillolysin, and Bacillus 
polymyxa peptidase, and, importantly, its 
mechanism is known [59-63]. Moreover, 
IMPI is currently under development for the 
therapy of ectopic infections caused by 
S. aureus to cure chronic wounds formulated 
in poloxamer hydrogels, which caused no side 
effects in the swine ear model [63, 64]. We 
therefore sought a protein inhibitor of 
aureolysin for further development as a TP by 

designing several IMPI mutants with the 
ability to block aureolysin, and determined 
their mechanisms of action by kinetic and 
structural analysis. 
 
 
MATERIALS AND METHODS 
 
Expression constructs – Plasmid pIMPI-WT 
contains the sequence of wild-type (wt) IMPI 
in its mature form (residues I20–S88, 
superscript numbering based on UP P82176) 
[62]. It is a modified pET-32a vector, with the 
IMPI sequence inserted at the BglII and XhoI 
restriction sites, preceded by an N-terminal 
His6-tagged thioredoxin fusion partner and a 
tobacco etch virus (TEV) peptidase 
recognition site, placing the peptide sequence 
G–M–S upstream of I20 in the final purified 
protein. We used pIMPI-WT to generate 13 
mutants (T50N, T50Q, T50R, T50Y, I54M, I55R, 
I55W, I55Y, I57F, I57Y, R58E, T50Y+I55R and 
T50Y+I55R+I57F). T50N was used only as an 
intermediate to prepare T50Y and was not 
tested for activity. The mutants were 
generated by site-directed mutagenesis with 
overlapping primers (Table 1) using Phusion 
high fidelity DNA polymerase (Thermo 
Fisher Scientific) according to the 
manufacturer’s instructions. Template DNA 
was digested with DpnI (Thermo Fisher 
Scientific) and the product was used to 
transform competent Escherichia coli DH5⍺ 
cells (Thermo Fisher Scientific). Plasmid 
DNA was purified using the E.Z.N.A. Plasmid 
DNA Mini Kit I (Omega Bio-Tek) and all 
constructs were verified by sequencing 
(Eurofins and Macrogen). 

 
Protein production and purification – The 
IMPI variants were expressed in E. coli BL21 
(DE3) Origami2 cells (Novagen) transfected 
with the corresponding plasmid and grown on 
lysogeny broth (LB) agar supplemented with 
100 µg/mL ampicillin. Single colonies were 
used to inoculate 25-mL LB starter cultures 
supplemented with 100 µg/mL ampicillin and 
10 µg/mL tetracycline, and were incubated 
overnight at 37 °C under shaking. The starter 
cultures (1 mL) were used to inoculate 500 mL 
of the same medium, followed by cultivation 
under the same conditions until the OD550 
reached 0.6. At this point, protein expression  
was induced with 0.2 mM isopropyl-β-D-1-
thiogalactopyranoside (Thermo Fisher  



 

 

Scientific) and overnight incubation at 18°C. 
Cells were harvested by centrifugation 
(3500×g; 30 min; 4°C), washed twice with 
cold buffer A (50 mM Tris·HCl, 250 mM 
sodium chloride, pH 8.0), and resuspended in 
the same buffer supplemented with 10 mM 
imidazole, the EDTA-free cOmplete protease 
inhibitor cocktail (Roche Life Sciences), and 
DNase I (Roche Life Sciences). Cells were 
lysed using a cell disrupter (Constant 
Systems) at a pressure of 135 MPa, and 
soluble protein was cleared by centrifugation 
(50,000×g; 1 h; 4°C) before passing the 
supernatant through a 0.22 µm filter (Merck 
Millipore). For immobilised-metal affinity 
chromatography (IMAC) [65], protein was 
captured on a nickel-Sepharose HisTrap HP 
column (Cytiva), previously washed and 
equilibrated with buffer A plus 500 or 20 mM 
imidazole. Each IMPI construct was purified 
on a separate column to avoid cross-
contamination. IMPI was washed and eluted 
using buffer A supplemented with either 20 or 
300 mM imidazole. Protein-containing 
fractions were dialysed for 4 h at room 
temperature against a 50-fold excess volume 
of buffer B (50 mM Tris·HCl, 150 mM 
sodium chloride, 0.5 mM oxidised 
glutathione, 3 mM reduced glutathione, 
pH 8.0) and centrifuged (50,000×g; 1 h; 4 °C) 
to remove precipitated protein. The inhibitors 
were dialysed overnight with His6-tagged 
TEV peptidase (produced in-house) at a 
peptidase:substrate ratio of 1:20 (w/w) in 
buffer A at room temperature to remove the 
fusion partner. After centrifugation 
(50,000×g; 1 h; 4 °C) and 0.22 µm sterile 
filtration, the soluble fraction was loaded 

again onto the above HisTrap HP column for 
reverse IMAC. The flow-through fraction 
containing untagged inhibitor was collected, 
whereas TEV, thioredoxin and non-cleaved 
soluble IMPI aggregates bound to the column 
were eventually eluted using buffer A 
supplemented with 300 mM imidazole for 
column regeneration. The untagged IMPI was 
recovered after a second round of reverse 
IMAC, concentrated by exchange into buffer 
C (20 mM Tris·HCl, 150 mM sodium 
chloride, pH 8.0) using a HiPrep 26/10 
desalting column (Cytiva), and polished by 
final size-exclusion chromatography (SEC) 
with buffer C in a Superdex 75 10/300 column 
(Cytiva) attached to an ÄKTA Purifier 10 
apparatus (Cytiva). 

Aureolysin isoform I was produced as 
previously described [66] with slight 
modifications. S. aureus V8-BC10 cells were 
streaked onto tryptic soy agar plates 
supplemented with 2.5 g/L glucose and 1% 
casein. A single colony, surrounded by a halo 
of digested casein, was then used to inoculate 
20 mL of Bacto tryptic soy broth without 
dextrose (BD Biosciences) supplemented with 
2.5 g/L glucose. This pre-inoculum was the 
same medium, followed by overnight 
cultivation under the same conditions. The 
bacterial supernatant was cleared by 
centrifugation (7000×g; 30 min; 4°C) and 
passed through a 0.22-µm filter. Supernatant 
proteins were then precipitated in ammonium 
sulfate (80% saturation) with gentle stirring 
for 4 h at 4°C, harvested by centrifugation 
(50,000×g; 1 h; 4°C), resuspended in buffer D 
(20 mM Tris⋅HCl, 10 mM calcium chloride, 
pH 7.8), and dialysed at 4°C overnight against 

Plasmid Forward primer Reverse primer Template 

pIMPI-T50N a CATATACAGAATAAAAATAACTGTCCC GGGACAGTTATTTTTATTCTGTATATG pIMPI-WT 
pIMPI-T50Q CATATACAGAATAAACAAAACTGTCCC GGGACAGTTTTGTTTATTCTGTATATG pIMPI-WT 
pIMPI-T50R CAGAATAAACGAAACTGTCCCATC GATGGGACAGTTTCGTTTATTCTG pIMPI-T50Q 
pIMPI-T50Y CATATACAGAATAAATATAACTGTCCC GGGACAGTTATATTTATTCTGTATATG pIMPI-T50N 
pIMPI-I54M CTGTCCCATGATTAATATAAGATGTAAT

GACAAGTGC 
GCACTTGTCATTACATCTTATATTAATCA

TGGGACAG pIMPI-WT 
pIMPI-I55R GTCCCATCCGTAATATAAGATGTAATG CATTACATCTTATATTACGGATGGGAC pIMPI-I55W 
pIMPI-I55W CAAACTGTCCCATCTGGAATATAAGATG

TAATGAC 
GTCATTACATCTTATATTCCAGATGGGA

CAGTTTG pIMPI-WT 

pIMPI-I55Y CAAACTGTCCCATCTATAATATAAGATG
TAATG 

CATTACATCTTATATTATAGATGGGACA
GTTTG pIMPI-WT 

pIMPI-I57F CTGTCCCATCATTAATTTTAGATGTAATG
ACAAGTGC 

GCACTTGTCATTACATCTAAAATTAATG
ATGGGACAG pIMPI-WT 

pIMPI-I57Y CTGTCCCATCATTAATTATAGATGTAAT
GACAAGTGC 

GCACTTGTCATTACATCTATAATTAATG
ATGGGACAG pIMPI-WT 

pIMPI-R58E CATTAATATAGAATGTAATGACAAGTGC GCACTTGTCATTACATTCTATATTAATG pIMPI-WT 
pIMPI-T50Y+I55R CATATACAGAATAAATATAACTGTCCC GGGACAGTTATATTTATTCTGTATATG pIMPI-I55R 
pIMPI-T50Y+I55R+I57F CCCATCCGTAATTTTAGATGTAATGACA

AGTGC 
GCACTTGTCATTACATCTAAAATTACGG

ATGGG pIMPI-T50Y+I55R 

Table 1. Plasmids and primers for overexpression.  a This mutant was used as an intermediate to prepare T50Y and was 
not tested for activity. Only single nucleotides were exchanged in each reaction. For the double and triple mutants, a 
corresponding ancestral plasmid was used as the template. 



 

 

the same buffer. After centrifugation 
(50,000×g; 1 h; 4°C), the supernatant was 
loaded onto a 5-mL HiTrap Q FF anion 
exchange column (Cytiva) attached to an 
ÄKTA Pure 25 apparatus (Cytiva). The 
column was previously washed and 
equilibrated with buffer D, with or without 
1 M sodium chloride. Protein bound to the 
column was washed extensively using buffer 
D supplemented with 50 mM sodium 
chloride, and eluted in a gradient of 50–
750 mM sodium chloride in the same buffer. 
The purified aureolysin was polished by SEC 
in a Superdex 75 10/300 column with buffer E 
(20 mM Tris⋅HCl, 150 mM sodium chloride, 
10 mM calcium chloride, 50 µM zinc 
chloride, pH 7.8). 

Protein purity was assessed by SDS-
PAGE on custom-made 14–20% glycine gels 
followed by staining with Coomassie Brilliant 
Blue (Sigma-Aldrich). Protein identities were 

confirmed by peptide mass fingerprinting 
(Suppl. Fig.1) and N-terminal sequencing 
(Edman degradation) at the Protein Chemistry 
Service and the Proteomics Facility of the 
Centro de Investigaciones Biológicas (CIB-
CSIC, Madrid, Spain). Ultrafiltration was 
carried out using Vivaspin 15 and Vivaspin 2 
filter devices with Hydrosart membranes and 
a 2-kDa cut-off (Sartorius Stedim Biotech). 
Protein concentrations were determined using 
the BCA protein assay kit (Thermo Fisher 
Scientific) by comparison to a dilution series 
of bovine serum albumin. 

 
Activity and inhibition assays – We tested the 
proteolytic and peptidolytic activity of 
aureolysin, thermolysin from  
B. thermoproteolyticus Rokko (Sigma-
Aldrich), and ulilysin (produced according to 
[67, 68]) at 37°C in 100-µL reactions 
containing buffer F (100 mM Tris·HCl,  

Figure 1. Protein production and purification. (A) Representative chromatogram and (B) SDS-PAGE analysis of the 
IMAC purification step of His6-thioredoxin-tagged wt-IMPI (expected molecular mass ~25 kDa). FT, flow-through; W, 
wash step; E, elution step. (C) Chromatogram and (D) SDS-PAGE analysis of the SEC purification step of tag-depleted 
wt-IMPI (~8 kDa), which migrated as a monomer (13.6 mL). (E) Representative chromatogram and (F) SDS-PAGE 
analysis of the anion-exchange chromatography purification step of aureolysin. (G) Chromatogram and (H) SDS-PAGE 
analysis of the SEC purification step of aureolysin. Despite the higher-than-expected molecular mass reported by SDS-
PAGE (panels F,H), the protein is indeed mature aureolysin (expected mass ~33 kDa), as confirmed by N-terminal 
sequencing, peptide-mass fingerprinting (Suppl. Fig. 1), and the retention volume in calibrated SEC (panel G; 11.3 mL) 
corresponding to ~29 kDa. (I) 20% Glycine SDS-PAGE showing the purity of wt-IMPI and the 12 mutants (2–5 μg) 
analysed herein. All constructs behaved similarly to (A-D) during purification and yielded products of comparable purity 
and molecular mass. 



 

 

150 mM sodium chloride, 10 mM calcium 
chloride, 50 µM zinc chloride, pH 7.5) in an 
Infinite M200 microplate fluorimeter (Tecan). 
As substrates, we used 10 µg/mL of the pig-
skin gelatin fluorescein conjugate from the 
DQ Gelatin EnzCheck assay kit (λex = 485nm, 
λem = 528nm; Invitrogen, Thermo Fisher 
Scientific) or 20 µM FRET-4 (Abz-Y-G-K-R-
V-F-K[dpn]-OH), an internally-quenched 
fluorogenic peptide (λex = 260nm λem = 
420nm; GenScript). 

Inhibition by wt-IMPI was measured 
using both substrates following the pre-
incubation of the inhibitor (up to 200-fold 
molar excess) with 100 nM aureolysin, 10 nM 
thermolysin or 10 nM ulilysin for 1 h at room 
temperature. Inhibition by the IMPI mutants 
(T50Q, T50R, T50Y, I54M, I55R, I55W, I55Y, I57F, 
I57Y, R58E, T50Y+I55R, and T50Y+I55R+I57F) 
was measured using FRET-4 following the 
pre-incubation of each mutant (up to 100-fold 

molar excess) with 50 nM aureolysin for 1 h 
at room temperature. Reactions were carried 
out at 37°C in buffer G (20 mM Tris·HCl, 
150 mM sodium chloride, pH 7.5) in triplicate 
and the residual proteolytic activity was 
measured for 3 h. The activity of the inhibitors 
in the absence of peptidase was monitored for 
the same duration as a negative control. To 
determine the relative activity of the IMPI 
mutants compared to the wild type, initial 
cleavage velocities of the fluorogenic protein 
and peptide substrates, without (V0) and with 
(Vi) inhibitor, were determined from the slope 
of the linear range (R2 > 90%) of the 
fluorescence vs time curve, and (V0/Vi) was 
calculated using GRAPHPAD PRISM [69].  
 
Complex formation and inhibitor cleavage 
detection – The complexes of aureolysin (at 
100 µM) with wt-IMPI or the I57F-mutant 
were prepared by incubation in buffer H  

Dataset Aureolysin / wt-IMPI Aureolysin / wt-IMPI Aureolysin / I57F-IMPI (2) 

Beam line (synchrotron) XALOC (ALBA) XALOC (ALBA) XALOC (ALBA) 

Space group / complexes per a.u. a P41 / 2 P41 / 2 P41 / 2 

Twinning fraction α (-k,-h,-l) 0.490 0.490 0.536 

Cell constants (a and c in Å) 68.14, 166.18 68.14, 166.18 68.08, 166.69 

Wavelength (Å) 0.97926 0.97926 0.97926 

Measurements / unique reflections 874,126 / 64,323 874,126 / 64,323 398,888 / 99,152 

Resolution range (Å) (outermost shell) c 52.7 – 1.85 (1.96 – 1.85) 52.7 – 1.85 (1.96 – 1.85) 68.1 – 1.60 (1.70 – 1.60) 

Completeness (%) / Rmerge d 100.0 (99.8) / 0.149 (2.772) 100.0 (99.8) / 0.149 (2.772) 99.7 (99.4) / 0.050 (1.069) 

Rpim e / CC(1/2) e 0.042 (0.788) / 0.999 (0.630) 0.042 (0.788) / 0.999 (0.630) 0.029 (0.618) / 0.999 (0.580) 

Average intensity f 14.7 (1.9) 14.7 (1.9) 14.2 (1.8) 

B-Factor (Wilson) (Å2) / Aver. multiplicity 42.2 / 13.6 (13.4) 42.2 / 13.6 (13.4) 34.4 / 4.0 (4.0) 

Resolution range used for refinement (Å) 52.7 – 1.85  68.1 – 1.60 

Reflections used (test set) 63,598 (724)  98,470 (681) 

Crystallographic Rfactor (free Rfactor) d 0.164 (0.219)  0.158 (0.188) 

Non-H protein atoms / ionic ligands / 6467 / 6 Ca2+, 2 Zn2+  6322 / 6 Ca2+, 2 Zn2+ 

waters / non-ionic ligands per a.u. 709 / 2 PEG, 3 EDO  559 / 5 EDO 

Rmsd from target values    

bonds (Å) / angles (°) 0.008 / 1.64  0.008 / 1.76 

Average B-factor (Å2) 38.1  32.6 

Protein contacts and geometry analysis b    

Ramachandran favoured / outliers / all analysed 686 (95.0%) / 0 / 722  691 (95.5%) / 1 / 723 

Bond-length / bond-angle / chirality / planarity 
outliers 0 / 3 / 0 / 2  0 / 2 / 0 / 3 

Side-chain outliers 22 (3.6%)  15 (2.5%) 

All-atom clashes / clashscore b 15 / 1.3  20 / 1.7 

RSRZ outliers b / Fo:Fc correlation 2 (0.3%) / 0.97 (0.95)  7 (1.0%) / 0.98 (0.97) 

PDB access code 7SKM  7SKL 

Table 2. Crystallographic data 
a Abbreviations: EDO, ethylene glycol; PEG, diethylene glycol; RSRZ, real-space R-value Z-score. b According to the 
wwPDB Validation Service (https://wwpdb-validation.wwpdb.org/validservice). c Values in parenthesis refer to the 
outermost resolution shell if not otherwise indicated. d For definitions, see Table 1 in [94]. e For definitions, see [95, 96]. f 
Average intensity is <I/σ(I)> of unique reflections after merging according to XSCALE [70]. 



 

 

(50 mM Tris·HCl, 150 mM sodium chloride, 
pH 8.0) at a 1:2.5 molar ratio for 30 min at 
room temperature. The complex was then 
disrupted by SEC in a Superdex 75 10/300 GL 
column (GE Healthcare) previously 
equilibrated in buffer H. The same amounts of 
aureolysin and inhibitor were processed 
separately as controls. IMPI cleavage was 
analysed by SDS-PAGE as above and mass 
spectrometry in a MALDI-TOF Autoflex III 
instrument (Bruker). Each sample was 
desalted using a C18 ZipTip (Millipore), 
mixed at a 1:1 ratio (v/v) with a matrix 
solution of 10 mg/mL sinapic acid in 50% 
acetonitrile, and spotted onto the plate using 
the dried-droplet method. Mass spectra were 
acquired in linear-mode geometry. Internal 
calibration was performed by correction of the 
average mass of the respective non-treated 
IMPI control sample (wt-IMPI: 7927.6 Da; 
I57F-IMPI: 7967.1 Da). 

 
Crystallisation and diffraction data 
collection – Crystallisation conditions were 
screened at the joint IRB/IBMB Automated 
Crystallography Platform using the sitting-
drop vapor diffusion method. A Freedom 
EVO robot (Tecan) prepared screening 
solutions and dispensed them into the 
reservoir wells of 96×2-well MRC 
crystallisation plates (Innovadyne 
Technologies). A Phoenix/RE robot (Art 
Robbins) pipetted crystallisation nanodrops 
containing 100 nL of each protein and 
reservoir solution into the shallow wells, and 
plates were incubated in steady-temperature 

crystal farms (Bruker) at 4°C or 20ºC. Optimal 
aureolysin crystals complexed with either wt-
IMPI or I57F-IMPI formed at 20ºC in solutions 
containing 5 mg/mL aureolysin and 
2.9 mg/mL IMPI (peptidase:inhibitor molar 
ratio of 1:2.5) in 50 mM Tris·HCl pH 8.0, 
150 mM sodium chloride, 1.6 mM calcium 
chloride, 8.3 µM zinc chloride, which was 
mixed with reservoir solution consisting of 
0.1 M Bis-Tris pH 5.5, 25% (w/v) PEG 3350 
or 0.1 M Bis-Tris pH 6.0, 31% (w/v) 
PEG 2000 MME. Crystals were cryoprotected 
with reservoir solution plus 10% ethylene 
glycol, harvested using round LithoLoops of 
0.04–0.1 mm (Molecular Dimensions), and 
flash-vitrified in liquid nitrogen for data 
collection. X-ray diffraction data were 
recorded at 100 K on a Pilatus 6M pixel 
detector (Dectris) at the XALOC beamline of 
the ALBA synchrotron (Cerdanyola, 
Catalonia, Spain) and on a Pilatus3 X 2M 
detector (Dectris) at the ID23-2 beamline of 
the ESRF synchrotron (Grenoble, France). 
Diffraction data were processed with 
programs XDS [70] and XSCALE, and 
transformed with XDSCONV to MTZ-format 
for the PHENIX [71] and CCP4 [72] suites of 
programs. Statistics describing data collection 
and processing are provided in Table2. 

 
Structure solution and refinement – The 
structure of the complex of aureolysin and  
I57F-IMPI was solved by molecular 
replacement using PHASER [73] on a dataset 
initially processed as space group P41212 at 
2.05 Å resolution (Table2), with one complex 

Figure 2. Inhibitory activity of wild-type IMPI. (A) Residual fractional activity as Vi/V0 relative to the activity in the 
absence of inhibitor of (left) 10 nM ulilysin, (middle) 100 nM aureolysin, and (right) 10 nM thermolysin after incubation 
with wt-IMPI at several molar ratios using the DQ gelatin substrate. (B) As above, but using the internally quenched 
fluorescent FRET-4 peptide as the substrate. 



 

 

per asymmetric unit (a.u.). The coordinates of 
the protein part of unbound aureolysin  
(Protein Data Bank [PDB] access code 1BQB 
[27]) and wt-IMPI in a complex with 
B. thermoproteolyticus thermolysin (PDB 

3SSB [62]) were used as searching models. 
These calculations yielded unique solutions 
for the peptidase and inhibitor at Eulerian 
angles (in º) ⍺ = 13.7, β = 29.4, γ = 153.6  
  

Hydrogen bonds / salt bridges (<3.7 Å) Hydrophobic interactions (<4 Å) 

Y31O – K430Nζ   3.10/2.79 Å E32 – K430 

E32Oε2 – D431N   2.75/2.82 Å I54 – I326 

A36O – Q317Nε2    – /2.72 Å I55 – H356 

D38N – Q317Oε1   3.11/ – Å I55 – Y367 

D38N – Q317Nε2    – / 3.48 Å F57 – F340 

Q47Nε2 - Q317Nε2   3.48/ – F57 – L343 

I55N – W325O   2.92/2.86 Å F57 – V349 

I55O – W325N   2.87/2.92 Å F57 – H352 

N56O – E353Oε1   2.67/2.83 Å F57 – M396 

N56O – E353Oε2   3.23/3.10 Å F57 – L407 

N56OT – H436Nε2   3.15/3.08 Å R58 – F340 

N56OT – Y367Oη   3.69/3.45 Å R58 – L407 

N56Nδ2 – A323O   2.82/3.00 Å  

F57N – N322Oδ1   3.09/3.25 Å  

F57N – A323O   3.27/3.14 Å  

F57N – E353Oε2   2.90/3.01 Å  

F57O – R408Nη1   2.84/2.75 Å  

F57O – R408Nη2   2.83/2.76 Å  

R58N – N322Oδ1   3.51/3.45 Å  

R58Nε – N321O   2.85/2.47 Å  

R58Nη1 – N321O   2.74/ – Å  

R58O – N322Nδ2   2.88/2.83 Å  

N60Oδ1 – N322Nδ2   3.11/2.80 Å  

K62Nζ – Q317Oε1  – / 2.66 Å  

Ionic interactions  

N56OT – Zn999 2.11/2.08 Å  

N56O – Zn999 2.61/2.38 Å  
 
Figure 3. Structure of the IMPI–aureolysin complex. (A) Tetragonal protein crystals of the aureolysin–wt-IMPI (left) 
and aureolysin–I57F-IMPI complexes (right). (B) Ribbon-type plot of I57F-IMPI depicting the four β-strands (β1–β4) and 
the single helix (α1) of the structure, as well as the five disulfide bridges (with numbered cysteine residues). The scaffold 
loop is shown in blue, and the reactive-centre loop (RCL) is shown in pink with numbered residues (sticks). The cleaved 
reactive-site bond (RSB), N-terminus, and C-terminus are labelled. Hydrogen bond N56Oδ1–N60Nδ2 is needed to maintain 
the position of the P1 residue in place. (C) Ribbon-type plot of the complex between I57F-IMPI (green ribbon, disulfide 
bonds as yellow sticks) and aureolysin (pale gold ribbon, catalytic zinc and structural calcium cations shown as magenta 
and red spheres, respectively) viewed along the active-site cleft (vertically rotated 90º counterclockwise away from the 
traditional “standard orientation” of MPs [53]). The side chains of the zinc-binding MP residues and the general/base acid 
glutamate are further shown as sticks for reference (carbons in salmon). The N-termini and C-termini are labelled, the 
characteristic flap is in purple, and the NSD and CSD of the peptidase are indicated. (D) Rotated view of (C). (E) Close-
up in cross-eye stereo showing the RCL and scaffold loop of I57F-IMPI (green carbons) and the zinc site of aureolysin 
(carbons in salmon) superposed with the final 1.60 Å (2mFobs-DFcalc)-type Fourier map as a semi-transparent surface 
contoured at 1 σ in a similar view to (D). The RSB is cleaved, selective inhibitor and MP residues are numbered in red 
and blue, respectively. Hydrogen bond N56Oδ1–N60Nδ2 is shown as a dashed line. (F) In vitro proof that binding and 
inhibition of aureolysin by wt- and I57F-IMPI involves the cleavage of the inhibitor at the RSB (N56–I57) within the RCL 
as shown by SDS-PAGE analysis of the respective SEC fractions. (G) Mass spectra showing analysis of the cleavage of 
(top) intact wt-IMPI (blue spectrum; 7933.1 Da) to yield the cleaved inhibitor (red spectrum; 7676.3 Da) and (bottom) 
intact I57F-IMPI (blue spectrum; 7967.1 Da) to yield the cleaved inhibitor (red spectrum; 7710.0 Da). Incubation of both 
intact species with aureolysin leads to the removal of the N-terminal tag-segment G-M-S (–275 Da) and the addition of a 
water molecule (+18 Da) due to RSB cleavage. For wt-IMPI, a small fraction of tag-depleted noncleaved inhibitor was 
detected (7658.3 Da). (H) Close-up in stereo of (D), further rotated 25º downwards and 25º leftwards, giving insight into 
the interactions between I57F-IMPI (sticks with green carbons, residue numbers in red) and aureolysin (sticks with carbons 
in salmon, residue numbers in blue). 



 

 

  
 (fractional cell coordinates 0.019, 0.287, 
0.972) and ⍺ = 166.5, β = 131.6, γ = 104.7  
(fractionalcell coordinates 0.751, 0.224, 
0.191), respectively. The associated values for 
the translation functions after refinement were 
15.6 and 34.0, and the final log-likelihood 
gain was 1316. The adequately rotated and 
translated molecules were refined using the 
REFINE protocol of PHENIX [74] and the  
BUSTER [75] program, including 
translation/libration/screw-motion (TLS) 
refinement. Unexpectedly, the free Rfactor 
stalled at ~30% and the resulting Fourier maps 
were partially blurred, which together with the 
analysis of the intensity distribution with 
XTRIAGE [76] in PHENIX, and POINTLESS 
[77] in CCP4, indicated the presence of 
merohedral twinning following twin law (-k, -
h, -l). At this point, a second dataset for the 
I57F-IMPI complex with a higher resolution 
(1.60 Å) became available, which was 

processed with the actual space group P41 
(Table 2) and solved by Fourier synthesis after 
rigid-body refinement of the two copies of the 
partially refined complex structure in the a.u. 
The structure was manually rebuilt using 
COOT [78] and refined using REFMAC5 [79] 
considering twinning, as well as TLS and non-
crystallographic symmetry (NCS) restraints. 
The final model included residues A209–E509, 
one zinc and three calcium ions of peptidase 
protomers A and C, as well as I20–I86 and I20–
P84 of inhibitor moieties B and D, respectively, 
plus five ethylene glycol and 559 solvent 
molecules. Given that the structure of 
unbound aureolysin had originally been 
obtained before the gene sequence was 
available [27, 49], it contained five erroneous 
residues at positions 354, 361, 479, 492, and 
493, which were corrected in the final model 
of the complex. 

The structure of the wt-IMPI complex 
with aureolysin was solved at a resolution of 
1.85 Å by Fourier synthesis after rigid-body 
refinement using the coordinates of the refined 
mutant complex structure. Model completion 
and refinement were carried out as described 
above. The final model comprised residues 
A209–E509 and A209–V508 of peptidase 
molecules A and C, plus one zinc and three 
calcium ions each, as well as I20–I86 and I20–
K85 of inhibitor moieties B and D, 
respectively. Two diethylene glycol, three 
ethylene glycol, and 709 solvent molecules  

completed the model. Table2 provides 
essential statistics on the final refined models, 
which were validated using the wwPDB 
validation service (https://validate-rcsb-
1.wwpdb.org/validservice) and deposited at 
www.pdb.org (access codes 7SKL and 
7SKM). 
 
Miscellaneous – Structural superpositions 
were calculated with SSM [80] in COOT. 
Figures were prepared using CHIMERA [81]. 
Protein interfaces and intermolecular 
interactions were analysed using PDBEPISA 
[82] (www.ebi.ac.uk/pdbe/pisa) and verified 
by visual inspection. The interacting surface 
of a complex was taken as half the sum of the 
buried surface areas of either molecule. 
 
 
 
 
 

Hydrogen bonds / salt bridges (<3.7 Å) Hydrophobic interactions (<4 Å) 

Y31O – K430Nζ   3.10/2.79 Å E32 – K430 

E32Oε2 – D431N   2.75/2.82 Å I54 – I326 

A36O – Q317Nε2    – /2.72 Å I55 – H356 

D38N – Q317Oε1   3.11/ – Å I55 – Y367 

D38N – Q317Nε2    – / 3.48 Å F57 – F340 

Q47Nε2 - Q317Nε2   3.48/ – F57 – L343 

I55N – W325O   2.92/2.86 Å F57 – V349 

I55O – W325N   2.87/2.92 Å F57 – H352 

N56O – E353Oε1   2.67/2.83 Å F57 – M396 

N56O – E353Oε2   3.23/3.10 Å F57 – L407 

N56OT – H436Nε2   3.15/3.08 Å R58 – F340 

N56OT – Y367Oη   3.69/3.45 Å R58 – L407 

N56Nδ2 – A323O   2.82/3.00 Å  

F57N – N322Oδ1   3.09/3.25 Å  

F57N – A323O   3.27/3.14 Å  

F57N – E353Oε2   2.90/3.01 Å  

F57O – R408Nη1   2.84/2.75 Å  

F57O – R408Nη2   2.83/2.76 Å  

R58N – N322Oδ1   3.51/3.45 Å  

R58Nε – N321O   2.85/2.47 Å  

R58Nη1 – N321O   2.74/ – Å  

R58O – N322Nδ2   2.88/2.83 Å  

N60Oδ1 – N322Nδ2   3.11/2.80 Å  

K62Nζ – Q317Oε1  – / 2.66 Å  

Ionic interactions  

N56OT – Zn999 2.11/2.08 Å  

N56O – Zn999 2.61/2.38 Å  

Table 3. Interactions at the I57F-IMPI–aureolysin interface. 
The first residue/atom belongs to IMPI, the second to 
aureolysin. The two values for each bond correspond to 
complexes between protomers A/B and C/D, respectively. 



 

 

RESULTS AND DISCUSSION 
 
Assessment of wild-type IMPI as an 
aureolysin inhibitor and initial protein 
redesign – Wild-type IMPI was expressed in 
E. coli and recovered in a highly pure form 
(Fig.1A–D; Suppl. Fig.1) to assess its effect 
on aureolysin, which in turn was purified to 
homogeneity from cultures of S. aureus 
(Fig.1E–H; Suppl. Fig.1). The inhibitor was 
tested at molar ratios of 1:1 to 1:200 using a 
fluorogenic protein (Fig.2A) and a fluorogenic 
peptide (Fig.2B). We also tested thermolysin 
(the archetypal M4 family MP) and ulilysin, a 
metzincin MP from the pappalysin family 
(MEROPS M43B; [67, 68]) as controls. 
Thermolysin was efficiently inhibited as 
expected, whereas ulilysin was not inhibited at 
all, in agreement with IMPI being a specific 
inhibitor of M4 family MPs. Aureolysin was 

also inhibited in a dose-dependent manner, 
particularly when using the peptide substrate, 
although not to the same extent as 
thermolysin. 

We superposed the structure of unbound 
aureolysin [27] onto thermolysin in a complex 
with wt-IMPI [62] and hypothesised that 
replacing I57 (whose side chain interacts with 
the MP, see below) with a bulkier residue such 
as phenylalanine might achieve stronger 
inhibition. Accordingly, we produced the 
mutant I57F-IMPI as described above for wt-
IMPI (Fig.1I) and used it for further analysis. 
 
Overall structure of the IMPI–aureolysin 
complex – We crystallised I57F-IMPI and wt-
IMPI in complexes with aureolysin (Fig.3A) 
and used molecular replacement to solve their 
tetragonal (P41) crystal structures, which 
contained two complexes per a.u. Structural 

Figure 4. Inhibitory activity of the IMPI mutants. (A) Relative fractional activity as Vi/V0 of 50 nM aureolysin after 
incubation with IMPI mutants, relative to the wild type at molar ratios 1:1, 1:5, 1:10, 1:50 and 1:100 with FRET-4 (at 
20 μM) as the substrate. Experiments were performed at least in triplicate, and error bars show standard deviations. (B) 
Tabular representation of the relative aureolysin activity data (in %) shown in (A). Average half-maximal inhibitory 
concentrations (IC50) were determined using a four-parameter sigmoidal fit in GRAPHPAD (see Suppl. Fig. 2), and the 
inhibitor constant Ki was estimated using the equation Ki = IC50/([S]/KM+1) [93]. 



 

 

solution and refinement (to 1.60 and 1.85 Å, 
respectively) was hindered by the presence of  
merohedral twinning in both crystals, with 
twinning fractions of 0.536 and 0.490, 
respectively (Table2). Even so, the structures 
were refined to final free Rfactor values of 0.188 
and 0.219,respectively, which are considered 
accurate. This was confirmed by the final 
Fourier maps (Fig.3E). The two structures 
were practically indistinguishable upon 
superposition, so the following discussion 
focuses on the I57F-IMPI complex (protomers 
A and B) if not otherwise stated. 

The structure of wt-IMPI has been 
reported in a complex with thermolysin [62]. 
Briefly, it has a spearhead shape (Fig.3B), 
whose tip contains a “reactive-site bond” 
(RBS; N56–I/F57) within a RCL (C52–C59). The 
latter is anchored to a subjacent “scaffold 
loop” (C33–C37) via two disulphide bonds, 
which are part of a set of five that confer 
structural rigidity. The regular secondary 
structures of IMPI comprise four β-strands 
(β1–β4) and one ⍺-helix (⍺1). 

The structure of the aureolysin CD is 
known for its unbound form [27]. It conforms 
to that of the thermolysin family and consists 
of an N-terminal subdomain (NSD; A209–A363, 
Fig. 3C) featuring an N-terminal β-barrel 
grafted into a frontal five-stranded mixed β-
sheet whose lowermost strand forms the 
“upper-rim” of the active-site cleft (N322–I326; 
Fig. 3C,D). This element binds substrates in 
an extended conformation as an antiparallel β-
ribbon. The NSD also contains a “backing 
helix” and an “active-site helix”, 
encompassing the characteristic motif of the 
zincin MPs, H352-E-X-X-H356 [83, 84]. The 
two histidine residues are ligands of the 
catalytic zinc, and the glutamate is the general 
base/acid of the cleavage reaction [85] (Fig. 
3E). The main distinctive structural element of 
the aureolysin NSD compared to other 
thermolysins is a “flap” (N312–N321) that 
precedes the upper-rim strand and protrudes 
from the surface above the cleft (Fig. 3C,D). 

The C-terminal subdomain (CSD; N364–
E509; Fig. 3C) starts with the characteristic 
“glutamate helix” of gluzincins [19, 20], 
which contains the third zinc-binding protein 
ligand (E376; Fig. 3E). It is followed by a long 
“irregular segment” (D388–G434) that shapes 
the bottom of the active-site cleft on its primed 
side, including the hydrophobic S1′ pocket. 
This pocket confers substrate specificity upon 

aureolysin and other M4 family MPs, as well 
as most other MP families [53]. Moreover, the 
irregular segment embraces three calcium-
binding sites, which stabilise the structure 
[28]. The removal of these ions using 
chelators therefore causes irreversible 
inactivation [28, 86]. The CSD also contains a 
C-terminal four-helix bundle arranged as a 
Greek-key motif. Remarkably, the aureolysin 
CSD lacks the conspicuous β-ribbon that 
protrudes from the last turn of the first of these 
⍺-helices in thermolysin.  

In the complex, I57F-IMPI inserts like a 
wedge into the active-site cleft of the 
peptidase (Fig. 3C,D) and interacts via 
interfaces of 865 and 849 Å2 (ΔiG = –5.2 and 
–4.5 kcal/mol [82]) in complexes A/B and 
C/D, respectively. This involves 24 hydrogen 
bonds and salt bridges, plus two metallorganic 
bonds, as well as hydrophobic interactions 
between five inhibitor and 10 peptidase 
residues (Table 3). The main participating 
elements are the RCL and scaffold loop of the 
inhibitor, as well as the flap, upper-rim strand, 
S1′-pocket shaping residues, and the initial 
and final stretches of the irregular segment. 
Diverging from the thermolysin complex, 
superposition of the aureolysin complexes 
with wt-IMPI and I57F-IMPI revealed a much 
smaller spread in the relative orientation 
between inhibitor and peptidase. The 
maximum deviation at the cleft-distal site of 
the inhibitor was ~4º/1.8 Å across the four 
complexes of the two structures, compared to 
~10º/4.8 Å for the two thermolysin complexes 
in the a.u. [62]. 

Finally, superposition of IMPI-bound 
aureolysin with the unbound structure [27] 
revealed negligible differences between the 
NTS and CTS. This contrasts with 
thermolysin, where a 5º relative rotation of the 
two subdomains distinguishes between the 
unbound and bound forms [87]. Similar 
relative motion was proposed for P. 
aeruginosa elastase and Bacillus cereus 
neutral proteinase [27]. Aureolysin therefore 
does not appear to undergo the closing hinge 
motion when binding ligands or substrates, in 
contrast to other M4 family MPs. 
 
