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Abstract

The balance between proteolytic and antiproteolytic activity is crucial in many bio-
logical processes such as nutrition, immune defence, virulence and tissue remodelling.
Therefore, it is controlled by several mechanisms, among which by peptidic peptidase
inhibitors that are encoded in the genomes of many organisms, representing up to 1 %
of genes in metazoa but being scarce and sketchy in bacteria. However, among bacterial
peptidase inhibitors, some proteins with homology to the highly abundant metazoan α2-
macroglobulins (α2Ms) have been described, which may have been acquired by bacteria
from metazoa by horizontal gene transfer. Although α2Ms have been extensively char-
acterised in metazoa, where they play important roles in innate immunity, the biological
role, mechanism of action and molecular structure of bacterial α2Ms (bα2Ms) remained
largely unknown.

In this thesis, the characterisation of the Escherichia coli α2M, ECAM, was under-
taken in order to elucidate its role in the bacterial cell. The results unveiled a novel
mechanism of peptidase inhibition, called the snap-trap mechanism, that is probably
shared by other monomeric α2Ms, both from bacteria and metazoa. In this, attacking
endopeptidases cleave the native inhibitor in an accessible bait region, thus causing a ma-
jor conformational rearrangement and producing induced species that covalently traps
peptidases through a highly reactive thioester bond. The rearrangement, involving most
of the 13 domains of ECAM, but also key structural elements of the mechanism, were de-
scribed by producing the first atomic models of ECAM in both conformations, by using
X-ray crystallography and cryo-electron microscopy. Through a covalent trap, ECAM
prevents peptidases from cleaving large substrates, such as components of the bacterial
cell wall, thus protecting E. coli cells against potentially damaging proteolytic activ-
ity. Therefore, it seems that ECAM participates in defence mechanisms in bacteria that
thrive in the presence of peptidases, for which this thesis provides the first experimental
evidence by in vivo functional assays.

In summary, through a multifaceted approach that combined structural, biochemical
and functional characterisation, this thesis yielded a mechanistic model for ECAM, sig-
nificantly enriching our understanding of bα2Ms and providing new insights into bacterial
defence mechanisms.
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Resum

La regulació de l’activitat proteoĺıtica és crucial per al bon funcionament dels organismes,
ja que afecta processos biològics com la nutrició, la defensa immunològica, la virulència
de determinats microorganismes o la remodelació de teixits. Per això, en el genoma
de pràcticament tots els éssers vius s’hi troben gens que codifiquen per inhibidors de
peptidases que permeten el control dels enzims proteoĺıtcs mitjançant la reducció de
la seva activitat. Els inhibidors de peptidases són molt abundants en el genoma dels
animals, on poden arribar a representar fins a un 1% dels gens, però la seva presència en
bacteris és limitada. Malgrat això, alguns bacteris necessiten sobreviure en ambients rics
en peptidases, com per exemple l’intest́ı humà, i per tant els inhibidors de peptidases
són importants mecanismes de defensa en aquests microorganismes.

Entre els inhibidors de peptidases codificats en els genomes bacterians, se n’han tro-
bat que presenten homologia amb les α2-macroglobulines (α2Ms) de metazoa, protëınes
altament abundants que participen, entre altres, en la immunitat innata dels animals.
Tot i que s’ha postulat que les α2Ms bacterianes provenen de la transferència gènica
horitzontal de gens de metazoa, la funció biològica, el mecanisme d’acció i l’estructura
molecular d’aquestes protëınes s’ha mantingut desconeguda.