IMPI inhibits aureolysin via the standard 
mechanism – The IMPI RCL runs across the 
peptidase cleft in the direction of the substrate, 
blocking S4–S1′ with residues P53–I/F57 (Fig. 
3H). Remarkably, the RSB was cleaved in the 



 

 

crystals (Fig. 3E), which was verified in vitro 
by incubating both wt-IMPI and I57F-IMPI 
with aureolysin. Indeed, both forms were 
cleaved at N56–I/F57 (Fig. 3F,G). This feature 
causes the terminal carboxylate oxygen of the 
P1 residue, N56OT, to bind the catalytic zinc 
and contribute to a distorted tetrahedral 
coordination sphere together with protein 
ligands H352Nε2, H356Nε2, and E376Oε2 (all 
2.02–2.11 Å apart in the various structures). 
N56OT replaces the two solvent molecules 
found in the unbound structure [27] and 
further contacts H436Nε2 (3.08–3.15 Å), 
which is equivalent to H231 of thermolysin 
(thermolysin residues are shown in italics with 
subscript numbers for clarity). Together with 
Y157, equivalent to Y376 in aureolysin, the 
residue helps to stabilise the tetrahedral 
reaction intermediate [85]. Moreover, the 
other carboxylate oxygen of N56 is very close 
to the general base/acid glutamate (N56O–
E353Oε1; 2.60–2.67 Å), indicating that one of 
them must be protonated. On the primed side 
of the cleft, P1′ residue I/F57 is bound via its ⍺-
amino group to E353Oε2 (2.90–3.01 Å) and the 
upper-rim main-chain carbonyl of A323 (3.14–
3.27 Å) as well as the side-chain carboxamide 
of N322 (3.09–3.25 Å; Fig. 3E,H). 

The inhibition mode described above 
agrees with the “standard mechanism” or 
“canonical mechanism” of peptidase 
inhibition [88, 89]. Remarkably, in standard-
mechanism inhibitors (which mostly target 
serine endopeptidases), the RSB is cleaved 
very slowly because the cleavage reaction is 
kinetically unfavourable, so the intact 
complexes have half-lives of several years 
[90]. This has been verified by many crystal 
structures with intact RSBs [91]. In contrast, 
IMPI represents a unique case of a standard-
mechanism MP inhibitor occurring as a 
cleaved inhibitor, first in its thermolysin 
complex [62] and now here with aureolysin, 
whose 69-residue structure is kept rigid 
through five disulphide bonds that are evenly 
distributed across the structure. 

Finally, in the aureolysin complexes, 
the cleaved RSB is poised for rejoining, which 
is another functional requisite of the standard 
mechanism [91]. This is indicated by the 
proximity and orientation of the ⍺-amino 
group of I/F57 relative to the carboxylate 
carbon of N56, which are ideally situated for a 
nucleophilic attack. Indeed, the angle I/F57N–
N56C–N56OT, where N56OT is the oxygen that 

is not bound to the general base/acid 
glutamate, is ~110º on average over all four 
I57F-IMPI and wt-IMPI complexes, thus in 
good agreement with the value postulated for 
a productive Bürgi-Dunitz geometrical 
reaction coordinate (105 ± 5º [92]). This is 
supported by the ability of cleaved wt-IMPI to 
rejoin in vitro following the addition of 
catalytic amounts of thermolysin [62]. 

 
Redesign of IMPI – Based on the IMPI–
aureolysin crystal structures described above, 
we identified positions 50, 54, 55, 57 and 58 
of the RCL as ideal for mutagenesis and 
constructed 11 single, double and triple point 
mutants in addition to the wt-IMPI and I57F-
IMPI variants (T50Q, T50R, T50Y, I54M, I55R, 
I55W, I55Y, I57Y, R58E, T50Y+I55R, and 
T50Y+I55R+I57F). All variants were produced 
and purified as efficiently as described above 
for wt-IMPI (Fig. 1I), and were compared to 
wt-IMPI for their ability to inhibit aureolysin 
at molar ratios of 1:1 to 1:100 using the 
fluorogenic peptide FRET-4 as the substrate 
(Fig. 4A,B). R58E did not affect peptidase 
activity. We tested the mutant with 
thermolysin, which revealed ~200-fold 
weaker inhibition than the wild type (Suppl. 
Fig. 2). We thus conclude that the mutant was 
properly folded, as suggested by its behaviour 
during purification, but functionally impaired 
and thus unable to block thermolysins. The 
rest of the cohort of mutants achieved the 
concentration-dependent inhibition of 
aureolysin. They could be assigned to two 
groups, one similar to the wild type, with 
residual activities of 3–8% at the highest 
molar ratio (Fig. 4B), whereas and the others 
showing weaker inhibition, with residual 
activities of 17–58% (Fig. 4B). The derived 
IC50 values enabled us to estimate Ki values of 
346–644 nM for the first group and 1220–
4520 nM for the second group (Fig. 4B). 
Notably, mutant I57F (from the initial stage of 
the project, see above) achieved the highest 
inhibition among all variants tested (Ki= 
346 nM) and would thus provide a suitable 
lead for further development. 

 
 

COROLLARY 
 
Aureolysin plays multiple roles during S. 

aureus infections and is a promising target for 
the development of novel antimicrobials. We 



 

 

tested the M4-specific inhibitor IMPI, and 
found that it inhibited the peptidase using the 
standard mechanism, best described for serine 
endopeptidases, based on the analysis of 
crystal structures. We therefore designed a 
cohort of point mutants, with I57F emerging as 
the strongest inhibitor. This is, to our 
knowledge, the first report of a TP candidate 
that can inhibit one of the major proteolytic 
virulence factors of S. aureus. The only other 
protein-based inhibitor with this ability is the 
general pan-peptidase inhibitor ⍺2-
macroglobulin, which has a molecular mass of 
~720 kDa and a broad spectrum of targets, 
making it unsuitable for therapeutic 
applications. Cell-based and disease challenge 
studies are now required to confirm the 
potential of I55R-IMPI as a TP for the 
treatment of S. aureus infections. 
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Supplementary Figure 1. Peptide mass fingerprinting after SDS-PAGE analysis. The protein identification after in-
gel digest with trypsin and carbamidomethylation of cysteines was performed using MASCOT (www.matrixscience.com) 
with a peptide and fragment mass tolerance of 100 ppm and 0.5 Da, respectively. (A) Mature aureolysin was identified 
with a MASCAT score of 200 and an E-value of 1.8E-12. Importantly, all 10 MS1 matches mapped to the catalytic domain, 
and fragmentation of the two most intense ions further increased the identification confidence. The catalytic domain of 
aureolysin and the identified peptides are highlighted in bold and red, respectively. Residue numbering refers to UniProt 
entry P81177. (B) Recombinant wt-IMPI was identified with a MASCOT Score of 200 and an e-value of 5.7E-19, with 
three MS2 spectra matching the mature IMPI sequence. Identified peptides are highlighted in bold red, and residue 
numbering refers to UniProt entry P82176.  
 



 

 

 
 
 
Supplementary Figure 2. Inhibitory activity of designed IMPI mutants against aureolysin. The relative activity of 
aureolysin at 50 nM is shown as Vi/V0 in the presence of 50, 250, 500, 2500, or 5000 nM of IMPI mutants and 20 µM 
FRET-4 as a substrate. The inhibitory activity of mutant R58E and wt-IMPI against thermolysin are shown for reference at 
the bottom right, framed with dots. All experiments were performed at least in triplicate, averages were plotted with 
GRAPHPAD, and error bars represent standard deviations. Data points were interpolated using a four-parameter sigmoidal 
curve-fit, with the 95%-confidence band shown as dotted curves flanking the best-fit line. The calculated IC50 values are 
shown with the respective standard deviation in grey, the grey horizontal dotted lines indicate 50% inhibition. Only I57Y 
(434 nM) showed better inhibition of aureolysin than wt-IMPI (468 nM), while T50Y+I55R (581 nM), T50Y (611 nM), T50Q 
(657 nM), I55R (715 nM), and T50R (809 nM) were slightly worse. For all other mutants, the derived IC50 values were more 
than 3-fold higher than that of wt-IMPI, with mutant R58E showing no inhibition. To exclude issues with the R58E protein 
preparation, this mutant was tested also against thermolysin. It actually showed inhibition, though with an IC50 of 107 nM, 
i.e. ~200-fold higher than wt-IMPI. 
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This publication provides experimental evidence of the, previously theoretical, 

mechanism of action of the major human blood inhibitor: ⍺2M. 

 

As part of this highly collaborative work developed by researchers of different groups 

and institutions, I prepared the ⍺2M-plasmin complex and assisted vitrification of those 

samples in Cryo-EM grids. In more detail, I purified native ⍺2M from frozen fresh plasma, 

and, as time was of essence, immediately after the last step of native ⍺2M purification, I 

prepared the ⍺2M-plasmin complex, which was promptly purified again to remove excess 

of protease, and ensuring sample homogeneity for structural studies. 
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Summary 
 

Human ⍺2-macrogllobulin (h⍺2M) is the major inhibitor of human plasma. h⍺2M is 

a large homotetrameric glycoprotein who’s main but not only function is the inhibition of a 

myriad of proteases independent of their molecular weight, substrate specificities and 

catalytic types, and thus ⍺2M is considered a pan-protease inhibitor. Inhibition of such a 

large repertoire of peptidases is achieved by a unique suicidal inhibitory mechanism 

described as “Venus’ flytrap”. Here we examined the h⍺2M inhibitory mechanism through 

analysis of eight cryo-electron microscopy (cryo-EM) structures of ⍺2M purified from 

human plasma – five native forms and three protease-induced conformations. The native 

forms present an open and expanded conformation resulting from the organization of their 

monomeric subunits into two flexible modules. Binding of the prey peptidases and 

consequent proteolytic cleavage of the ⍺2M bait regions triggers the rearrangement of the 

⍺2M structure into a closed conformation entrapping the peptidase molecule(s). Upon 

transition from the open to the closed conformation, the protease(s) gets simultaneously 

covalently bound to the inhibitor through reaction with a highly-reactive thioester bond, 

while the receptor-binding domain gets exposed at the inhibitor surface, allowing subsequent 

recognition of the inhibitory complex (but not the native conformation) by specific cellular 

receptors, and thus ultimately leading to internalization and clearance from circulation. 

Altogether, our results provided the long-awaited experimental evidence of the detailed 

h⍺2M inhibitory mechanism. 
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conformational states 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
Human plasma ⍺2-macroglobulin (h⍺2M) is a multidomain protein with a plethora of essential 
functions, including transport of signaling molecules and endopeptidase inhibition in innate 
immunity. Here we dissected the molecular mechanism of the inhibitory function of the 
~720 kDa h⍺2M tetramer through eight cryo-EM structures of complexes from human plasma. 
In the native complex, the h⍺2M subunits are organized in two flexible modules with an 
expanded conformation, which encloses a highly porous cavity in which the proteolytic activity 
of circulating plasma proteins is tested. Cleavage of bait regions exposed inside the cavity 
triggers rearrangement to a compact conformation, which closes openings and entraps the prey 
proteinase. After the expanded-to-compact transition, which occurs independently in the 
subunits, the reactive thioester bond triggers covalent linking of the proteinase, and the 
receptor-binding domain is exposed on the tetramer surface for receptor-mediated clearance 
from circulation. These results depict the molecular mechanism of a unique suicidal inhibitory 
trap. 

SIGNIFICANCE STATEMENT 
Human plasma ⍺2-macroglobulin (h⍺2M) is a ~720 kDa homotetrameric particle with pan-peptidase 
inhibitory functions that transits between an open native conformation and a closed induced state, in which 
endopeptidases are trapped upon cleavage of an accessible bait region. We determined the molecular 
mechanism of this function through eight cryo-EM structures, which revealed that the h⍺2M subunits are 
organized in two flexible modules that undergo independent expanded-to-compact transitions. In the 
induced state, a reactive thioester bond triggers covalent linking of the proteinase, and a receptor-binding 
domain is exposed on the tetramer surface for binding to its specific cellular receptor for internalization 
and clearance from circulation. These results elucidate the long-awaited molecular mechanism of a 
historical suicidal inhibitory trap.



 

 

 The ⍺2-macroglobulins are large multi-
domain proteins found in animals and selected 
colonizing bacteria [1-8]. The best 
characterized is human ⍺2-macroglobulin 
(h⍺2M], a 1451-residue protein built of 11 
domains (for h⍺2M domain nomenclature, see 
Supplementary Fig.1a), which is produced by 
several cell types including macrophages, 
astrocytes, and hepatocytes. Four protomers 
associate to a ~720-kDa polyglycosylated 
dimer of disulfide-linked homodimers, 
(h⍺2M)4 (Supplementary Fig.1b), which is the 
largest non-immunoglobulin protein in human 
plasma and constitutes 2-4% of its total 
protein content [1, 9]. Its multiple molecular 
functions include endopeptidase inhibition, as 
well as sequestration and transport of growth 
factors, cytokines, and hormones [10, 11]. It is 
also an acute-phase reactant in rodents and a 
chaperone that binds misfolded or inactivated 
proteins, and has many more moonlighting 
functions such as transglutamination and 
zinc/copper binding [4, 8, 12]. 

These disparate functions explain the 
universal physiological significance of h⍺2M: 
it is part of the innate immune response 
against pathogens [13, 14] and a major 
hemostatic regulator of the cardiovascular 
system through its anticoagulant, 
procoagulant, and antifibrinolytic activities 
[4]. It is an early marker of cardiac 
hypertrophy, as well as a potential diagnostic 
marker for myocardial infarct and for HIV 
patients with cardiac pathologies [5]. In 
amyloidoses, it is prophylactic, as it binds the 

major component of β-amyloid deposits, the 
Aβ peptide, and mitigates its neurotoxicity 
and fibrillogenic capacity [8]. In addition, it 
has anti-inflammatory, signaling, and 
apoptotic properties, is engaged in growth and 
tissue remodeling, and protects joint cartilage 
[15, 16]. Its deregulation contributes to most 
major human diseases including Alzheimer’s 
disease, AIDS, inflammatory diseases, 
diabetes, arthritis, tumor growth and 
progression, and cardiovascular conditions [8, 
15, 17]. No total h⍺2M deficiency has been 
described in humans, which supports the idea 
that its absence is embryonically lethal [4, 18-
20]. 

The best-characterized molecular 
function of h⍺2M is its indiscriminate 
inhibitory action on endopeptidases 
irrespective of catalytic class, whether 
endogenous or exogenous. This hallmarks it 
as a unique pan-endopeptidase inhibitor [1, 4, 
5, 7, 8, 21]. In the cardiovascular system, it 
inhibits thrombin, factor Xa, activated protein 
C, plasma kallikrein and kallikrein-related 
peptidases, and plasmin [4, 17]. As part of the 
humoral defense barrier, it inhibits bacterial 
and viral proteolytic virulence factors such as 
pseudolysin, HIV-1 proteinase, clostripain, 
and vibriolysin, as well as snake-venom 
proteinases [22, 23]. Finally, by inhibiting 
neutrophil elastase, matrix 
metalloproteinases, and ADAM/adamalysin 
metallopeptidases, it participates in 
inflammatory processes and tissue turnover 
[15, 16]. 

Figure 1. Overview of hα2M action based on biochemical analysis – In native (hα2M)4, the four intact bait regions (black) 
are exposed in the enclosed cavity (prey chamber), while the thioester bonds (pink) and receptor-binding domains (RBD, 
grey oval) are hidden. Monomer pairs 1 and 2, as well as 3 and 4, are disulfide-linked protomers (dashed green line); pairs 
1 and 3, as well as 2 and 4, are vicinal protomers; and pairs 1 and 4, as well as 2 and 3, are diagonally opposite protomers. 
Each protomer thus has a vicinal, a disulfide-linked, and an opposite protomer. The mechanism of action is illustrated in 
four steps that result in three states as described in the text. 



 

 

Whereas the vast majority of 
peptidase inhibitors act through reversible 
“lock-and-key” mechanisms that sterically 
block the active-site cleft of target enzymes 
[24, 25], h⍺2M operates according to a unique 
suicidal Venus fly-trap [7, 26] or trap-
hypothesis mechanism [1], by which prey 
peptidases diffuse into an unreacted or native 
(h⍺2M)4 tetramer (Fig.1, step 1). Once inside, 
peptidases access and cleave a flexible, 
multitarget bait region (Fig. 1, step 2) within 
an exposed bait-region domain (BRD, see 
Supplementary Fig.1). Cleavage leads to a 
nascent state of the inhibitor, in which a buried 
reactive β-cysteinyl-γ-glutamyl thioester bond 
becomes exposed on a thioester domain 
(TED). The bond is attacked by surface lysine 
amines of the prey peptidase, which thus 
becomes covalently bound to the inhibitor 
through an ε-lysyl-γ-glutamyl crosslink (Fig. 
1, step 3). Bait-region cleavage also triggers a 
large, irreversible structural rearrangement of 

the tetramer, leading to a reacted, induced, or 
activated state, which engulfs the peptidase 
without disturbing its active site, similarly to 
insect capture by the Venus fly-trap plant 
(Fig.1, step 4). A large reorganization of 
(h⍺2M)4 can also be observed by treatment of 
the native species with nucleophilic chemicals 
such as methylamine (MA), which yield an 
activated species with open thioester bonds 
but intact bait regions, unable to inhibit 
peptidases [27-30]. Native and activated states 
can be distinguished because they have 
different sedimentation coefficients and 
mobilities in native gel electrophoresis [13].  

Once within the closed trap, the 
peptidase no longer cleaves large protein 
substrates, but is still accessible to small 
inhibitors and substrates through openings in 
the tetrameric particle. Moreover, the four 
receptor-binding sequences of the receptor-
binding domains (RBD), which are cryptic in 
the native and nascent species [31], become 

Figure 2. Cryo-EM structures of (hα2M)4 functional states – (a) Five functional states of (hα2M)4 from human plasma 
are isolated from cryo-EM analysis, termed native I (left panel) and II (center-left), semi-activated I (center) and II (center-
right), and activated (right). Protomer nomenclature [1 (red), 2 (green), 3 (yellow), and 4 (blue)] as described in Fig.1. The 
red protomer has a disulfide-linked (green), a vicinal (yellow), and an opposite neighbor (blue). Native I and II states have 
protomers with expanded conformation and are in an equilibrium, at which vicinal dimers are in a distal (native I) or 
proximal (native II) position (curved arrows). After proteolytic activation, the native state becomes semi-activated states I 
and II, and one vicinal dimer is built of protomers in compact conformation. Semi-activated states I and II, which correspond 
to the nascent state described in the literature [46], evolve to the activated state, shown in “H-view”, in which all protomers 
are compact. Openings are indicated as dashed ovals. Tethering loops of opposite protomers (1 and 4) are framed in a dashed 
rhombus. (b) Additional views of the native I (left) and II (right) complexes of panel a. The latter highlights the disulfide-
linked residues between protomers 1 and 2 (red and green spheres). (c) The semi-activated II complex highlights the 
N-linked glycosylation sites as green sticks (left). Magnified view of the red and blue boxes that correspond to the same 
glycan bound to MG4 Asn396 in the compact protomer 4 (blue) and in the expanded protomer 1 (red). (d) The activated 
state is shown in end-view (top) and X-view (bottom), in which the triangular prism profile for each protomer is framed. 



 

 

exposed on the tetrameric particle surface [32] 
and are recognized by cell-surface receptors 
such as the low-density lipoprotein receptor-
related protein (LRP1) for receptor-mediated 
endocytosis (Fig. 1, step 4) [33]. Inside the 
cell, the peptidase:inhibitor complex is cleared 
in the lysosomes within minutes of complex 
formation [34].  

This sequence of events has been 
established through painstaking biochemical 
analyses for decades, but its molecular 
determinants remain unknown. Attempts have 
been undertaken to study the structure of 
tetrameric h⍺2M and mammalian orthologs to 
provide the molecular determinants of this 
inhibitory mechanism. Nonetheless, owing to 
the large size and intrinsic flexibility of h⍺2M, 
the lack of suitable recombinant expression 
systems for large-scale production of 
homogeneous functional protein, and the 
structural heterogeneity of samples purified 
from natural sources, only two small domains 
(the RBD and the macroglobulin-like domain 
MG2) have so far been described by X-ray 
crystallography [35-39]. For full-length 
assemblies, 20–40 Å resolution maps derived 

from electron microscopy (EM) of negative-
stained or vitrified samples, and a 
crystallographic map of a hypothetically MA-
activated (h⍺2M)4 to 10 Å resolution, have 
shown morphological variations of the native 
and activated states of the h⍺2M tetramer, with 
no details at the domain level [29, 40-43]. 
Moreover, the 4.3-Å resolution crystal 
structure of activated (h⍺2M)4 showed 
conserved structural features with the 
proteolytically activated C3b complement 
component (derived from the native C3 factor) 
[26]. The most recent structural analyses of 
native h⍺2M are limited to homology models 
calculated from the native C3 complement 
component and docking in low-resolution EM 
maps [26, 44]. 

Thus, this study addresses three 
questions relevant to h⍺2M biochemistry: (i) 
the structure of the native (h⍺2M)4 complex 
when poised to trap plasma endopeptidases 
and that of the peptidase-activated inhibitor; 
(ii) the conformational changes and the 
intermediates on the path between the native 
and activated states; and (iii) how large 
proteases are entrapped in a cavity with 

Figure 3. Functional states of (hα2M)4 are built of expanded and compact protomers – (a) Spatial domain organization 
of the expanded (top) and compact (bottom) protomer conformations in front view (as in Fig.2a). The BRD (dark blue) 
contains the flexible, intact (top) and broken (bottom) bait region (dashed line). Insets, diagrams of the approximate domain 
organization of the conformers. (b, c) Regions equivalent to a, highlighting the N-terminal module (domains MG1-MG6) 
(b) and the C-terminal module (domains MG7-RBD) (c). MG, macroglobulin-like domains; BRD, bait region domain; 
CUB, domain found in C1r/C1s, urchin embryonic growth factor, and bone morphogenetic protein 1; TED, thioester 
domain; RBD, receptor binding domain. 
 



 

 

insufficient volume a priori. We used 
authentic human protein to determine eight 
cryo-EM structures that represent functional 
states of (h⍺2M)4, unbound and in complex 
with physiologically relevant endopeptidases. 
The resulting structures show striking 
conformational rearrangement and provide 
detailed insight into the molecular mechanism 
of a unique sequential inhibitory mechanism. 

 
 

RESULTS AND DISCUSSION 
 

Cryo-EM structure analysis of the (h⍺2M)4 
complex – Authentic (h⍺2M)4 from human 
plasma was vitrified and imaged by cryo-EM 
(Supplementary Fig.2a). A total of ~1,625,000 

particles collected on 300-keV FEI Titan 
Krios microscopes were automatically picked. 
Owing to the intrinsic flexibility and 
heterogeneity of the structures, they were 
subjected to several rounds of exhaustive 2D 
and 3D classification (Supplementary 
Fig.2b,c). These resulted in five distinct cryo-
EM structures at different states of reaction, to 
resolutions spanning 4.5–7.3 Å as estimated 
by the values at which the Fourier shell 
correlation (FSC) coefficient equals 0.143 
(Supplementary Fig.3a–e, Supplementary 
Table1).  

To obtain a homogeneous population 
of fully activated (h⍺2M)4 as a control, a 
purified sample of mostly native protein was 
incubated with trypsin and its structure 

Figure 4. The major players in the conformational shift: BRD, TED and RBD – (a) Unprocessed BRD (blue) seen 
from inside the prey chamber in the expanded conformation of the native I state (upper vicinal protomers 1 or 3). Regions 
I, II, III (dashed line) and IV are indicated. MG6 β4 (orange) is shown, bound to region IV (Glu729–Arg732). Glu729 is 
highlighted (grey sphere). (b) Close up of the unprocessed segment Glu729–Arg732 passing through the opening (dashed 
oval) framed by MG6 (pink), MG2 (yellow), MG3 (green) and the MG2-MG3 connecting loop (Glu729, grey sphere). 
(c) The proteolytically processed BRD seen from inside the prey chamber in the compact conformation of the activated 
state in any of the protomers (1-4), in which region III (dashed line) is discontinuous (similar view as panel a). The last 
visible residue is Thr730 (grey sphere). (d) Close up of the processed segment Thr730–Arg732 (blue), which interacts with 
the seventh β-strand of MG7 on the outer surface (Thr730, grey sphere). The opening seen in (b) is occluded. (e) In the 
expanded conformation of the native I state, the TED thioester bond (yellow) and α2 helix of the RBD (orange) are 16 Å 
apart, and are buried in the structure. (f) Close up of the region shown in (e). The thioester bond is in a local cavity 
surrounded by the large hydrophobic side chains of Tyr970, Phe1028, and Leu1087 (from TED), and His1404 (from RBD). 
Helix α2 from the RBD is partially hidden by segment Ser1428–Thr1432 from the domain’s seventh β-strand. 



 

 

determined to 3.6 Å resolution 
(Supplementary Figs.3f and 4). This structure 
enabled unambiguous assignment of the 
polypeptide chain of the whole particle, which 
gives rise to a C2 tetramer featuring a compact 
cage with several openings of variable size 
and a large inner cavity, the prey chamber. 

Based on protomer conformations, 
either expanded or compact, on their relative 
arrangement within the tetramers, and on the 
volume and occupancy of the prey chambers 
in the distinct structures (i.e., the presence of 
entrapped proteinases in its interior chamber), 
we identified five major states of (h⍺2M)4, 

which we termed native I and II, semi-
activated I and II, and fully activated, which 
corresponded to distinct reaction 
intermediates (Fig.2a). With maximal 
dimensions of 210x185x150 Å, the native 
tetramer is substantially larger than the 
activated form, which spans 140x210x140 Å 
(Fig. 2a) and provides an explanation for the 
higher electrophoretic mobility of the latter 
[45]. The native states have four large and four 
small openings of 70x50 Å and 30x20 Å, 
respectively, and enclose a prey chamber of 
~600 nm3, whereas the activated state has 12 

Figure 5. The symmetrically activated state – (a) Intrinsically activated (hα2M)4 from plasma. The front half of the map 
(transparent surface) was removed to visualize the heterogeneous proteinase density (red). (b) Trypsin-activated (hα2M)4 in 
a similar view as in (a), with two trypsin molecules tentatively docked into the density (dark red), which is clearly resolved 
in two separate volumes (clear red). However, the exact orientation of the molecules cannot be determined due to the lowish 
resolution of the map. (c) Close-up of the boxed region in (b). To highlight that the caged trypsin molecules are dynamically 
oriented, wavy lines are shown around the corresponding red ribbons. Location of major functional residues are indicated 
in the activated complex. Trypsin is fixed to the TED thioester bonds formed between Cys972 and Gln975 from vicinal 
protomers. Residues Gln435 of each MG4 moiety are indicated. Color code: MG2, yellow; MG3, green; MG4, pink; TED, 
purple; trypsin, red. 



 

 

small openings of 30x40 Å and encloses a 
~300-nm3 prey chamber (Fig.2a,b,d).  

Each (h⍺2M)4 protomer has a vicinal, 
a disulfide-linked, and an opposite neighbor 
(Fig.2a, left). In the native and semi-activated 
states, one vicinal dimer was solved to much 
better resolution than the other 
(Supplementary Fig.3). For the native I and II 
states, resolution of the upper pair of vicinal 
protomers was sufficient to determine 
unambiguously their subunit organization 
(Fig.2a, red and yellow). By contrast, the 
intrinsic flexibility of the lower vicinal 
protomers (~11–22 Å resolution) required 
development of a strategy that combined rigid 
and flexible domain refinement (Fig.2a, green 
and blue). The semi-activated I state behaved 
similarly to native states, with the upper pair 
more flexible than the lower pair (8–25 Å vs. 
3.5–12 Å resolution). Finally, the semi-
activated II and activated states showed 
density with more features, which allowed 
accurate modeling of the four polypeptide 
chains (Supplementary Fig.5; see Methods for 
details). Each h⍺2M subunit has eight surface-
located, protruding N-linked glycans at 
positions 55, 70, 247, 396, 410, 869, 991, and 
1424 (Fig.2c, indicated for semi-activated 
state II, green sphere model; see UniProt entry 
P01023 for sequence numbering). Structural 
alignment of compact or expanded protomers 
in all states showed rmsd values <1.4 Å, 
indicating high structural similarity in the 
respective conformations.  

The native (I and II), semi-activated (I 
and II), and activated states were captured at a 
~1:2:1 ratio, although in a specific preparation 
(preparation P2), more than half the total 
particles were initially classified as native 
(Supplementary Fig.2). These data underpin 
the existence of a substantial population (25–
42%) of intrinsically activated (h⍺2M)4 in 
preparations assumed to be mainly native, 
following long-established standard 
biochemical purification procedures [27].  

 
 

The functional tetrameric states are built of 
expanded and compact protomer 
conformations – Each h⍺2M subunit structure 
consists of 11 or 10 domains for the expanded 
and compact conformations, respectively, as 
the C-terminal RBD is flexible and thus not 
assignable in the latter (Fig.3a; Supplementary 
Fig.1). The first seven domains (MG1-MG7) 
are concatenated ~110-residue β-sandwiches 
with a three- and a four-strand antiparallel β-
sheet (Fig.3a). Domains MG1-MG6 form an 
N-terminal module, which is similarly 
arranged in all structures as a 1.5-turn right-
handed superhelix that encircles an ellipsoidal 
opening of 30x20 Å (Fig.2b, dashed ellipses). 
The 127-residue BRD is an extended, flexible 
domain inserted between the fourth and fifth 
β-strands of MG6 (Supplementary Fig.1a); the 
domains downstream of MG6 form a C-
terminal module that adopts two different 

Figure 6. The subunit-mediated activated state – (a) State 
I of plasmin-activated (hα2M)4 with three compact (blue) 
and an expanded (yellow) subunit (left). After removing the 
front half of the map, an asymmetric, large density 
corresponding to plasmin becomes evident (red) (right). (b) 
Analysis by symmetry expansion of native (hα2M)4 reveals 

arrangements with one (top, left), two (top, right and 
bottom, left) and three (bottom, right) compact subunits 
(blue). 



 

 

conformations: expanded or compact. MG7 
acts as a hinge domain that connects MG1-
MG6 with the 116-residue CUB domain 
(acronym of complement protein 
subcomponents C1r/C1s, urchin embryonic 
growth factor, and bone morphogenetic 
protein 1), which consists of two four-
stranded antiparallel β-sheets. The 315-
residue helical TED domain is inserted 
between the third and fourth β-strands of CUB 
and includes the scissile thioester bond. TED 
adopts a thick disk-like structure that consists 
of six concentric β-hairpins arranged as a six-
fold ⍺-propeller around a central shaft (Fig. 
3a). The thioester bond is formed between the 
cysteine side-chain sulfur and the glutamine 

side-chain carbonyl of the conserved motif 
Cys972-Gly-Glu-Gln975. Finally, the C-
terminal domain of this module is the RBD, a 
variant of the MG fold with an extra ⍺-β-⍺ 
unit. 

In all five functional states identified 
in the native preparation, the h⍺2M monomers 
adopt either a compact or an expanded 
conformation for each pair of vicinal dimers. 
In native states I and II, all subunits are 
expanded (Fig. 2a). In the native I state, the 
TED domains of vicinal protomers (within the 
top dimer) contact each other through their 
respective fifth helices (Fig.2a, left; subunits 1 
and 3). By contrast, the protomers are 
dynamic in the bottom dimer (Fig.2a, left; 

Figure 7. Mechanism of irreversible protease inhibition by (hα2M)4 – In the initial stage, native (hα2M)4 (four yellow 
expanded subunits) is a molecular sieve of plasma proteins (dark green, light green, and gold). Only peptidases (gold and 
light green) are retained in the internal cavity after processing of the bait region (red star), which can include two small 
peptidases (gold) or one large peptidase (light green). The thioester bond (red dot) becomes accessible to covalently fix the 
prey peptidase, which triggers the expanded-to-compact transition of the protomer (yellow-to-blue) and exposure of the 
flexible RBD (grey) on the surface, ready for cognate receptor binding (compact blue subunits). As the prey remains active 
within the trap, it can still cleave a second, third, and fourth protomer to yield the distinct intermediates and ultimately, the 
final fully compact stage 1 for one or two small peptidases. In the case of large peptidases (bottom row), peptidase regions 
protruding from the prey chamber prevent complete transition, giving rise to an asymmetric final stage 2 that corresponds 
to the penultimate step of the pathway for small peptidases. 



 

 

subunits 2 and 4) and swing around the 
interface between subunits 1 and 2 and 
subunits 3 and 4. These subunits encompass 
the inter-protomeric disulfide bond (Fig.2b, 
indicated in the native II state, red and green 
spheres) as well as BRD-mediated contacts 
between opposite monomers of subunits 1 and 
4 and subunits 3 and 2 (Fig.2a, dashed 
rhombuses). As a result, the fifth helices of the 
bottom TED domains can either be separated 
by 36 Å (Fig.2a,b, left; green and blue 
protomers) or in contact, as found in the top 
domains (Fig.2a, center-left; green and blue 
protomers). Both expanded protomers, in a 
distal or proximal position, share an almost 
identical conformation (rmsd < 0.7 Å). This 
yields the native II state, which is quasi-
symmetric for the top and bottom dimers as 
the bottom dimer is resolved at lower 
resolution, indicating it is more flexible or 
dynamic than the top dimer. In semi-activated 
states I and II, which correspond to the nascent 
state [46] (Fig.1), the bottom vicinal subunits 
adopt a compact conformation (Fig.2a, center 
and center-right; green and blue protomers), 
while the top vicinal subunits are dynamic and 
very similar to the native states. In the fully 
activated state, all subunits show a compact 
conformation (Fig.2a, right, and Supplemental 
Movie1). 

Whereas the architecture of the N-
terminal module is equivalent in the expanded 
and compact conformations and merely 
undergoes a 22º-rotation around MG4 
(Fig.3b), the C-terminal modules are 
coordinately shifted, with additional 45º- and 
55º-rotations for CUB and TED, respectively, 
around the hinge-domain MG7 (Fig.3c, 
Supplementary Movie2). Following this 
conformational change, all domains except 
MG3 and MG4 are arranged as a triangular 
prism in the compact conformation, the 
hallmark structural motif of the activated state 
(Fig.2d, dashed triangles). Vicinal TEDs 
interact through their fifth and third ⍺-helix in 
the expanded and compact conformation, 
respectively. TED also contacts MG4 of the 
respective disulfide-linked subunit, as well as 

MG1s and BRDs of the respective vicinal 
subunit. 

The conformational rearrangement 
between the expanded and compact 
conformations implies notable changes in the 
contact points within the top and bottom 
dimers of vicinal protomers (Supplementary 
Table2). Whereas the internal cavity in the 
native tetramer is framed by MG1–MG5, 
BRD, TED and a small part of RBD, in the 
activated tetramer only MG1–MG5 and TED 
face the prey chamber as the exposed surfaces 
of MG1, MG2 and MG5 are substantially 
reduced. All domains have a very similar fold 
in both conformations, except for TED. The 
four MG4 domains in the equatorial plane of 
the tetramer are nearly invariant in all 
functional states despite the massive structural 
changes that underlie the transition. Together 
with the BRD tethering loops (see next 
section), these domains form a constant belt 
responsible for the structural integrity of the 
tetramer in either state (Supplementary Fig.6). 

 
 

The major players: BRD, TED and RBD – 
The BRD spans 75 Å and contains little 
regular secondary structure. It consists of four 
regions in the expanded conformation (Fig.4a, 
I–IV). Region I (Gln602–Leu627) is an N-
terminal extended segment that is linked to the 
third β-strand of MG6 and contains two short 
⍺-helices. Region II (Thr628–Gln694) is a 
compact region that includes the tethering 
loop (Ile643–Cys689) and interacts with the 
symmetric region of the opposite protomer. 
Region III (Pro690–Thr728) is the 39-residue 
bait segment that is disordered and invisible in 
our maps. Finally, region IV (Glu729–
Arg732) is the C-terminal segment connected 
with the fourth β-strand of MG6 on the outer 
surface of the protomer through one of the 
openings in the expanded conformation. This 
opening is framed by MG6, MG2, MG3, and 
the loop connecting MG2 with MG3, and it 
allows passage of an intact polypeptide chain 
(Fig.4b, dashed circle; Supplementary Fig.5). 
In the compact conformation (Fig.4c), the 



 

 

beginning of the C-terminal segment at 
Thr730 is on the outer surface and interacts 
with the seventh strand of MG7. A small 
rearrangement in this region causes MG7 to 
fold over MG6, which almost occludes the 
opening (Fig.4d; Supplementary Fig.6). The 
BRD-MG6 connecting segment thus regulates 
the expanded-to-compact transition by acting 
as a trigger that must be cleaved for 
displacement of the new N terminus to the 
exterior surface. This is consistent with the 
assumption that MA-activated (h⍺2M)4, 
whose bait region is intact, adopts a structure 
distinct from the peptidase-activated state 
[32]. These results further indicate that the 
reported crystal structure of induced (h⍺2M)4 

(Supplementary Table3), originally thought to 
be a non-cleaved MA-induced variant [26], 
cannot contain an intact bait region but is a 
cleaved, proteinase-induced species. Its 
overall conformation is equivalent to the 
structure of the fully peptidase-activated state 
(see below and Fig.2a, right). At the C 
terminus, protomers in expanded 
conformation, both in activated and semi-
activated states, have a well-defined RBD, 
surrounded by MG7, CUB, and TED (Fig.4e, 
dark grey; Supplementary Fig.5). The second 
⍺-helix of RBD, which includes the receptor-
binding region [47], points towards the prey 
chamber and is occluded (Fig.4e,f, orange). 
Following activation by cleavage of the bait 
region, the substantial rearrangement of MG7-
CUB-TED-RBD disrupts the interaction 
among these domains. In the activated 
(h⍺2M)4 structures, this causes the RBD to 
project away from the outer surface and 
become flexible and thus disordered, except 
for a small, blurred density for its first three or 
four residues (Supplementary Fig.7). The 
receptor-binding region thus becomes 
accessible for interaction with LRP1. In 
previous structural studies, the RBD was 
visible in the crystal structure of activated 
(h⍺2M)4 for only one of the four subunits, 
probably due to tetramer-tetramer interactions 
within the crystal, and obviously in a 
physiologically irrelevant position [26]. 

The TED thioester bond is 16 Å from 
the second RBD ⍺-helix in the expanded 
conformation of the native I state (Fig.4e,f, 
yellow). Small nucleophiles such as MA can 
access and open the thioester bond without 
BRD processing. This would be sensed by the 
RBD, resulting in exposure of its receptor 
binding sequence to trigger removal of this 
inactivated h⍺2M complex. Alternatively, 
these two critical regions might be adjacent in 
the highly porous structure of the native 
complex to remain simultaneously 
inaccessible to the external environment. 
Access to TED is limited in the expanded 
conformation, as it is found in a cleft 
surrounded by bulky hydrophobic side chains 
(Phe1024, Leu1087, Tyr970, and His 1404) 
(Fig.4f). Moreover, the glycan bound to 
Asn1424 is nearby (Fig.4e, white), which 
might prevent thioester-bond opening by 
surface amines of circulatory proteins and 
other substances. In contrast, in the compact 
conformation, thioester bonds are accessible 
and face the prey chamber, and are thus 
prepared for reaction with surface lysines of 
the prey (see below). 