En aquesta tesi s’ha caracteritzat la α2M bacteriana de Escherichia coli, anomenada
ECAM, per tal de definir la seva funció en la cèl·lula bacteriana. Els resultats obtinguts
han permès descriure un nou mecanisme d’inhibició de peptidases, el qual s’ha anom-
enat mecanisme ”snap-trap”. En aquest, les peptidases que aconsegueixen accedir al
periplasma de E. coli tallen la forma nativa d’ECAM en una regió anomenada esquer
(bait region). Això causa un canvi conformacional i produeix la forma activada de la
protëına, la qual pot unir covalentment la peptidasa a través d’un enllaç tioèster molt
reactiu. Aquest canvi conformacional i els elements estructurals implicats en el mecan-
isme d’acció d’ECAM s’han pogut descriure mitjançant l’obtenció de models atòmics de
la protëına en les dues conformacions, tant per cristal·lografia de raigs X com per crio-
microscòpia electrònica. Un cop atrapades, les peptidases romanen inhibides i no poden
tallar substrats d’alts pesos mol·leculars com podrien ser els components proteics de la
paret bacteriana, explicant aixi la funció protectora que ECAM exerceix en la cèl·lula
bacteriana i que ha sigut demostrada experimentalment per primer cop en aquesta tesi.

En resum, a través de la combinació d’estudis estructurals, bioqúımics i funcionals,
s’ha obtingut un model del mecanisme d’acció d’ECAM a la cèl·lula bacteriana. Aix́ı, es
contribueix a enriquir el coneixement sobre les α2Ms bacterianes i s’aporta informació
sobre els mecanismes de defensa que presenten determinats bacteris.

vii





Contents

Abstract v

1 Introduction 1
1.1 Regulation of proteolytic activity . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Peptidases as essential enzymes . . . . . . . . . . . . . . . . . . . 1
1.1.2 Classification of peptidases . . . . . . . . . . . . . . . . . . . . . . 3
1.1.3 Mechanisms of proteolytic regulation . . . . . . . . . . . . . . . . 4

1.2 Peptidic peptidase inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.2.1 Classification of peptidase inhibitors . . . . . . . . . . . . . . . . 9
1.2.2 Biological relevance . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.3 Distribution and function in bacteria . . . . . . . . . . . . . . . . 10
1.2.4 Mechanism of action of peptidase inhibitors . . . . . . . . . . . . 12

1.3 The alpha-2-macroglobulin family . . . . . . . . . . . . . . . . . . . . . . 15
1.3.1 Evolution and characteristics of thioester-bond containing proteins 15
1.3.2 Biological functions of alpha-2-macroglobulins . . . . . . . . . . . 16
1.3.3 Mechanism and characteristics of alpha-2-macroglobulins . . . . . 17
1.3.4 Structural insights into alpha-2-macroglobulins . . . . . . . . . . . 21
1.3.5 Bacterial alpha-2-macroglobulins . . . . . . . . . . . . . . . . . . 23

2 Objectives 27

3 Materials and methods 29
3.1 Sequence analysis and alignment . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 Recombinant DNA techniques . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3 Protein production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3.1 Protein expression . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.3.2 Protein purification . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4 Preparation and study of ECAM species . . . . . . . . . . . . . . . . . . 33
3.4.1 Preparation and conservation of protein samples . . . . . . . . . . 33
3.4.2 Determination of protein identity, purity and concentration . . . . 34
3.4.3 Detection of free-sulfhydryl groups . . . . . . . . . . . . . . . . . 34
3.4.4 Thermal shift assays . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.4.5 Circular dichroism spectroscopy assays . . . . . . . . . . . . . . . 35
3.4.6 Western-blot analysis . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.5 Proteolytic inhibition assays . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.5.1 Assayed proteolytic enzymes . . . . . . . . . . . . . . . . . . . . . 35
3.5.2 Tested substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.5.3 Inhibition assays of ECAM:peptidase reactions . . . . . . . . . . . 36
3.5.4 Inhibition assays of purified iECAM:peptidase complexes . . . . . 37

ix



x CONTENTS

3.6 Oligomerisation studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.7 Peptidase-binding studies in vitro . . . . . . . . . . . . . . . . . . . . . . 37
3.8 Protein localisation assays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.9 Pull-down experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.10 Phenotypic analysis in vivo . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.11 Structural characterisation of ECAM . . . . . . . . . . . . . . . . . . . . 39

3.11.1 Crystallisation procedures . . . . . . . . . . . . . . . . . . . . . . 39
3.11.2 Cryo-protection and data collection . . . . . . . . . . . . . . . . . 40
3.11.3 Structure solution and refinement . . . . . . . . . . . . . . . . . . 40
3.11.4 Single-particle cryo-electron microscopy and image processing . . 41
3.11.5 Homology modelling of native ECAM . . . . . . . . . . . . . . . . 42

3.12 Fluorescence microscopy of iECAM crystals . . . . . . . . . . . . . . . . 42

4 Results and discussion 43
4.1 Analysis of ECAM sequence . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2 Design and production of ECAM constructs . . . . . . . . . . . . . . . . 44
4.3 Biochemical characterisation . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.3.1 Molecular mass and stability . . . . . . . . . . . . . . . . . . . . . 46
4.3.2 ECAM, a thioester-containing protein . . . . . . . . . . . . . . . . 47
4.3.3 ECAM, a pan-peptidase target . . . . . . . . . . . . . . . . . . . 47
4.3.4 ECAM, a peptidase-binding protein . . . . . . . . . . . . . . . . . 48
4.3.5 Analysis of ECAM conformational states . . . . . . . . . . . . . . 50
4.3.6 ECAM, a peptidase inhibitor . . . . . . . . . . . . . . . . . . . . 53
4.3.7 Release mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.4 Biological role of ECAM . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.4.1 The cellular location of ECAM and potential partners . . . . . . . 56
4.4.2 ECAM, a cell guard . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.5 Structural characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.5.1 Crystallisation of ECAM forms . . . . . . . . . . . . . . . . . . . 58
4.5.2 Looking at ECAM in the electron microscope . . . . . . . . . . . 59
4.5.3 Induced ECAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.5.4 Native ECAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.5.5 Structurally derived conformational change . . . . . . . . . . . . . 78

4.6 The snap-trap mechanism of peptidase inhibition . . . . . . . . . . . . . 80
4.7 Comparison with other alpha-2-macroglobulins . . . . . . . . . . . . . . . 82

4.7.1 Snap-trap vs. venus flytrap mechanism . . . . . . . . . . . . . . . 82
4.7.2 Similarities with monomeric alpha-2-macroglobulins and possible

evolutionary origin . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.7.3 Structural comparison of iECAM with induced human alpha-2-M 84

5 Conclusions 87

Bibliography 101

List of abbreviations 103

List of publications 105



Chapter 1

Introduction

1.1 Regulation of proteolytic activity

Proteolytic activity and its tight control are processes that play fundamental roles in the
well-being of all organisms. The enzymes responsible for this activity are called pepti-
dases and represent a diverse and highly abundant group of proteins. The number of
genes encoding them ranges from 400 to 700 in plants and mammals to 100 in bacteria
and half as many in archaea [1]. They are involved in multitude of biological functions,
from digestion of peptides and proteins for nutrition, to activation of highly regulated
signalling pathways [2]. Consistently, proteolytic imbalance may lead to the malfunc-
tion of individual cells or whole organisms, causing pathological states like inflammation,
neurodegenerative diseases, cancer or cell death among others [3,4]. Moreover, some pep-
tidases are important players in host-pathogen interaction, being either virulence factors
or defence mechanisms [5, 6] and thus their control may influence the balance between
health and infection. In this context, mechanisms that regulate peptidase activity are
crucial to ensure that the right substrates are processed at the proper time and place.

1.1.1 Peptidases as essential enzymes

Peptidases catalyse the hydrolysis of the peptide bond, acting upon substrates that
range from small peptides to huge globular proteins, including themselves. They usually
hydrolyse the α-peptide bond between naturally occurring amino acids by a mechanism
that is strictly irreversible under physiological conditions [2]. However, slightly different
reactions may be performed by some proteolytic enzymes: deubiquitylating enzymes
hydrolyse isopeptide bonds; γ-glutamylhydrolases and γ-glutamyltransferases cleave or
transfer γ-glutamyl bonds, respectively; and some peptidases, like trypsin, exhibit also
esterase activity [7]. Other exceptions, like thermolysin, may also catalyse the formation
of peptide bonds under some specific conditions [8].