We did not identify a native state in 
which both vicinal dimers displayed 
simultaneously non-interacting TED domains 
(Fig.2a, left; green and blue protomers), which 
suggests that this intermediate is unstable or 
very short-lived and thus cannot be isolated by 
cryo-EM. To communicate the separated, 
interacting TED positions, two small contact 
areas between vicinal dimers are critical: the 
opposite BRD tethering loops and the MG3 
and MG4 domains. They are symmetrically 
crosslinked through intermolecular disulfide 
bonds (Cys278 of MG3 with Cys431 of MG4; 
see Supplementary Figs.1 and 5). The 
structural integrity of the native tetramer 
resides only on the tethering loop-mediated, 
non-covalent interaction. This TED rigid-
body rearrangement might capture non-
specific circulatory proteins, which are 
conveyed to the prey chamber. Most of them 
will not interact with the h⍺2M subunits and 
will be released directly through the 70x50 Å 



 

 

openings, which in turn might also be the 
direct entrance of many soluble proteins. By 
contrast, those with endopeptidolytic activity 
will cleave the bait region and trigger 
conformational rearrangement from the 
expanded to the compact conformation, which 
halves the volume of the prey chamber and 
restricts the openings to maximumally 
30x40 Å, thus preventing prey from escaping. 
This mechanism facilitates scanning of many 
plasma proteins, and only endopeptidases that 
must be quickly withdrawn from the 
circulation would be "swallowed". 

 
The symmetric activated state – Intrinsically 
activated (h⍺2M)4 was resolved as a single 
complex in which the heterogeneous 
proteinases trapped were resolved as a 
featureless density that occupied the prey 
chamber (Fig.5a, red surface). Since the 
purified samples contained 2555% native 
(h⍺2M)4, we analyzed a sample activated with 
bovine trypsin in vitro (Supplementary Fig.4). 
The tetramer in the resulting compact 
conformation was refined to 3.6 Å resolution 
(Supplementary Fig.3f), and the density 
corresponding to the trapped proteinases was 
resolved as two independent volumes (Fig.5b, 
red surface). This result indicates that each 
disulfide-linked dimer participates in the 
binding of one trypsin molecule, in 
accordance with an inhibition stoichiometry 
of two proteinase molecules per inhibitor 
tetramer [13]. Although the entrapped 
peptidases are probably not static inside the 
cavity, they could be tentatively docked (223 
residues; PDB 1MTS) into these two densities 
(Fig.5b,c, red ribbons). The density 
corresponding to the two peptidase moieties, 
in both intrinsically and trypsin-activated 
(h⍺2M)4, suggest intimate contact with the two 
symmetric MG4 loops, in particular with 
Gln435, and with Gln975 of the vicinal 
subunit thioester bonds for covalent binding 
(Fig.5c). 

 
The subunit-mediated activated state – 
(h⍺2M)4 was also activated in vitro with 

plasmin, a 791-residue protease that cannot be 
accommodated in the internal cavity of the 
activated tetramer, but is nevertheless 
inhibited efficiently by (h⍺2M)4 following 
cleavage after Arg719 [48]. Whereas trypsin-
incubated (h⍺2M)4 adopted an activated state 
in which the four subunits were in the same 
compact conformation, plasmin-incubated 
(h⍺2M)4 was resolved in two activated states, 
with four (plasmin-activated I state) and three 
(plasmin-activated II state) compact subunits 
(Supplementary Figs.3g,h and 8), which 
account for 79 and 21% of the activated 
complexes, respectively (Fig.6a). The density 
in the prey chamber attributable to a bound 
prey was much larger in the complex with 
three compact subunits (Fig 6a, right), which 
suggests the absence of the large peptidase in 
the particles with four compact protomers. We 
thus hypothesize that acquisition of the 
compact conformation for the fourth subunit 
is prevented by steric hindrance through parts 
of the peptidase protruding from the inhibitor 
tetramer, even though the bait region is 
cleaved. Plasmin-activated II state therefore 
provides a structural explanation for the 
inhibitory potential of (h⍺2M)4 for 
endopeptidases larger than the prey chamber. 

We sought to determine whether both 
subunits within a vicinal pair must 
simultaneously undergo the transition from 
the expanded to the compact conformation. 
We thus reanalyzed native (h⍺2M)4 complexes 
using a computational approach that included 
symmetry expansion of the previously 
calculated map, with imposed C2 symmetry 
and subsequent 3D classification to detect 
unique features of each subunit 
(Supplementary Fig.2d, Supplementary 
Table4). In addition to the two native states 
built of expanded subunits and to the fully 
activated state with four compact subunits, we 
isolated new tetramer arrangements with one, 
two, and three activated subunits, which made 
up 22% of the tetramers included in the 3D 
classification and were probably partially-
activated intermediates (Fig.6b). We 
hypothesize that once a first bait region is 



 

 

cleaved by the prey proteinase, the transition 
from the expanded to the compact 
conformation exposes the thioester bond to 
covalently fix the peptidase. This would cause 
the bait region of the vicinal subunit to be 
cleaved with higher probability, as the prey 
cannot escape from the trap, which would 
make the second protomer to become 
compact. In some cases, however, the 
peptidase would not be immediately bound by 
the thioester bond, and would thus gain access 
to the bait regions of the opposite and/or 
disulfide-linked subunit. These cleavages 
would produce species with three compact 
protomers. These intermediate structures 
indicate that conformational transition for 
each subunit is only dependent on cleavage of 
its own bait region, independently of the other 
subunits. 

 
Molecular mechanism of (h⍺2M)4 function – 
Based on the structures obtained in this study, 
we propose a molecular mechanism of plasma 
endopeptidase inhibition by (h⍺2M)4 (Fig.7). 
The native, unreacted tetramer, which is built 
of subunits in expanded conformation, is 
extremely porous and flexible, and comprises 
four large 50x70 Å openings that would fuse 
to yield a large, irregular cavity. The openings 
are framed by five of the eight N-linked 
glycans, which contribute to thermal stability 
and high solubility in blood plasma but not to 
the inhibitory capacity of h⍺2M [49]. We 
hypothesize that this structure could act as a 
sieving complex in a crowded plasma 
environment, which is primed with four 
internal bait regions exposed to the particle 
lumen for testing of prey endopeptidases. 
Processing of the bait region leads to a 
conformational rearrangement of the 
particular protomer from an expanded to a 
compact conformation; this exposes the 
reactive thioester bond from TED for covalent 
entrapping of the peptidase, and the RBD for 
recognition by its cognate receptor for 
subsequent endocytosis. Native subunits 
become activated as they are cleaved, 
although for large trapped proteinases, steric 

constraints or clashes with the prey might 
prevent the structural transition in some of the 
processed h⍺2M subunits. This dynamic 
complex is stabilized throughout this 
peptidase inhibition process by an inalterable 
structural belt formed by the MG4 domains 
and the BRD tethering loops. 

A comparison with the mechanism 
derived for Escherichia coli ⍺2-macroglobulin 
(ECAM) shows substantial differences, 
despite a generally similar domain 
architecture in both inhibitors [50]. While 
ECAM is monomeric and anchored to the 
cytosolic membrane of the bacterium facing 
the periplasm, h⍺2M is tetrameric and secreted 
to the plasma in humans. In the former, 
covalent linkage and steric hindrance of 
peptidases thus inhibit activity, but only 
against very large substrates. This modus 
operandi has been dubbed a "snap-trap 
mechanism”. In contrast, h⍺2M inhibition is 
elicited through physical entrapment in a large 
cage following a "Venus-flytrap mechanism", 
in which preys are still active against small 
substrates and inhibitors that can enter the 
cage through several apertures. 

In conclusion, our structural studies 
report the molecular determinants of the 
mechanism of action of (h⍺2M)4, a universal 
pan-peptidase inhibitor that has been the 
subject of considerable biochemical and 
biophysical study since its discovery in 1946 
[51]. We document a stepwise Venus-flytrap 
mechanism unique among peptidase inhibitors 
in its irreversibility and versatility, which 
enables to sequester endogenous and 
exogenous peptidases from plasma and 
remove them from the circulation. Given the 
role of these complexes in numerous essential 
processes, knowledge of their structure 
provides a starting point for further studies of 
the many functions of (h⍺2M)4. 
 
 
MATERIALS AND METHODS 
 
Cryo-EM data collection – Wild-type 
authentic native (h⍺2M)4 was isolated from 



 

 

thawed frozen plasma from healthy human 
donors, which was de-identified prior to use in 
this study. The protein was purified, assessed 
for peptidase-inhibition competence as 
described [15, 26, 49], and verified to be 
equivalent to protein purified from fresh 
plasma in functional and physiological assays. 
Aliquots of pure protein (5 µL) were diluted 
to 0.1 mg/mL, applied to R2/2 300 mesh 
acetone vapor-treated copper grids, and 
vitrified using a Leica EM CPC cryofixation 
unit. Data were collected on FEI Titan Krios 
electron microscopes operated at 300 kV, and 
images recorded with Gatan K2-summit 
cameras in counting mode using the EPU 
Automated Data Acquisition Software for 
Single Particle Analysis (ThermoFisher 
Scientific). The total number of recorded 
movies, nominal magnification, calibrated 
pixel size at the specimen level, total 
exposure, exposure per frame, and defocus 
range for each specimen are described in 
Supplementary Table1. 

 
Image processing – Movies were drift-
corrected and dose-weighted with Motioncor2 
[Zheng et al., 2017], and contrast transfer 
function (CTF) values were estimated with 
CTFFIND4.1 [52] using non-dose-weighted 
micrographs. All subsequent image 
processing was with RELION 2.1 [53, 54] 
within Scipion [55], unless otherwise stated. 
The data processing workflows for (h⍺2M)4 
complexes purified from plasma, as well as for 
trypsin- and plasmin-treated complexes, are 
described in Supplementary Figs. 3, 5 and 9, 
respectively. Particle statistics are indicated in 
Supplementary Table1. Class averages from 
preliminary datasets were used as templates 
for subsequent automated particle picking 
with Gautomatch (written by Kai Zhang, 
https://www2.mrc-
lmb.cam.ac.uk/research/locally-developed-
software/zhang-software/). Particles were 
then extracted, normalized, and subjected to 
several rounds of reference-free two-
dimensional (2D) classification to discard 
particles from 2D classes that did not show 

secondary structural elements. Selected 
particles were 3D-classified, imposing C2 
symmetry for plasma-purified and trypsin-
treated (h⍺2M)4 complexes, and C1 symmetry 
for plasmin-treated complexes. Classes 
representing equivalent conformational states 
were pooled and included in a 3D auto-
refinement. Particles assigned to a native state 
were submitted to an additional round of 3D 
classification without alignment to identify 
and refine particles corresponding to native I 
and II states. To identify and classify 
intermediate conformations between the 
(h⍺2M)4 major states in plasma, the C2 
symmetry of these states was expanded [56] 
and particles were subjected to 3D 
classification without alignment (particle 
processing is indicated in Supplementary 
Table 4). Classes representing equivalent 
conformational states were pooled and 
included in a 3D auto-refinement. Local 
resolution was estimated using MonoRes [57] 
and unsharpened maps treated by local 
resolution-based sharpening in LocalDeblur 
[58]. 
 
Model building and refinement – The h⍺2M 
crystal structure [26] (PDB 4ACQ) was first 
docked manually as a rigid body into the 
trypsin-activated locally-sharpened density 
map, and then subjected to real-space fitting 
with the Fit_in_Map routine of Chimera [59]. 
A first step of real-space refinement was 
performed with Phenix [60] applying global 
minimization, local grid search and atomic 
displacement parameter refinement (ADP) 
protocols. The model was then rebuilt 
manually in Coot [61] to optimize the fit to the 
density for one set of disulfide-linked subunits 
(protomers 1 and 2). This asymmetric unit was 
then C2-symmetrized and further refined in 
Phenix with similar options as above, and with 
secondary structure, non-crystallographic 
symmetry (NCS), side chain rotamer, and 
Ramachandran restraints, as well as with 
hydrogens in riding positions. This model was 
used as starting model to build the compact 
subunits, and was fitted into the naturally-



 

 

activated and plasmin-activated I sample 
maps, as well as in densities corresponding to 
protomers 2, 3, and 4 of plasmin-activated II, 
as a starting point for model building of these 
states. In Chimera, activated protomer 1 
coordinates were flexible fitted in the native I 
protomer 1 density, considering each domain 
as a rigid body. These docked domains were 
used as the starting point for model building 
of the prototype of an expanded subunit, 
whose coordinates were fitted in expanded 
protomers of native I (protomer 2), native II 
(protomers 1 and 2), semi-activated I 
(protomer 1), semi-activated II (protomer 1) 
and plasmin-activated II (protomer 1). Fitted 
coordinates were checked manually in Coot 
and C2 symmetrized (to generate protomers 3 
and 4). The first step of real-space refinement 
was performed in Phenix, with morphing and 
simulated annealing options, followed by the 
steps described above. Refinement statistics 
are listed in Supplementary Table1. 
 
Model validation and analysis – The FSC 
curves between model and map after local 
sharpening (Model vs. Map) are shown in 
Supplementary Fig.10. For cross-validation 
against overfitting, the atoms in the final 
atomic models were displaced by 0.5 Å in 
random directions using Phenix. The shifted 
coordinates were then refined against one of 
the half-maps (work set) in Phenix using the 
same procedure as for refinement of the final 
model. The other half-map (test set) was not 
used in refinement for cross-validation. FSC 
curves of the refined shifted model against the 
work set (FSCwork) and against the test set 
(FSCtest) are shown in Supplementary Fig.10. 
The FSCwork and FSCtest curves do not 
diverge markedly, consistent with the absence 
of overfitting in the final models. The quality 
of the atomic model was assessed by analysis 
of the basic protein geometry, Ramachandran 
plots, and clash analysis, and validated with 
Coot and MolProbity [62] as implemented in 
Phenix, and with the Worldwide PDB 
(wwPDB) OneDep System (https://deposit-

pdbe.wwpdb.org/deposition/). Graphics were 
produced using UCSF Chimera. 

 
Re-refinement of the crystallographic 
structure of peptidase-activated h⍺2M – To 
obtain a more accurate model of the reported 
crystal structure of peptidase-activated h⍺2M 
with complete side chains and correct glycan 
structure, the X-ray diffraction data (PDB 
4ACQ; [26]) were reprocessed to 4.2 Å 
resolution with current versions of the XDS 
[63] and XSCALE programs [64] 
(Supplementary Table3). A test set for Rfree 
monitoring was chosen in thin shells with 
SFTOOLS within the CCP4 suite of programs 
[65]. The coordinates of the h⍺2M part of the 
cryo-EM model of the complex with trypsin 
were superimposed onto the original 
crystallographic coordinates and refined in 
reciprocal space against the newly processed 
data with Phenix and Buster/TNT [66]; this 
included hydrogens (set to zero occupancy) at 
riding positions for the protein residues, non-
crystallographic symmetry restraints, and 
translation/libration/screw-rotation 
refinement. This refinement alternated with 
manual model building with Coot (see 
Supplementary Table3). The eight 
glycosylation sites of each protomer were 
rebuilt to match the recently determined 
glycan structure of h⍺2M [67]. 

 
Data availability – The atomic coordinates 
and cryo-EM density maps were deposited in 
the Protein Data Bank and EM Data Bank with 
codes 7OTL and EMD-12747 (native I); 
7O7M and EMD-12748 (native II); 7O7N and 
EMD-12750 (semi-activated I); 7O7O and 
EMD-12751 (semi-activated II); 7O7P and 
EMD-12752 (activated); 7O7Q and EMD-
12753 (trypsin-activated); 7O7R and EMD-
12754 (plasmin-activated I); 7O7S and EMD-
12755 (plasmin-activated II). The cryo-EM 
density maps of intermediate structures with 
one, two [2 maps), and three activated 
monomers, corresponding to transient I-IV 
states, were deposited in the EM Data Bank 
with codes EMD-12941, EMD-12942, EMD-



 

 

12943 and EMD-1294. The final X-ray 
crystallography model was likewise deposited 
at the Protein Data Bank (PDB 6TAV) and 
supersedes PDB entry 4ACQ. 
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Supplementary Figure S1: Sequence, secondary structure elements, and domain organization of h⍺2M. (a) Sequence 
and secondary structure elements of the 1474-residue h⍺2M (UniProt code P01023) spanning a 23-residue signal peptide 
and the 1451-residue secreted protein. In the expanded native conformation, the first and last residues assigned were Ser26 
and Ser1468, respectively; the compact activated conformation spans Lys28–Glu1335. The ⍺-helices and β-strands are 
represented as cylinders and arrows, respectively, colored distinctly for the eleven domains. The bait region and the thioester 
bond are highlighted. Intra- and intermolecular disulfide bonds are designated with square boxes linked with a solid or 
dotted line (blue), respectively. N-glycosylation sites are indicated by rhombuses. MG, macroglobulin-like domains; BRD, 
bait region domain; CUB, domain found in C1r/C1s, urchin embryonic growth factor, and bone morphogenetic protein 1; 
TED, thioester domain; RBD, receptor binding domain. (b) Diagram of the domain organization of the disulfide-linked 
homodimer. The protomers are bound through two disulfide bonds. Symbols and colors as in (a). 

 

  



 

 

 

Supplementary Figure S2: Cryo-EM data processing of (h⍺2M)4 corresponding to the native untreated fraction. 
(a) Representative cryo-EM image of (h⍺2M)4 complexes (bar, 500 Å). (b) 2D class averages of (h⍺2M)4. (c) Data 
processing workflow and structure determination of the five functional states of (h⍺2M)4 using three serum preparations 
(P1-P3). After 3D classification, three (green, yellow, and red for preparations P1 and P2) and four (green, yellow, gold, 
and red for P3) distinct conformational states were identified (percentages indicated relative to total 3D selected particles 
of each preparation). Particles of each of the four states were combined into four separate datasets and further refined. The 
global resolution of each of the resulting 3D reconstructions was 4.7, 4.8, 7.3 and 4.6 Å, respectively, and the percentages 
relative to the sum of particles in the four classes was 28, 39, 8, and 25%, respectively. The dataset corresponding to truly 
native (h⍺2M)4 (green) was further classified and two conformational states were refined, yielding resolutions of 4.5 and 
6.6 Å for native I and II states, respectively. (d) The C2 symmetry of the native, semi-activated I plus II and activated states 
was expanded and the particles from each state were subjected to additional 3D classification without alignment. Classes 
representing equivalent conformational states (percentages relative to the parental state are indicated) were pooled, resulting 
in 3D reconstructions of four new intermediate transient states. 
  



 

 

 

 



 

 

 
 
Supplementary Figure S3: Global and local resolution of cryo-EM maps. Local resolution assessment and Fourier shell 
correlation (FSC) curves for the eight maps calculated in this study: (a) native I, (b) native II, (c) semi-activated I, (d) semi-
activated II, (e) fully activated state, (f) trypsin-activated state, (g) plasmin-activated I state, and (h) plasmin-activated II 
state. The bar indicates the resolution in Å (bottom). The angular distributions of particles used to compute the final three-
dimensional maps are shown (top, right), as well as the longitudinal central section of each map (protein is white, bottom, 
right). 
 



 

 

 
 
Supplementary Figure S4: Cryo-EM data processing of trypsin-treated (h⍺2M)4. (a) Cryo-EM image of (h⍺2M)4 complexes 
after trypsin treatment (bar, 500 Å). (b) 2D class averages of trypsin-treated (h⍺2M)4 particles. (c) Data processing workflow and 
structure determination of the trypsin-treated, activated (h⍺2M)4 state using two preparations (P1 and P2). After 2D and 3D 
classifications, a homogenous population of particles was selected for each preparation. Particles for each of these pools were 
combined and autorefined. Percentages relative to total 2D selected particles of each preparation are indicated. See Methods for 
further details on cryo-EM data processing. 



 

 

 

Supplementary Figure S5: Quality of the (h⍺2M)4 density maps. Cryo-EM density maps around four different regions (the 
tethering loop, the BRD region IV, the disulfide-linked MG3-MG4, and the RBD) of (h⍺2M)4 structures of native I, native II, 
semi-activated I, semi-activated II, naturally activated and trypsin-activate states. The cryo-EM density map is shown as a grey 
mesh with the corresponding atomic model with some selected residues indicated. The box of BRD region IV is shown below in 
a magnified view for each structure. 



 

 

 
 

Supplementary Figure S6: Structural belt of MG4 domains and BRD tethering loops. (a) Two orthogonal views of the 
native II state in which the MG4 domains (orange) and the tethering loops (light blue) are highlighted. (b) Views as in (a) 
of the activated state with highlighted MG4 domains (magenta) and tethering loops (dark blue). (c) Superimposed MG4 
domains and tethering loops of native II and activated states (color code as in a and b). 

  



 

 

 
 
Supplementary Figure S7: The RBD is flexible in the cryo-EM density map of activated (h⍺2M)4. (a) Structure of the 
activated state (domain colors as in Figure S1). The thin rectangle indicates the transversal section shown in (b). (b) Section across 
the cryo-EM map without (left) and with atomic model regions of (h⍺2M)4 (right). The last visible h⍺2M residue in the model is 
Glu1337, located in the connecting loop between CUB and RBD, and indicated with two molecules (arrowheads). 
 
 

  



 

 

 
 
 
 

Supplementary Figure S8: Cryo-EM data processing of plasmin-treated (h⍺2M)4. (a) Cryo-EM image of (h⍺2M)4 
complexes after plasmin treatment (bar, 500 Å). (b) 2D class averages of (h⍺2M)4 plasmin-treated particles. (c) Data 
processing workflow and structure determination of the plasmin-treated (h⍺2M)4 activated state. After 3D classification, 
two conformational states (I and II) were identified (percentages relative to total 2D selected particles of each preparation 
are indicated). Particles for each of these states were combined and further refined (percentages indicated relative to total 
3D selected particles). 
  



 

 

 
 

Supplementary Figure S9: Cryo-EM map quality and model validation. FSC of the refined model versus the map (green 
curve) and FSC work/FSC test validation curves (blue and red curves, respectively) for the eight maps calculated in this 
study: (a) native I, (b) native II, (c) semi-activated I, (d) semi-activated II, (e) fully activated, (f) trypsin-activated, 
(g) plasmin-activated I, and (h) plasmin-activated II states. 



 

 

 

  

Supplementary Table S1. Cryo-EM data collection and refinement statistics. 
 

 

Native I 
 
EMD-12747 
PDB: 7O7L 

Native II 
 
EMD-12748 
PDB: 7O7M 

Semiactivated 
I state 
EMD-12750 
PDB: 7O7N 

Semiactivated 
II state 
EMD-12751 
PDB: 7O7O 

Activated 
 
EMD-12752 
PDB: 7O7P 

Trypsin- 
activated 
EMD-12753 
PDB: 7O7Q 

Plasmin-
activated I state 
EMD-12754 
PDB: 7O7R 

Plasmin-
activated II state 
EMD-12755 
PDB: 7O7S 

Data collection and 
processing 

        

Microscope FEI Titan Krios FEI Titan Krios FEI Titan Krios FEI Titan Krios FEI Titan Krios FEI Titan Krios FEI Titan Krios FEI Titan Krios 
Detector K2 K2 K2 K2 K2 K2 K2 K2 
Magnification 47.755x 47.755x 47.755x 47.755x 47.755x 47.755x 130,000x 130,000x 
Voltage (kV) 300 300 300 300 300 300 300 300 
Electron exposure (e-/Å2) 39.6 39.6 39.6 39.6 39.6 40.0 38,7 38,7 
Exposure per frame (e-/Å2) 0.99-1.27 0.99-1.27 0.99-1.27 0.99-1.27 0.99-1.27 1.12-1.25 0.96 0.96 
Defocus range (µm) -1.00 to -3.25 -1.00 to -3.25 -1.00 to -3.25 -1.00 to -3.25 -1.00 to -3.25 -0.70 to -2.5 -1.30 to -3.70 -1.30 to -3.70 
Pixel size (Å) 1.047 1.047 1.047 1.047 1.047 1.047 1.052 1.052 
Micrographs collected (no.) 12,143 12,143 12,143 12,143 12,143 6,514 4,978 4,978 
Initial particles (no.) 1,625,000 1,625,000 1,625,000 1,625,000 1,625,000 933,186 1,035,080 1,035,080 
Final particles (no.) 45,669 30,618 35,993 185,640 118,333 434,851 121,437 466,082 
Symmetry imposed C2 C2 C2 C2 C2 C2 C1 C1 
Map resolution (Å) 4.5 6.6 7.3 4.8 4.6 3.6 3.9 4.3 

FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 
Map resolution range (Å) 3.5 – 22.4 3.5 – 23.7 3.5 – 25.8 3.5 – 19.7 3.5 – 9.8 2.2 – 10.1 2.8 – 15.3 2.8 – 25.9 
 
Refinement 

        

Model resolution (Å) 7.51 8.65 8.17 6.95 6.37 4.10 4.32 6.83 
FSC threshold 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Mask correlation coefficient 0.64 0.57 0.57 0.69 0.69 0.76 0.75 0.58 
Map sharpening B factor LocalDeblur LocalDeblur LocalDeblur LocalDeblur LocalDeblur LocalDeblur LocalDeblur LocalDeblur 
Model composition         
Non-hydrogen atoms 44,614 44,614 42,372 42,642 40,295 40,550 40,530 41,466 
Protein residues 5,640 5,640 5,370 5,376 5,100 5,126 5,126 5,236 
Ligands         

NAG 38 38 34 42 36 36 36 38 
BMA 4 4 0 6 0 4 4 5 
MAN 2 2 0 4 0 0 0 1 

ADP (B-factors)         
min         
max         
mean         

Protein 143.00 135.21 63.37 164.96 165.62 116.08 131.87 124.45 
 819.33 999.99 821.45 806.53 490.80 279.28 415.19 564.41 
 375.62 502.63 311.57 328.20 278.28 159.94 201.79 280.43 
Ligand 293.91 293.91 238.72 293.91 239.72 164.29 164.29 168.41 

 471.01 471.01 446.90 483.22 347.75 211.87 211.87 448.26 
 374.75 374.75 329.92 396.34 299.90 187.07 186.77 247.15 
R.m.s. deviations         
Bond lengths (Å) 0.007 0.006 0.006 0.010 0.009 0.009 0.013 0.009 
Bond angles (˚) 1.154 1.019 1.003 1.231 1.143 1.494 1.328 1.276 
Validation         
MolProbity score 2.33 2.22 2.09 2.44 2.20 2.16 2.55 2.60 
Clashscore 13.26 10.43 8.78 17.31 11.58 9.18 20.68 21.36 
Rotamer outliers (%) 0.49 0.36 0.30 0.43 0.13 0.18 1.07 1.09 
Ramachandran plot         
Favored (%) 82.49 83.74 87.26 82.15 87.04 84.27 81.39 79.18 
Allowed (%) 16.83 15.73 12.33 17.39 12.65 14.44 18.28 20.13 
Outliers (%) 0.68 0.53 0.41 0.47 0.31 1.29 0.33 0.69 



 

 

 
Supplementary Table S2. Analysis of intra-subunit domains interactions. 
 Extended subunit Compact subunit 
MG1 MG3, MG5, BRD MG2, MG5, BRD 
MG2 MG1, MG6, BRD, TED MG1, MG6, BRD, MG7, CUB, TED 
MG3 MG4, BRD-MG6 loop, MG7 MG4, MG6, MG7, BRD 
MG4 MG3, MG5, BRD MG3, MG5, BRD 
MG5 MG1, MG4, BRD MG1, MG4, BRD 

MG6 MG2, MG3 (BRD-MG6 loop), BRD, 
MG7 MG2, MG3, BRD, MG7 

BRD MG1, MG2, MG4, MG5, MG6 MG1, MG2, MG3, MG4, MG5, MG6 
MG7 MG3, MG6, CUB, RBD MG2-MG3 loop, MG3, MG6, CUB 
CUB TED, RBD MG2, TED 
TED MG2, CUB, RBD MG2, CUB 
RBD MG7, CUB, TED  
 

 

 
  



 

 

 

Supplementary Table S3. Crystallographic data reprocessing and model re-refinement parameters. 

Dataset 
PDB Access code 
Space group 
Cell constants (a, b, c, in Å) 
Wavelength (Å) 
No. of measurements / unique reflections 
Resolution range (Å) 

Completeness (%) 
Rmerge

 

Rmeas
 

CC1/2 
Average intensity 
B-Factor (Wilson) (Å2) 
Aver. multiplicity 
 
No. of reflections used in refinement [in test set] 
Crystallographic Rfactor / free Rfactor 
Correlation coefficient Fobs-Fcalc [test set] 

No. of protein residues / non-hydrogen atoms / 

covalent ligands 
Rmsd from target values 
bonds (Å)  /  angles (°) 
Average B-factors (Å2) (overall // mol. A/ B/ C/ D) 
All-atom contacts and geometry analysis c

 

Protein residues 
in favored regions / outliers / all residues 
with outlying rotamers / bonds / angles / chirality / torsion 
All-atom clashscore 

Peptidase-activated (h⍺2M)4 
6TAV 
P212121 
130.8, 260.3, 281.8 
1.0000 
339,260 / 70,972 
95.9 – 4.20 (4.45 – 4.20) a 
99.1 (96.8) 
0.095 (1.620) 
0.107 (1.865) 
0.998 (0.446) 
10.0 (1.0) 
198.6 
4.8 (3.9) 
 
69,422 [831] 
0.235 / 0.282 
0.939 [0.911] 
5,234 / 40,826 / 
47 NAG, 9 BMA, 5 MAN b 
 
0.011 / 1.25 
257 // 253 / 269 / 249 / 256 
 
 
4,394 (84%) / 220 (4%) / 5,214 
601 (13%) / 0 / 3 / 0 / 0 

4.3 
a Data processing values in round brackets are for the outermost resolution shell. Model refinement parameters in square 
brackets are for the test set of reflection. b NAG, N-acetyl-D-glucosamine; BMA, β-D-mannose; and MAN, ⍺-D-
mannose. c According to the wwPDB X-ray Structure Validation Service. 

 

 
  



 

 

 

 
 
 
 
Legend to Supplementary Movie S1: 
Movie depicting the flexible arrangement of the distinct expanded and compact subunits within the native, 
intermediate and activated tetramers. 
 
Legend to Supplementary Movie S2: 
Movie depicting the transition between expanded and compact conformations of a single entire protomer 
(left panel), the MG1-MG6 block (central panel), and the MG7-CUB-TED-RBD block (right panel). 

 

Supplementary Table S4. Cryo-EM data collection. 
 

Transient I state 
EMD-12941 

Transient II state 
EMD-12942 

Transient III state 
EMD-12943 

Transient IV state 
EMD-12944 

Data collection and processing     
Microscope FEI Titan Krios FEI Titan Krios FEI Titan Krios FEI Titan Krios 
Detector K2 K2 K2 K2 
Magnification 47.755x 47.755x 47.755x 47.755x 
Voltage (kV) 300 300 300 300 
Electron exposure (e-/Å2) 39.6 39.6 39.6 39.6 
Exposure per frame (e-/Å2) 0.99-1.27 0.99-1.27 0.99-1.27 0.99-1.27 
Defocus range (µm) -1.00 to -3.25 -1.00 to -3.25 -1.00 to -3.25 -1.00 to -3.25 
Pixel size (Å) 1.047 1.047 1.047 1.047 
Micrographs collected (no.) 12,143 12,143 12,143 12,143 
Initial particles (no.) 1,625,000 1,625,000 1,625,000 1,625,000 
Final particles (no.) 213,866 7,131 23,998 116,074 
Symmetry imposed C1 C1 C1 C1 
Map resolution (Å) 5.2 12.0 9.1 9.3 

FSC threshold 0.143 0.143 0.143 0.143 
Map resolution range (Å) 2.3 – 37.2 4.9 – 47.9 2.1 – 55.9 4.4 – 55.9 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Project 3: Work under development 
 

 

“⍺2M samples purified from frozen and unfrozen fresh plasma present no 
significant structural or functional differences” 
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Sparked by remarks during review of the previous manuscript, we prepared a set of 

new experiments to compare hα2M purified from frozen and non-frozen fresh plasma. Using 

both biophysical and functional assays, we provided experimental insights into this highly 

critical aspect for the very first time. Importantly, the concept of “frozen” versus “non-

frozen” plasma must not be mixed with the terms “fresh” versus “non-fresh”. The latter 

refers to the time elapsed since the blood donation, and only plasma that is processed within 

twenty-four hours after blood collection is considered “fresh”. 

 

 

MATERIALS AND METHODS 

 

Isolation and purification of hα2M 

Hα2M was isolated from fresh blood plasma from individual donors and purified 

essentially as described previously (Goulas et al., 2014). From the initially unfrozen sample, 

half was used directly for purification and the other half was frozen at -20ºC (approx. within 

2 h) until purification (typically for 16 hours), thus mimicking blood bank conditions. 

Plasma was subjected to sequential precipitation steps with 4–12% PEG 4,000, and the final 

precipitate containing hα2M was reconstituted in 20 mM sodium phosphate supplemented 

with 5 mM PMSF (pH 6.8). Partially purified hα2M was captured with a zinc-chelating resin 

(G-Biosciences), washed with buffer A (50 mM sodium phosphate, 250 mM sodium chloride, 

10 mM imidazole, pH 7.2) and eluted in the same buffer but with 100 mM EDTA instead of 

imidazole. Hα2M-containing samples were buffer exchanged to buffer B (20 mM sodium 

phosphate, pH 7.4) using a PD-10 column (Cytiva) and further purified by ion exchange 

chromatography (IEC) in a TSKgel DEAE-2SW column pre-equilibrated with buffer B. A 

gradient of 2–50% buffer C (20 mM sodium phosphate, 1 M sodium chloride, pH 7.4) was 

applied over 30 mL, and fractions containing hα2M were pooled. Next, each pool was 

concentrated and subjected to a final polishing step by size exclusion chromatography (SEC) 

in a Superose 6 Increase 10/300 column in buffer D (20 mM Tris-HCl, 150 mM sodium 

chloride, pH 7.4). Importantly, all purification steps were performed at 4ºC. Methylamine 

(MA)-induced hα2M (MA-hα2M) samples were obtained through overnight incubation at 

4°C of native hα2M after the IEC purification step with 200 mM methylamine and 100 mM 

Tris-HCl pH 8.0. Similar to the native counterpart, the MA-induced sample was subjected 

to a final SEC polishing step.  
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Proteolytic inhibition assays 

Purified hα2M was used to study protease inhibition after 10 minutes of 

preincubation at room temperature with two peptidases of interest: the serine peptidase 

trypsin from bovine pancreas, and the metallopeptidase thermolysin from Bacillus 

thermoproteolyticus. Reactions were carried out in buffer D at molar ratios of 4:1 to 1:4 for 

tetrameric α2M to peptidase. Samples were used directly to monitor residual proteolytic 

activity of the tested peptidases against natural and fluorogenic protein substrates at 37°C. 

Activity against the fluorogenic BODIPY casein substrate (Invitrogen) was analysed 

in a microplate fluorimeter (Synergy H1, Biotek; λex = 505nm and λem = 513nm; 

Invitrogen) The substrate was used at 5 μg/mL in 100μL-reaction volumes and peptidases or 

peptidase-inhibitor complexes were used at 50 nM final concentration of the peptidase. 

The natural protein substrates, namely bovine milk α-casein (35 kDa) and fibrinogen 

from human plasma (340 kDa), were used at 0.5 mg/mL, and trypsin and thermolysin were 

used at 100 nM and 5 nM, respectively. The reactions were performed over a period of 10 

(for thermolysin) and 90 (for trypsin) minutes and substrate cleavage was assessed by 10–

14% Tricine-SDS-PAGE after stopping the reaction by adding a small-molecule inhibitor 

such as 0.7 mM Pefabloc SC (Roche Life Science) for trypsin and 20 mM EDTA for 

thermolysin, and subsequent boiling of the samples at 95°C for 5 minutes after addition of 

SDS sample buffer. 

 

Size Exclusion Chromatography with Multi-angle laser light scattering (SEC-MALLS) 

Multi-angle light scattering in a Dawn Helios II apparatus (Wyatt Technologies) 

coupled to a Superose 6 10/300 Increase column (GE) equilibrated in buffer D was 

performed at 4°C at the joint IBMB/IRB Crystallography Platform, Barcelona Science Park 

(Catalonia, Spain) to analyse native and MA-induced hα2M. ASTRA 7 software (Wyatt 

Technologies) was used for data processing and analysis, for which a dn/dc value typical for 

proteins (0.185 mL/g) was assumed. All experiments were performed in duplicate. 

 

Thiol quantification 

Free thiol groups present in hα2M were determined by reaction of protein samples 

(at 25.2 mg/mL;156.79 µM of monomer) in buffer D at room temperature for 15 min with 

Ellman's reagent (5,5'-dithiobis-2-nitrobenzoic acid, DTNB; (Ellman, 1959)), and 

monitoring the change in absorbance at 412nm (A412) in a microplate spectrophotometer 

(Power-Wave XS, Biotek). The absorbance signal was measured in 96-well plates containing 
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220μL reaction volumes (200μL of Ellman’s assay reaction plus 20μL of control or test 

samples) in triplicate. The concentration of free-thiol groups was calculated based on the 

DTNB molar extinction coefficient (14,150M-1cm-1; Riddles et al., 1983), as previously done 

for α2M samples by others (Steiner et al., 1987). MA-hα2M samples were obtained as 

described above but a PD-10 column was used for buffer exchange instead of SEC. 

 

Miscellaneous 

Protein identity and purity were assessed by 10–15% Tris-Glycine SDS-PAGE 

stained with Coomassie brilliant blue R250 and using PageRuler Unstained Broad Range 

Protein Ladder (5–250 kDa) or Unstained Protein Molecular Weight Marker (10–200 kDa), 

both from Thermo Fisher Scientific, as molecular mass markers. The latter was carried out 

at the Protein Chemistry Service and the Proteomics Facilities of Biological Research Center 

(CIB-CSIC) in Madrid, Spain. Native protein samples were also analysed by NuPAGE™ 3 

to 8% Tris-Acetate gels (Invitrogen) stained with Coomassie brilliant blue R250 using the 

NativeMark™ Unstained Protein Standard (20–1200 kDa; Invitrogen) as reference. 

Ultrafiltration steps were performed using Vivaspin 15, Vivaspin 2 and Vivaspin 500 

filter devices of 50 to 100 kDa cut-off (Sartorius Stedim Biotech). Protein concentrations 

were estimated by measuring A280 in a spectrophotometer (NanoDrop) and applying the 

respective extinction coefficients (ε1%α2M= 9.04; ε1%Thermolysin=17.65; ε1%Trypsin= 14.15; ε1%α-

casein=10.1; ε1%Fibrinogen= 15.1). Concentrations were also measured by the BCA Protein Assay 

Kit (Thermo Scientific) with bovine serum albumin as a standard. 

Trypsin from bovine pancreas (T1426), thermolysin from Bacillus 

thermoproteolyticus (P1512), bovine milk α-casein (C6780), and fibrinogen from human 

plasma (F3879) were all purchased from Sigma.  
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RESULTS 

 

Analysis hα2M structural properties 

 

hα2M circulates exclusively in its native open confirmation as activation of the 

protein through protease cleavage leads to a closed conformation and the clearance of the 

complex from the blood. The transition from the open to the closed conformation is a 

hallmark feature of the hα2M inhibitory mechanism: native hα2M molecules present an open 

flexible conformation that shifts upon cleavage into a closed arrangement (induced state), 

thereby trapping the prey peptidase (Luque et al., 2022). Here, we used methylamine (MA) 

treatment to provoke cleavage of the crucial thioester bond, thereby generating a free thiol 

group, and inducing the structural rearrangement. 