Hydrolysis of peptide bonds by peptidases is not a random process but rather is
characterised by a more or less strict specificity that can be influenced by the primary,
secondary or tertiary structure of the substrate, thus ranging from promiscuous to highly
specific enzymes [2]. The action of the former usually leads to degradation or digestion
of the substrate into smaller peptides or even single amino acids. This is the case of
subtilisin, a bacterial extracellular peptidase involved in nutrition which cleaves sub-
strates predominantly, but no uniquely, after non-branched hydrophobic residues, with
the aim to produce assimilable peptides [9]. On the contrary, more specific peptidases are
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: Specificity pockets and subsite nomenclature. Figure adapted from [14].

usually responsible for limited proteolysis, modifying substrates in order to affect down-
stream processes such as protein-protein interactions, signalling pathways or activation
events [1, 2]. Among them, the tobacco etch virus (TEV) peptidase cleaves the long
viral polypeptide chain into independent proteins by targeting specifically ENLYFQS
sequences [10,11] and sentrin-specific peptidases recognise and target the tertiary struc-
ture of ubiquitin-like proteins [12]. At the molecular level, specificity is accomplished
through interactions between the substrate residues flanking the scissile bond (called
subsites ... − P3 − P2 − P1 − / − P1′ − P2′ − P3′ − ..., where / indicates the cleaved
bond) and regions or pockets in the peptidase (analogously called Sn and Sn′; Figure
1.1) [13].

Peptidases cannot be described in a single way in terms of size, oligomerisation state
or subcellular location because they appear in a wide variety of forms and contexts (Fig-
ure 1.2) [2]. They range from small single-domain proteins, like the 10 kDa selecase from
Methanocaldococcus jannaschii, the smallest active metallopeptidase described to date
(Figure 1.2A) [15] to huge, multiprotein complexes like the 2.5 MDa 26 S proteasome,
the catalytic core of which is formed by 28 subunits with half of them harbouring pro-
teolytic activity (Figure 1.2C) [16]. Moreover, the catalytic domain of peptidases may
be linked to other domains that play important roles in substrate recognition, cellular
location, cofactor binding, chaperone activity, etc [17,18]. Furthermore, both soluble and
membrane-embedded peptidases exist, such as the first studied proteolytic enzymes [19],
trypsin or pepsin, which are involved in nutrition (Figure 1.2D); and presenillin pepti-
dase (Figure 1.2B), a polytopic membrane protein that has a direct role in the formation
of the β-amyloid peptide in Alzheimer’s disease [20].

In accordance to their huge diversity, peptidases are involved in a wide variety of
biological processes, both in a stand-alone function and as part of complex networks,
where peptidases, substrates, activators, inhibitors, signalling molecules and effectors in-
terplay to produce a coordinated outcome [2, 21]. Their multifunctional role is involved
in determining the fate of their substrates in terms of localisation, protein-protein inter-
action, life-time and gain or loss of function, thus affecting, directly or indirectly, many
biological processes [6].

In the human body, peptidases are key players in essential processes as: blood clot-
ting, which depends on a timely activated proteolytic cascade ending with the activation
of thrombin [22]; apoptosis, where caspase peptidases are the main effector [23]; nu-
trition, that relies on effective digestive peptidases to produce assimilable amino acids;
immune defence, where invasive pathogens are attacked by peptidases like neutrophil
elastase [24] or the remodelling of the extracellular matrix, which is performed mainly
by matrix metallopeptidases (MMPs) [25]. Moreover, protein turnover and degradation
are also performed by peptidases, involving both lysosomal cathepsins and the protea-
some [26,27].
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Figure 1.2: Crystal structure of selected peptidases. (A) Methanocaldococcus jannaschii selecase
(PDB ID: 4QHF) [15]. (B) Presenilin / signal peptide peptidase homologue from Methanoculleus
marisnigri (PDB ID: 4HYG) [28]. Two molecules of the peptidase are seen depicted by different colors.
(C) Crystal structure of 20S proteasome from yeast (PDB ID: 1RYP) [29]. (D) Trypsin from bovine
pancreas (PDB ID: 4I8G) [30]. (E) MMP-1 from human (PDB ID: 1CGL) [31].