As described by Barrett et al. (1979), the native and induced α2M molecules 

correspond to electrophoretically “slow” and “fast” α2M forms, respectively. This property 

was used to characterize native and MA-induced α2M (MA-hα2M) purified from both 

frozen and non-frozen fresh plasma using native PAGE analysis (Fig.1A). As expected, 

native samples (lanes 1 and 3) migrated slower than the MA-induced (lanes 2 and 4) 

preparations in virtue of their open and extended conformation, the plasma freeze/thaw cycle 

did not impact their behaviour. Furthermore, native and MA-induced samples were analysed 

through size-exclusion chromatography combined with multi-angle laser light scattering 

(SEC-MALLS) (Fig.1B). Native samples appeared larger and eluted earlier during gel 

filtration due to their open conformation when compared with MA-induced protein. More 

importantly, the SEC-MALLS profiles of native α2M purified from frozen and non-frozen 

plasma perfectly overlapped, further verifying that the freeze-thaw cycle at the plasma level 

did not disturb the structural homogeneity of the α2M sample. 

Additionally, homogeneity of α2M samples was assessed through quantitative 

measurement of the free thiol groups, which are only present in α2M-induced molecules 

after cleavage of the thioester bond, either by surface exposed lysine residues of an entrapped 

protease, or MA treatment (Table 1). Due to the low sensitivity of the assay, hα2M was used 

at 25.2 mg/mL, corresponding to 156.79 μM of monomeric protein). Notably, the detected 

average concentration of free thiol groups in the MA-induced sample perfectly corresponded 

to the protein concentration of hα2M in the assay after correcting for the baseline read-out 

measured in the native samples, suggesting that all hα2M molecules could be induced by the 
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MA-treatment. More importantly, no difference was detected between the samples purified 

from frozen and non-frozen fresh plasma. 

 

 
 

Table 1: Concentration of free-thiol groups in hα2M samples. The monomeric hα2M concentration used 
for the experiment was 156.75 μΜ. The values presented correspond to the average of three independent 
experiments ± SD. 
  

 Non-frozen (μM) Frozen (μM) 
Native 70.63 ± 23.18 66.19 ± 35.70 

MA-induced 212.71 ± 36.25 209.08 ± 12.13 

 

  

Figure 1: Functional and biophysical studies of α2M preparations. The figures shown are representative 
for more than three experimental replicates performed. (A) Native PAGE analysis of native (lanes 1 and 3) and 
MA-induced (lanes 2 and 4) hα2M, and (B) SEC-MALLS of native (black and cyan lines) and MA-induced 
(grey and red lines) protein purified from frozen (dashed lines) and non-frozen (full lines) plasma. The MALLS 
determined molecular weights for native (670.8 kDa± 0.36 and 670.7 kDa±0.38) and MA-induced (675.0 kDa± 
0.34 and 677.8 kDa±0.34) protein prepared from non-frozen and frozen plasma, respectively, correspond well 
to the calculated molecular mass of tetrameric hα2M (643.2 kDa) based on ProtParam (Gasteiger et al., 2005) 
and considering polyglycosylation of the protein. No differences in the two protein preparations could be 
detected. 
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Functional analysis hα2M  

 

Human α2M is a pan-peptidase inhibitor, meaning it can inhibit peptidases 

irrespective of their catalytic types. Here we evaluated the inhibitory capacity of α2M 

purified from frozen and non-frozen fresh plasma against the serine peptidase trypsin and 

the metallopeptidase thermolysin. Activity of treated and non-treated peptidases were 

analysed towards green-fluorescent BODIPY casein and two natural protein substrates, α-

casein and fibrinogen (Fig.2). As induced α2M molecules lost their inhibitory capacity, 

heterogeneity of native α2M samples (e.g., presence of induced forms) can be studied by 

assaying the inhibition stoichiometry, considering that one tetrameric hα2M can 

simultaneously inhibit two medium-sized peptidase molecules such as trypsin and 

thermolysin (20 to 30 kDa). Thus, we tested the inhibitory capacity at different tetrameric 

hα2M to peptidase ratios, ranging from 4:1 to 1:4. Prior enzymatic measurement, inhibitor 

and peptidase were pre-incubated for 10 minutes at room temperature to enable complex 

formation. The proteolytic activity of the α2M/peptidase sample was then evaluated at 37ºC 

towards three different substrates. 

The inhibitory capacity of α2M against trypsin and thermolysin using BODIPY 

casein as substrate was calculated after 30 and 10 minutes, respectively. α2M inhibitory 

capacity was derived from the relative protease activity of α2M-treated sample versus 

uninhibited peptidase activity. As expected, when α2M/peptidase ratios are 1/2 or higher 

(e.g., 1/1), there is no significant trypsin activity (Fig.2A). However, if only one α2M 

tetramer is available for four peptidase molecules (1/4 ratio), and considering that the 

inhibitor can entrap up to two peptidases, two peptidase molecules remain uninhibited and 

thus will efficiently cleave and deplete the available substrate. Furthermore, α2M covalently 

entraps the prey peptidases but does not necessarily catalytically inactivate them. Thus, the 

entrapped peptidases can still cleave smaller substrates capable of accessing the a2M cavity 

in the closed conformation, and maybe explaining the low residual trypsin activity observed 

despite excess of inhibitor. Similar results were obtained for the inhibition of thermolysin 

(Fig.2B). As thermolysin showed an overall much higher catalytic efficiency, activities were 

calculated after a shorter incubation time. Importantly, the inhibitory activity of the α2M 

samples purified from frozen and non-frozen plasma were almost indistinguishable against 

both peptidases. 
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α2M inhibition of trypsin and thermolysin towards natural substrates was evaluated 

by SDS-PAGE analysis (Fig.2C–F). Inhibition of trypsin activity was evaluated 90 minutes 

after the addition of the pre-incubated α2M/peptidase mixtures to the α-casein or fibrinogen 

substrates (Fig.2C,E). Uninhibited trypsin degraded all the available α-casein and fibrinogen 

(Fig.2C,E; lanes SP). Complete α-casein degradation was also observed for the 1/4 ratio, 

but not in the samples with sufficiently high inhibitor concentrations. The same pattern was 

observed for fibrinogen degradation. In the 1/4 ratio, α2M inhibited approximately half of 

the peptidase activity, thus slowing down substrate degradation ─ evident by the presence 

of a thicker fibrinogen γ-chain band. 

The shorter incubation times and lower amounts of peptidase used for the 

thermolysin-based assay (Fig.2D,F) resulted in incomplete substrate degradation for 

Figure 2: Inhibitory in vitro studies of the α2M-tetramer. Inhibition of (A) trypsin and (B) thermolysin activity 
against the fluorescence-based BODIPY FL-casein substrate. Percentages of remaining activity are represented as 
means and standard deviations of three independent experiments. (C to F) SDS-PAGE-based inhibition assay using 
different ratios of tetrameric hα2M to protease while keeping the protease concentration constant. Inhibition of 
trypsin activity against (C) α-casein and (E) fibrinogen, and inhibition of thermolysin activity against (D) α-casein 
and (F) fibrinogen are shown. “S” and “SP” lanes correspond to substrate-alone and substrate incubated with 
uninhibited protease, respectively. 
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uninhibited protease, as seen by fading of the α-casein band and incomplete degradation of 

the fibrinogen β- and γ-chain. As expected, addition of the α2M tetramer to thermolysin in 

a 1/4 ratio is not enough to prevent proteolytic cleavage of the substrates (Fig.2D,F). 

Intriguingly, thermolysin partially degraded α-casein but not fibrinogen in the presence of 

α2M at a 1/2 ratio. This might originate either from (i) inaccuracies during protein 

concentration measurements, (ii) minor pipetting errors, or most likely, (iii), better access of 

α-casein to the α2M-cage due to its lower MW compared to fibrinogen. Noteworthy, subtle 

residual activity could be detected in all scenarios, independent of the source of the α2M 

preparation, and overall, both α2M preparations showed highly comparable inhibitory 

profiles. 
 



 
 

 

 

 

 

 

 

 

 

 

 

General Discussion 
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The present PhD thesis focused on the structural and functional analysis of proteins 

implicated in the regulation of distinct proteases, namely RECK, IMPI and h⍺2M. The 

results obtained significantly advance our knowledge about these key molecules, their roles 

in distinct (patho)physiological processes, and their intricate mechanisms of action. The 

study of these protease regulators and their respective protease targets was summarized in 

three separated chapters (Projects 1, 2 and 3) and their discussions are elaborated below. 

 

 

D1: “Analysis of the inhibiting activity of reversion-inducing cysteine-rich 

protein with Kazal motifs (RECK) on matrix metalloproteinases” 
 

The first project of the thesis aimed to study the inhibitory capacity of RECK, the 

reversion-inducing cysteine-rich protein with Kazal motifs, a protein essential for 

embryogenesis and tumour progression, and described to act as an MMP inhibitor. Reduced 

RECK levels have been associated with higher tumour invasiveness and metastasis in 

various tumours. Therefore, RECK has been suggested by several research groups as a useful 

diagnostic and prognostic marker and even as a potential therapeutic target. These studies 

motivated us to further investigate the structure of this suggested MMP inhibitor as well as 

its mechanism of action. 

 

D 1.1: Preparation of protein samples 

According to the literature available at the beginning of this project, secreted and 

membrane-released RECK protein (e.g., after proteolytic removal of the C-terminal GPI 

anchoring sequence and consequent release of the soluble ectodomain to the extracellular 

space, and hence termed RECKΔC), along with a RECK variant comprising only the Kazal-

like (KL) domains KL2 and KL3, had reported inhibitory activity against MMPs in vitro 

(Chang et al., 2008; Miki et al., 2007; Muraguchi et al., 2007; Oh et al., 2001; Omura et al., 

2009; Takahashi et al., 1998). Since there were severe discrepancies in the defined 

boundaries of the KL domains in those studies (Chang et al., 2008; Takahashi et al., 1998), 

we performed a structure prediction using RaptorX of the V600–A800 RECK segment, 

concluding that KL123 and KL23 variants must span segments V621–S797 and T697–S797, 

respectively. Both variants, containing a C-terminal His6-tag, were produced 

periplasmatically in E. coli Lemo21 cells, where the oxidizing environment allows proper 
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disulphide-bond formation and protein folding. I obtained high yields of non-classical 

inclusion bodies for both proteins, as previously described by Jevševar et al. (2008), which 

were treated with a chaotropic agent and a detergent under non-reducing conditions and 

further purified by affinity chromatography (AC) and size exclusion chromatography (SEC). 

The obtained proteins were highly pure, soluble, did not aggregate when concentrated and 

behaved as monomers in gel filtration (based on calibrated SEC runs, KL123 and KL23 

migrated according to 26 and 16 kDa, respectively; data not shown), indicating that the 

proteins were well folded. 

RECKΔC (G27–S942) with a C-terminal His6-tag was purified from the conditioned 

medium of Expi293 cells transiently transfected according to a protocol previously 

established in the lab (Marino-Puertas et al., 2019). The protein was purified by AC and 

SEC, with a final yield of 0.8 mg per litre of expression. Pure RECKΔC analysed by SEC-

MALLS showed a molecular mass of 111 kDa, which is in agreement with the theoretical 

protein mass (101.9 kDa, according to Expasy ProtParam (Gasteiger et al., 2005) plus 

glycosylation (5 N-glycosylation sites are reported) and indicates that also the full-length 

protein is monomeric. This diverges from other studies reporting that RECK is a dimer 

(Omura et al., 2009). Additionally, RECKΔC was also obtained from S2 and ExpiCHO 

expression systems but with lower yields (0.2 and 0.5mg/L expression, respectively), and 

requiring a more laborious purification protocol (data not shown). Lastly, RECK variant 

FRAG-1 was produced by limited proteolysis of RECKΔC with the MMP-14 catalytic 

domain (CD). FRAG-1, corresponding to the C-terminal part of full-length protein (I486–S942 

and thus containing all KL domains, was further purified by SEC. 

A MMP-14 CD purification protocol was adapted from (Itoh, 2001). MMP-14 CD 

was produced in E. coli BL21(DE3) cells as inclusion bodies and purified by IEC under 

denaturing conditions, refolded under dialysis, and further purified by SEC. 

 

D 1.2: Proteolytic contamination and additional purification steps 

After purification by AC and SEC, recombinant RECKΔC produced from Expi293 

cells presented high purity (>98%). Nonetheless, it underwent cleavage over time, which 

could be (i) prevented by the addition of the EDTA-free Roche cOmplete inhibitor cocktail 

free, (ii) slowed down by o-phenanthroline, a general inhibitor of zinc-metallopeptidases, 

and (iii) speeded up by storage at 37ºC. The storage of RECKΔC sample at 4ºC prevented 

proteolysis in the short term (2 to 3 days), as confirmed by SEC. The cleavage products 

caused by this protease impurity were analysed by N-terminal sequencing using Edman 
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degradation, which revealed that the C-terminal fragment of approximately 50 kDa results 

from a cleavage before the G484 comprising RECK KL1-KL3 domains. Notably, this 

cleavage occurs right before the one we identified for MMP-14 CD. Thus, we termed the 

fragment likewise FRAG-1. Since partially purified RECKΔC had shown in initial assays 

slight inhibition of MMP-14 CD (data not shown), we hypothesized whether RECKΔC 

cleavage is essential to yield a species with MMP inhibitory activity. Therefore, FRAG-1 

derived from the limited proteolytic cleavage at I486 by MMP-14 CD was included in 

subsequent inhibitory assays. 

 To unveil the nature of the protease contaminant, I incubated partially purified 

RECKΔC with human plasma fibrinogen, and indeed, degradation of this general peptidase 

substrate was observed. Next, I tested various peptidase inhibitors and could show that 

AEBSF fully abolished fibrinogen cleavage. AEBSF is an irreversible inhibitor of serine 

peptidases, which covalently reacts with the hydroxyl group of the active-site serine and thus 

inactivates the enzyme. Similar inhibition was observed using the Roche cOmplete EDTA-

free inhibitor cocktail, which likewise includes AEBSF but lacks general metallopeptidase 

inhibitors. Thus, I adapted the RECKΔC purification protocol by including an incubation 

step with AEBSF prior the final polishing by SEC. These RECKΔC samples lacking 

fibrinolytic activity were subsequently used for inhibitory studies. Regarding FRAG-1 

derived from RECKΔC processed with MMP-14, these preparations did not contain the 

proteolytic activity, confirming the complete removal of MMP-14 CD by SEC. 

Interestingly, RECKΔC produced from the insect and CHO-based expression 

systems did not contain this protease contaminant, as evident by the absence of fibrinolytic 

activity in these RECK preparations. To check if this AEBSF-sensitive protease contaminant 

is specific to RECKΔC overexpression, I tested also another protein produced in the same 

expression system at that time, i.e. the N-terminal fragment of the proteoglycan testican-3 

(N-TES), a calcium binding protein which has been suggested to be an MMP-14 and MMP-

16 inhibitor (Nakada et al., 2001). Notably, we detected a similar proteolytic activity towards 

fibrinogen, which again could be eradicated by AEBSF and an AEBSF-containing inhibitor 

cocktail. However, two proteases (ADAMTS-13 and neprosin) studied in our laboratory, 

obtained from the same expression system and similarly purified did not contain this 

peptidolytic contaminant (data not shown). 
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D 1.3: Inhibition studies of RECK 

 Highly pure RECK preparations (RECKΔC, FRAG-1, KL123 and KL23) were 

assessed for their inhibitory activity against MMP-2, MMP-7, MMP-9 and MMP-14 CDs 

using both peptide and protein substrates with up to 100-fold molar excess of the putative 

inhibitor RECK. Fluoresceine-conjugated gelatin was employed for assaying APMA-

activated MMP-2, MMP-7, and MMP-9, while MMP-14 CD activity was tested against the 

fluorogenic peptide FS-6. Additionally, inhibition of MMP-2 and MMP-7 activity against 

plasma fibronectin was assayed at tenfold molar excess of RECKΔC by Western blot. 

Importantly, none of the RECK variants or BSA, which was used as a negative control, 

displayed proteolytic activity on their own. 

 However, while o-phenanthroline showed concentration-dependent MMP inhibition, 

BSA and, strikingly, none of the RECK variants presented any inhibitory capacity against 

the tested MMPs. Of course, we cannot exclude indirect effects between RECK and MMPs, 

but based on our data and highly purified protein preparations, despite of RECK cleavage, 

no interaction between the two proteins could be observed, indicating that RECK is not a 

direct inhibitor of MMP activity. 

 

D 1.4: Crystallographic study of RECK protein 

 Highly pure RECKΔC obtained from S2 and Expi293 expression systems was used 

to set initial crystallisation plates, at both 4ºC and 20ºC, in vapour-diffusion sitting-drop 

format. We tested both preparations as insect and mammalian glycosylation pathways differ, 

and as glycosylation can strongly impact crystallisation. We did not succeed in crystallizing 

RECKΔC. Notably, the currently available predicted model by AlphaFold presents various 

loops with low confidence score, which suggest structural flexibility. Moreover, due to its 

size and composition of several domains, interdomain flexibility may further hamper 

crystallisation. 

 Finally, as I did not manage to crystallize RECKΔC and motivated by the work by 

Omura et al. (2009), we tried to tackle the RECK structure also through cryo-electron 

microscopy (cryo-EM). We prepared negative staining grids, in which a full field of small 

proteins could be detected. Despite the negative stanning results were not promising, we 

attempted to vitrify some grids. Unfortunately, the vitrified grids did not present enough 

quality to proceed further. 

  



 155 

D2: “An engineered protein-based submicromolar competitive inhibitor of the 

Staphylococcus aureus virulence factor aureolysin” 
 

The second project of this thesis focused on the study of the insect metallopeptidase 

inhibitor (IMPI), a potential inhibitor of the major S. aureus virulence factor aureolysin. The 

advent of antibiotic resistant S. aureus strains requires the development of new therapeutic 

molecules that target those pathogens. Here, we tested the inhibitory capacity of the M4-

specific inhibitor IMPI against aureolysin and compared it with the inhibitory efficiency of 

a cohort of IMPI variants. 

 

D 2.1: Assessment of wild-type IMPI as an aureolysin inhibitor and initial protein 

redesign 

The mature form of wild-type IMPI (I20–S88) was expressed with an N-terminal and 

TEV-cleavable His6-thioredoxin tag using E. coli BL21(DE3) Origami2 cells, while 

aureolysin was isolated from S. aureus (V8 BC-10 strain) cultures. Both proteins were 

extensively purified to homogeneity.  

To determine the effect of IMPI on aureolysin activity, the inhibitor was evaluated at 

distinct molar ratios ranging from 1:1 to 1:200 using both a protein and peptide substrate. 

Thermolysin, the prototypical member of the M4 family of metallopeptidases, and ulilysin, 

a member of the pappalysin family M43 (Huesgen et al., 2015; Tallant et al., 2006), were 

used as controls. As expected, IMPI efficiently inhibited thermolysin but did not impact 

ulilysin activity, which is in agreement with its role as a specific inhibitor of M4 

metalloproteases. Importantly, aureolysin was likewise inhibited in a dose-dependent 

manner, especially when using the peptide substrate, but not as efficiently as thermolysin. 

The analysis of the superimposed structures of unbound aureolysin (Banbula et al., 

1998) with thermolysin in complex with wild-type IMPI (Arolas et al., 2011) made us 

hypothesize that replacement of the main specificity determinant of IMPI, P1’ residue I57 

with a bulkier residue could potentially lead to stronger inhibition of aureolysin.  

Therefore, I produced the IMPI I57F mutant as described previously for the wild-type 

protein and used it for further analysis.  
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D 2.2: Overall structure of the IMPI-aureolysin complex  

 I successfully crystallised aureolysin in complex with wild-type IMPI and the IMPI 

I57F variant in the tetragonal crystallographic space group P41. Both crystal structures 

contained two complexes per asymmetric unit (a.u.) and were solved by molecular 

replacement. Superimposition of the two structures revealed that they were equivalent.  

IMPI presents a spearhead shape whose tip is formed by a “reactive-site bond” (RSB; 

N56–I57) within the “reactive-centre loop” (RCL; spanning from C52 to C59). IMPI is 

structurally rigid owing to its five disulphide bonds and it exhibits four β-strands and one ⍺-

helix. The structure of mature aureolysin in its unbound form was previously described by 

Banbula et al. (1998). It complies with that of M4 family members, so its N-terminal 

subdomain (NSD; A209-A363) is mostly constituted by β-strands but also comprises a so-

called “backing helix” and an “active-site helix”. The latter resides at the interface of the 

NSD and the C-terminal subdomain (CSD), and contains the H352ExxH motif characteristic 

for metallopeptidases. The CSD on the other hand provides the third proteinaceous zinc 

ligand, specifically glutamate E376, from its gluzincin helix. Furthermore, glutamate E352 acts 

as a general acid/base for the cleavage reaction (Bode et al., 1993; McKerrow, 1987). The 

CSD (N364 to E509) is mainly constituted by ⍺-helices. It starts with the “glutamate helix” 

typical for gluzincins (“gluzincin helix”) and is followed by a long irregular segment, which 

encompasses three calcium ions important for protein stabilization. Furthermore, this 

segment shapes the bottom of the active-site cleft on its primed side, including the 

hydrophobic S1’ pocket, accountable for the substrate specificity of aureolysin and other 

thermolysin-like metallopeptidases (Gomis-Rüth et al., 2012). Aureolysin and thermolysin 

differ particularly in two elements: while aureolysin presents a flap in the NSD (N312–N321) 

protruding from the surface above the active-site cleft, thermolysin exhibits a salient β-

ribbon overhang on the CSD surface.  

In agreement with the previously described IMPI-thermolysin complex, we observed 

that the IMPI variants inserted like a wedge into the aureolysin active-site cleft. The main 

interaction interface is formed between the RCL and the flanking scaffold loop of IMPI with 

the protease flap and the substrate binding pockets of aureolysin. Notably, while the N- and 

C-terminal subdomains of unbound thermolysin undergo a relative 5º-rotation upon 

substrate binding (Hausrath & Matthews, 2002), the superimposed structures of unbound 

(Banbula et al., 1998) and IMPI-bound aureolysin demonstrated only minor differences in 

the orientation of the aureolysin subdomains. This indicates that aureolysin, contrary to 
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thermolysin, P. aeruginosa elastase, and B. cereus neutral proteinase (Banbula et al., 1998), 

does not present a closing hinge motion upon substrate or inhibitor binding.  

 

D 2.3: IMPI inhibits aureolysin via the standard mechanism 

The IMPI RCL enters the aureolysin active-site cleft by occupying the S4-S1’ 

pockets through residues P53-I/F57. We observed that the IMPI reactive-site bond was 

cleaved at N56￬I/F57 in the crystals and confirmed this cleavage in vitro through incubation 

of both wild-type IMPI and I57F-IMPI with aureolysin. We showed that IMPI inhibits 

aureolysin through the so-called “standard mechanism of inhibition” typical of serine 

peptidase inhibitors (Bode & Huber, 1992; Laskowski & Kato, 1980), however differing 

from the latter by exhibiting a more expeditious cleavage speed(Ascenzi et al., 2003). These 

results confirm the data obtained for the IMPI complex with thermolysin (Arolas et al., 2011) 

and identify IMPI as a unique inhibitor, which despite being cleaved maintains its rigid 

overall structure, likely due to its five disulphide. Importantly, as in the thermolysin 

complex, the cleaved RSB of IMPI is positioned for re-joining also in the complex with 

aureolysin, as required in the standard mechanism of inhibition (Laskowski & Qasim, 2000). 

 

D 2.4: IMPI redesign 

The analysis of the aureolysin-IMPI complex crystal structures determined here 

revealed five RCL positions (namely T50, I54, I55, I57 and R58) ideal for mutagenesis and 

modulating inhibitor specificity. Consequently, in addition to wild-type and I57F-IMPI, I 

prepared nine single (T50Q, T50R, T50Y, I54M, I55R, I55W, I55Y, I57Y, R58E) mutants, one 

double mutant (T50Y+I55R), and one triple mutant (T50Y+I55R+I57F). All IMPI variants were 

expressed and purified as described for the wild type. The inhibitory efficiency of the IMPI 

variants against aureolysin at molar ratios of 1:1 to 1:100 was evaluated towards the 

fluorogenic peptide FRET4 (Abz-Y-G-K-R-V-F-K[dpn]–OH) and compared with the wild 

type. Notably, the R58E mutant did not inhibit aureolysin at all, although its behaviour during 

purification and its inhibition of thermolysin (although approximately 200-fold weaker than 

wild-type IMPI) indicated that it was properly folded although functionally impaired to 

inhibit M4 peptidases. All other variants presented a concentration-dependent inhibition of 

aureolysin, some displaying residual activity values comparable to wild-type IMPI (3 to 8% 

at the highest molar ratio) and others showing weaker inhibition (17% to 58%). The Ki values 

of the variants were derived from calculated IC50 values. Notably, the Ki values of the IMPI 
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variants with strongest inhibitory activity were in the low micromolar range (346 to 644 nM) 

while those of the weaker variants were micromolar (1220 to 4520 nM). IMPI variant I57F 

presented the highest inhibition among all constructs evaluated (Ki = 346nM), thus providing 

a useful basis for the further development of IMPI-based aureolysin inhibitors.  

 

 

 

D3: “⍺2M samples purified from frozen and unfrozen fresh plasma present no 

significant structural or functional differences” 
 

The third project of this thesis represents a highly collaborative work developed by 

researchers of complementary backgrounds and aimed to dissect the molecular mechanism 

of action of the major protein inhibitor of human blood plasma, h⍺2M. Reviewer comments 

during the publishing process of our hα2M structures paper in Proc. Natl. Acad. Sci. USA 

(Luque et al., 2022) compelled us to further investigate and compare the quality of our h⍺2M 

samples purified from fresh frozen plasma with samples obtained from fresh non-frozen 

plasma. While it is well accepted in the field that freeze-thaw of purified hα2M protein 

preparations is detrimental to its inhibitory function, we believe (like many others) that the 

complex composition of plasma is protective during freeze/thaw and that thus hα2M from 

frozen fresh plasma is fully functional. To test this, we prepared several experiments that put 

the structural and functional heterogeneity of differently purified h⍺2M to the test.  

 

D3.1: Assessment of structural and functional heterogeneity of h⍺2M samples 

The fresh non-frozen plasma samples used in this study were kept at 4º C and used 

for protein purification within twenty-four hours of blood donation. For the frozen plasma, 

the freezing method was designed to mimic the freezing protocol at the blood bank, which 

allows aseptic manipulation and quick sample freezing (-30 ºC in 1h). To do so, the plasma 

samples were aliquoted in 50 mL tubes at half capacity and placed at -20 ºC with an 

inclination angle of 60–50º to extend the freezing surface while avoiding contact of the 

sample with the tube lid. Complete plasma freezing was achieved after two hours. 

Native tetrameric hα2M is found in an open and flexible conformation in human 

plasma, ready to accommodate its peptidase targets. Its inhibitory mechanism relies on a 

structural rearrangement into a closed conformation, in which the prey peptidases are 
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entrapped upon inhibitor cleavage and thus no longer have access to their substrates. Nearly 

simultaneously, surface-located lysine residues of the trapped peptidase attack a prominent 

and due to the structural rearrangement now accessible thioester bond in hα2M, and thus, a 

covalent complex between the peptidase and inhibitor is formed. A similar closed 

conformation can be obtained by incubation of native hα2M with the small nucleophile 

methylamine (MA), which can diffuse into the hα2M central lumen and directly attack the 

thioester bond, thereby inducing the aforementioned structural rearrangements, which 

ultimately lead to the exposure of the recognition binding domain (RBD). Activated hα2M 

is efficiently removed from the circulation, and thus hα2M purified from human plasma 

contains almost exclusively molecules in their native form. However, during protein 

manipulation, hα2M induction might occur and provoke sample heterogeneity, as induced 

α2M is incapable of entrapping and inhibiting target peptidases, thus impairing the expected 

inhibition stoichiometry. 

Altogether, our experiments demonstrated that α2M samples purified from frozen 

and non-frozen fresh plasma (i) have identical electrophoretic migration patterns when 

analysed by Native PAGE, (ii) show indistinguishable UV absorbance profiles and molar 

mass distributions in SEC-MALLS, and (iii) exhibit equally low concentrations of free-

thiol groups quantified using Ellman's reagent. Furthermore, using three different 

substrates, no differences in inhibitory capacity were detected against the serine peptidase 

trypsin or the metallopeptidase thermolysin. Thus, we conclude that ha2M preparations 

from frozen versus non-frozen fresh plasma are indeed identical and that a single plasma 

freeze-thaw cycle does not detrimentally affect homogeneity and functionality of the α2M 

preparation, rendering fresh-frozen plasma (FFP) an excellent source of native hα2M. 

 
 



 



 
 

 

 

 

 

 

 

 

 

 

Conclusions 
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Project 1: “Analysis of the inhibiting activity of reversion-inducing cysteine-rich protein 

with Kazal motifs (RECK) on matrix metalloproteinases” 

 

• We established a total of four expression systems for the production of highly-pure 

RECK variants. The main form of interest, RECKΔC, which represents full-length 

RECK lacking the C-terminal GPI anchoring signal, was produced in one insect and two 

mammalian expression systems with high yields. Additionally, RECK K123 and K23 

were efficiently produced periplasmatically in E. coli cells. 

• RECK fragments K123 and K23 were produced in non-classical inclusion-bodies, 

yielding highly pure samples after mild treatment with a chaotropic agent and detergent 

and further affinity and size exclusion chromatography purification steps. 

• Notably, RECKΔC samples prepared from Expi293F cells, but not from S2 or ExpiCHO 

cells, presented a contaminant with proteolytic activity. This background activity was 

sensitive to AEBSF, a serine peptidase inhibitor. Consequently, we added an AEBSF 

incubation step to our RECKΔC purification protocol prior size exclusion 

chromatography, yielding crystallisation grade protein preparations without detectable 

proteolytic activity. 

• Cleavage of partially purified RECKΔC by the contaminant peptidase generated three 

main fragments which were analysed by N-terminal Edman degradation. Only the larger 

fragment of approximately 50 kDa could be identified and pointed to the C-terminal half 

of RECKΔC containing the KL1-KL3 domains. Thus, we tested whether this proteolytic 

processing of RECKΔC could be a prerequisite for its full inhibitory activity. To test this 

hypothesis, we prepared a RECK variant termed FRAG1 (I486–S942) through limited 

proteolysis with MMP-14 catalytic domain for further use in subsequent inhibitory 

experiments. 

• The inhibitory capacity of RECK variants was tested against various MMPs (MMP-2, 

MMP-7, MMP-9 and MMP-14 catalytic domain). MMP activity was analysed using 

(quenched) fluorescent substrates, namely DQ gelatin and FS-6 and Western blotting to 

analyse cleavage of the natural MMP substrate human plasma fibronectin (pFN).  

• Strikingly, none of the analysed RECK variants presented MMP inhibition, indicating 

that RECK is not a direct inhibitor of MMPs activity. Furthermore, our hypothesis, that 

RECK is initially translated as an inactive proform that needs proteolytic activation to 

render its Kazal domains inhibitory active, could not be verified. Thus, despite the 
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reported molecular interplay between RECK and MMPs published by others, our data 

clearly show that RECK is not a direct inhibition of MMPs activity. 

 
 
Project 2: “An engineered protein-based submicromolar competitive inhibitor of the 

Staphylococcus aureus virulence factor aureolysin”  

 

• IMPI is a small protein-based inhibitor specific of thermolysin-like proteases (MEROPS 

family M4). Here we analysed the inhibitory capacity of wild-type IMPI recombinantly 

produced in E. coli against aureolysin, a M4 TLP and key virulence factor produced by 

the pathogen S. aureus. We observed that wild-type IMPI indeed inhibits aureolysin in a 

dose-dependent manner. However, its inhibitory efficiency was lower than against 

thermolysin.  

• Analysis of the superimposed structures of aureolysin and thermolysin complexed with 

IMPI suggested that replacement of residue I57 by a bulkier residue might improve 

aureolysin inhibition. Therefore, we produced and purified IMPI I57F mutant in similar 

fashion as wild-type IMPI. 

• We crystallised both wild-type IMPI and the IMPI I57F variant in complexes with 

aureolysin, and solved the complex structures, which were almost identical, by molecular 

replacement. As described previously by our lab for the IMPI-thermolysin complex, both 

IMPI variants were inserted wedge-like into aureolysin active-site cleft, with I/F57 

residing at the tip. Interestingly, the comparison of our complex structures with the 

available structure of unbound aureolysin revealed that the relative orientation of its N- 

and C-terminal subdomains remains unaltered upon inhibitor binding, while for 

thermolysin and other members of the M4 family, a distinct hinge bending motion is 

described. 

• Additionally, our crystal structures of IMPI in their aureolysin complexes revealed that 

IMPI follows the standard mechanism of inhibition, which is typically associated with 

inhibitors of serine peptidases. This means that the inhibitor is bound in substrate-like 

manner, but proteolytic turnover is extremely slow, thus rendering the substrate an 

inhibitor. Furthermore, as the IMPI overall structure is heavily stabilized by five 

disulphide bonds evenly distributed across the structure, protease cleavage does not 

impact the structure. This is in perfect agreement with what was reported by Arolas et 
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al. (2011) for the complex of wild-type IMPI and thermolysin. Analysis of the protein-

protein interface between IMPI and aureolysin in our complex structures revealed five 

positions within the IMPI reactive-centre loop that could but mutated to yield a stronger 

or more specific inhibitor of aureolysin. We prepared a total of eleven IMPI variants 

through single, double, and triple mutations, and compared them with wild-type IMPI. 

Notably, only one of them, R58E, could not inhibit aureolysin. All others could be divided 

into two major groups: one with inhibitory activity similar to wt-IMPI (i.e., with Ki 

values ranging from 346 to 644 nM), and one displaying weaker inhibition (i.e., Ki 

values between 1220 and 4520 nM). Among all IMPI variants, I57F-IMPI revealed the 

highest inhibitory capacity against aureolysin (Ki=346nM), and thus represents a good 

candidate for further development of IMPI-based inhibitors for the key S. aureus 

virulence factor aureolysin.   

 

 

Project 3: “α2M samples purified from frozen and unfrozen fresh plasma present no 

significant structural or functional differences” 

 

• We purified α2M from non-frozen and frozen fresh plasma and compared the structural 

and functional homogeneity of both preparations through a variety of experiments. The 

biophysical properties were analysed through (i) Native-PAGE, (ii) SEC-MALLS, and 

(iii) free-thiol content using Ellman’s reagent. Furthermore, their functional properties 

were assessed through inhibitory assays against the serine peptidase trypsin and the 

metallopeptidase thermolysin using different substrates and both quenched fluorescent 

and SDS-PAGE-based cleavage assays. None of the experiments performed revealed 

any significant difference between the analysed α2M preparations, indicating that 

frozen-fresh plasma (FFP) is an excellent source of native α2M, and that freezing in the 

context of plasma (but not necessarily as purified protein) does not trigger detrimental 

activation of α2M 
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The digestion of gluten generates toxic peptides, among which a highly immunogenic proline-
rich 33-mer from wheat ⍺-gliadin, which trigger coeliac disease. Neprosin from the pitcher 
plant is a reported prolyl-endopeptidase. We produced recombinant neprosin and 11 mutants, 
and found that full-length neprosin is a zymogen, which is self-activated at gastric pH by the 
release of an all-β pro-domain via a pH-switch mechanism featuring a ‘lysine plug’. The 
catalytic domain is an atypical 7+8-stranded β-sandwich with an extended active-site cleft 
containing an unprecedented pair of catalytic glutamates. Neprosin efficiently degraded both 
gliadin and the 33-mer in vitro under gastric conditions and was reversibly inactivated at pH>5. 
Moreover, co-administration of gliadin and the neprosin zymogen at 500:1 reduced the 
abundance of the 33-mer in the small intestine of mice by up to 90%. Neprosin therefore founds 
a new eukaryotic family of glutamate endopeptidases that fulfils requisites for a therapeutic 
‘glutenase’

Coeliac disease (CoD) is a chronic 
autoimmune enteropathy that affects 
individuals with genetic and environmental 
sensitization to dietary gluten, a group of 
cereal prolamin storage proteins rich in 
proline and glutamine [1, 2]. Prolamins that 
trigger CoD include gliadin and glutenin in 
wheat, hordein in barley, and secalin in rye. 
Intestinal damage can be inflicted by as little 
as ~10 mg of dietary gluten per day [3], which 
is <0.1% of the amount found in a typical 
western diet [2]. CoD is a global health burden 
across all age ranges, with a worldwide 
serological prevalence of 1.4% [4] that 

increases by 7.5% every year [5]. The disease 
is caused by partially degraded gluten 
peptides, including a 33-residue fragment of 
wheat ⍺-gliadin (‘33-mer’) that is 
immunogenically the most relevant [2, 6]. 
These peptides resist further cleavage by 
gastric, pancreatic and intestinal brush-border 
membrane peptidases owing to their high 
proline content (13 in the 33-mer). In coeliacs, 
they cross the mucosal epithelium of the small 
intestine, where the glutamine residues are 
deamidated by tissue transglutaminase. This 
enhances the affinity of the peptides for the 
DQ2.5/DQ2.2 and DQ8 alleles of the human 



 

leukocyte antigen (HLA) receptor, which are 
necessary for the development of CoD [2]. 
Receptor binding triggers a severe pro-
inflammatory autoimmune response mediated 
by T cells, with intestinal effects including 
intraepithelial lymphocytosis, crypt 
hyperplasia, atrophy of small-intestine villi 
and mucosal inflammation [2]. These lead to 
the chronic malabsorption of nutrients, 
diarrhoea, vomiting, bloating, abdominal pain 
and intestinal lymphomas. Extra-intestinal 
manifestations include delayed puberty, 
osteoporosis, axonal neuropathy and 
cerebellar ataxia [7], which reduce the life 
expectancy of coeliacs. There is no treatment 
for CoD, so patients must adhere to a lifelong 
strict gluten-free diet, which restores the 
normal architecture of the intestinal villi [2]. 
However, gluten-free diets do not provide 
balanced nutrition [7], and many coeliacs 
suffer intestinal symptoms even with 
adherence to such dietary restrictions [8, 9]. 
Moreover, gluten is found in most processed 
foods and medicines, making dietary 
compliance challenging in western societies 
[2]. This has created a demand for effective 
CoD therapies. 

One promising approach is the 

development of endopeptidases that cleave the 

toxic peptides and would thus act as bona fide 
‘glutenases’ for oral enzyme therapy [10, 11, 

12], reminiscent of lactase tablets for lactose 

intolerance [13]. Such an approach would also 

benefit patients suffering from non-coeliac 

gluten sensitivity, which has a worldwide 

prevalence of up to 13%, and irritable bowel 

syndrome, with a prevalence of <0.5% [8, 14, 

15]. A candidate glutenase must fulfil certain 

criteria for clinical application. First, it should 

work in the stomach during digestion, before 

the gastric bolus passes into the duodenum 

and initiates the autoimmune response, and 

thus must remain stable and active in the 

acidic gastric environment (pH ~2.5) as well 

as resisting gastric pepsin. Second, a 

reasonable dose should efficiently digest 

gliadin and the 33-mer when combined with 

pepsin under gastric conditions, which 

requires the processing of large quantities of 

dietary protein. Third, it should not harm 

intestinal structures or inhibit nutrient 

absorption, and thus ideally should be inactive 

at the slightly acidic postprandial pH of the 

duodenum [16]. 

The therapeutic potential of several 

glutaminyl and prolyl endopeptidases (PEPs) 

has been assessed, representing various 

catalytic classes and diverse sources including 

bacteria, fungi, insects and germinating 

cereals [7, 10, 11, 12]. These include a serine 

PEP from Aspergillus niger [10, 17]; STAN1, 

a combination of A. niger aspartate 

aspergillopepsin and Aspergillus oryzae serine 

dipeptidyl-peptidase IV [18]; latiglutenase, a 

combination of a glutamine-specific cysteine 

peptidase from barley and a modified serine 

prolyl-specific oligopeptidase from 

Sphingomonas capsulata [19]; subtilisin-type 

serine endopeptidases from the natural oral 

colonizers Rothia aeria and Rothia 
mucilaginosa [11]; and the synthetic enzymes 

KumaMax and Kuma062/TAK-062, 

developed by the computational redesign of 

kumamolysin, a serine endopeptidase from the 

bacterium Alicyclobacillus sendaiensis [20]. 

However, none of these candidates fulfils all 

of the above requirements. The current 

frontrunners do not show high activity under 

gastric pH conditions and/or require 

extremely high doses or protective 

modifications such as PEGylation or 

microencapsulation. Accordingly, clinical 

trials have not yet achieved significant clinical 

remission in coeliacs and have not 

demonstrated the ability of these enzymes to 

replace a gluten-free diet [12]. Worse, many 

so-called enzyme preparations currently sold 

over the counter as CoD dietary supplements 

do not inactivate toxic gluten peptides and 

thus represent a hazard for coeliacs [21]. 

Neprosin is a 380-residue endopeptidase of 

unknown class and mechanism, currently 

assigned to family U74 in the MEROPS 

database (www.ebi.ac.uk/merops; [22]). It is a 

PEP that was discovered in the digestive fluid 

of the carnivorous plant Nepenthes × ventrata, 

which traps prey animals in its pitcher [23, 24, 

25, 26]. The enzyme might have a function in 



 

protein metabolism during prey digestion 

and/or defence [23]. In combination with 

other peptidases from the digestive fluid, it has 

been identified as part of a potential glutenase 

preparation [24]. Purified neprosin is also 

considered useful reagent for proteomics [25, 

26].  

Here, we established a human recombinant 

production system to produce high yields of 

neprosin. We determined its mechanism of 

activation in vitro as well as its thermal 

stability, pH profile, general proteolytic and 

peptidolytic activities, and susceptibility to a 

panel of peptidase inhibitors. We also tested 

cleavage of gliadin and the 33-mer in vitro to 

evaluate the ability of neprosin to act as a solo 

glutenase. Moreover, we evaluated the effect 

of recombinant neprosin on the processing of 

gliadin in mice. Finally, we crystallized and 

solved the structure of the neprosin zymogen 

and its mature form in product-mimicking 

complexes. These data revealed the 

mechanism of latency, the overall and active-

site architectures, catalytic mechanism and 

peptidase class, which were validated by a 

cohort of mutants. 

 

 

2. RESULTS AND DISCUSSION 
 

Heterologous expression, autolytic 
maturation and stability analysis- Previous 

studies of neprosin mainly used the enzyme 

purified from pitcher plant fluid because 

heterologous expression in Escherichia coli 
produced only a partially impure enzyme with 

a ‘modest yield’ [24, 25]. We were unable to 

reproduce this approach so we developed a 

system based on human cells, assuming that 

eukaryotic post-translational processing is 

required. This yielded ~10 mg/L of pure well-

folded full-length protein with a C-terminal 

hexahistidine (His6) tag (41 kDa) or ~8 mg/L 

with a twin-streptavidin (Strep) tag (43 kDa) 

(Fig.1A,B). The protein was properly folded 

and remained stable for several weeks at 4°C 

in a neutral buffer, but lacked proteolytic 

activity, which we attributed to the full-length 

protein being the pro-neprosin zymogen. 

Indeed, it readily underwent autolytic 

maturation at bond P128–S129 (residue 

numbering of neprosin in superscript; UniProt 

ID C0HLV2) over time when incubated in a 

highly acidic buffer, yielding the neprosin 

catalytic domain (CD) and the excised pro-

domain (PD) (Fig.1E). The latter was 

eventually degraded, and both pro-neprosin 

and neprosin migrated as monomers when 

checked by calibrated size-exclusion 

chromatography (SEC) (Fig.1D). 

Differential scanning fluorimetry using the 

thermofluor approach [27] revealed a 

midtransition temperature (Tm) of 68°C for the 

mature enzyme (Fig.2A), which is remarkable 

for a peptidase that works in an ambient 

temperature range and is more reminiscent of 

hyper-thermophilic enzymes [28]. 

Furthermore, the Tm of the zymogen was 9°C 

higher (Fig.2A), suggesting the PD promotes 

stability and, possibly, the correct folding of 

the full-length protein as reported for other 

zymogens [29]. This was supported by our 

inability to express mature neprosin (without 

the PD) using the same expression system. 

Finally, thermofluor studies in the presence of 

a reducing agent revealed an unfolding 

process with two transitions, the first 

occurring at 42–44°C (Fig. 2B). This indicated 

the existence of disulfide bonds that stabilize 

the protein, as discussed in more detail below. 

 

Proteolytic activity- We investigated the 

effect of pH on the cleavage of fluorescent 

bovine serum albumin (BSA) by neprosin, 

using gastric pepsin, an aspartate peptidase, 

and pancreatic trypsin, a serine peptidase, for 

comparison (Fig.2C). The pH optimum of 

neprosin was 3, close to that of gastric pepsin 

(pH <2). By contrast, the pH optimum of 

trypsin was 8, a value at which both neprosin 

and pepsin were completely inactive. Pepsin 

was irreversibly inhibited at neutral pH, as 

previously reported [30], whereas neprosin 

was reversibly activated and inactivated by 

switching between pH 2.5 and 9.0. Moreover, 

neprosin was unaffected by freezing or 



 

lyophilization at pH 7.5 for storage, thus 

recovering its full activity after thawing or 

resuspension in an acidic buffer, respectively. 

Finally, neprosin was insensitive to cleavage 

by pepsin at acidic pH. This profile of activity, 

efficiency, stability and robustness was 

therefore consistent with a digestive enzyme 

that must work over prolonged timescales 

under varying conditions, precisely the natural 

environment in the pitchers of carnivorous 

plants [31]. 

To gain further insight into the substrate 

specificity of neprosin and to guide our 

cleavage assays, we reanalysed published 

proteomics data based mainly on purified 

material, which had identified the enzyme as a 

bona fide PEP [25]. We found 3001 unique 

cleavage sites spanning P6–P6′ (substrate and 

active-site subsite nomenclature based on [32, 

Figure 1 — Protein purification and activation. (A) Purification of wild-type (WT) pro-neprosin by His6- or (B) Strep-
tag affinity chromatography. The flow-through (FT), wash (W) and elution (E1–E3) fractions were analysed by SDS-
PAGE and Coomassie staining, alongside molecular mass markers (lane M). (C) Pro-neprosin mutants (K118A, H134A, 
Y136A, Q173A, W175A, E188A, E188Q, Y214A, E297Q and E297A) after His6-tag affinity purification compared with the WT 
forms of (A) and (B). (D) Size exclusion chromatography profiles of pro-neprosin with His6 tag (magenta), neprosin with 
Strep tag (green) and neprosin with His6 tag (blue) separated on a Superdex 75 10/300 GL column. Each curve is labelled 
with the elution volume in mL, representing monomers in all cases. (E) Autolytic maturation of pro-neprosin over time at 
37 °C in an acidic buffer. (F) Activation of pro-neprosin variants (Z lanes) by acidic autolysis (A lanes) or in trans by 
adding Strep-tagged neprosin (S lanes). Mutant K118A (third panel) was obtained as a pre-activated protein after affinity 
purification, revealing separate PD and mature protein bands (lane Z), which became fully activated by incubation in an 
acidic buffer (lane A). 



 

33]), 1863 (62%) of which featured a proline 

residue in P1 (Fig.2G). Proline was also 

enriched twofold over its natural abundance at 

P2 and P3′, but was strongly disfavoured at P1′ 

and P2′. Glutamate and methionine were 

enriched threefold at P2′, alanine was readily 

accepted throughout P6–P6′, but glycine was 

significantly disfavoured at P1–P3′. These data 

revealed a strong preference for substrates 

with proline at P1 and that specific positions 

within P6–P6′ were unsuited for certain amino 

acids (Fig.2G). 

 

Cleavage of gliadin and the 33-mer- We 

investigated the ability of neprosin to digest 

gliadin in the presence and absence of pepsin 

by SDS-PAGE and turbidimetry, compared to 

pepsin alone (Fig.3A,B). Both enzymes 

efficiently degraded gliadin separately at 

concentrations below ~5 µM, the 

physiological threshold of pepsin 34, but 

optimal results were achieved when both 

enzymes were combined. Remarkably, the 

Figure 2 — Thermal stability, peptidolytic activity and inhibition assays. (A) Differential scanning fluorimetry 
showing duplicate curves of temperature-dependent fluorescence variation during the thermal denaturation of neprosin 
(dark red) and pro-neprosin (green). The inset midtransition temperatures (Tm) are the average inflection points of the two 
respective curves. (B) Same as (A), illustrating the effect of TCEP as a reducing agent at 5 mM (red) and 10 mM (green) 
compared with untreated pro-neprosin (blue). (C) The pH-dependent activity of pepsin (red), trypsin (green) and neprosin 
(blue) on a fluorescent BSA substrate. (D, E) Kinetics of the neprosin-mediated cleavage of the fluorogenic peptides (D) 
FS6 (100 nM neprosin) and (E) FS6-QPQL (25 nM neprosin). The insets show the corresponding Vmax, kcat, KM and kcat/KM 
values. (F) Peptidolytic activity of wild-type (WT) neprosin and mutants on the fluorogenic FS6-QPQL peptide. Data in 
(D–F) are means ± SEM (n = 3). Statistical significance determined by Student’s t-test (*p = 0.05, **p = 0.01, ***p = 
0.001). (G) Logo depicting the substrate preference of neprosin based on reanalysis of deposited data 25. (H) Effect of the 
test molecules or mixtures (1) 1,10-phenathroline, (2) AEBSF, (3) phosphoramidon, (4) marimastat, (5) cOmplete, (6) 
BGP, (7) captopril, (8) DAN, (9) BEOPC, (10) AMP, (11) pepstatin A and (12) EPNP compared to the WT control 
(C). Only the last two compounds achieve significant inhibition. Data are means ± SEM (n = 3). Statistical significance 
determined by Student’s t-test (*p = 0.05, **p = 0.01, ***p = 0.001). (I) Plot of the inhibitory activity of pepstatin A (left) 
and EPNP (right) showing tester concentrations with the derived IC50 values. Data are means ± SEM (n = 3). 



 

optimal concentration of neprosin was similar 

Figure 3 — Neprosin activity against molecules relevant for coeliac disease. (A) SDS-PAGE analysis of gliadin 
exposed to increasing concentrations of pepsin (left), neprosin (centre) or neprosin plus pepsin (right). (B) Curves depicting 
gliadin cleavage as in (A) over time measured by turbidimetry. (C) Mass spectra of, top to bottom, the 33-mer peptide 
(3912 Da); the 33-mer peptide after incubation with 0.5 µM neprosin for 0 min, 20 min and overnight; neprosin alone; and 
the 33-mer peptide after overnight incubation with 10 µM pepsin, which leaves the peptide intact. (D) Gliadin zymogram 
depicting the activity of neprosin (left lane) and the mature enzyme resulting from pro-neprosin self-activation (right lane). 
(E) Same as (D) but showing gelatin zymography. (F) Sequence of the 33-mer and extent of the six overlapping HLA-
DQ2.5-binding epitopes as highlighted by red double arrows 7. Glutamines susceptible to deamidation by transglutaminase 
are shown in purple circles 11. The peptide corresponds to segment L76–F108 of ⍺-gliadin (UniProt ID P18573). (G) 
Cleavage of the 33-mer peptide by neprosin over time proceeds according to two pathways (top and bottom). 



 

optimal concentration of neprosin was similar 

to that of gastric pepsin, and orders of 

magnitude lower than that required for current 

glutenase candidates. Zymography showed 

that neprosin degraded gliadin and gelatine, 

also a dietary protein, with similar efficiency 

(Fig.3D,E). 

Next, we investigated cleavage of the 33-

mer, which includes three glutamine residues 

that are deamidated by transglutaminase and 

six overlapping immunogenic HLA-DQ2.5 T-

cell epitopes [6, 11, 35], by mass spectrometry 

(Fig.3F). We found that 250 µM of the peptide 

was efficiently degraded by 0.5 µM neprosin, 

a 500:1 ratio, after 20 min at pH 3 (Fig.3C). 

No autolytic cleavage products were detected 

even after overnight incubation, which 

confirmed the stability of the mature enzyme 

under acidic conditions. By contrast, pepsin 

failed to cleave the peptide even after 

overnight incubation at a 20-fold higher 

concentration than neprosin, which confirmed 

the resistance of the 33-mer against digestive 

peptidases. Analysis of the peptide cleavage 

fragments generated by neprosin revealed two 

final products: Q–L–P–Y–P–Q–P (843 Da) 

and L–Q–L–Q–P–F–P–Q–P (1068 Da). By 

monitoring the reaction over time (Fig.3G), 

we found that cleavage only occurred 

immediately downstream of five specific 

proline residues among the 13 present in the 

33-mer, preferably at P–Q–P*Q–L–P and 

always with P–Q–P at the P1–P3 subsites, 

which qualifies the simple specificity for 

proline at P1 deduced from indiscriminate 

proteomics and is in line with disfavouring 

large hydrophobic residues (leucine, 

phenylalanine and tyrosine) in P2 as discussed 

above [25]. Overall, our results demonstrate 

that the 33-mer is degraded at multiple sites 

featuring the Q–P*Q–L motif. Remarkably, 

two P–Q dipeptides are also found in BSA, 

together with five equally favoured P–E sites 

(see above), which explains why albumin is a 

suitable substrate for neprosin at low pH. 

Finally, we tested the cleavage of a cohort 

of fluorogenic peptides. We found that peptide 

FS6 containing a P–L bond (Mca–K–P–L–G–

L–Dpa–A–R–NH2), which is a substrate of 

matrix metalloproteinases and adamalysins 

[36], was cleaved with modest efficiency 

according to kinetic analysis (kcat/KM = 765 M-

1s-1; Fig.2D). In contrast, peptide variant 

FS6-QPQL, redesigned to include the 

neprosin cleavage site of the 33-mer (Mca–Q–

P–Q–L–Dpa–A–R–NH2), was cleaved 30-

fold more efficiently, mainly due to kcat 

increase (kcat/KM = 23,880 M-1s-1; Fig.2E). 

Accordingly, neprosin can be defined as a PEP 

with a more constrained specificity than P–X 

that efficiently degrades the 33-mer under 

gastric-like conditions. 

 
Inhibitory profile- Given the unknown 

catalytic class of the enzyme, we next tested a 

panel of peptidase inhibitors for their ability to 

block FS6-QPQL cleavage by neprosin 

(Fig.2H). We also followed an approach 

recently applied to find inhibitors of pyrroline-

5-carboxylate reductase [37], whose product 

is proline, and tested a series of proline-
containing/mimicking compounds. We 
found that only pepstatin A and 2-[(4-

nitrophenoxy)methyl]oxirane (EPNP) 
weakly but significantly inhibited neprosin 
(Fig.2H), with half-maximal inhibitory 
concentration (IC50) values of 140 and 
480 µM, respectively (Fig.2I). Given that 
pepstatin and EPNP-like (Fig.2I). Given 
that pepstatin and EPNP-like epoxides are 

inhibitors of pepsin-type aspartate 

endopeptidases [38, 39], which share no 

sequence similarity with neprosin, this 

pointed to an unexpected peptidase type 
and mechanism of catalysis for neprosin. 

 

Evaluation of neprosin activity in vivo- To 

investigate the activity of neprosin in vivo, 

mice were fed a bolus of gliadin 5 min after 

receiving either the zymogen at a very low 

mass ratio (1:500 w/w) or vehicle. After 2.5 h, 

we harvested the contents of three upper 

gastrointestinal tract segments and measured 

the concentration of the 33-mer by enzyme-

linked immunosorbent assay (Fig.4). The 

peptide was substantially less abundant in all 



 

segments of the treated animals (61-91%) and 

by 71% overall. The inactive zymogen is 

therefore activated upon reaching the stomach 

and efficiently helps to break down gliadin 

(and particularly the 33-mer) in vivo while 

remaining resistant to physiological digestive 

enzymes. This occurs at much lower 

concentrations than those of candidate 

glutenases, and without protective strategies 

such as PEGylation or microencapsulation. 

These results are consistent with a previous 

study reporting that sensitized NOD/DQ8 

mice showed a significant decrease in 

inflammatory markers when fed gliadin that 

was pre-digested with pepsin and Nepenthes 

pitcher fluid, which included among other 

components neprosin and nepenthesin [24]. 

 

Structural analysis of latent and mature 
neprosin- We crystallized pro-neprosin in an 

orthorhombic space group (Fig.5A and Suppl. 

Table1) and found that the polypeptide was 

cleaved at the physiological maturation site 

(P128–S129). The crystals therefore contained 

the zymogenic complex of the cleaved PD and 

the CD (Fig.5A). We solved the structure by 

single-wavelength anomalous diffraction, 

collecting data at the lutetium LIII absorption 

edge wavelength from a crystal soaked in Lu-

Xo4 [40] (Fig.5B). This soaking led to 

significant variation in one of the crystal cell 

axes when compared to native crystals while 

keeping good diffraction of X-rays (Suppl. 

Table1). The final refined model of the 

derivative complex was used to solve the 

native pro-neprosin structure by molecular 

replacement. Moreover, mature neprosin 

produced two different monoclinic crystal 

forms, I and II (Fig.5A and Suppl. Table1), 

whose structures were likewise solved by 

molecular replacement.  

Pro-neprosin is a compact oblong molecule 

of ~55 × ~45 × ~40 Å (Fig.5C). The N-

terminal PD (R25–P128) is defined in the final 

Fourier map from A29 onwards, and features a 

globular part (A29–G112) followed by a linker 

(L113–P128) to the downstream CD (S129–Q380). 

Segment (N122–N131), which includes the 

cleaved maturation site, is flexible. The PD 

features an antiparallel three-stranded β-sheet 

in which the central strand is bisected by the 

insertion of the leftmost strand (Fig.5C,D). 

The two right strands are connected by a long 

segment on the top, which includes two short 

⍺-helices, a disulfide bond (C52–C98), and a 

disordered 10-residue segment (Y77–N86) at 

the back of the molecule. The latter probably 

results from the protruding glycan chain 

attached to N152 within a back strand of the CD 

(Fig.5C). A second glycan is attached to N145 

from a cross-over loop on top of the CD. 

Beyond the last strand of the PD, the chain 

undergoes a 90° turn and enters the PD/CD 

linker, which runs in extended conformation 

along the front surface of the CD. 

Atypically for peptidases, which are 

Atypically for peptidases, which are generally 

⍺/β-proteins [41], the CD is an antiparallel β-

sandwich, with a seven-stranded strongly-

curled front sheet and an eight-stranded back 

sheet, which provides a scaffold for the former 

(Fig.5C,D). Both sheets are inter-connected 

by nine cross-over loops, including long 

hairpin β12β13, and two further disulfide 

bonds (C219–C224 and C358–C379) on either side 

of the sandwich (Fig.5D). All these elements 

contribute to a compact and sturdy structure, 

which explains the remarkable pH stability of 

neprosin and its ability to resist pepsin 

Figure 4 —Analysis of neprosin activity against gliadin 
in vivo. (A) Amount of 33-mer (µg) in the total contents of 
the stomach (S), proximal small intestine (pSI) and distal 
small intestine (dSI) of mice receiving neprosin zymogen 
(N) or vehicle (V) prior to a bolus of gliadin. Results are 
means ± SEM (n = 8 animals per group). The statistical 
significance was determined by the F-test (*, p < 0.05, N 
vs B). 



 

digestion. By contrast, the disulfide bonds are 

Figure 5 — Structures of pro-neprosin and neprosin. (A) Orthorhombic crystals of pro-neprosin (left panel) contained 
the cleaved PD (p) and the CD (e) (centre-left panel). Mature enzyme crystals were monoclinic (centre-right panel, crystal 
form I; right panel, crystal form II). (B) The structure of pro-neprosin was solved using a lutetium derivative. At one site 
(left panel), the Lu3+ cation (green sphere) was nona-coordinated by two carboxylate oxygens plus five nitrogen atoms 
from the organic scaffold and the carboxylate oxygens of protein residue E89 at distances spanning 2.40–2.65 Å. The 
cation-binding site was unambiguously defined in the final (2mFobs-DFcalc)-type Fourier map of the derivative contoured 
at 1.3 σ (right panel). (C) Ribbon-type plot of pro-neprosin viewed from the frontal (left panel) and lateral (right panel) 
perspectives. The PD is gold with magenta helices. The mature enzyme is shown in salmon. Disordered/cleaved segments 
are indicated by grey dashed lines. The two glycosylation sites at N145 and N152, the seven cysteines, A60, and the two 
catalytic glutamates (E188 and E297) are shown with their side chains and labelled. The final Fourier map around the two 
glycan chains is depicted at 0.6 σ. (D) Topology of pro-neprosin with strands as arrows (labelled β1–β22) and the two 
short helices (⍺1 and ⍺2) as magenta rods. The terminal residues of each secondary structure element are indicated. The 
PD has yellow strands and magenta helices, the front sheet of the mature enzyme moiety is in orange, and the back sheet 
is in brown. The seven cysteines are further indicated in green, the glycans are shown as green rhombi. The catalytic 
glutamates are marked for reference. (E) The top row shows the front view of pro-neprosin as in (C) (left) and the back 
view (right), both depicting the PD as yellow ribbon and the Coulombic surface of the CD (red, –10 kcal/mol·e; blue, +10 
kcal/mol·e) computed with Chimera 85. The calculated pI of the mature enzyme component is 4.3. The bottom row shows 
the same except that here the PD is shown for its Coulombic surface (pI = 9.5) and the CD as salmon ribbon. 



 

digestion. By contrast, the disulfide bonds are 

Figure 6 — The active site and proposed mechanism. (A) Close-up of Fig. 5C depicting the final segment (L113–P121) 
of the PD defined in the final Fourier map as a stick model with yellow carbons and black residue numbers running across 
the active-site cleft. The likely P1 and P1′–P3′ residues are labelled. In addition, selected residues of the active site are 
depicted for their side chains with carbons in tan and numbered in light blue. Two solvent residues potentially relevant for 
catalysis are shown as green spheres. The inset provides a slightly rotated close-up view to highlight the interaction 
(magenta lines) of K118 with E188, Q173 and a solvent molecule. (B) Same as (A) depicting the product complex of mature 
neprosin (crystal form I), with the C-terminal tail from a symmetry mate spanning A403 and the His6-tag residues (H404–
H409) as a stick model with carbons in cyan featuring substrate subsites P6–P1. A solvent molecule potentially relevant for 
catalysis (green sphere) bridges E297 and E188 (magenta sticks). (C) Same as (B) for crystal form II. The C-terminal tail 
from a symmetry mate spanning A401 and part of the His6-tag (H404–H408) is shown as a stick model with carbons in plum, 
probably covering subsites P6–P1′. A solvent molecule potentially relevant for catalysis (green sphere) bridges E297 and 
E188 (magenta sticks). A second solvent molecule (yellow arrow) probably occupies the position of the scissile carbonyl 
oxygen in the Michaelis complex. The polypeptide chains of both crystal forms overlap for tag residues H404–H409 (crystal 
form I) and A401–H406 (crystal form II) upon superposition of the respective CDs. (D) Model of the likely Michaelis 
complex between a substrate spanning residues P–Q–P*Q–L–P (green carbons) at positions P3–P3′ and the active site of 
neprosin. Selected residues are displayed for their side chain (plum carbons) and labelled. The catalytic solvent is depicted 
as a cyan sphere. (E) Proposed chemical mechanism of substrate cleavage by neprosin. 



 

digestion. By contrast, the disulfide bonds are 

not deeply buried in the structure, which 

explains its sensitivity to reducing agents. The 

structure of mature neprosin crystal form I 

(Suppl. Table1) proved practically identical to 

the equivalent part of the zymogen, with a core 

root mean square deviation (RMSD) of 

0.62 Å. The only significant difference was 

encountered at N232–Y233, which is folded 

outward in the zymogen to accommodate I103 

at the beginning of the rightmost strand of the 

PD. Crystal form II, in turn, was practically 

indistinguishable from crystal form I (core 

RMSD = 0.66 Å) except for the tip of loop 

Lβ21β22, which was spaced apart by 3.8 Å, 

and the C-terminal tag, which was reoriented 

owing to crystal packing. Thus, the mature 

enzyme component is essentially preformed in 

the zymogen as seen in most peptidases, with 

the notable exception of chymotrypsin-type 

serine peptidases [42, 43, 44]. 

 

The active site- We hypothesized that the 

active-site cleft would be delineated by the PD 

linker (Fig.6A) as found in other zymogens 

[42, 44]. Moreover, in the structures of mature 

neprosin crystal forms I and II, the C-terminal 

segment, which spanned an alanine–

isoleucine–alanine tripeptide followed by the 

His6-tag, ran along the surface of a symmetry 

mate, thus mimicking product complexes. 

Both crystal forms were monoclinic but with 

different cell constants (Suppl. Table1), which 

resulted in variable crystal packing. Even so, 

the C-terminal tag penetrates the cleft in a 

similar manner in both crystallographic 

arrangements but is shifted by three positions, 

so that H404–H409 from crystal form I overlaps 

A401–H406 from crystal form II (Fig.6B,C). 

Accordingly, neprosin would possess an 

extended active-site cleft traversing the 

concave face of the sheet, which is oblique to 

the direction of the front-sheet β-strands by 

~55° (Figs.6A-C). 

On the search for possible catalytic 

residues, we were inspired by the functionally 

analogous pepsin-type aspartic peptidases, 

which despite their disparate architecture are 

likewise mainly β-proteins and operate at 

extremely acidic pH [45]. Moreover, the only 

(weak) neprosin inhibitors we could find are 

also known to inhibit aspartate peptidases (see 

above). These enzymes use a pair of aspartic 

residues bridged by a solvent molecule for 

catalysis [46]. Indeed, we found a striking pair 

of glutamate residues (E188 and E297) bridged 

by a solvent molecule pinching the bound 

peptides in the product complexes (Fig.6B,C). 

In crystal form II, a clearly resolved second 

solvent molecule would replace the scissile 

carbonyl oxygen of a substrate (Fig.6C). The 

glutamate pair was similarly arranged in the 

zymogen structure, albeit slightly farther apart 

(Fig.6A). We therefore produced E188Q, 

E188A, E297Q and E297A point mutants of His6-

tagged pro-neprosin for testing (Fig.1C). 

These variants did not autoactivate when 

incubated at acidic pH (Fig.1F), so activation 

was triggered in trans using catalytic amounts 

of mature Strep-tagged wild-type neprosin. 

Finally, we obtained well-folded and intact 

mature variants of the E188Q and E297Q 

mutants, but not E297A or E188A (Fig.1F), and 

these indeed were catalytically inactive 

(Fig.2F). E188 and E297 may therefore act as a 

catalytic dyad, revealing that neprosin is a 

glutamate peptidase, a catalytic class that (in 

contrast to the aspartate peptidases) has been 

studied very poorly [47]. This is in agreement 

with very recent predictions based on 

bioinformatics studies but not validated 

experimentally [48]. Our results suggest that 

the mature neprosin structures mimic  

upstream product complexes collectively 

occupying subsites S6 to S1′ (Fig.6B,C), with 

the two catalytic glutamates plus the bridging 

solvent molecule poised for reaction. As the 

PD linker extends for further residues on the 

right side of the cleft in the zymogen (Fig.6A), 

these would correspond to positions up to P3′. 
Thus, together with the extra space in the cleft 

beyond S3′, neprosin would feature an 

extended cleft, probably spanning up to 11 

subsites (S6–S5′), which explains the need for 

extended peptides beyond the scissile bond 

(see above).  



 

In the absence of a substrate complex, we 

constructed a model for the Michaelis 

complex of neprosin with the P–Q–P*Q–L–P 

peptide based on the zymogen and product–

complex structures (Fig.6D). This model 

revealed further residues in the proximity of 

the catalytic glutamates with potential binding 

or catalytic functions. We therefore mutated 

residues H134, Y136, Q173, W175 and Y214 

(Fig.6A-D) by replacing them with alanine, 

and purified the corresponding proteins 

(Fig.1C). All the mutants required activation 

in trans as discussed above (Fig.1F). The 

activity of H134A, Y136A and Y214A was ~80% 

lower than the wild-type enzyme, whereas 

mutants Q173A and W175A were totally 

inactive (Fig.2F). We conclude that H134, Y136 

and Y214 are relevant but not critical for 

catalysis, possibly playing an ancillary role in 

the catalytic mechanism, whereas Q173 and 

W175 are essential (see below). 

 

Mechanisms of latency and activation- The 

PD attaches laterally to the left side of the 

mature enzyme so that its central β-sheet is 

rotated ~90° away from the plane of the front 

sheet. The inter-domain surface has a 

solvation free energy gain upon interface 

formation (ΔiG) of –25.8 kcal/mol 49, 

indicating a very strong interaction. 

Furthermore, the complex buries 2176 Å2, 

which exceeds the reported average value of 

1910 Å2 for protein–protein complexes [50]. 

The PD (theoretical pI = 9.5; Fig.5E, bottom) 

is crescent-shaped and snuggly embraces the 

CD (pI = 4.3; Fig.5E, top) under electrostatic 

complementation, which contributes to 

activity repression and zymogen stability (pI 

Figure 7 — Structural similarity of neprosin and eqolysins. (A) Superposition of the C⍺-traces of neprosin (salmon) 
and SCP-B (pale blue) in stereo, with the respective catalytic residues shown as sticks and labelled (�, E297/E190 of 
neprosin/SCP-B; �, E188/Q107 of neprosin/SCP-B). Note the unique flap of SCP-B covering the active-site cleft (red arrow). 
The N-terminus and C-terminus are indicated. (B) Close-up of the active-site cleft of neprosin shown for its Connolly 
surface in the orientation of (A). The two catalytic residues are shown (green patches). (C) Same as (B) for SCP-B. 



 

= 5.9) at neutral or slightly acidic pH values. 

Moreover, the intimate zymogenic interaction 

further explains the remarkable stability of 

pro-neprosin in thermal shift assays (see 

above). Finally, the importance of the PD was 

further assessed by testing point mutant A60R, 

designed to destabilize the interface (Fig.5C, 

left panel). This mutation prevented the 

isolation of a folded protein. 

Once secreted to the acidic digestive fluid, 

the protonation of negatively charged residues 

leads to repulsion of net positive charges so 

that the zymogen falls apart under liberation 

of the preformed mature moiety and the 

active-site cleft. The S1 position of the cleft is 

occupied by K118 from the PD linker in the 

zymogen structure, which was obtained at 

pH 7.5. This residue forms a strong salt bridge 

with catalytic E188 and a hydrogen bond with 

Q173Nε2, which is essential (see above and 

Fig.6A, inset). We therefore produced and 

tested mutant K118A, which was efficiently 

overexpressed but underwent partial autolytic 

maturation in a neutral buffer, conditions 

under which the wild-type enzyme and other 

mutants remained intact (Fig.1C). Subsequent 

incubation at pH 2.5 completed the activation 

process (Fig.1F). As expected, the activity of 

the mature mutant was similar to that of the 

wild-type enzyme (Fig.2F).  

Based on the above, we propose that the 

K118–E188 pair features a ‘latency plug’ that 

may be weakened once the zymogen reaches 

acidic environment by following a pH-switch 

mechanism, so the PD linker is pulled out for 

maturation cleavage. This is reminiscent of 

the digestive aspartate peptidases pepsin and 

gastricsin, which feature a lysine residue 

functionally equivalent to K118 [43, 51], and of 

the lysosomal peptidase legumain [52]. The 

pH-switch mechanism, and the fact that the 

scissile P1′–P1 peptide bond is sandwiched by 

the Y214 side chain so that it is not accessible 

for cleavage (Fig.6A), explains why the 

zymogen linker can bind in the direction of a 

substrate to the cleft at neutral pH without 

being cleaved. This contrasts with most 

zymogens, including digestive aspartate 

peptidases, in which pro-segments interact in 

a non-substrate-like manner with the mature 

enzyme residues as a mechanism to prevent 

untimely activation [42, 43, 44]. Finally, given 

that the scissile-bond position in the cleft is 

occupied by K118–Q119 but maturation occurs 

at P128–S129, activation probably occurs in 
trans by a second enzyme molecule once the 

PD linker is released from the cleft. 

 

Proposed catalytic mechanism- Based on 

the preceding results, the catalytic cleavage 

mechanism of neprosin would proceed as 

follows. The solvent bridging the E188 and E297 

carboxylates in the product complexes would 

represent the catalytic water in the ground 

state (Fig.6E, step I). The water is closer to 

E297, which suggests that E188 may be 

protonated, as reported for one of the two 

catalytic aspartates in pepsin-type acidic 

peptidases 46. E297 is kept in place by hydrogen 

bonding with H134Nε2 and Y136Oη, whereas 

E188 is kept in place by hydrogen bonding with 

Y214Oη, T186Oγ and Q173Nε1. During the 

reaction, the substrate would bind to the 

active-site cleft in its extended conformation 

(Fig.6E, step II), with the S3, S1 and S3′ 
subsites of the cleft being shaped by Y194, Q192 

and F169; Y208, Y206, L171, E188 and Q173; and 

Y136, W175 and E293, respectively, which are 

ideal for the accommodation of prolines 

(Fig.6D). The substrate main chain would be 

fixed by hydrogen bonds between its 

carbonyls and Y220Oη in P3, H134Nε2 in P2 

(enabled by a 180º rotation around χ2 upon by 

substrate binding), and Y136Oη in P1′ (Fig.6D). 

Substrate insertion would shift the catalytic 

solvent further towards E297, which would act 

as a general base and abstract a proton from 

the solvent to enhance its nucleophilicity. The 

protonated E188 carboxylate, in turn, would 

bind the scissile carbonyl oxygen (Fig.6D,E). 

Thereafter, the polarized solvent would 

perform a nucleophilic attack on the si-face of 

the scissile carbonyl carbon, which would 

result in a tetrahedral gem-diolate reaction 

intermediate (Fig.6E, step III). The latter 

would be stabilized by indispensable W175Nε1 



 

and Q173Nε1, in the critical role of an oxyanion 

hole [53]. The intermediate would then 

resolve by breaking the scissile C–N bond. At 

this stage, E297 would act as a general acid and 

protonate the new ⍺-amino nitrogen (Fig.6E, 

step IV). Finally, the two cleavage products 

would leave the cleft and the enzyme would 

be poised for a new round of catalysis. 

 

Structural similarity with eqolysins- 
Peptidases were originally assigned to five 

mechanistic classes: the serine, cysteine, 

threonine, aspartate, and metal-dependent 

peptidases [54]. In 2004, the first glutamate 

peptidase was structurally characterized, 

namely scytalidocarboxyl peptidase B (SCP-

B) from the dematiaceous fungus Scytalidium 
lignicolum [55, 56, 57]. Since that pioneering 

report, only the closely related 

aspergilloglutamic peptidase (~50% identical 

to SCP-B) has been structurally analysed [58, 

59], and seven others have been functionally 

assessed, mostly from fungi [60, 61, 62, 63, 

64] but one from a bacterium [65]. They are 

assigned to family G1 in the MEROPS 

database and are informally known as the 

‘pepstatin-insensitive fungal 

carboxylpeptidase group’ [66] or eqolysins 

[55]. They are thermophilic and pepstatin-

insensitive enzymes that function under acidic 

conditions [65] and feature a catalytic 

glutamate acting as a solvent-polarising 

general base, which is E190 in SCP-B (see 

UniProt ID P15369 for residue numbering in 

subscript according to the full-length protein, 

and subtract 54 for the commonly used mature 

enzyme numbering [55, 56]). The glutamate is 

assisted by a glutamine (Q107 in SCP-B), hence 

the family name eqolysins [55]. These 

residues are invariant within the family and 

are flanked by very similar residues [66, 67]. 

Archetypal SCP-B is a 7+7 antiparallel β-

sandwich that shows overall similarity with 

the neprosin CD (Fig.7A). Superposition of 

neprosin and the bound mature form of SCP-

B (Protein Data Bank [PDB] ID 2IFR [56]), 

whose zymogenic structure is unknown, 

revealed 140 aligned residues with a rather 

large core RMSD of 3.0 Å and a sequence 

identity of only 11%. There are remarkable 

differences in the connecting loops and the 

active site, e.g. a large disulfide-linked 

protruding β-hairpin inserted in the fungal 

enzyme following the β-strand equivalent to 

β16 in neprosin (Fig.7A). Within the active 

site, the only conserved residue is the catalytic 

glutamate (E297 in neprosin and E190 in SCP-

B), as well as the position of the catalytic 

assistant (E188 in neprosin and Q107 in SCP-B), 

which lead to variable active-site clefts with 

disparate substrate trajectories and surface 

profiles (Fig.7B,C). Moreover, cross-mutants 

Q107E of SCP-B and E188Q of neprosin, which 

mimic each other’s catalytic dyad, are 

completely inactive, as discussed above and 

reported in [68]. This explains the different 

substrate specificities, which in SCP-B leads 

to the cleavage of F–F, L–Y and F–Y bonds in 

insulin but not proline-flanking bonds [68]. 

 

Corollary- Current glutenases have 

limitations in meeting the stringent criteria for 

efficient oral enzyme therapy against CoD. 

Here, our in vitro and in vivo studies showed 

that recombinant neprosin is a robust pepsin-

resistant enzyme that very efficiently degrades 

gliadin and its 33-mer under laboratory-

simulated gastric conditions and in the mouse 

stomach. Low doses of the enzyme therefore 

complement gastric pepsin during digestion. 