At their turn, some prokaryotic organisms, besides of producing several peptidases
with housekeeping functions, also secrete proteolytic enzymes to compete with other
bacterial species, overcome host defences or modify components of their environment [5].
Therefore, under some circumstances, peptidases can be considered virulence factors
due to their toxicity to the host, by neutralising components of the immune system
or by degrading structural components of the matrix, thus being involved in invasion
and survival of pathogenic bacteria [6, 32–34]. For example, Pseudomonas aeruginosa
produces a metallopeptidase that cause necrosis in the cornea through digestion of its
major component, the proteoglycan ground substance and Clostridium sp. neurotoxins
exert their activity through proteolytic cleavage of a membrane protein from the synaptic
vesicle [35].

1.1.2 Classification of peptidases

The diversity in sequence, structure, catalytic mechanism, substrate range and specificity
among peptidases posed a challenge regarding their classification. Therefore, based on
different criteria, several classification systems were proposed and applied over time that,
when they complement each other, give a better and more thorough understanding of
the properties of a peptidase (Figure 1.3) [1].

Peptidases can be classified based on whether they cleave the substrate at an internal
peptide bond (endopeptidases) or at one of its ends (exopeptidases), the latter acting
either to the amino (aminopeptidases) or the carboxy termini (carboxypeptidases) [2].
Based on the catalytic mechanism, they are grouped into seven classes: aspartic, glu-
tamic, metallo, cysteine, serine, threonine and asparagine proteolytic enzymes [2]. The
first three classes use a water molecule as a nucleophile for catalysis, which is activated
either by the side chain of an aspartate residue, a glutamic acid residue or a coordinated
metal ion, respectively. In the last three classes, a protein residue (a cysteine, a serine,
a threonine or an asparagine) is playing the role of the nucleophile and gives the name
to the class [36]. However, contrarily to the rest, asparagine proteolytic enzymes act by
a mechanism that cannot be classified as hydrolysis, thus being lyases [37]. The most
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Figure 1.3: Classification systems for peptidases. Scheme of multiple classification criteria applied
to peptidases.

populated classes are, in this order, serine, metallo and cysteine peptidases [1].
A systematic way to classify all kinds of enzymes is the one used by the Enzyme

Commission (EC), that relies on recommendations from the Nomenclature Committee
of the International Union of Biochemistry and Molecular Biology (NC-IUBMB) and the
International Union of Pure and Applied Chemistry (IUPAC). The main classification
criteria are the catalysed reaction and its substrate and therefore every enzyme perform-
ing a given reaction is assigned a unique EC number composed of three digits separated
by dots. According to this, peptidases are grouped into EC 3.4, as hydrolyses acting
upon peptide bonds. However, some special criteria has been used for their further clas-
sification due to difficulties in describing substrate specificity, eventually leading to 14
peptidase subclasses (Figure 1.3). The online version of the database can be accessed at
the following website: http://www.chem.qmul.ac.uk/iubmb/enzyme/EC3/4.

Finally, the availability of structural information on peptidases allowed their hier-
archical classification in terms of evolutionary relationship. This classification method
was proposed by Rawlings and Barrett in 1993 [38] and is currently displayed in the
MEROPS database (http://merops.sanger.ac.uk) [1]. It consists of three levels of
organisation: peptidase, family and clan with independent peptidases being grouped
into families based on sequence homology and structurally related families, featuring
conserved folds, being joined into clans. At present, over 250 families and 60 clans of
peptidases have been described comprising nearly 50,000 sequences.

1.1.3 Mechanisms of proteolytic regulation

A wide variety of regulatory mechanisms are employed by nature to tightly control
and direct proteolysis, being able to act independently or in a coordinated manner in
order to avoid indiscriminate peptidase activity (Figure 1.7). These can range from

http://www.chem.qmul.ac.uk/iubmb/enzyme/EC3/4
http://merops.sanger.ac.uk
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Figure 1.4: Mechanisms of proteolytic regulation. Peptidase activity is regulated at multiple
levels by a wide variety of mechanisms.

transcriptional regulation of peptidase expression to mechanisms that block or enhance
proteolytic activity at the protein level.

Regulation at the transcriptional level

Peptidases can be regulated by a precise spatial and temporal control of gene expres-
sion, a complex process involving sensor and signalling proteins that detect specific cel-
lular or environmental conditions and transmit them to effector proteins that modulate
transcription. These processes timely guide the action of many otherwise destructive
peptidases, such as the mammalian MMPs that are controlled by cytokines during tis-
sue remodelling [25, 39], and control the production of necessary resources, such as the
bacterial subtilisin and thermolysin that are important for survival during nutrient de-
privation [9, 40].

Zymogenicity and other post-translational modifications

Zymogenicity is one of the most widely-spread mechanisms of proteolytic regulation. It
consists in the production of peptidases as inactive proenzymes, or zymogens, aimed at
being activated in the proper place and time. The activation occurs post-translationally
and requires proteolytic cleavage, either autolytically or by other enzymes, to remove
a stretch of amino acids that can range from a small peptide (called propeptide) to a
whole domain (prodomain) which inhibit the catalytic activity of the peptidase (Fig-
ure 1.5) [41]. The activation may be triggered by specific environmental conditions at
the peptidase destination (e.g. the acidic pH of the stomach allows the conversion of
propepsin to pepsin) or by the presence of activating enzymes (e.g. chymotrypsin is
activated in the gut by the presence of active trypsin) [39,41].

There are multiple mechanisms by which a propeptide can inhibit a peptidase but
they usually involve either the blockage of the catalytic cleft or the direct interaction
with key catalytic residues, like in the case of prokarilysin or profragilysin [17, 41, 42].
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Figure 1.5: Pro-MMP-1. Crystal structure of human pro-MMP-1 (PDB ID: 1SU3) [44]. The
prodomain (blue) is interacting with the catalytic domain (pink), blocking the access of the substrate
to the catalytic cleft of the peptidase.

Moreover, some propeptides or prodomains assist in protein folding and/or protein sort-
ing, thus being important both in the formation of a well-folded catalytic site and in
inhibiting it [42]. As examples, enzymes such as trypsin, chymotrypsin or pancreatic
elastase are produced as zymogens that are activated in the gastrointestinal tract in
order to avoid indiscriminate tissue degradation [43].

Several other post-translational modifications such as phosphorylation, acetylation,
myristoylation, ubiquitination or oxidation influence proteolytic activity, as in the case
of the 26S proteasome where they activate or inactivate its catalytic domains and may
change its preferential location within the cell [26]. Moreover, oxidation events caused
by reactive oxygen species promote the activation of some MMPs by modifying cysteine
residues involved in chelating the catalytic zinc [39]. In a similar way, pH regulates the
activation of pepsin by a protonation event [41].

As a post-translational modification, oligomerisation can play important roles in the
activity of some peptidases by promoting their activation, inhibition or substrate binding.
Thus, some caspases require homodimerisation to trigger intermolecular activation [23]
and selecase, a metamorphic protein that transits between multiple oligomeric states, in
only active in its monomeric form [15]. In other cases, interactions in the oligomer pro-
mote allosteric substrate binding, where occupying one binding site may favour substrate
binding in the other.