Our results demonstrate that the Q–P*Q–L 

motif of the 33-mer is readily cleaved, which 

removes all six overlapping immunogenic 

epitopes by generating peptides too small to 

stimulate the division of gliadin-specific T 

cells [69]. The cleavage efficiency of neprosin 

in vitro under simulated gastric conditions is 

orders of magnitude higher than that of other 

glutenases [18, 20, 24, 70, 71, 72]. The 

zymogen is produced at neutral pH, at which 

it remains stable and is lyophilizable for 

transport and storage. It only becomes 

activated after ingestion in the stomach and 

cleaves toxic components of gluten. Once the 

gastric bolus exits to the slightly acidic 

postprandial pH duodenum, it becomes 



 

inactive again. Neprosin is therefore a highly 

promising candidate for further therapeutic 

development against gluten-sensitive 

conditions. 

Structural and functional studies backed by 

mutants and activity assays identified 

neprosin as a pepstatin-sensitive PEP and the 

first glutamate endopeptidase found in higher 

eukaryotes. It features a hitherto undescribed 

pair of catalytic glutamates that are analogous 

to the aspartates of the otherwise unrelated 

pepsin-type acidic endopeptidases. Neprosin 

is produced and secreted as a zymogen, which 

is activated only in its strongly acidic natural 

environment, the pitcher plant digestive fluid. 

Maturation follows a pH-switch mechanism 

that releases a lysine-mediated latency plug. 

Finally, neprosin is pepstatin-sensitive but 

shares its overall fold with the pepstatin-

resistant glutamate peptidases of the eqolysin 

family, which possess a glutamate–glutamine 

dyad and are represented by the archetype 

SCP-B. However, there are differences in the 

size of the PD and the CD, the active-site 

environment, the substrate-binding modus and 

specificity, as well as the chemical mechanism 

of catalysis. Furthermore, whereas eqolysins 

are restricted to fungi and bacteria [67, 73], 

potential neprosin orthologues with ~35–40% 

sequence identity are widely found in (and 

restricted to) plants, including gluten-

containing crops. This suggests the neprosin 

family may have originated from a SCP-B 

ancestor by horizontal gene transfer from a 

bacterium or fungus to a plant, as previously 

described for other proteins [74]. Transfer 

would have been followed by divergent 

evolution within the plant kingdom to modify 

one of the catalytic residues and the loops 

decorating the central β-sandwich to adapt to 

new substrates. By analogy to the eqolysins, 

neprosin family members could be named 

‘eelysins’. 

 

 

MATERIALS AND METHODS 

 

Protein production and purification- A 

synthetic gene encoding wild-type neprosin 

from Nepenthes × ventrata, which is 91% 

identical to the orthologue from Nepenthes 
alata (UniProt ID A0A1L7NZU4), was 

inserted into vector pET-28a(+) by GenScript 

to produce vector pET-28a(+)-proNEP. The 

coding sequence was transferred to vector 

pCMV (kindly provided by Jan J. Enghild, 

Aarhus University, Denmark) to produce 

vector pS6-proNEP. This conferred ampicillin 

resistance and added a C-terminal 

hexahistidine (His6) tag. The encoded protein 

is described herein as pro-neprosin. The same 

plasmid was modified by annealed 

oligonucleotide cloning to (a) replace the 

His6-tag with a twin Strep tag (pS6-proNEP-

Strep) for the expression of pro-neprosin-

strep, and (b) to remove the PD (pS6-NEP) for 

the expression of the neprosin CD (S129–Q380) 

plus the C-terminal His6-tag. The QuikChange 

Site-Directed Mutagenesis Kit (Stratagene) or 

inverse PCR-based site-directed mutagenesis 

were used to generate variants of pS6-proNEP 

with point mutations A60R, K118A, H134A, 

Y136A, Q173A, W175A, E188A, E188Q, Y214A, 

E297Q and E297A. Plasmids were purified with 

the GeneJET Plasmid MaxiPrep Kit (Thermo 

Fisher Scientific), and constructs were 

verified by DNA sequencing. 

Proteins encoded by the pS6-proNEP, pS6-

proNEP-Strep and pS6-NEP plasmids, as well 

as the 11 point mutants, were assessed for 

overexpression in human 293 cells grown in a 

Multitron cell shaker incubator (Infors HT) at 

37°C. The cells were transfected with plasmid 

DNA and harvested after several days for 

protein purification. Cell-conditioned medium 

was cleared by centrifugation and 

supplemented with imidazole, incubated with 

nickel-nitrilotriacetic acid (Ni-NTA) resin 

(Invitrogen), subjected to batch affinity 

chromatography purification (AC), and 

washed extensively with buffer containing 

20 mM imidazole. Proteins were eluted with 

the same buffer containing 300 mM 

imidazole. For pro-neprosin-strep, the Ni-

NTA resin was replaced with Strep-Tactin XT 



 

Superflow suspension resin (IBA Life 

Sciences), and proteins were eluted in buffer 

containing 50 mM D-biotin (VWR Life 

Science). Fractions containing the protein 

were pooled and concentrated before size-

exclusion chromatography (SEC) in a 

Superdex 75 10/300 GL column (GE 

Healthcare), which was attached to an ÄKTA 

Purifier liquid chromatography system (GE 

Healthcare).  

Proteins were concentrated by 

ultracentrifugation in Vivaspin filter devices 

(Sartorius Stedim Biotech). Approximate 

protein concentrations were determined by 

measuring the absorbance at 280 nm (A280) 

using a BioDrop-DUO Micro Volume 

(Biochrom), and applying the appropriate 

theoretical extinction coefficients. Moreover, 

protein purity was assessed by sodium 

dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) followed by 

staining with Coomassie (Thermo Fisher 

Scientific). Protein identity was determined by 

peptide mass fingerprinting and N-terminal 

Edman sequencing at the Protein Chemistry 

Service and the Proteomics Facility of the 

Centro de Investigaciones Biológicas 

(Madrid, Spain), respectively. Finally, mature 

wild-type neprosin was lyophilized, stored at 

–20°C, and reconstituted by dissolving in 

Milli-Q water. 

For activity assays, the filtered conditioned 

medium of wild-type neprosin and the point 

mutants was supplemented with 3 mM 

reduced glutathione and 0.3 mM oxidized 

glutathione, the pH was adjusted with 20 mM 

Tris·HCl pH 8.0, and the mixture was 

incubated with cOmplete His-Tag Purification 

Resin (Roche). The resin was collected in an 

open column and the bound protein was 

washed with 10 mM Tris·HCl pH 7.0, 

300 mM sodium chloride, and was then eluted 

with 100 mM glycine pH 2.5, 300 mM 

sodium chloride. 

 

Autolytic activation of pro-neprosin- 

Wild-type and mutant mature forms of 

neprosin or neprosin-strep were obtained by 

autolysis. Protein samples eluted from Ni-

NTA or Strep-Tactin columns were dialysed 

against buffer, diluted twofold with 100 mM 

glycine pH 2.5, and incubated at 37°C for up 

to 16 h. Reactions were stopped at specific 

time points (0 min, 10 min, 20 min, 30 min, 

1 h, 2 h and overnight) by boiling aliquots in 

reducing/denaturing SDS sample buffer, 

followed by SDS-PAGE. Mature neprosin 

was buffer-exchanged to 20 mM Tris·HCl 

pH 7.5, 250 mM sodium chloride in a PD10 

column followed by SEC in a 

Superdex 75 10/300 GL column with the 

same buffer. Protein purity and identity were 

assessed as stated above. 

 

Trans-activation of pro-neprosin 
mutants- To obtain mature neprosin point 

mutants from zymogens that do not 

autoactivate, the purified pro-proteins (H134A, 

Y136A, Q173A, W175A, E188A, E188Q, Y214A, 

E297Q and E297A) were incubated with 

activated neprosin-strep at a 20:1 weight ratio 

overnight at 37°C. Pro-neprosin-strep was 

previously buffer-exchanged to 100 mM 

glycine pH 3.0, 150 mM sodium chloride for 

activation. Cleaved samples were buffer-

exchanged and purified by reverse affinity 

chromatography, concentrated and purified by 

SEC. 

 

Protein stability assays- Pro-neprosin and 

mature neprosin were analysed by differential 

scanning fluorimetry using an iCycler iQ real-

time PCR detection system (Bio-Rad). 

Samples were prepared at 0.5 mg/mL, in the 

presence or absence of 5 or 10 mM 

tris(2-carboxyethyl)phosphine (TCEP) as a 

reducing agent, and supplemented with 5× 

SYPRO Orange Protein Stain (Thermo Fisher 

Scientific). The temperature of midtransition I 

was determined as the average of duplicate 

measurements of the midpoint value of the 

stability curve. 

 

Proteolytic activity and pH profile- We 

incubated 10 µM of the fluorescent protein 

substrate DQ Red BSA (Thermo Fisher 



 

Scientific) with 0.15 µM neprosin in 100 µL 

buffer at pH 2–8. Fluorescence was monitored 

using an Infinite M2000 microplate 

fluorimeter (Tecan) at 37°C. We tested 

0.5 µM bovine trypsin (Sigma-Aldrich) and 

porcine pepsin (Fluka) for comparison. Each 

assay was carried out in triplicate. 

 

Cleavage studies with fluorogenic 
peptides and determination of kinetic 
parameters- The kinetic parameters of FS6-

QPQL peptide (Mca–Q–P–Q–L–Dpa–A–R–

NH2; GenScript) cleavage by wild-type 

neprosin (25 nM final enzyme concentration), 

as well as those of the FS6 peptide (Mca–K–

P–L–G–L–Dpa–A–R–NH2; Sigma-Aldrich) 

by neprosin at 100 nM final enzyme 

concentration, were determined in reactions 

containing 100 mM glycine pH 3.0 and 

substrate concentrations of 1–75 µM (FS6-

QPQL) or 2.5–75 µM (FS6) at 37°C. The 

fluorescence signal, representing cleavage 

product formation, was recorded over time for 

each substrate concentration and the initial 

rate (v0) was derived from the slope of the 

linear part of the curve. Using a range of 

substrate concentrations and a surplus of 

peptidase, we measured the fluorescence 

signal generated after full substrate turnover 

and calculated the corresponding fluorescence 

units per picomole of cleaved substrate. These 

values were plotted against substrate 

concentration and fitted to the hyperbolic 

Michaelis-Menten equation (v = 

Vmax·[S]/{KM+[S]}) by nonlinear regression 

using GraphPad [75] and SigmaPlot [76] to 

determine the maximum velocity (Vmax), the 

Michaelis substrate affinity constant (KM), the 

turnover rate (kcat = Vmax/[Etotal]), and the 

catalytic efficiency (kcat/KM) 
of17leavageavage reaction. All experiments 

were carried out in triplicate. 

The peptidolytic activity of wild-type 

neprosin was compared to the mutants K118A, 

H134A, Y136A, Q173A, W175A, E188Q, Y214A and 

E297Q (140 ng) using 10 µM of the 

fluorogenic FS6-QPQL peptide in 100 mM 

glycine pH 3.0, 150 mM sodium chloride at 

37°C, shaking in a Synergy H1 microplate 

reader (BioTek). To ensure identical sample 

treatment, all protein variants were activated 

with neprosin-strep, which was then removed 

by reverse affinity chromatography as stated 

above. The protein concentration was 

estimated from the surface of the A280 SEC 

curves and corrected based on the ε280 values. 

Fluorescence values after 30 min were used as 

activity endpoints. Experiments were carried 

out in triplicate and differences were analysed 

for statistical significance using GraphPad. 

 

Cleavage of gliadin in vitro- Wheat gliadin 

(Sigma-Aldrich) was prepared in 100 mM 

glycine pH 2.5 and variable concentrations of 

pepsin (0.05–10 µM) from porcine gastric 

mucosa (Fluka), neprosin (0.05–2 µM), or 

mixtures of 0.5 µM pepsin and 0.05–2 µM 

neprosin were used to digest 10 mg/mL 

gliadin slurries. Reactions were monitored by 

turbidimetry in 96-well plates (Corning) at 

37°C in a microplate spectrophotometer 

(BioTek). Reactions were quenched by 

boiling in SDS sample buffer before analysis 

by SDS-PAGE. Gliadin degradation by 

neprosin was also analysed by zymography 

using SDS-PAGE gels containing either 

wheat gliadin or teleostean gelatin (Sigma-

Aldrich), which was used as a control, at 

0.1 mg/mL. Pro-neprosin was also tested, and 

became activated to the mature form during 

the assay. Proteins were renatured by washing 

the zymograms with 2.5% Triton X-100 in 

100 mM glycine pH 2.5, 200 mM sodium 

chloride. After further washes with the same 

buffer plus 0.02% Brij-35, the zymograms 

were incubated overnight in the same buffer, 

rinsed briefly with water, and stained with 

Coomassie. 

 

Cleavage of the 33-mer peptide in vitro- 

Cleavage of the 33-mer peptide of wheat ⍺-

gliadin 

(LQLQPFPQPQLPYPQPQLPYPQPQLPYP

QPQPF, 3911 Da) was monitored using an 

AutoFLEX III MALDI-TOF mass 

spectrometer. The peptide (from GenScript) 



 

was dissolved in water to a concentration of 

~20 mg/mL and stored at –20 °C. The 

cleavage reaction was carried out with 

~1 mg/mL (~250 µM) substrate in 100 mM 

glycine pH 3.0 at 37°C by adding 0.5 µM 

neprosin or 10 µM pepsin. Reactions were 

stopped at different time points (0 min, 

10 min, 20 min, 45 min, 1 h and overnight) 

and samples were then diluted 1:10 with 

water, mixed with an equal volume of the 2,5-

dihydroxybenzoic acid matrix at 10 mg/mL in 

a solution containing 30% acetonitrile and 

70% 0.1% trifluoroacetic acid, and spotted on 

a ground steel plate (Bruker). Mass spectra 

were acquired in positive reflectron mode at 

21 kV total acceleration voltage. 

 

Liquid chromatography-mass 
spectrometry (LC-MS/MS) data analysis- We 

reanalysed the cleavage specificity data of 

endogenous neprosin or recombinant material 

obtained from Escherichia coli deposited at 

Chorus (Project ID 1262 [25]). LC-MS/MS 

raw files were converted to MGF format, and 

data were processed using TANDEM, Comet 
and MS-GF+, as implemented in SearchGUI 
[77]. Results were evaluated using 

PeptideShaker [78] with a false discovery rate 

of 1%. Data were non-specifically searched 

for hits against the human proteome in 

UniProt (March 2020) using a mass tolerance 

of 20 ppm for both MS1 and MS2, fixed 

cysteine carbamidomethylation, and variable 

methionine oxidation. Up to 50 missed 

cleavages or a maximum of 5500 Da were 

tolerated for the parental peptide mass. 

 

Inhibition assays- On the search for 

neprosin inhibitors, we assayed the broad-

spectrum cOmplete Inhibitor Cocktail 

(Roche); the metallopeptidase inhibitors 1,10-

phenathroline, phosphoramidon, marimastat, 

and captopril (all from Sigma-Aldrich); the 

serine peptidase inhibitor 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF; Sigma-

Aldrich); the aspartate peptidase inhibitors 
pepstatin A (Sigma-Aldrich), methyl-2-[(2-

diazoacetyl)amino]hexanoate (DAN; 

Chemical Abstracts Service (CAS) 7013-09-

4; Bachem 4010441), and ENPN (CAS 5255-

75-4; Apollo Scientific OR26560); as well as 
the proline-containing/mimicking 
compounds 2-acetyl-1-methylpirrole 
(AMP; CAS 932-16-1; Sigma-Aldrich 
160865); (S)-tert-butyl-2-(3-ethoxy-3-
oxopropanoyl)pyrrolidine-1-carboxylate 
(BEOPC; CAS 109180-95-2; Fluorochem 
387901); and N-boc-glycylproline (BGP; 
CAS 14296-92-5; Bachem 4003703). 
Inhibition of the cleavage of the FS6-QPQL 
peptide was investigated by pre-incubating 
100 nM neprosin in 100 mM glycine pH 3.0 

with 100 µM of each tester compound for 
>1 h at 37°C. We then added 10 µM of the 
substrate and the residual activity was 
monitored for 4h as an increase in 
fluorescence. Differences were analysed for 

statistical significance using GraphPad. The 
positive control in the absence of inhibitors 
(100% activity) contained the same final 
concentration of dimethyl sulfoxide that 
was used to solubilize the inhibitors. In 
addition, half-maximal inhibitory 
concentration (IC50) values were 
determined for pepstatin A and ENPN by 
measuring the activity of 50 nM neprosin in 
the presence of 10 µM of substrate and 
inhibitor concentrations of 5–500 µM and 
5–5000 µM, respectively, to obtain the 
inhibition curves. These curves were 
analysed by nonlinear regression using 
GraphPad. 

 

Evaluation of gliadin processing by 
neprosin in vivo- Experimental procedures 

involving mice followed the institutional 

guidelines for the care and use of laboratory 

animals and the ARRIVE guidelines. 

Protocols were approved by the Ethical 

Committee for Animal Experimentation of the 

University of Barcelona (CEEA-UB/Ref. 

186/20-P2) and the Government of Catalonia 

(PAMN/Ref. 11485), which followed 

Directive 2010/63/EU for the protection of 

animals used for scientific purposes. The 

sample size was estimated by the Appraising 



 

Project Office’s program from the Universitat 

Miguel Hernández of Elx (Alacant, Spain). 

We used 5-week-old male and female 

C57BL/6 mice (n=16) purchased from Janvier 

and housed at the animal facility of the Faculty 

of Pharmacy and Food Science of the 

University of Barcelona in a controlled 

environment (20–24°C, 40–60% relative 

humidity) and a 12-h photoperiod, with lights 

on at 8 a.m. and lights off at 8 p.m. Animals 

were housed in cages with large Souralit 1035 

fibrous particles as bedding (Bobadeb), and 

tissue paper (Gomà-Camps) and cardboard 

climbing structures for cage enrichment. 

Animals had free access to water and RM3 (P) 

SQC diet (Special Diet Services). 

After 1 week for acclimation, two groups 

of mice were randomly selected, each 

comprising four males and four females (n=8 

per group) and were marked neprosin (N) or 

vehicle (V). Animals were not fasted to 

account for the physiological transit time, and 

food and water were removed only 1 h before 

oral gavage. Group N mice were fed 50 µL 

pro-neprosin in vehicle (0.2 mg/mL in 20 µM 

Tris-buffered saline pH 7.5, 150 µM sodium 

chloride), whereas group V mice were fed 

50 µL vehicle alone. After 5 min, all mice 

were fed 50 µL gliadin slurry containing 5 mg 

wheat gliadin (Sigma-Aldrich) at 100 mg/mL 

in 10% ethanol solution using small-volume 

Hamilton syringes and adapted oral probes. 

The enzyme:gliadin ratio (1:500) was 

calculated based on our in vitro results, which 

had shown that neprosin digests gliadin at a 

1:500–1000 ratio at 37°C over a period of 

90 min. Given that gastrointestinal transit in 

mice causes a bolus to reach the small 

intestine after 1–3 h, with some content 

already entering the large intestine [79], we 

selected 2.5 h as the optimal endpoint to 

assess the degradation of gliadin in the upper 

gastrointestinal tract. Animals were then 

euthanized by cervical dislocation and the 

contents of the stomach, proximal small 

intestine and distal small intestine were 

removed, weighed, and frozen at –20°C.  

Samples were suspended in phosphate-

buffered saline (pH 7.2) at a concentration of 

200 mg/mL, homogenized with a Kimble 

Pellet Pester Cordless Motor (DWK Life 

Sciences), and extracted first with buffer at 

50°C for 40 min and then with 80% ethanol at 

20–25°C for 1 h. The mixtures were 

centrifuged (2000×g, 10 min, 4°C), and the 

aqueous layer between the particulate and fat 

layers was removed. The 33-mer content in 

each diluted extract was analysed using the 

AgraQuant Gluten G12 ELISA test kit (Romer 

Labs), which has a detection limit of 2 ppm, 

according to the manufacturer’s instructions. 

The G12 antibody detects the 33-mer but no 

other gliadin degradation fragments [80]. 

Final amounts were normalized taking into 

account the sample weight and results were 

expressed as mean ± SEM. The Statistical 
Package for Social Sciences (SPSS v22.0; 

IBM) was used for statistical analysis. The 

data showed homogeneity of variance 

(Levene’s test) and followed a normal 

distribution (Shapiro-Wilk test), so we applied 

conventional one-way analysis of variance 

(ANOVA). 

 

Crystallization and diffraction data 
collection- We screened for crystallization 

conditions at the joint IBMB/IRB Automated 

Crystallography Platform using the sitting-

drop vapour diffusion method. Optimal pro-

neprosin crystals (~20 mg/mL in 20 mM 

Tris·HCl pH 7.5, 150 mM sodium chloride) 

were obtained at 20°C with 0.1 M sodium 

acetate pH 4.0, 22% polyethylene glycol 

(PEG) 6000, 10% isopropanol as the reservoir 

solution. Crystals were harvested using cryo-

loops (Molecular Dimensions), rapidly passed 

through a cryo-buffer consisting of reservoir 

solution plus 15% (v/v) glycerol, and flash-

vitrified in liquid nitrogen for data collection. 

A lutetium derivative of pro-neprosin was 

obtained by soaking native crystals for 5 min 

in cryo-buffer supplemented with 100 mM of 

the Lu-Xo4 ‘crystallophore’ (Polyvalan) 40 

and flash-vitrifying them without back 

soaking. X-ray diffraction data were collected 



 

from native crystals at 100  K on a Pilatus 6M-

F pixel detector at beamline I04-1 of the 

Diamond Light Source (Harwell, UK). 

Lutetium derivative data were recorded on a 

Pilatus 6M detector at beamline XALOC of 

the ALBA synchrotron (Cerdanyola, 

Catalonia, Spain). 

The mature neprosin–product complex 

(crystal form I) was obtained at a protein 

concentration of ~16 mg/mL in 20 mM 

Tris·HCl pH 7.5, 250 mM sodium chloride at 

4°C using 10% PEG 1000, 10% PEG 8000 as 

the reservoir solution. Crystals were cryo-

protected with the same reservoir solution plus 

15% (v/v) glycerol prior to flash-vitrification 

in liquid nitrogen. X-ray diffraction data at 

100 K were collected at beamline ID30B of 

the ESRF synchrotron (Grenoble, France) 

using a Pilatus 6M detector. The mature 

neprosin–product complex in crystal form II 

was obtained at the same protein 

concentration but in 0.1 M glycine pH 3.0, 

150 mM sodium chloride at 20°C using 0.1 M 

sodium citrate tribasic pH 5.6, 0.5 M 

ammonium sulfate, 1 M lithium sulfate as the 

reservoir solution. Crystals were cryo-

protected with a solution containing 20% (v/v) 

glycerol. Diffraction data were collected at 

beamline XALOC on a Pilatus 6M detector. 

Diffraction data were processed using Xds 

[81] and Xscale, and were transformed to 

MTZ format using Xdsconv for the Phenix 

[82] and Ccp4 [83] program suites. All 

crystals contained a monomer in the crystal 

asymmetric unit and Suppl. Table1 provides 

essential statistics on data collection and 

processing. 

 

Structural solution and refinement- The 

structure of pro-neprosin was solved by 

single-wavelength anomalous diffraction 

using data collected from a lutetium derivative 

crystal at the LIII-absorption peak wavelength 

(1.34 Å) by applying the Autosol protocol of 

the Phenix package. The resulting Fourier 

map was then subjected to further density 

modification with wARP/ARP [84]. A starting 

model for Lu-Xo4 was obtained by energy 

minimization applied to the coordinates of the 

metal-chelating moiety of the compound as 

found in its complex with Tb3+ (Protein Data 

Bank [PDB] ID 6FRO, residue name 7MT) 

using Chimera [85]. The resulting coordinates 

in PDB format were combined with a Lu3+ ion 

for model building. Thereafter, several rounds 

of manual model building in Coot [86] 

alternated with crystallographic refinement 

using the Refine protocol of Phenix and the 

BUSTER [87] program. The final model 

comprised pro-neprosin residues A29–Q380 

except S76–Y85 and N122–N131 plus three extra 

C-terminal residues from the purification tag 

(A401–I402–A403); two Lu-Xo4 moieties at 

roughly half occupancy; two N-linked glycan 

chains totalling five sugar residues attached to 

N145 and N152, respectively; two acetate 

molecules; and 180 solvent molecules. 

The structure of native pro-neprosin was 

solved by molecular replacement using the 

Phaser crystallographic software within Ccp4 

and the protein coordinates of the lutetium 

derivative crystal structure. Subsequent 

model building and refinement proceeded as 

described above. The final model included 

residues A29–Q380 except Y77–Y85 and N122–

N131 plus two extra C-terminal residues from 

the purification tag (A401–I402), two N-linked 

glycan chains totalling four sugar residues, as 

well as eight acetate, one isopropanol, four 

glycerol and 257 solvent molecules. 

The structure of a product complex of 

native mature neprosin in crystal form I was 

also solved by molecular replacement, using 

the coordinates of fragment T132–I402 from 

native pro-neprosin. Subsequent model 

building and refinement proceeded as 

described above. The final model spanned 

residues T132–Q380 plus the entire C-terminal 

tag (A401–I402–A403+H404–H409), two N-linked 

glycan chains totalling seven sugar residues, 

plus one triethylene glycol and 171 solvent 

molecules. The structure of a product 

complex of native mature neprosin in crystal 

form II was also solved by molecular 

replacement, using fragment T132–Q380 of the 

crystal form I complex. The final model 



 

included residues T132–Q380 plus the C-

terminal tag except H409 (A401–I402–

A403+H404–H408), as well as two N-linked 

glycan chains totalling four sugar residues 

plus one nickel cation, three sulfate anions, 

one tetraglycine and one glycine, as well as 

250 solvent molecules. The nickel ion, 

presumably from the Ni-NTA resin used for 

purification, was tentatively assigned based 

on short liganding distances to two histidine 

residues (~1.8 Å) ,which were closer to those 

reported for tetrahedrally-coordinated nickel 

ions (1.88 Å on average) than to those of the 

more abundant lithium (2.03 Å) from the 

reservoir solution [88]. A tetraglycine was 

tentatively placed in an adequate density 

region based on the capacity of this amino 

acid to oligomerize under certain conditions 

[89]. Suppl. Table1 provides essential 

statistics on the final refined models, which 

were validated using the wwPDB Validation 
Service at https://validate-rcsb-

1.wwpdb.org/validservice and deposited with 

the PDB at www.pdb.org (access codes 

7ZU8, 7ZVA, 7ZVB and 7ZVC). 

 

Miscellaneous- Structural superpositions 

and structure-based sequence alignments 

were calculated using the SSM program 

within Coot. Figures were prepared using 

Chimera. Structure-based similarity searches 

were performed with Dali [90]. Protein 

interfaces were calculated with PDBePISA at 

www.ebi.ac.uk/pdbe/pisa. The interacting 

surface of a complex was defined as half the 

sum of the buried surface areas of either 

molecule. 
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Antibodies and antibody derivatives such as nanobodies contain immunoglobulin-like (Ig) β-
sandwich scaffolds which anchor the hypervariable antigen-binding loops and constitute the 
largest growing class of drugs. Current engineering strategies for this class of compounds rely 
on naturally existing Ig frameworks, which can be hard to modify and have limitations in 
manufacturability, designability and range of action. Here we develop design rules for the 
central feature of the Ig fold architecture – the non-local cross-β structure connecting the two 
β-sheets – and use these to de novo design highly stable Ig domains, confirm their structures 
through X-ray crystallography, and show they can correctly scaffold functional loops. Our 
approach opens the door to the design of a new class of antibody-like scaffolds with tailored 
structures and superior biophysical properties. 
  
Immunoglobulin-like (Ig) domain scaffolds 
have two sandwiched β-sheets that are well- 
suited for anchoring antigen-binding 
hypervariable loops, as in antibodies and 
nanobodies. To date, approaches to 
engineering antibodies rely on naturally 
occurring Ig backbone frameworks, and 
mainly focus on optimizing the antigen-
binding loops and/or multimeric formats for 
improving targeting efficiency or biophysical 
properties. Despite their exponential advance 
as protein therapeutics, engineered antibodies 

have significant limitations in terms of 
stability, manufacturing, size and structure, 
among others. Several alternative antibody 
fragments, such as Fab (antigen binding 
fragment) and scFv (single-chain variable 
fragment), and antibody-like scaffolds such as 
nanobodies have been engineered to address 
some of these limitations (1–3). The β-sheet 
geometry in these antibody alternatives are 
kept very close to naturally existing Ig 
structures because it is much harder to modify 
the β-sheet structure than the variable loops. 
De novo designing Ig domains with a wider 



 

range of core structures could expand the 
scope of antibody-engineering applications, 
but the design of β-sheet proteins remains a 
formidable challenge due to their structural 
irregularity and aggregation propensity (4). 
Recent understanding of design rules 
controlling the curvature (5, 6) and loop 
geometry in β-sheets (7, 8) have enabled the 
design of β-barrels (6, 9) and double-stranded 
β-helices (8), but the design principles for Ig 
domains and β-sandwiches in general are still 
poorly understood.  

We set out to de novo design new Ig 
fold structures, and began by considering the 
key aspects of the fold. The basic Ig domain 
(10, 11) is a β-sandwich formed by 7-to-9 β-
strands arranged in two antiparallel β-sheets 
facing each other, and connected through β-
hairpins (within the same β-sheet) and β-
arches (12) (crossovers between two opposing 
β-sheets). Natural Ig domains are structurally 
very diverse, often containing extra secondary 
structure elements and complex loop regions, 
but they all share a protein core with a super-
secondary structure “cross-β” motif that is 
common to most β-sandwiches: two 
antiparallel and interlocked β-arches (13) in 
which the first β-strands of each β-arch form 
one β-sheet, and the following β-strands cross 
and pair in the opposing β-sheet (Fig. 1). The 
four constituent cross-β strands (S2, S3, S5, 
S6) correspond to the B, C, E and F β-strands 
that build the common structural core of Ig 
domains found in nature (10, 11), and for 
which some sequence signatures related to 
stability or function have been reported – e.g. 
a disulfide bridge between the B and F β-
strands, a buried tryptophan in β-strand B (11, 
14) or the tyrosine corner (15) between β-
strand C and the loop connecting β-strands E 
and F. The non-local cross-β structure (Fig. 
1a) comprises two Greek key super-secondary 
structures (16, 17) involving four consecutive 
β-strands in which the first is paired to the last 
(Fig. 1b). Once the cross-β structures – which 
associate portions of the peptide chain distant 
along the linear sequence – are formed or 
designed, assembling the remainder of the 

peripheral β-strands is straightforward as it is 
only necessary to extend sequence-local β-
hairpins out from the cross-β strands (Fig. 1b). 
Peripheral β-strands form later in the folding 
of Ig-like proteins (14, 18), and are variable in 
number and structure across the different 
subtypes of Ig domains found in nature (10, 
11). The cross-β motif also controls the overall 
β-sandwich geometry, which can be 
conveniently described by the rigid-body 
transformation parameters relating the two 
constituent β-sheets – i.e., the distance and 
rotation along a vector connecting the two 
centers of the two opposing β-sheets, and the 
rotations around the two orthogonal vectors 
(Fig. 2a).  
 
 
RESULTS 
 
Principles for designing cross-β motifs- We 
began by investigating how the structural 
requirements associated with cross-β motifs 
constrain the geometry of the two β-arches 
connecting the β-strands. Since β-arch 
connections have four possible sidechain 
orientation patterns (8) (“Out-Out”, “Out-In”, 
”In-Out” and “In-In”) depending on whether 
the C⍺-Cβ vector of the β-strand residues 
preceding and following the β- arch 
connection point inwards (“In”) or outwards 
(“Out”) from the β-arch (Fig.2b; 
Supplementary Fig.1), there are sixteen 
possible cross-β motif connection orientations 
in total. For example, the “Out-Out/In-In” 
cross-β connection orientation means that the 
first and second β-arch connections have the 
“Out-Out” and “In-In” orientations, 
respectively. Due to the alternating pleating of 
β- strands, the cross-β connection orientation 
and the length of the β-strands in the two β-
sheets are strongly coupled: if paired β-strands 
have no register shift, they must be odd-
numbered in four of the possible cross-β 
orientations, even-numbered in four of the 
other possible cross-β orientations, and odd-
numbered in one of the two β-sheets and even-
numbered in the other β-sheet in the remaining 



 

eight cases. Guided by this principle, we 
studied the efficiency in forming cross-β 
motifs of highly structured β-arch 
connections; too flexible β-arches can hinder 
folding as they increase the protein contact 
order (19) – the average sequence separation 
between contacting residues – which slows 
down folding. The cross-β motif is the highest 
contact order part of the Ig fold architecture, 
and thus the rate of formation of this structure 

likely determines the overall rate of folding 
and thus contributes to the balance between 
folding and aggregation; once the cross-β 
motif is formed, folding is likely completed 
rapidly as the remaining β-hairpins are 
sequence-local (Fig. 1b). 

We generated cross-β motifs 
exploring combinations of short β-arch loops 
frequently observed in naturally occurring 
proteins and spanning the sixteen possible 

Fig. 1. Topology of immunoglobulin-like domains. a, Three-dimensional cartoon representation 
of an Ig structure formed by seven β-strands (left); and backbone hydrogen bond patterns (annotated 

thin lines) between paired β-strands along the sequence (right). Cross-β interactions have higher 
sequence separation (and higher contact order) than β-hairpins, which slows down folding. b, β-
arches of the cross-β motif belong to two contiguous and distinct Greek key motifs: with 2 β-strands 
in each β-sheet (left); and with 3 β-strands in one β-sheet and 1 β-strand in the other (right). From 
the folding and design perspective, the main limiting factor for correctly assembling the Ig structure 
is formation of the cross-β motif, since the three β-hairpins can form independently of one another.  



 

sidechain orientations (Supplementary Fig. 1), 

Fig. 2. Design rules for cross-β motifs in β-sandwiches. a, Cartoon representation of a 7-stranded 
immunoglobulin-like domain model formed by two β-sheets packing face-to-face, and the 
corresponding cross-β motif, which generates translations and rotations between the two opposing 
β-sheets. b, Topology diagram of a cross-β motif with circles and arrows representing β-strand 
residue positions and connections, respectively. Dark- and light-colored circles correspond to 
residues with sidechains pointing inwards or outwards from the β-sandwich, respectively. c, 
Efficiency of pairs of common β-arch loop geometries (described with ABEGO backbone torsions) 
in forming cross-β motifs obtained from Rosetta folding simulations (gray shaded squares). 
geometries were classified in four groups according to the sidechain directions of the adjacent 
residues. Colored squares group pairs of loops that, due to their sidechain orientations, have different 
requirements in β-strand length: in red or blue, if all β-strands need an odd or even number of 
residues, respectively; in green, if the β-strands of the first and second sheet need an odd and even 
number of residues, respectively; and in yellow for the opposite case (even and odd number of 
residues for the first and second sheet, respectively). Black-outlined boxes highlight loop 
combinations observed in natural Ig domains. On the right, examples of changes in cross-β motif 
geometry linked to β- arch loop geometry. d, β-arch helices are formed by a short ɑ-helix connected 
to the adjacent β-strands with short loops, and are complementary to β-arch loops for connecting 
cross-β motifs. e, Topology diagram of a 7-stranded Ig domain. β-arch loops are indicated as Li, 
where i is the β-arch number. f, Examples of de novo designed Ig backbones generated with different 
geometries and β-arch connections following the described rules, colored from N-terminus (blue) to 
C-terminus (red). 



 

sidechain orientations (Supplementary Fig. 1), 
along with β-strand length, using Rosetta 
folding simulations with a sequence-
independent model (7, 20) biased by the 
ABEGO torsion bins specifying desired loop 
geometries (21) (Fig. 2c). It is convenient to 
describe the backbone geometry of loop 
residue positions with ABEGO torsion bins 
representing different areas of the 
Ramachandran plot (“A”, right-handed ⍺-
helix region; “B”, extended region; “E”, 
extended region with positive Φ; “G”, left- 
handed ⍺-helix region; and “O”, if the peptide 
bond deviates from planarity) (see 
Supplementary Fig. 1a for a definition). For 
cross-β motifs to form, the geometry of the 
two β-arch loops must allow the concerted 
spanning of the proper distance along the β-
sheet pairing direction and along an axis 
connecting the two opposing β-sheets so that 
the two following β-strands cross and switch 
the order of β-strand pairing in the opposite β-
sheet (Supplementary Fig. 2). Multiple pairs 
of β- arch loops with the same or different 
ABEGO torsion bins were found to fulfill 
these geometrical requirements (Fig. 2c), with 
sampled ranges of cross-β geometrical 
parameter values similar to or broader than 
those found in naturally occurring Ig domains 
(Supplementary Fig. 3). For example, β-arch 
loops “ABB” and “ABBBA” strongly favor 
cross-β motifs but with twist rotations 
(Supplementary Fig. 4) in opposite directions 
(Fig. 2c, right). Of the short β -arch loops we 
considered for design, only a few are present 
in the cross-β motifs of naturally occurring Ig 
domains (Fig. 2c), which are mostly built by 
longer or hypervariable loops (as is the case of 
the first β-arch). We next explored the 
efficiency of short ⍺-helices (spanning 4-6 
residues) connecting the two β-strands 
through short loops (of 1-3 residues) which we 
refer to as “β-arch helices”. For cross-β motifs 
formed with β-arch helices, we identified 
efficient loop-helix-loop patterns (i.e. helix 
length together with adjacent loop ABEGO-
types) for the four possible β-arch sidechain 
orientations (Supplementary Fig. 5). Overall, 

the formation and structure of cross-β motifs 
can in this way be encoded by combining β-
arch loops and/or β-arch helices of specific 
geometry with β- strands compatible in terms 
of length and sidechain orientations.  
 
 Computational design of Ig domains - 
Based on these rules relating β-arch 
connections with cross-β motifs, we de novo 

designed 7-stranded Ig topologies (Fig. 2e, f). 
We generated protein backbones by Rosetta 
Monte Carlo fragment assembly using 
blueprints (7, 20) specifying secondary 
structures and ABEGO torsion bins, together 
with hydrogen bond constraints specifying β-
strand pairing. We explored combinations of 
β-strand lengths (between 5 and 8 residues) 
and register shifts between paired β- strands 3 
and 6 (between 0 and 2 residues). β-arches 1 
and 3 are those involved in the cross-β motif, 
and their connections were built with loop 
ABEGO-types having high cross-β 
propensity, as described above. We reasoned 
that β-arch helices may fit better in β-arch 3 
than in β-arch 1 (Fig. 2e), which by 
construction is more embedded in the core, 
and explored topology combinations 
combining β-arch 1 loops with β-arch 3 
helices. The three β-hairpin loops were 
designed with two residues for proper control 
of the orientation between the two paired β-
strands according to the ββ-rule (7). Those 
topology combinations with β-strand lengths 
incompatible with the expected sidechain 
orientations of each β-arch and β-hairpin 
connection were automatically discarded. We 
then carried out Rosetta sequence design 
calculations (22, 23) for the generated 
backbones. Loops were designed using 
consensus sequence profiles derived from 
fragments with the same ABEGO backbone 
torsions. Cysteines were not allowed during 
design to avoid dependence of correct folding 
on disulfide bond formation (in contrast to 
most natural Ig domains). As an implicit 
negative design strategy against edge-to-edge 
interactions promoting aggregation, we 
incorporated at least one inward-facing polar 
or charged amino acid (TQKRE) (24) into 
each solvent-exposed edge β-strand. 
Sequences were ranked based on energy and 
sidechain packing metrics, as well as local 
sequence-structure compatibility assessed by 
9-mer fragment quality analysis (4). Folding 



 

of the top-ranked designs was quickly 
screened by biased forward folding 
simulations (5), and those with near-native 
sampling were subjected to Rosetta ab initio 

folding simulations from the extended chain 
(25). The extent to which the designed 
sequences encode the designed structures was 
also assessed through AlphaFold (26) or 
RoseTTAFold (27) structure prediction 
calculations (see below). 
 
Biochemical characterization of the 
designs- For experimental characterization, 
we selected 31 designs predicted to fold 
correctly by ab initio structure prediction (Fig. 
3a, b); 29 of which had AlphaFold or 

RoseTTAFold predicted models with pLDDT 
> 80 and C⍺ atom root mean square deviations 
(C⍺-RMSDs) < 2 Å to the design models 
(Supplementary Table 1). The designed 
sequences contain between 66 and 79 amino 
acids and are unrelated to naturally occurring 
sequences, with Blast (28) (E-values > 0.1) 
and more sensitive sequence-profile searches 
(29, 30) finding very weak or no remote 
homology (E-values > 0.003) (Supplementary 
Table 2). The designs also differ substantially 
from natural Ig domains in global structure 
(with an average ± s.d.TM-score (31) of 0.54 
± 0.06; Supplementary Fig. 6), and cross-β 
twist rotation (close to zero, which are 
infrequent in natural Ig domains; 

Fig. 3. Folding and stability of designed proteins. a, Examples of design models. b, Simulated 
folding energy landscapes, with each dot representing the lowest energy structure obtained from ab 

initio folding trajectories starting from an extended chain (red dots) or local relaxation of the 
designed structure (green dots). The x-axis depicts the C⍺-RMSD from the designed model and the 
y-axis, the Rosetta all-atom energy. c, Far-ultraviolet circular dichroism spectra (blue: 25 °C; green: 
55°C; red: 75°C; black: 95°C). d, Far-ultraviolet circular dichroism spectra at different guanidine 
hydrochloride concentrations and at 25°C (blue: 0 M; green: 1 M; red: 2 M; cyan: 3 M; yellow: 4 M; 
magenta: 5 M; gray: 6 M; black: 7 M).  



 

Supplementary Table 3). We obtained 
synthetic genes encoding for the designed 
amino acid sequences (design names are 
dIGn, where “dIG” stands for “designed 
ImmunoGlobulin” and “n” is the design 
number). We expressed them in Escherichia 

coli, and purified them by affinity and size-
exclusion chromatography. Overall, 24 
designs were present in the soluble fraction 
and 8 were monodisperse, had far-UV circular 
dichroism spectra compatible with an all-β 

protein structure, and were thermostable (Tm 
> 95 °C, except for dIG21 with Tm > 75 °C) 
(Fig. 3c, Supplementary Table 4, and 
Supplementary Fig. 7 and 8). In size-exclusion 
chromatography combined with multi- angle 
light scattering (tic), five designs were 
dimeric, one was monomeric (dIG21) and 
another one (dIG8) was found in equilibrium 
between monomer and dimer (Fig. 4a, 
Supplementary Fig. 7, 8 and 9). The 

Fig. 4. Crystal structure of the dIG14 dimer. a, SEC-MALS analysis of dIG14 estimates a 
molecular weight corresponding to a dimer (Mw monomer = 9.7 kDa). b, Crystal structure of the 
homodimer interface formed by antiparallel pairing between β-strands 1 and 6 enabled by flipping 
out of the C-terminal β-strand; the monomer core becomes more accessible and the interface is 
primarily formed by hydrophobic contacts (right inset). PDB accession code of the dIG14 crystal 
structure: 7SKP . c, dIG14 design model (green) in comparison with the crystal structure (gray, chain 
B). Sidechain packing interactions in the non-terminal edge β-strands were well recapitulated in the 
crystal structure (left inset). A shift in β-strand pairing register observed in the crystal structure is 
highlighted by the two colored arrows (right inset). d, The AlphaFold monomer prediction (left) 

superimposes well with the design model (C⍺-RMSD 1.0 Å); while AlphaFold- Multimer (right) 

correctly predicts the monomer subunits in the crystal structure (C⍺-RMSD 0.6 Å, except for the C-
terminal disordered β-strand). 



 

monomeric design had a well-dispersed 1H-
15N HSQC nuclear magnetic resonance 
(NMR) spectrum consistent with a well-
folded β-sheet structure (Supplementary Fig. 
10).  
 
Structural characterization of a dimeric de 
novo Ig design- The most stable design, 
dIG14, remained folded at 5 M guanidine 
hydrochloride (GdnCl) (Fig. 3d), had a well-
dispersed 1H-15N HSQC spectra 
(Supplementary Fig. 10) and was found to be 
dimeric by SEC-MALS (Fig. 4a). To gain 
structural insight on its dimerization 
mechanism, we solved a crystal structure at 
2.4 Å resolution (Fig. 4b-c, Supplementary 
Table 5) and found it was in excellent 
agreement with the computational model over 
the first five β-strands and their connections 
(C⍺-RMSD of 0.8 Å; Fig. 4c). By contrast, the 
C-terminal region had three main differences: 
β-arch 3 helix was found in a different 
orientation, the register between paired β- 
strands 6 and 3 shifted by two β-strand 
positions (Fig. 4c, right inset), and the C-
terminal β-strand flipped out of the structure, 
being disordered. This conformational 
difference altered the cross-β structure, 
exposed the protein core and formed an edge-
to-edge dimer interface mediated by two 
antiparallel β-strand pairs (between β-strands 
1 and 6 of each protomer), overall forming a 
12- stranded β-sandwich (Fig. 4b). AlphaFold 
and RoseTTAFold predictions recapitulated 
the design model and did not predict these 
conformational differences, but the pLDDT 
values in the β-arch helix were quite low 
compared with the rest of the structure (Fig. 
4d; Supplementary Fig. 11). Rosetta ab initio 

folding simulations sampled conformations 
closer to the crystal structure with energies 
similar to the design (Supplementary Fig. 11). 
Structure prediction of dIG14 as a homodimer 
with AlphaFold-Multimer (32) generated 
models closer to the crystal structure (Fig. 4d) 
despite formation of an incorrect dimer 
interface (Supplementary Fig. 11); the 
conformational differences between the 
design and crystal structure may be driven at 
least in part by the energetics of dimer 
interface formation. 
 
Structural characterization and 
functionalization of a monomeric de novo 

designed Ig scaffold- For the dIG8 design, 
crystallization trials yielded no hits, but we 
reasoned that a disulfide bond could further 
rigidify the structure and promote 
crystallization. As disulfide bonds with high 
sequence separation are more stabilizing due 
to greater unfolded state entropy reduction, we 
computationally designed disulfide bonds 
between β-strands not forming a β-hairpin 
using a hash-based disulfide placement 
protocol (33) which searches for 
transformations between pairs of residue 
positions compatible with naturally occurring 
disulfide bond geometries (see Methods). We 
designed the double mutant dIG8-CC (V21C, 
V60C) (Fig. 5a ), which, like the parental 
protein (Supplementary Fig. 7), was well-
expressed, thermostable and was found in an 
equilibrium between monomers and dimers by 
SEC-MALS (Fig. 5b). We were able to obtain 
two crystal structures of dIG8-CC in two 
different space groups, with data to 2.05 and 
2.30 Å resolution by molecular replacement 
using the design and RoseTTAFold predicted 
models (Supplementary Table 5). The 
asymmetric unit of both crystal structures 
contained four protomers, and all of them 
closely matched the computational model 
with C⍺-RMSDs ranging between 1.0 and 1.3 
Å (Fig. 5c). The designed cross-β motif 
combines a β-arch loop (ABABB) with a β-
arch helix (BB-H5-B), and both were well 
recapitulated (C⍺-RMSDs ranging between 
0.7 and 1.0 Å for the two connections) across 
the eight monomer copies, suggesting high 
structural preorganization of the designed 
connections (Fig. 5d). The sidechain of 
residue C21 was found in two different 
conformations, disulfide-bonded with C60 as 
in the design and unbound (Supplementary 
Table 6), which suggests low stability of the 
disulfide bond (Supplementary Fig. 12) and 
that it is not essential for proper folding of 
dIG8-CC. This is consistent with the high 
stability determined for parental dIG8 without 
the disulfide bridge (Supplementary Fig. 7). 
 The crystal structures also revealed an 
edge-to-edge dimer interface between the N- 



 

and C- terminal β-strands, overall forming a 
14-stranded β-sandwich (Fig. 5e). Docking 
calculations on dIG8-CC suggested that the β-
sandwich edge formed by the two terminal β-
strands is more dimerization-prone than the 
opposite edge (Supplementary Fig. 13), 
mainly due to a more symmetrical backbone 

arrangement and complementary hydrophobic 
and salt-bridge interactions in the former, and 
the presence of more inward-pointing charged 
residues in the latter. In contrast to dIG14, 
AlphaFold correctly predicted the dIG8-CC 
monomer crystal structure with very high 
confidence across all residues and did not 

Fig. 5. Crystal structure of dIG8-CC and functional loop scaffolding. a, Design model of dIG8-
CC with a disulfide bridge (spheres) between β-strands 3 and 6. b, SEC-MALS analysis of dIG8-CC 
estimates a molecular weight between monomer (8.3 kDa) and dimer (16.6 kDa). c, Design model 
(green) in comparison with the crystal structure with PDB accession code 7SKP (gray, chain C). d, 
Cross-β motif connections and core sidechain interactions in the design and the crystal structure. The 
β-arch helix and loop conformations are well preserved across monomer copies in the crystal 
asymmetric units (insets). e, Crystal homodimer interface by parallel pairing between the two 
terminal β-strands, which are stabilized through hydrophobic and salt-bridge interactions (inset). f, 
Computational model of dIG8-CC with a grafted EF-hand motif (design EF61_dIG8-CC, cartoon), 
showing Tb3+ (sphere) bound to EF-hand motif residues (sticks). Tb3+ luminescence is sensitized by 
absorption of light (purple) by a proximal tyrosine residue on the EF-hand motif with subsequent 
fluorescence resonance energy transfer (FRET) to Tb3+, resulting in Tb3+ luminescence (green). g, 
Far-ultraviolet circular dichroism spectra of EF61_dIG8-CC without Tb3+ (blue: 25 °C; green: 55 
°C; red: 75 °C; black: 95 °C). h, Time-resolved luminescence emission spectra in 100 µM Tb3+ final 
concentrations for EF61_dIG8-CC and dIG8-CC at 20 µM. i, Tb3+ concentration- dependent time-
resolved luminescence intensity of 20 µM EF61_dIG8-CC using excitation wavelength λex = 280 
nm and emission wavelength λem = 544 nm. Normalized intensities are fit to a one-site binding  
model by non-linear least squares regression (Kd = 267 µM).  



 

change that prediction in the context of the 
homodimer. The closest Ig structural 
analogues found across the PDB and the 
AlphaFold Protein Structure Database (34) 
had a TM-score ≤ 0.65 (Supplementary Fig. 
14); and contained more irregular β- strands, 
longer loops, and differences in the β-strand 
pairing organization.  
 We next sought to investigate whether 
de novo designed immunoglobulins could be 
functionalized by scaffolding ligand-binding 
loops. We set out to computationally graft an 
EF- hand calcium-binding motif (PDB 
accession code 1NKF) into the β-hairpins of 
dIG8-CC. To facilitate motif grafting, we 
designed N-terminal linkers containing 
between 0 and 3 residues with an extended 
backbone conformation, and C-terminal 
linkers containing between 0 and 10 residues 
keeping the ⍺-helical secondary structure of 
the C-terminal side of the EF-hand motif. We 
selected 12 designs for experimental testing 
with minimal linker lengths and spanning the 
three insertion sites. Design EF61_dIG8-CC 
(Fig. 5f), with the EF-hand motif grafted at the 
C-terminal β-hairpin of dIG8-CC after residue 
61, was the best expressed and monodisperse 
by size-exclusion chromatography, and was 
found to be thermostable by far-UV circular 
dichroism (Fig. 5g), as was the parent design 
dIG8-CC. Since EF-hand motifs generally 
bind terbium, we assessed ligand- binding by 
terbium luminescence, which can be 
sensitized by energy transfer (35) from a 
proximal tyrosine residue on the grafted EF-
hand motif upon excitation at 280 nm 
wavelength. For increasing luminescence 
signal-to-noise ratio, we carried out time-
resolved luminescence measurements taking 
advantage of the long luminescence lifetime 
of terbium (36, 37). EF61_dIG8-CC mixed 
with 100 µM TbCl3 displayed a 10-fold 
higher luminescence emission intensity at 544 
nm than dIG8-CC without the EF-hand motif 
(Fig. 5h). Tb3+ titrations in the presence of 
EF61_dIG8-CC displayed a hyperbolic 
increase in luminescence with increasing Tb3+ 
concentrations (Fig. 5i; Supplementary Fig. 
15a). In competitive binding titrations, Tb3+ 
luminescence intensity decreased with 
increasing Ca2+ concentrations, showing that 
Ca2+ competes with Tb3+ for the grafted EF-
hand motif (Supplementary Fig. 15b). 
 

 
DISCUSSION 

 
Since initial attempts in the early 90’s 

(38–40), the de novo design of globular β-
sheet proteins with high-resolution structural 
validation had remained elusive until very 
recently, when they were enabled by 
considerable advances in our understanding of 
how to program the curvature of β-sheets and 
the orientation of their connecting loops into 
an amino-acid sequence. Here, we describe 
the first successful de novo design of an 
immunoglobulin-like domain with high 
stability and accuracy, which was confirmed 
by crystal structures. This success became 
possible by elucidating the requirements for 
effective formation of cross-β motifs, which 
establish the non- local central core of Ig folds 
by structuring β-arch connections through 
short loops and helices, while favoring 
sidechain orientations compatible with the 
length and pleating of the sandwiched β-
sheets. 

The cross-β motifs of our designs 
differ from natural ones in several ways. Our 
cross-β motifs are formed by combining short 
β-arch loops not seen in natural Ig domains 
(Fig. 2c), which generally have more complex 
loops (including a complementarity-
determining region (CDR) in the first β-arch 
of the cross-β motif found in antigen-binding 
regions of antibodies), and are stabilized by 
hydrophobic interactions without 
incorporating sequence motifs typically found 
in the core strands B, C, E and F of natural Ig 
domains. For example, the disulfide bond of 
dIG8-CC is between two β-strands paired in 
the same β-sheet in contrast to the sheet-to-
sheet disulfide bridge found between strands 
B and F in many Ig domains. The tyrosine 
corner which stabilizes Greek keys in many 
natural β-barrels and β-sandwiches (15, 18) 
was also not needed in our designs. These 
differences in sequence requirements reflect 
the substantial structural differences between 
our designs and natural Ig domains. The 
designs contain cross-β motifs less twisted 
than those from natural Ig domains, and their 
overall structural (average TM-score of 0.54) 
and sequence (Supplementary Table 2) 
similarity is very low (HHPred did identify 
matches to short segments of β -sandwiches, 
including one Ig domain (PDB accession code 
2R39), with locally similar alternating 



 

patterns of hydrophobic and polar amino acids 
typical of β-strands).  

Several of the designs tended to 
dimerize in solution, highlighting design 
challenges in preventing self-interactions 
between β-sheets. Solvent-exposed β-strand 
edges favor intermolecular β-strand pairing 
through backbone hydrogen bonds (between 
the unpaired NH- and CO- groups) and 
hydrophobic interactions at the interface 
between monomers. As in previous de novo β-
sheet design studies (5, 7, 8), we used an 
implicit negative design strategy to disfavor 
association by favoring polar or charged 
amino acids at inward-facing positions of the 
edge β- strands to weaken interface sidechain 
interactions. Explicit negative design against 
possible edge- to-edge dimer interfaces is an 
alternative, but remains challenging as it 
requires enumerating many possible negative 
states: the crystal structures of two designs 
show two possible interfaces (one including 
structural rearrangement of the monomer), 
and we cannot rule out the possibility that 
other dimer interfaces formed in designs that 
were not crystallized (via parallel or 
antiparallel edge-strand pairing with varied 
register shifts). Alternatively, negative design 
against edge-to-edge interfaces can be 
encoded in protein backbone irregularities – 
e.g. β-bulges, prolines or short protective β-
strands – disfavoring the ideal geometry for 
hydrogen-bonded β-strand pairing (41).  

The edge-to-edge dimer interfaces in 
the crystal structures of our designs differ 
from those found between the heavy- and 
light-chains of antibodies, which are arranged 
face-to-face. For engineering antibody-like 
formats presenting several loops targeting one 
or multiple epitopes, designing dimeric Ig 
interfaces through the β-sandwich edge 
formed by the terminal β-strands has the 
advantage over face-to-face dimers of 
decreasing the number of exposed β-strand 
edges, thereby reducing aggregation-
propensity. It will likely be useful to custom-
design both edge-to- edge and face-to-face 
dimers from our de novo Ig domains; these 
would present loops from the two monomers 
in different relative orientations, and 
depending on the target structure and the loops 
involved, one of these two arrangements will 
likely be better suited than the other for 
designing shape-complementary binding 
interfaces. Another advantage of controlling 

the N- and C-termini of the two monomeric 
subunits can be positioned in close proximity 
to allow fusion through short or compact 
connections into rigid and hyperstable single-
chain constructs –similar in spirit to single-
chain variable fragments (scFvs) but with 
greater structural control and higher stability. 
The high stability of our designs opens up 
exciting possibilities for grafting functional 
loops, as shown for the EF-hand terbium-
binding motif inserted into the C-terminal β-
hairpin of dIG8-CC. The β-hairpins in our 
scaffolds can be readily extended to 
incorporate ligand- and protein-binding 
motifs, functional peptide motifs, or 
complementarity-determining regions 
(CDRs) of antibodies or nanobodies (it is 
likely more straightforward to insert 
functional loops into β-hairpins than into 
β-arches, since the latter tend to form more 
slowly and need to be highly structured, 
but this remains to be studied and may 
vary depending on the loop to be inserted). 
In antibodies, the CDRs are located on one 
side of the β-sandwich (at the bottom 
given the orientation displayed in Figs. 1-
5), and we inserted the terbium binding 
motif on this side, but the robustness of 
our scaffolds could allow insertions on the 
other side as well. Ultimately, achieving the 
structural control over the Ig backbone 
together with the high expression levels and 
stability of de novo designed proteins in 
general should lead to a versatile generation of 
antibody-like scaffolds with improved 
properties.  
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METHODS  
 
Structural analysis of β-arch loops- β-arch 
loops of less than 9 residues were collected 
from a non-redundant set of 5,857 PDB 
structures with sequence identity < 30% and 
resolution ≤ 2.0 Å. They were identified by 
first assigning the secondary structure with 
DSSP (42), and ensuring they were 
connecting β-strands with no hydrogen-bond 
pairing between them (the first and last 
residue of each assigned β-strand were 
considered the end residues connecting to the 
loops). The ABEGO torsion bins of each loop 
position was assigned based on their φ/ψ 
backbone dihedrals as defined in 
Supplementary Fig. 1a. The sidechain 
orientations of the two residues (i and j) 
preceding and following the β-arch loop are a 
function of the relative orientation between 
their C⍺-Cβ vector and the translation vector 
(v1) connecting their C⍺ atoms, as shown in 
Supplementary Fig. 1b. The β-arch sliding 
distance was calculated as the dot product 
between v1 and the CO vector of the 
preceding residue (v1 • COi), which points 
along the β-sheet hydrogen bond direction. If 
the dot product between v1 and the C⍺- Cβ (i) 
vector of the preceding residue is negative, 
then the sliding distance is calculated as v1 • - 
COi. The β-arch twist was calculated as the 
dihedral between positions C⍺ (i-2), C⍺ (i), 
C⍺ (j), and C⍺ (j+2).  
Cross-β motif analysis- To extract the cross-
β geometrical parameters we calculated the 
rigid body transformation between two 
reference frames defined at the two β-sheets 
comprising the cross-β motif. For the first β-
sheet (formed by the two N-terminal strands, 
1 and 3, of the motif), the reference frame was 
built with the vectors S1, which defines the 
direction of β-strand 1 (from N to C-termini), 
S31, which connects the centers of the two 
strands (Supplementary Fig. 2), and PN as the 
vector orthogonal to the β-sheet calculated as 
the cross product between the S1 and S31 
vectors (PN = S1 × S31). For the second β-
sheet (formed by the two C-terminal strands, 
2 and 4, of the motif), the reference frame was 
calculated in the same way with the equivalent 
vectors S4, S24 and PC. To minimize the 
dependence of cross-β parameters on 
differences in the internal geometry of β- 
strands from the two different β-sheets, we 

pre-generated a template antiparallel strand 
dimer that, before calculating the transform, is 
superimposed on each of the two strand 
dimers of the cross-β motif. The transform 
rotational angles were calculated as the Euler 
angles of the transform (twist, roll and tilt). 
The cross-β motif distance was calculated 
between the centers of the two strand dimers. 
The β-arch sliding distance in a cross-β motif 
was calculated as the dot product between the 
translation vectors and the vector S31.  
 
Structural analysis of naturally occurring 
immunoglobulin-like domains- We searched 
for Ig-like domains classified in SCOP (43) as 
“Ig-like beta-sandwich” folds (SCOP ID 
2000051) and selected those with X-ray 
resolution ≤ 2.5 Å, yielding a total of 467 
annotated domains. 
 
Protein backbone generation and sequence 
design- We specified blueprint files for each 
target protein topology and constructed poly-
valine backbones with the RosettaScripts (44) 
implementation of the Blueprint Builder (7) 
mover, which carries out Monte Carlo 
fragment assembly using 9- and 3-residue 
fragments picked based on the secondary 
structure and ABEGO torsion bins specified at 
each residue position. We used the fldsgn_cen 

centroid scoring function with reweighted 
terms accounting for backbone hydrogen 
bonding (lr_hb_bb) and planarity of the 
peptide bond (omega).  

For constructing cross-β motifs, we 
followed a two-step procedure. First, the two 
N- terminal strands of the motif (strands 1 and 
3) were generated as antiparallel β-strand 
dimers of desired length from φ/ψ values 
typical of β-strands (extended region of the 
Ramachandran plot) and relaxed using 
hydrogen-bond pairing restraints. Second, the 
cross-β loops and C-terminal strands (strands 
2 and 4) were then appended by fragment 
assembly using the Blueprint Builder, as 
described above, combined with a strand 
pairing energy bonus between strands 2 and 4. 
We assign the two N-terminal strands to 
different chains (A and B), and the resulting 
jump between the two chains allows to fold 
the two C-terminal strands independent of 
each other. Then, the secondary structures of 
the resulting backbones were calculated by 
DSSP (42) and those with a secondary 
structure identity to that defined in the 



 

blueprints below 90% were discarded to 
guarantee correct strand pairing formation. 
The filtered backbones needed to fulfil two 
additional properties to be considered a cross-
β motif: (1) the two C-terminal strands must 
form antiparallel strand pairing with each 
other, but not with any of the N-terminal 
strands (to guarantee β-sandwich formation); 
(2) the two β-arches must cross. For the latter, 
we checked crossing based on the relative 
orientation between the two vectors 
orthogonal to each of the two β-sheet planes 
packing face-to-face. The PN vector 
orthogonal to the β-sheet formed by the two 
N-terminal strands is calculated as the cross 
product between the S1 and S31 vectors (PN 
= S1 × S31) as described above. The PC vector 
orthogonal to the β-sheet formed by C-
terminal strands is calculated similarly as PC 
= S4 × S24 as described above. If the two 
orthogonal vectors are parallel (if PN • Pc >0) 
the two β- arches were considered to cross.×  

For designing 7-stranded Ig 
backbones, we carried out hundreds of 
independent blueprint- based trajectories 
folding each target topology in one step 
followed with a backbone relaxation using 
strand pairing constraints. We encouraged 
correct formation of strand pairs using custom 
python scripts writing distance and angle 
constraints specifying backbone hydrogen 
bond pairing at each pair of residue positions. 
The generated backbones were subsequently 
filtered based on their match with the 
secondary structure and ABEGO torsion bins 
specified in the corresponding blueprint files, 
and their long-range backbone hydrogen bond 
energy (lr_hb_bb score term). We carried out 
FastDesign (45) calculations using the 
Rosetta all-atom energy function ref2015 (46) 
to optimize sidechain identities and 
conformations with low-energy, efficiently 
packing the protein core, and compatible with 
their solvent accessibility. Designed 
sequences were filtered based on the average 
total energy, Holes score (47), buried 
hydrophobic surface, and sidechain-backbone 
hydrogen bond energy (for better stabilizing 
β-arch geometry). For loop residue positions, 
we restricted amino acid identities based on 
sequence profiles derived from naturally 
occurring loops with the same ABEGO 
torsion bins (5).  
 

Sequence-structure compatibility 
evaluation- The local compatibility between 
the designed sequences and structures was 
evaluated based on fragment quality. 
Sequence-structure pairs were considered 
locally compatible if for all residue positions 
at least one of the picked 9-mer fragments 
(based on sequence and secondary structure 
similarity with the design) had a RMSD below 
1.0 Å. For designs fulfilling this requirement, 
we assessed their folding by Rosetta ab initio 

structure prediction in two steps. We started 
screening hundreds of designs quickly with 
biased forward folding simulations (5) (BFF) 
using the three 9- and 3-mers closer in RMSD 
to the design. Those designs with a substantial 
fraction (>10%) of BFF trajectories sampling 
structures with RMSDs to the design below 
1.5 Å were then selected for standard Rosetta 
ab initio structure prediction (25). We ran 
AlphaFold (26) and the PyRosetta version of 
RoseTTAFold (27) with a local installation 
and using default parameters. 
 
Docking calculations- HADDOCK (48) was 
used for the evaluation of the crystallographic 
interface of the design. We picked the first 
chain from the dIG8-CC crystal structure and 
used two copies of this monomer for all two-
body docking simulations. Taking advantage 
of the ability of HADDOCK to build missing 
atoms, we constructed the mutants by 
renaming and removing all atoms but those 
forming the backbone (N, C⍺, C, O) and the 
Cβ (to maintain sidechain directionality). For 
the simulations targeting the crystallographic 
interface, we selected all residues pertaining 
to the first and seventh strands (segments 1-7 
and 65-70) as active residues to drive the 
docking. For the ones aiming to the opposite 
interface, all residues from the third and fourth 
strands (segments 30-35 and 39-45) were 
instead used as active residues. For all docking 
simulations, we defined two different sets of 
symmetry restraints as follows: (1) we applied 
C2 symmetry restraints to assure a 180o 
symmetry axis between both molecules, and 
(2) enabled non-crystallographic restraints 
(NCS) to enforce identical intermolecular 
contacts. All remaining docking and analysis 
parameters were kept as default. In terms of 
analysis, the generated models were evaluated 
by the default HADDOCK scoring function. 
This mathematical approximation is a 
weighted linear combination of different 



 

energy terms including: van der Waals and 
electrostatic intermolecular energies, a 
desolvation potential and a distance restraint 
energy term. The scoring step is followed by a 
clustering procedure based on the fraction of 
common contacts, and the resulting clusters 
are re-ranked according to the average 
HADDOCK score of the best 4 cluster 
members. For comparison purposes, we used 
the exact same set of parameters for all 
docking simulations and selected the top 
model from the best ranked cluster. 
 
Design of disulfide bonds- The identification 
of the position of disulfide bonds was carried 
out with a novel motif hashing protocol (33). 
30,000 examples of native disulfide 
geometries were extracted from high 
resolution protein crystal structures in the 
PDB. The relative orientation of the backbone 
atoms was calculated by determining the 
translation and rotation matrix between the 
two sets of backbone atoms. These translation 
and rotation matrices were hashed and stored 
in a hash table with the associated 
conformation of the sidechains. Once the hash 
table has been completed by including all of 
the examples of disulfides from the PDB, the 
hash table can be utilized to place disulfides 
into de novo proteins by evaluating the 
relative orientation within a designed protein 
to find which residue pairs match an example 
from the hash table. All of the code necessary 
to generate the hash tables and run the 
disulfide placement protocol can be found in 
https://github.com/atom- moyer/stapler.  
 
Design of EF-hand calcium binding motifs- 
A minimal EF-hand motif from Protein Data 
Bank (PDB) accession code 1NKF (49) was 
generated by truncating the PDB file 3-
dimensional coordinates to the minimal Ca2+-
binding sequence DKDGDGYISAAE. 
RosettaRemodel (50) blueprint files were 
generated from the 3- dimensional coordinates 
of the dIG8 computational model and minimal 
EF-hand motif, and an in- house script used to 
write RosettaRemodel blueprint files for 
domain insertion of the minimal EF- hand 
motif into dIG8. 132 blueprint files were 
generated to insert the EF-hand motif after 
residues 8, 28, and 61 of dIG8 while 
systematically sampling N-terminal linker 
lengths of 0-3 residues with β-sheet secondary 
structure and C-terminal linker lengths of 0-10 

residues with ⍺-helical secondary structure. 
RosettaRemodel was run three times for each 
blueprint file using the pyrosetta.distributed 
and dask python modules (51–53). Linker 
compositions were de novo designed in 
RosettaRemodel using specific sets of amino 
acids defined in the blueprint files at each 
position of the N-terminal and C-terminal 
linkers while preventing repacking of EF-
hand motif sidechain rotamers required for 
chelating Ca2+. Out of 396 domain insertion 
simulations, 86 successfully closed the N-
terminal and C-terminal linkers producing 
single-chain decoys. On each decoy, a custom 
PyRosetta script was run to append a Ca2+ ion 
into the EF-hand motif. Decoys were then 
relaxed via Monte Carlo sampling of protein 
sidechain repacking and protein sidechain and 
backbone minimization steps with a full-atom 
Cartesian coordinate energy function(46) with 
coordinate constraints applied to the aspartate 
and glutamate residues chelating the Ca2+ 
ion. The 86 resulting designs were scored in 
RosettaScripts (44) with an in-house XML 
script. Concomitantly, each of the 86 designs 
were forward folded (25) after temporarily 
stripping out the Ca2+ ion from each decoy, 
and the ff_metric algorithm used to evaluate 
funnels (54). To select designs for 
experimental validation, the following 
computational protein design metric filters 
were applied: buns_all_heavy_ball ≤ 1.0; 
buns_all_heavy_ball_interface ≤ 1.0; 
total_score_res ≤ -3.7; geometry = 1.0. 
Filtered designs were ranked ascending 
primarily on buns_all_heavy_ball, ascending 
secondarily on ff_metric, and ascending 
tertiarily on total_score_res. To 
experimentally test designs at the three 
domain insertion sites, the top three ranked 
designs at each of the three domain insertion 
sites were selected. To experimentally test 
designs with the shortest N-terminal and C-
terminal linkers, the top three ranked designs 
with up to a 3-residue N-terminal linker and 
up to a 2-residue C-terminal linker were 
selected. 12 designs in total were selected for 
experimental characterization after mutating 
positions compatible with disulfide bonds to 
cysteines. 
 
Recombinant expression and purification 
of the designed proteins for biophysical 
studies- Synthetic genes encoding for the 



 

selected amino acid sequences were ordered 
from Genscript and cloned into the pET-28b+ 
expression vector, with the genes of interest 
inserted within NdeI and XhoI restriction sites 
and the pET28b backbone encoding an N-
terminal, thrombin-cleavable His6-tag. 
Escherichia coli BL21 (DE3) competent cells 
were transformed with these plasmids, and 
starter cultures from single colonies were 
grown overnight at 37°C in Luria- Bertani 
(LB) medium supplemented with 
kanamycin.Overnight cultures were used to 
inoculate 50 ml of Studier autoinduction 
media (55) with antibiotic as done in a 
previous study (56). Cells were harvested by 
centrifugation and resuspended in a 25 mL 
lysis buffer (20 mM imidazole in PBS 
containing protease inhibitors), and lysed by 
microfluidizer. PBS buffer contained 20 mM 
NaPO4, 150 mM NaCl, pH 7.4. After removal 
of insoluble pellets, the lysates were loaded 
onto nickel affinity gravity columns to purify 
the designed proteins by immobilized metal-
affinity chromatography (IMAC). The 
expression of purified proteins was assessed 
by SDS- polyacrylamide gel; and protein 
concentrations were estimated from the 
absorbance at 280 nm measured on a 
NanoDrop spectrophotometer 
(ThermoScientific) with extinction 
coefficients predicted from the amino acid 
sequences using the ProtParam tool 
(https://web.expasy.org/protparam/). Proteins 
were further purified by size-exclusion 
chromatography using a Superdex 75 10/300 
GL (GE Healthcare) column. 
 
Circular dichroism- Far-UV circular 
dichroism measurements were carried out 
with a JASCO spectrometer. Wavelength 
scans were measured from 260 to 195 nm at 
temperatures between 25 and 95 °C with a 1 
mm path-length cuvette. Protein samples were 
prepared in PBS buffer (pH 7.4) at a 
concentration of 0.3-0.4 mg/mL. GdnCl 
solutions were prepared by dissolving GdnCl 
salt into PBS buffer and checking the 
refractive index. 
 
Size-exclusion chromatography coupled to 
multiple-angle light scattering (SEC-
MALS)- To ascertain the oligomerisation 
state of dIG proteins, SEC-MALS was 
performed in a Dawn Helios II apparatus 
(Wyatt Technologies) coupled to a SEC 

Superdex 75 Increase 10/300 column. The 
column was equilibrated with PBS or buffer B 
at 25 oC and operated at a flow rate of 0.5 
mL/min. A total volume of 100-165 µL of 
protein solution at 1.0-3.0 mg/mL was 
employed for each sample. Data processing 
and analysis proceeded with Astra 7 software 
(Wyatt Technologies), for which a typical 
dn/dc value for proteins (0.185 mL/g) was 
assumed. 
 
Protein production for crystallization 
studies- The original thrombin site of 
plasmids pET28-dIG8-CC and pET28-dIG14 
was replaced with a Tobacco-Etch-Virus 
peptidase (TEV) recognition site via NcoI and 
Nde employing forward and reverse primers 
(Eurofins). The generated plasmids, pET28*-
dIG8-CC and pET28*-dIG14, were mixed at 
100 mg each in Takara buffer (50 mM Tris-
HCl, 10 mM magnesium chloride, 1 mM 
dithiothreitol, 100 mM sodium chloride, pH 
7.5), annealed by slowly cooling down the 
sample to room temperature following 4 
minutes at 94 °C, and ligated into the doubly 
digested plasmid. For pET28*-dIG14, the 
original thrombin-cleavable N-terminal His6-
tag was removed and four histidine residues 
were added to the protein C-terminus by PCR 
using NcoI and XhoI sites. Of note, due to the 
cloning strategy, dIG18-CC and dIG-14 
proteins were preceded by a G–H–M and a M–
G motif, respectively. All PCR reactions and 
ligations were performed using Phusion High 
Fidelity DNA polymerase and T4 Ligase, and 
ligation products were transformed into 
chemically competent E. coli DH5-⍺ cells for 
multiplication (all Thermo Fisher Scientific). 
Plasmids were purified with the E.Z.N.A. 
Plasmid Mini Kit I (Omega Bio-Tek) and 
verified by sequencing (Eurofins and 
Macrogen).  

For protein expression, competent E. 

coli BL21 (DE3) cells (Sigma) were 
transformed with the pET28*-dIG8-CC and 
pET28*-dIG14 plasmids and grown on LB 
plates supplemented with 100 µg/mL 
kanamycin. Single colonies were selected to 
inoculate 5-mL starter cultures of this medium 
and incubated overnight at 37 °C under 
shaking. Respective 1-mL aliquots were used 
to inoculate 500 mL of the same medium. 
Once cultures reached OD600≈0.6, protein 
expression was induced with 0.5 mM IPTG 
(Fisher Bioreagents), and cultures were 



 

incubated overnight at 18°C. Cells were 
harvested by centrifugation (3,500×g, 30 min, 
4 °C) and resuspended in cold buffer A (50 
mM Tris·HCl, 250 mM sodium chloride, pH 
7.5), supplemented with 10 mM imidazole, 
EDTA-free cOmplete Protease Inhibitor 
Cocktail (Roche Life Sciences), and DNase I 
(Roche Life Sciences). Cells were lysed using 
a cell disrupter (Constant Systems) operated at 
135 MPa, and soluble protein was clarified by 
centrifugation (50,000×g, 1 h, 4°C) and 
subsequently passed through a 0.22-µm filter 
(Merck Millipore). 

For immobilised-metal affinity 
chromatography (IMAC (57)), proteins were 
captured on nickel-sepharose HisTrap HP 
columns (Cytiva), which had previously been 
washed and pre- equilibrated with buffer A 
plus either 500 mM or 20 mM imidazole, 
respectively. Column-bound dIG14 was 
extensively washed with a gradient of 20-to-
150 mM imidazole in buffer A and eluted with 
a gradient of 200-to-300 mM imidazole in 
buffer A. Column-bound dIG8-CC was 
washed and eluted with buffer A containing 
20 mM and 300 mM imidazole, respectively. 

Fractions containing the dIG8-CC 
protein were then buffer-exchanged to buffer 
B (20mM Tris·HCl, 150 mM sodium chloride, 
pH 7.5) in a HiPrep 26/10 desalting column 
(GE Healthcare), and incubated overnight at 
4°C with inhouse-produced His6-tagged TEV 
peptidase at a peptidase:substrate ratio of 1:20 
(w/w) and 1mM dithiothreitol for fusion-tag 
removal. After centrifugation (50,000×g, 1 h, 
4°C) and filtration (0.22-µm), the clarified 
dIG8-CC protein was loaded again onto the 
HisTrap HP column for reverse IMAC with 
buffer A plus 20 mM imidazole, which 
retained tagged protein and TEV, and had 
untagged dIG8-CC in the flow-through. The 
bound proteins were eventually eluted with 
buffer A plus 300 mM imidazole for column 
regeneration. 

Untagged dIG8-CC and dIG14 were 
polished by size-exclusion chromatography 
(SEC) with buffer B in a Superdex 75 Increase 
10/300 GL column (Cytiva) attached to an 
ÄKTA Purifier 10 apparatus. Protein purity 
was assessed by 20% SDS-PAGE stained with 
Coomassie Brilliant Blue (Sigma). PageRule 
Unstained Broad Range Protein Ladder and 
PageRuler Plus Prestained Protein Ladder 
(both Thermo Fisher Scientific) were used as 
molecular-mass markers. To concentrate 

protein samples, ultrafiltration was performed 
using Vivaspin 15 and Vivaspin 2 Hydrosart 
devices (Sartorius Stedim Biotech) of 2-kDa 
molecular-mass cutoff. Protein concentrations 
were determined either by the BCA Protein 
Assay Kit (Thermo Fisher Scientific) with 
bovine serum albumin as a standard or by 
A280 using a BioDrop Duo+ apparatus 
(Biochrom). Supplementary Fig. 16 provides 
proof of the effective protein purification 
procedures. 