Protein compartmentalisation

Peptidase activity is also regulated by protein compartmentalisation that restricts pro-
teolysis to specific cellular locations. Localising peptidases in the appropriate cellular
compartment may provide optimal conditions for activity and determine the substrates
that are encountered and processed. Therefore, a given peptidase, depending on its cel-
lular location, may perform different functions, e.g. some cathepsins are involved both
in protein turnover inside lysosomes and in cell-cycle progression into the nucleus [45].

Regulatory subunits and domains

The activity of some peptidases is modulated by regulatory subunits, that is, proteins
that bind the 20S catalytic domain of the peptidase and affect its activity [2]. This
regulation mechanism is predominantly found in multisubunit proteolytic assemblies
like the 26S proteasome. In this case, the catalytic core can only cleave substrates upon
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association to activators, mainly to the 19S regulatory particle, responsible for selecting
and preparing the substrates prior to degradation [26]. Moreover, in ATP-dependent
bacterial peptidases, a multitude of proteins, called adaptors, bind both to the catalytic
subunit and the substrate, thus facilitating their encounter and recognition [46].

In some cases, regulatory subunits are not independent proteins but regulatory do-
mains present within the peptidase polypeptide chain. The function of these domains
may range from facilitating substrate recognition and binding to the proper location of
the enzyme, as is the case of the ancillary domains of ADAMT peptidases (A Disintegrin-
like And Metallopeptidase with Thrombospondin Type 1 Motif), secreted MMPs in-
volved in proteoglycan cleavage and remodelling [47].

Cofactors

Several molecules can regulate proteolysis by modulating the activity or stability of the
enzyme. Ions like calcium proved important factors for several peptidases of mammalian,
prokaryotic and archaeal origin (e.g. MMPs, karilysin and ulilysin [42,48]). Other organic
molecules like heparin, a glycosaminoglycan that is part of mast cells proteoglycans, can
allosterically modulate the activity of peptidases, like the ones from the coagulation
cascade [49].

Peptidase inhibitors

Peptidase inhibitors are major contributors in the regulation of proteolysis by blocking
or restricting the catalytic activity of peptidases. This is accomplished by multiple
mechanisms that range from competitive binding to the catalytic residues, blockage of
the catalytic center or irreversible trapping of the enzyme [50], comprising very specific
and broad-spectrum ones. Peptidase inhibitors can be either proteins, thus encoded in
the genomes of many organisms, or small molecules, being produced by the metabolism
of some bacteria, fungi and plants [51]. Peptidic peptidase inhibitors are the focus of the
next section.

1.2 Peptidic peptidase inhibitors

Peptidic peptidase inhibitors are encoded unevenly in the genome of many organisms,
representing up to 1 % of the genes in metazoa but being scarcely found in some bacterial
species. Their wide distribution and evolutionary relationships indicate that they have
appeared many times during evolution, with most of the events being linked to the
eukarya [52,53].

They comprise the largest and structurally most diverse group of naturally occurring
enzyme inhibitors (Figure 1.6). Their structures range from small, compact scaffolds of
10 kDa, as for cystatins, to huge multidomain oligomeric molecular traps of 720 kDa,
like the human α2-macroglobulin (α2M) [54, 55]. They target their cognate enzymes
with a wide variety of mechanisms, ranging from very specific interactions with key
catalytic residues to broad-spectrum inhibitory mechanisms that are independent from
the catalytic class of the peptidase [14,50].
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Figure 1.6: Diversity of peptidic peptidase inhibitors. Crystal structures of peptidases are
represented by yellow ribbons with water accessibility surface coloured in pale green. Secondary struc-
ture elements of inhibitors are marked in blue (β-sheets), red (α-helices) and magenta (coils). Serine
peptidase-inhibitor complexes: (A) trypsin-Cucurbita maxima trypsin inhibitor I (CMTI) featuring
canonical inhibition (PDB ID: 1PPE), (B) trypsin-α1antitrypsin (serpin) showing irreversible covalent
binding (PDB ID: 1EZX) and (C) αthrombin-haemedin (PDB ID: 1E0F), non-canonical binding. Cys-
teine peptidase-inhitor complexes: (D) cathepsin H-stefin A (PDB ID: 1NB5),(E) caspase7-X linked
inhibitor of apoptosis (XIAP) (PDB ID: 1I51) and (F) caspase8-p35 (PDB ID: 1I4E). Metallopeptidase-
inhibitor complexes: (G) Serratia marcescens metalloppeptidase-Erwinia chrysanthemi inhibitor (PDB
ID: 1SMP), (H) membrane-type MMP-1-TIMP-2 (PDB ID: 1BQQ) and (I) human carboxypeptidase
A2-leech carboxypeptidase inhibitor (LCI, PDB ID: 1DTD). Aspartic peptidase-inhibitor complexes:
(J) porcine pepsin-pepsin inhibitor-1 (PI-3) (PDB ID: 1F34), (K) peptidase A-IA3 (PDB ID: 1DPJ).
Figure adapted from [50].
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1.2.1 Classification of peptidase inhibitors