 
Protein crystallization- Crystallization 
screenings using the sitting-drop vapor 
diffusion method were performed at the joint 
IRB/IBMB Automated Crystallography 
Platform 
(www.ibmb.csic.es/en/facilities/automated-
crystallographic-platform) at Barcelona 
Science Park (Catalonia, Spain). Screening 
solutions were prepared and dispensed into the 
reservoir wells of 96×2-well MRC 
crystallization plates (Innovadyne 
Technologies) by a Freedom EVO robot 
(Tecan). These reservoir solutions were 
employed to pipet crystallization nanodrops of 
100 nL each of reservoir and protein solution 
into the shallow crystallization wells of the 
plates, which were subsequently incubated in 
steady-temperature crystal farms (Bruker) at 
4ºC or 20ºC.  

After refinement of initial hit 
conditions, suitable dIG14 crystals appeared 
at 20oC in drops consisting of 0.5 µL protein 
solution (at 1.9 mg/mL in buffer B) and 0.5 µL 
reservoir solution (0.1 M sodium acetate, 0.2 
M calcium chloride, 20% w/v polyethylene 
glycol [PEG] 1500, pH 5.5). Crystals were 
cryoprotected with reservoir solution 
supplemented with 20% glycerol, harvested 
using 0.1–0.2 mm nylon loops (Hampton), 
and flash-vitrified in liquid nitrogen. The best 
tetragonal dIG8-CC crystals were obtained at 
20 oC in drops containing 0.5 µL protein 
solution (at 30 mg/mL in buffer B) and 0.5 µL 
reservoir solution (0.1 M Bis-Tris, 0.2 M 
calcium chloride, 20% w/v PEG 3350, 10% 
v/v ethylene glycol, pH 6.5). Crystals were 
directly harvested using 0.1–0.2 mm loops, 
and flash-vitrified in liquid nitrogen. Proper 
orthorhombic dIG8-CC crystals resulted from 
the same condition as the tetragonal ones 
except that magnesium chloride and glycerol 
replaced calcium chloride and ethylene glycol, 
respectively. Furthermore, 0.25 mL of 5% n- 



 

dodecyl-N,N-dimethylamine-N-oxide (w/v) 
was included as an additive. These crystals 
were cryoprotected with reservoir solution 
supplemented with 20% glycerol, harvested 
with elliptical 0.02–0.2 mm LithoLoops 
(Molecular Dimensions), and flash-vitrified in 
liquid nitrogen. 

 
Diffraction data collection and structure 
solution- X-ray diffraction data were recorded 
at 100 K on a Pilatus 6M pixel detector 
(Dectris) at the XALOC beamline (58) of the 
ALBA synchrotron (Cerdanyola, Catalonia, 
Spain) and on an EIGER X 4M detector 
(Dectris) at the ID30A-3 beamline (59) of the 
ESRF synchrotron (Grenoble, France). 
Diffraction data were processed with 
programs Xds (60) and Xscale, and 
transformed with Xdsconv to MTZ-format for 
the Phenix (61) and CCP4 (62) suites of 
programs. Analysis of the data with Xtriage 

(63) within Phenix and Pointless (64) within 
CCP4 confirmed the respective space groups 
and indicated absence of twinning and 
translational non-crystallographic symmetry. 
Supplementary Table S5 provides essential 
statistics on data collection and processing.  
The structure of dIG8-CC, both in its 
tetragonal (P41212; 2.30 Å) and orthorhombic 
(C2221; 2.05 Å) space groups, was solved by 
molecular replacement with the Phaser (65) 
program employing the coordinates of the 
designed structure. The tetragonal crystals 
contained four protomers (chains A–D) in the 
asymmetric unit (a.u.) arranged as two dimers, 
and the calculations gave final refined values 
of the translation function Z-score (TFZ) and 
log-likelihood gain (LLG) of 14.5 and 307, 
respectively. Subsequently, the adequately 
rotated and translated molecules were 
subjected to successive rounds of manual 
model building with the Coot program (66) 
alternating with crystallographic refinement 
with the Refine protocol of Phenix (67), which 
included translation/libration/screw-motion 
(TLS) refinement and non-crystallographic 
symmetry (NCS) restraints. The final model 
included residues R1–G70 of each protomer 
preceded by M0, H-1, and, in chain D only, G-
2 from the upstream linker, as well as 22 
solvent molecules. The orthorhombic crystals 
were solved as the tetragonal ones with final 
refined TFZ and LLG values of 11.9 and 263, 
respectively. Model building and refinement 

proceeded as above. The final model 
encompassed residues R1–G70 of each 
protomer preceded by M0 and H-1, plus one 
magnesium cation and 34 solvent molecules. 
Cysteines C21 and C60 were present in both 
disulfide-linked and unbound conformations 
in all protomers of both crystal forms. The 
occupancy of the disulfide bond in the two 
crystal structures ranges between 0.00 and 
0.67 across the eight protomers, with a mean 
occupancy of 0.47 and 0.41 in each of the 
structures (Supplementary Table 6).  

The structure of dIG14 in a yet 
different space group (P43212; 2.50 Å) with 
two molecules per a.u. was likewise solved by 
molecular replacement, with final refined TFZ 
and LLG values amounting to 17.4 and 269, 
respectively. The phases derived from the 
adequately rotated and translated molecules 
were subjected to a density modification and 
automatic model building step under twofold 
averaging with the Autobuild routine (68) of 
Phenix, which produced a Fourier map that 
assisted model building as aforementioned. 
Crystallographic refinement was also 
performed as above except that both Phenix 

and the BUSTER package (69) were 
employed. The final model comprised R1–
G68 of protomer A and R1–F74 of protomer 
B, either preceded by G0 and M-1 from the 
upstream linker, as well as 15 solvent 
molecules.  
Supplementary Table 4 provides essential 
statistics on the final refined models, which 
were validated through the wwPDB V 

alidation Service at https://validate-rcsb- 
1.wwpdb.org/validservice and deposited with 
the PDB at www.pdb.org with accession 
codes: 7SKN (design: dIG8-CC; space group: 
P41212), 7SKO (design: dIG8-CC; space 
group: C2221), and 7SKP (design: dIG14; 
space group: P43212).  

 
Tb3+ binding luminescence measurements- 
To measure the Tb3+ luminescence of 
samples dIG8-CC and EF61_dIG8-CC (in 
buffer 20 mM Tris, 50 mM NaCl, pH 7.4), 
time-resolved luminescence emission spectra 
and intensities were measured on a Synergy 
H1 hybrid multi-mode reader (BioTek) in flat 
bottom, black polystyrene, 96-well half-area 
microplates (Corning 3694). A stock solution 



 

of terbium(III) chloride (TbCl3) (Sigma-
Aldrich, 451304-1G) was prepared in the 
same protein buffer. Time-resolved 
luminescence intensities were measured using 
excitation wavelength λex = 280 nm and 
emission wavelength λem = 544 nm with a 
delay of 300 µs, 1 ms collection time and 100 
readings per data point. Time-resolved 
luminescence emission spectra between 520 
nm and 570 nm was collected in 2 nm 
increments and smoothed with a Savitzky-
Golay filter of order 3 (Fig. 5h). For Tb3+ 
titrations, samples were incubated for 3 hours 
and the collected time-resolved luminescence 
emission intensities at λem = 544 nm were 
normalized to obtain protein bound fractions, 
and the normalized data was fit to the 
equilibrium binding equation with a Hill 
coefficient of 1 using non-linear least squares 
regression (Fig. 5i; Supplementary Fig. 15a). 
Ca2+ binding was measured by titrating 
CaCl2 prepared in the same protein sample 
buffer into 20 µM EF61_dIG8-CC and 100 
µM Tb3+, and measuring the decrease of 
time-resolved luminescence emission 
intensity at λem = 544 nm (Supplementary 
Fig. 15b).  
 
Protein expression of isotopically labeled 
proteins for NMR- Plasmids were 
transformed into BL21 (DE3) expression 
strain of E. coli (Invitrogen) and grown in 50 
mL of Luria Broth containing 50 µg/mL of 
kanamycin and grown at 37°C with shaking 
overnight. After approximately 18 hours, the 
50 mL starter culture was used to inoculate 
500mL of minimal labeling media (M9), 
containing N15 labeled Ammonium Chloride 
at 50 mM and C13 glucose to 0.25% (w/v), as 
well as trace metals, 25 mM Na2HPO4, 25 
mM KH2PO4, and 5 mM Na2SO4. The 
culture was returned to 37°C, at 250 rpm and 
allowed to reach OD600 ~0.7- 1.0. To induce 
expression 1mM of IPTG was added and the 
temperature was reduced to 25°C to allow the 
culture to express overnight. Cells were 
harvested by centrifugation at 4000 rpm for 20 
minutes then resuspended with 40 mL of Lysis 
Buffer (20 mM Tris 250 mM NaCl 0.25% 
Chaps pH 8) and lysed with a Microfluidics 
M110P Microfluidizer at 18,000 psi. The 
lysed cells were clarified using centrifugation 
at 24,000 ×g for 30 minutes. The labeled 

protein in the soluble fraction was purified 
using Immobilized Metal Affinity 
Chromatography (IMAC) using standard 
methods (QIagen Ni-NTA resin). The purified 
protein was then concentrated to 2 mL and 
purified by FPLC size-exclusion 
chromatography using a Superdex 75 10/300 
GL (GE Healthcare) column into 20 mM 
NaPO4 150 mM NaCl pH 7.5. The efficiency 
of labeling was confirmed using mass 
spectrometry. 
 
Nuclear magnetic resonance spectroscopy- 
NMR data were acquired at 30 °C on Bruker 
spectrometers operating at 600 or 800 MHz, 
equipped with cryogenic probes. His-tagged 
double-labeled (15N, 13C) dIG21 and 15N-
labeled dIG14 constructs were dissolved in 
PBS buffer (pH 7.5, 150 mM NaCl) at 
concentrations of ~ 150-200 µM. For dIG21, 
triple-resonance backbone spectra, and a 3D 
NH-NOESY spectrum, were acquired with 
non-uniform sampling schemes in the indirect 
dimensions and were reconstructed by the 
multi-dimensional decomposition software 
qMDD (70), interfaced with NMRPipe (71), 
as described previously (72). The spectra were 
analyzed using SPARKY (73), and the 
automated in-house program 
FMCGUI/ABACUS (74) was used to aid the 
assignment of backbone resonances.  
 
Data availability  

Coordinates and structure factors have 
been deposited in the Research Collaboratory 
for Structural Bioinformatics Protein Data 
Bank with the accession codes 7SKN (dIG8-
CC, tetragonal space group), 7SKO (dIG8-
CC, orthorhombic space group) and 7SKP 
(dIG14). All the designed protein structures 
experimentally tested are available as 
Supplementary Dataset 1, and their 
corresponding sequences are provided in 
Supplementary Table 2. Further structural 
analyses (for loops, cross-b motifs and Ig 
designs), biochemical and biophysical 
characterization of the designs, structure 
prediction calculations, sequence analysis and 
X-ray crystallography statistics are provided 
as Supplementary Figures and Tables. Other 
data are available from the corresponding 
authors upon request.  
Code availability  



 

The Rosetta macromolecular modelling suite 
(http://www.rosettacommons.org) is freely 
available to academic and non-commercial 
users. Computational protocols used for 
analyzing and designing protein structures are 
available at 
https://github.com/emarcos/immunoglobulin
_design.  
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Supplementary Fig. 1. Frequently observed β-arch loops in naturally occurring protein 
structures. a, The Ramachandran plot is conveniently discretized in ABEGO torsion bins describing 
local backbone geometry at the residue level (“A”, right-handed ⍺-helix region (red); “B”, extended 
region (blue); “E”, extended region with positive f (cyan); “G”, left-handed ⍺-helix region (green); 
and “O”, if the peptide bond dihedral angle (w) deviates from planarity). b, Definition of the β-arch 
sidechain orientation based on the relative orientation between the translation vector (v1) and the C⍺-
Cβ vector of the two adjacent β-strand residues. If the C⍺-Cβ vector of the preceding residue is oriented 
in the same direction as v1, then the sidechain orientation is considered to point inwards (“In”), 
otherwise i tis considered to point outwards (“Out”). The same applies to the residue following the 
loop but considering -v1 as the translation vector. Loop positions are colored according to their 
ABEGO bin, as shown in (a). c, β-arch loops (ranging between 3 and 5 residues) spanning the four 
possible sidechain orientations that are most frequently observed in a non-redundant set of naturally 
occurring protein structures. 



 

Supplementary Fig. 2. Coupling between the two β-arches forming cross-β motifs. a, β-arch 
sliding distance definition. Cartoon representation (left) and diagram (right) of a cross-β motif. We 
define v1 and v2 as the translation vectors connecting the C⍺ atoms of the residues preceding and 
following β-arch loops 1 and 2, respectively; and the S31 vector between the centers of the two N-
terminal β-strands (1 and 3). The sliding distance is the projection of the β-arch translation vectors 
onto the S31 vector. b, Distribution of β- arch sliding distances in cross-β motifs generated by Rosetta 
folding simulations. In general, cross-β motifs tend to have positive and negative sliding distances 
for β-arches 1 and 2. c, Correlation between the two β- arch sliding distances in simulated cross-β 
motifs with low twist rotations (between -10° and 10°). d, Distribution of β-arch sliding distances in 
β-arch loops from naturally occurring protein structures. 



 

Supplementary Fig. 3. Distributions of cross-β geometrical parameters obtained from 
naturally occurring Ig domains and Rosetta folding simulations. a, Median (red dotted line) and 
median absolute deviations for each parameter: distance (10.9 ± 0.8 Å), twist (-32.1 ± 7.7°), roll (12.0 
± 12.2°) and tilt (-4.0 ± 11.1°). Distributions correspond to a set of 275 natural Ig domains with 
sequence identity below 40%. b, Median (red dotted line) and median absolute deviations for each 
parameter: distance (10.9 ± 1.0 Å), twist (5.7 ± 11.0°), roll (9.7 ± 18.0°) and tilt (4.5 ± 9.6°). 
Distributions correspond to 22,507 cross-β motif models generated by Rosetta folding simulations 
exploring different combinations of strand lengths (5-7 residues) and frequently observed β-arch 
loops (3-5 residues). c, Median (red dotted line) and median absolute deviations for each parameter: 
distance (13.7 ± 1.0 Å), twist (21.1 ± 17.2°), roll (10.3 ± 20.4°) and tilt (1.2 ± 11.2°). Distributions 
correspond to 12,335 cross-β motif models generated by Rosetta fragment assembly simulations 
exploring different combinations of strand lengths (5-7 residues) and β-arch helices (3-5 residues).  



 

Supplementary Fig. 4. β-arch loops can twist cross-β motifs in different directions depending 
on their geometry. a, Definition of β-arch twist based on the dihedral angle formed between the a-
carbons C⍺ (i- 2), C⍺ (i), C⍺ (j) and C⍺ (j+2); where i and j correspond to the residues preceding and 
following the β-arch loop. b, Correlation between β-arch loop twisting and the cross-β twist rotation 
obtained from Rosetta folding simulations. c, Distributions of β-arch twist values for loops with 
frequently observed ABEGO torsion bins forming cross-β motifs in Rosetta folding simulations, 
sampling both positive and negative rotations.  



 

Supplementary Fig. 5. β-arch helices favoring cross-β motifs obtained from Rosetta folding 
simulations. The 10 most frequently observed loop-helix-loop ABEGO patterns of each possible 
sidechain orientation are shown on the horizontal axes. Frequencies are calculated as the total number 
of counts across β-arches from all generated cross-β motifs by Rosetta folding simulations with a 
sequence-independent model. Cross-β motif examples for the most frequently observed ABEGO 
pattern of each sidechain orientation is shown and color-coded as in Supplementary Fig. 1a, with the 
preceding and following β- strands in yellow. Most ABEGO patterns have a “B” torsion in the residue 
preceding the helix, which is typically observed at the start of ⍺-helices as it provides N-terminal 
hydrogen bond capping.  



 

Supplementary Fig. 6. Structural diversity of the designed proteins and their comparison to 
natural Ig-like domains. a, Uniform manifold approximation and projection (UMAP) analysis of 
computationally designed (blue) and naturally occurring (red) Ig domains based on pairwise 
distances calculated as the TM- score. Experimentally tested designs are shown in orange. The 
designs broadly sample a structural space distinct from natural Ig proteins. b, Distribution of TM-
scores between designs and natural Ig domains (mean 0.54 ± 0.06 s.d. (dashed blue line)). 

  



 

 

Supplementary Fig. 7. Biochemical characterization of the dIG8 design. a, Far-ultraviolet 
circular dichroism spectra (blue: 25 °C; red: 95 °C). b, Thermal denaturation monitored at 220 nm 
wavelength by circular dichroism. The design denatures at temperatures above 95 °C. c, SEC-MALS 
analysis showing light scattering (LS) (red), ultraviolet (UV) (green), and differential refractive 
index (dRI) (blue) signals. The protein is monodispersed and has an estimated molecular weight of 
16.6 kDa, which lies between that corresponding to the theoretical monomer (10.3 kDa) and dimer 
(20.6 kDa). The protein includes the thrombin cleavage site and the hexa-histidine purification tag, 
which adds 2.3 kDa to the design. d, Chemical denaturation with guanidine hydrochloride (GdnCl) 
monitored at 220 nm wavelength by circular dichroism. The cooperative unfolding transition 
indicates that the protein is well-folded. All experiments were carried out in PBS buffer.  



 

Supplementary Fig. 8. Biochemical characterization of the dIG7 and dIG21 designs. a, Far-
ultraviolet circular dichroism spectra (blue: 25 °C; green, 75 °C; red: 95 °C). b, SEC-MALS analysis 
showing light scattering (LS) (red), ultraviolet (UV) (green), and differential refractive index (dRI) 
(blue) signals. dIG7 and dIG21 are monodispersed and have estimated molecular weights of 23.4 
and 10.1 kDa, which correspond to dimer and monomer respectively. All experiments were carried 
out in PBS buffer. 

  



 
 

Design name Theoretical Mw (kDa) Estimated Mw (kDa) 
dIG14 9.7 20.0±0.1 
dIG15 8.8 17.5±0.3 
dIG22 10.5 20.5±0.1 
dIG23 10.6 20.1±0.1 

dIG8-CC 8.3 12.6±0.3 

Supplementary Fig. 9. Size-exclusion chromatography combined with multi-angle scattering 
data. dIG8-CC has a predicted molecular weight (Mw) that corresponds to between the monomer and 
dimer molecular weights, suggesting an equilibrium between both states. dIG14 and other 
representative designs are predicted to be dimers in solution. Samples were prepared in 20 mM 
Tris·HCl, 150 mM sodium chloride, pH 7.5.  



 

Supplementary Fig. 10. Nuclear magnetic resonance characterization of designs dIG14 and 
dIG21. a, Cartoon representation of the dIG14 design model. b, 1H-1D spectrum showing dispersed 
amide (~7.5 to 9.5 ppm) and aliphatic (shifted upfield to ~ -0.2 ppm) resonances, indicative of a well-
folded construct. c, 1H-15N HSQC spectrum showing considerable dispersion, consistent with the 
presence of significant β- extended secondary structure. d, Cartoon representation of the dIG21 
design model. e, 1H-1D spectrum showing dispersed amide (~ 7.5 to 9.5 ppm) and aliphatic (shifted 
upfield to ~ -0.1 ppm) resonances, indicative of a well-folded construct. f, 1H-15N HSQC spectrum 
(which are labeled where assigned) show considerable dispersion, consistent with the presence of 
significant β-extended secondary structure. We assigned ~ 70% of the backbone NH, C⍺, Cβ, CO, H⍺ 

and Hβ resonances, and these assignments are in agreement with the designed secondary structure 
(based on predicted φ/ψ dihedral angles using TALOS+ (1) chemical shift analysis). 



 

Supplementary Fig. 11. Structures predicted for design dIG14 by Rosetta ab initio folding 
simulations, RoseTTAFold and AlphaFold. a, b, Rosetta ab initio folding simulations revealed 
that the pairing between β-strands 3 and 6 has two conformational states very close in energy, one as 
designed and the other as observed in the crystal structure. c, RoseTTAFold and AlphaFold predict 
the register shift and the C-terminal strand as designed, which disagrees with the experimental 
structure. None of the methods predict the C-terminal strand flip out as observed in the crystal, but 
all predict a conformational rearrangement of the designed β-arch helix. d, (left) Top AlphaFold 
monomer prediction colored by pLDDT (from red to blue increasing in pLDDT) highlights a 
sequence-structure mismatch in the β-arch helix area. (center) Top AlphaFold dimer prediction, with 
monomer subunits having high pLDDT across all residues (except for the C-terminal strand residues) 
and matching closely the crystal structure monomer subunits (right). The predicted interface differs 
from the crystal structure (Fig. 4b) by a rotation of 180o between the two monomer subunits.  



 

Supplementary Fig. 12. Dihedrals of the designed dIG8-CC disulfide bond in comparison with 
natural distributions. a, Five dihedrals describing the geometry of the designed disulfide bond 
(spheres and sticks) between C21 and C60. b, Distribution of c1 (and c1’) dihedral angles obtained 
from a database of ~30,000 native disulfide bond geometries that was used for design (see Methods). 
The corresponding dihedral angles of the dIG8-CC design are represented as dashed vertical lines 
(c1 = -60.3° in blue and c1’ = -59.9° in green). c, Distribution of c2 (and c2’) dihedral angles obtained 
from the database of native disulfide bond geometries. The corresponding dihedral angles of the 
dIG8-CC design are represented as dashed vertical lines (c2 = -130.6° in blue and c2’ = -72.0° in 
green). d, Distribution of the c3 dihedral angle obtained from the database of native disulfide bond 
geometries. The corresponding dihedral angle of the dIG8-CC design is represented as dashed 
vertical lines (c3 = 117.1° in blue). Two of the five disulfide dihedral angles (c2 and c3) are not 
frequently observed in distributions from naturally occurring disulfides, which is likely associated 
with the low disulfide bond stability suggested by the crystal structures.  



 

Supplementary Fig. 13. Docking calculations on the dIG8-CC homodimer interface. a, Docking 
calculations of two dIG8-CC monomers using ambiguous restraints between terminal edge strands 
recapitulate the parallel interface observed in the crystal structure (left). Docking restrained toward 
the opposite edge predicts dimer orientations with disrupted edge-to-edge strand pairing and worse 
docking scores (right); overall supporting that the terminal edge strands are more dimerization-prone. 
b, The crystal dimer interface is formed primarily by hydrophobic (top) and salt bridge (bottom) 
interactions. c, Docking calculations for single-point mutants replacing interface hydrophobics by 
lysine or glutamate, both of which are known to efficiently disrupt edge-to-edge interfaces as inward-
pointing charged residues. All mutants are effective in disrupting the native interface. Some mutants 
flip the dimer orientation to form antiparallel interfaces with diminished backbone hydrogen-bonded 
strand pairing and overall higher docking scores. The lowest-score decoy for the most populated 
cluster of each simulations is shown. Docking scores (H- score), calculated with the HADDOCK 
docking software, are provided in arbitrary units (a.u.).  



 

Supplementary Fig. 14. Naturally occurring protein structures most similar to design dIG8-
CC found across the PDB and the AlphaFold Protein Structure Database. The closest structural 
analog with experimental structure available (PDB ID: 1CVR) was identified by a TM-align search 
over a curated dataset of immunoglobulin-like domains as identified by SCOP (those under the Ig β-
sandwich fold classification and with X-ray structure resolution < 2.5 Å). Closest structural 
analogues in the AlphaFold Protein Structure Database with confident predictions (pLDDT > 85) are 
also shown. Normalized TM- scores are indicated in parentheses. 

 

 

 

 



 

Supplementary Fig. 15. Terbium and calcium concentration-dependent luminescence of 
EF61_dIG8- CC. a, Normalized time-resolved luminescence intensity for Tb3+ titrations with 
EF61_dIG8-CC at three different concentrations (5 µM, green; 10 µM, red; 20 µM, blue). The three 
protein concentrations, each below the Tb3+ Kd (Fig. 5i), result in nearly identical normalized binding 
curves. b, Time-resolved luminescence intensity in relative fluorescence units (RFU) for Ca2+ 

titrations with 20 µM EF61_dIG8-CC and 100 µM Tb3+, showing Ca2+ competition with Tb3+ for the 
EF61_dIG8-CC Tb3+ binding site. a, b, For each protein concentration, luminescence intensities are 
fit to a one-site binding model by non-linear least squares regression (lines). The excitation 
wavelength used was λex = 280 nm and the emission wavelength used was λem = 544 nm. 

 

 



 

Supplementary Fig. 16. Protein purification of dIG8-CC and dIG14 for crystallization studies. 
Representative final size-exclusion chromatograms of dIG8-CC (a) and dIG14 (c). Retention 
volumes in mL are indicated above the respective peak. Subsequent SDS-PAGE analysis of dIG8-
CC (b) and dIG14 (d) after concentration, with (dIG8-CC) or without (dIG8-CC and dIG14) β-
mercaptoethanol (BM). 

 

 

 

 

 

 

 

 

 



Supplementary Table 1. Deep-learning-based structure prediction of the designed proteins. 
Three metrics from the highest-confidence AlphaFold and RoseTTAFold predicted models are 
reported: RMSD to the design model, mean pLDDT over all residues and the minimum pLDDT 
value. 

 AlphaFold RoseTTAFold 

Design RMSD (Å) pLDDT min(pLDDT) RMSD (Å) pLDD min(pLDDT) 
dIG1 0.9 92.6 73.6 0.9 90.3 81.4 
dIG2 8.9 76.3 58.7 2.2 84.1 76.3 
dIG3 0.6 89.2 74.4 1.1 83.9 68.9 
dIG4 0.7 92.6 69.7 0.9 86.4 61.0 
dIG5 0.8 87.8 74.1 1.7 86.0 74.7 
dIG6 1.1 91.0 70.5 1.3 87.8 76.0 
dIG7 1.3 88.7 71.6 1.4 85.6 70.5 
dIG8 1.0 90.3 77.8 0.9 86.6 66.0 
dIG9 2.1 88.6 74.0 1.2 87.9 77.0 
dIG10 1.2 88.6 72.3 2.3 82.0 69.5 
dIG11 0.9 85.3 60.2 1.2 86.4 65.7 
dIG12 3.1 84.0 52.5 1.3 88.1 77.0 
dIG13 1.4 85.1 66.3 2.4 83.8 75.4 
dIG14 1.2 83.6 64.8 2.0 84.0 63.1 
dIG15 0.9 84.6 63.7 1.3 87.7 77.6 
dIG16 1.2 90.8 73.6 2.4 78.4 55.4 
dIG17 1.7 89.3 63.4 1.3 87.1 74.3 
dIG18 1.6 86.0 67.7 1.8 86.2 71.0 
dIG19 0.9 94.7 81.4 1.5 86.8 71.9 
dIG20 2.1 83.2 61.3 1.8 79.2 49.0 
dIG21 1.0 91.5 84.7 2.1 72.6 51.6 
dIG22 0.8 92.6 80.8 1.2 83.5 62.8 
dIG23 1.3 92.5 82.2 1.9 79.4 58.9 
dIG24 0.7 88.2 76.4 2.0 86.3 69.4 
dIG25 1.3 85.2 67.6 2.3 85.0 69.8 
dIG26 0.9 85.7 65.7 2.1 83.8 58.1 
dIG27 1.2 85.2 52.7 1.5 86.5 76.4 
dIG28 1.1 89.3 72.4 2.0 87.4 69.4 
dIG29 0.7 92.7 73.7 2.3 78.0 68.3 
dIG30 1.2 84.1 67.8 1.9 85.4 74.0 
dIG31 1.0 84.7 69.5 1.4 86.2 71.2 

 

 

 

 

 
 
 



Suplementary Table 2. Designed protein sequences in comparison with naturally occurring 
ones. 

The lowest E-values obtained from BLAST (against the NCBI nr database of non-redundant protein 
sequences), and more sensitive sequence-profile searches with HHBlits (against the UniRef30 
database) and HHPred are reported. The PDB ID of the lowest E-value hit identified with HHPred is 
also shown in parentheses.  

Design Amino acid sequence Blast HHBlits HHpred 
dIG1 TVEVRIRKNGNEYEVEVENRSDRPAEVRFHYDGTTETYTVP

PGTRLRYRTKLTKPMRIEVRAGNTTYEYTVS 
0.1 0.073 0.057 

(2r39) 
dIG2 EIHVELRKEGDRVEVRVENRSSQPGTVEIEVDGQRYEFTANP

GERIQFEARGKTPVRVEVVYGNTTYRYEVR 
3.8 0.19 0.056 

(2r39) 
dIG3 RVRVEVKNNKIEVENNSDQPAEIHLEFGGRRFTYTGNKGERI

EVQISPEEAKNARIEIKVGDKKLEYQYH 
3.5 2.9 4.1 

(4ktp) 
dIG4 RVEVRISGNTIRVENRSDRPARVEFEYGGRREEYTAPPGSEL

RVTISPEELKNARVEIEYGGQRYRFEVT 
0.73 1.6 6.7 

(1r0u) 
dIG5 KIRIEVRSSGNTIHVEVENNSDRPVRIRVTAPGTTLETTANPG

ERVRFEFRGVPPGGEVEVEVKAGDEKVRTRYRS 
0.7 0.067 0.54 

(2x3c) 
dIG6 TVEVRITEKNGQWEVRIRNRSSQPARVEVEEGGRREEYTLN

PGDELELHFTSPKPVRITVEVGGQRYTYTLR 
1.2 0.5 0.92 

(4xin) 
dIG7 RMEVRVSNGRVEIENKSSQPGRVEVRFNGKRYEYTANPGER

VEVEVSPEELKNLRVRLEYDGKTEETQYS 
2.1 0.056 0.47 

(6w0p) 
dIG8 RIEVRVDNGRVRVRNGTDRPVRVRVTAGGETREYTVNPGT

ELEVELSPEQQNNAEVEVEVGNEKYRFQLG 
3.8 0.47 3.0 

(6w0p) 
dIG9 SIRVEIEKRGDSYRVEVENRSDQPAEIEVRWNGRRERYEAN

KGETVEVEVRAPSPVEVRVRAGNTEVRVEQR 
1.0 0.47 0.46 

(2r39) 
dIG10 RVEVRISGNTIEIRSEGPGRLELEYNGQREEYTLNPGTRIEFE

GRPGEEVRVEVEMNGQRYTFEVRF 
1.6 0.32 0.44 

(6w0p) 
dIG11 RLEVRMEGKKVEVRNNSDRPMRVEFTWNGQRERYHVNPG

ETLEVEVQPGARVEVRVQSGDTQYRYEFEL 
2.1 0.061 0.089 

(6e5c) 
dIG12 SLEVRVRKSGNTFEVEIRNKSDRPAEVRLEIGGRRETYTVPP

GSTLRLRGPGKRPGRVEIKAGDAKYEVELR 
0.62 0.11 0.012 

(2r39) 
dIG13 YVEIRYKGEKVHIRTNGPVTLEVEFEGKRERYTLNPGEELEI

RIRARRIRVEVQEGDRKIETELTF 
0.31 0.2 0.41 

(6e5c) 
dIG14 RVEVRVEFEGDKMRVRLRNDSSTPVEVHIKVGDEKRTVTV

NPGEEVEVTFSANDPHKFNRPQFTIEWGGQRQHFQHH 
0.72 0.0028 0.26 

(4ay0) 
dIG15 RPKVQLELHGNKMRVRLRNDSSTPVEVHIKVGDEKRTVTV

NPGEEVEVTFSTTDPRELKNATIQLHQGDQTVEYRVD 
0.2 0.0031 0.63 

(2r39) 
dIG16 EVEIEVRTKNGKIEVRVTNRSDRPVEVRMEKGGQRETYTAP

PGSTVRVEFSPSDDRQKRPTVEVTVNGRRYEVRVH 
2.5 0.22 0.044 

(5ngl) 
dIG17 RVEFRLREEGDRYRLEIRTDRPGTIEIEVNGRRERYTANPGT

TITVEGTRGEEVEVTVEYDGKRERWRFRM 
1.0 0.72 7.7 

(6ex6) 
dIG18 RVRWTWRISGNTIEFRFENNSDRPARVEIEVDGQRREYTVN

PGERLELHFQAGAREIRVEVEVGKEKYEVRIRF 
0.51 0.056 0.37 

(2r39) 
dIG19 RVEVRIREEGDKYELRIRNRSDRPAEVRIEKGGKRETYTVNP

GEELRIEFPPGAPPGRVEVQVGDKKYEYTVK 
1.8 0.065 0.39 

(6i60) 
dIG20 VVEVRLEGERIRVRNNSDRPATVHVEKDGQRETYTVNPGEE

LEITSPDSSQNKGLRLRIHVEVNGQRFTFEFTM 
0.51 0.024 3.6 

(6w8u) 
dIG21 SIEVRVKGDRYEFRNNSDKPATLEVEKNGKREEYHMNPGES

VEVRGEPGQDIRFEMVMEGTTYRYRLS 
0.61 0.044 1.7 

(7agw) 
dIG22 SIEVRVKGDRYEFRNNSDKPATLEVEKNGKREEYHMNPGES

VEVRGPPGQDIRFEMTMDGTTYRYRLS 
3.6 0.31 1.7 

(7agw) 
dIG23 DLEVRRKDGKFEFRNNSDKPATLEVEKDGQREEYRMNPGE

TIEVQAPPGQDVRFTVEMPGREYRYKLD 
1.0 0.021 0.16 

(3q48) 
dIG24 TFEVRVQWSGNTIRVTVENQSDRPATVRIEYGNTTYQRTINP

GDRLTVEFTGGPGEVHVEVEINGKREERTFTK 
4.5 0.032 0.35 

(3sd2) 



dIG25 EVQMRVEISGDTIRVEVRNNSDRPGRVEFEVGGVRTSYTMN
PGERIEVEVTVSTAEKQGIKVEVHVEAGDEKRTYEFQM 

2.3 0.99 0.83 
(6fjy) 

dIG26  RVEVRVQEKNGKVEIRVRSDGPVRVEVEVGGQRREY
TGNPGEEVEIEVTADQPVRVEVKAGDKKFTYTVSE 

2.1 0.36 
15 

(6w0p) 

dIG27  
MFRVEVREKNGRVEVRVENRSDRPGTVEVEVGGVRL
RFTVNPGEELEIRMDVPNGRRVEIEIVGKGVKYSYEYT

V 
1.3 0.13 

1.6 
(2wnw) 

dIG28  SWEVRVRWKNGRLEVEIRNNSSQPGKVRIEFDGKRHE
VHLNPGESTKWRFENPGGEFH VEAGKEKYTYTV 

2.5 0.017 
1.3 

(2wnw) 

dIG29  RVEVRQSGNTIEIRSEGPGRLELEYNGQREEYTLNPGT
RYEYEGRPGEEVRVEVEMNGQ RYTYEVRS 

2.8 1.0 
1.5 

(5bvq) 

dIG30  RSEVHVRFEGERIEIQIHNGTDKPARVEMEVNGQRYEY
HMPPNSKMEYRVPLRQEIRFEVEVGGQRFTYRYTS 

2.8 0.65 
2.3 

(1v7w) 

dIG31  RVEVRVTYKGNRVEVRVRNNSDRPVRFRVVGPGAKY
ELKGNPGTEMRVEIRVPNAREIEVEVNGQRQRYQM 

4.1 0.94 
1.8 

(6ywf) 

dIG8-CC  RIEVRVDNGRVRVRNGTDRPCRVRVTAGGETREYTV
NPGTELEVELSPEQQNNAEVEVECGNEKYRFQLG 

3.3 0.033 
2.1 

(6w0p) 

EF61_dI 
G8-CC  

RIEVRVDNGRVRVRNGTDRPCRVRVTAGGETREYTV
NPGTELEVELSPEQQNNAEVEVECTVDDKDGDGYISA

AEAA VEKYRFQLG 
8.7 0.006 

0.0018 
(6ohh) 

 
  



Supplementary Table 3. Cross-β geometrical parameters calculated for the designed proteins. 
For comparison, median and median absolute deviation values for cross-β parameters calculated from 
naturally occurring Ig domain structures are also provided, as shown in Supplementary Fig.3a. 

 

Design Distance (Å) Twist (º) Roll (º) Tilt (º) 
dIG1 11.5 -3.4 12.6 -6.4 
dIG2 10.7 -9.2 14.6 6.8 
dIG3 11.3 -12.4 20.5 27. 1 
dIG4 11.0 -10.8 10.6 7.2 
dIG5 10.2 -24.7 -5.7 -8.3 
dIG6 11.2 5.5 4.3 -4.8 
dIG7 10.4 -18.7 -7.4 -18.8 
dIG8 10.0 -16.6 6.8 3.1 
dIG9 10.3 -13.9 11.6 8.3 
dIG10 11.0 -8.6 6.6 -2.7 
dIG11 11.1 -17.1 5.2 8.1 
dIG12 10.7 2.0 11.0 4.0 
dIG13 11.5 -19.2 -4.7 -10.4 
dIG14 11.2 -13.8 9.9 4.4 
dIG15 11.0 -16.8 11.3 -5.1 
dIG16 10.5 -14.5 -4.1 -12.5 
dIG17 9.8 -2.6 -4.9 -0.3 
dIG18 12.2 -1.8 -0.1 -2.0 
dIG19 11.2 -5.7 19.2 1.8 
dIG20 10.8 11.9 -9.8 -2.9 
dIG21 10.9 -18.4 -17.6 -19.0 
dIG22 10.7 4.5 9.9 -5.8 
dIG23 10.8 0.3 3.2 -1.1 
dIG24 10.3 -20.7 -8.8 -12.5 
dIG25 10.0 -21.5 -0.7 -17.4 
dIG26 12.2 0.6 20.0 16.1 
dIG27 10.8 -15.7 6.1 10.7 
dIG28 10.4 1.2 5.5 1.3 
dIG29 11.0 -8.6 6.7 2.7 
dIG30 10.8 -18.2 6.5 -7.1 
dIG31 11.9 -7.9 13.5 26.5 

Natural Ig 
domains 10.9±0.8 -32.1±7.7 12.0±12.2 4.0±11.1 

  



Supplementary Table 4. Summary of the experimental characterization of designs.  

dIG Soluble 
expression Monodisperse 

CD* 
spetra 
(25ºC) 

Tm‡ (ºC) Oligomeric 
state† 

1 No - - - - 
2-6,9,11-13, 
16-19,24-31 Yes No - - - 

10,20 Yes Yes β >95ºC High 
7,14,15,22,23 Yes Yes β >95ºC D 

21 Yes Yes β >75ºC M 
8,8-CC Yes Yes β >95ºC M/D 

* ‘CD’, circular dichroism. ‡ ‘Tm’, melting temperature. † Oligomeric state of the dominant species 
determined with size-exclusion chromatography with multi-angle light-scattering (SEC-MALS) 
(‘M’, monomer; ‘D’, dimer).  
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