Peptidase inhibitors can be classified based on multiple criteria: their mechanism of
action, their physiological role or their evolutionary relationship [4, 50, 53]. The first
approach relies on the interaction between the peptidase and the inhibitor and will be
discussed in greater extent in section 1.2.4.

Regarding their physiological role, inhibitors are classified as emergency or regula-
tory inhibitors [4]. The former are characterised for being expressed in high levels to
suppress the action of whichever peptidase is present in that moment. On the contrary,
the expression of regulatory inhibitors is fine-tuned and colocalised with specific target
peptidases. Regulatory inhibitors can be further subclassified as threshold, buffer or
delay inhibitors depending on how strongly and/or quickly are inhibiting the action of
their cognate peptidase [4].

The most systematic way to classify peptidase inhibitors is in terms of evolutionary
relationships [52,53]. This approach is used, analogously to peptidases, in the MEROPS
database. Individual inhibitory units - that is, protein sequences longer than fourteen
amino acids with one single inhibitory reactive site - are described and given a unique
identifier. Depending on proteins having one or multiple inhibitory units they are called
either single or compound inhibitors. In the latter case, a distinction can be made
between homotypic inhibitors, in which all inhibitory units are from the same family,
and heterotypic, in which inhibitory units from at least two different families are present.
Inhibitory units are then grouped by sequence similarity into families and structurally
related families are grouped into clans.

At the time of writing (MEROPS 9.12), more than 650 inhibitory unit identifiers were
assigned, representing more than 61,000 sequences. From these identifiers, 39 correspond
to compound inhibitors and the rest to single inhibitors. They are classified into a total
of 78 families, 51 of which are grouped into 39 clans and the rest remain unclassified due
to the lack of structural information [1, 52].

1.2.2 Biological relevance

The biological functions of peptidase inhibitors are linked to the action of their cognate
enzymes, so being as diverse as them. By affecting the activity of both endogenous
and exogenous peptidases, inhibitors are involved in modulating both physiological and
pathological processes and are therefore used as drugs in the treatment of several diseases
[4].

On the one hand, inhibitors targeting endogenous peptidases are usually peptidic and
their function is to limit, regulate or terminate the action of their cognate enzymes in
order to avoid indiscriminate activity and potential damage within the organism [52,56].
On the other hand, by targeting exogenous peptidases inhibitors may have protective
roles, thus acting as defence mechanisms and some being considered as part of the
immune system of many organisms, from bacteria to metazoa [5].

In mammals, peptidase inhibitors are involved in key processes such as blood clotting,
inflammation or innate immunity among many others. As an example, tissue inhibitors
of metallopeptidases (TIMPs) inhibit the action of MMPs, thus terminating their ac-
tivity and limiting their action, for example during inflammatory processes [57]. In
bacteria, the limited amount of information on peptidase inhibitors is in contrast with
the important roles they play, which will be discussed in depth in the next section.
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1.2.3 Distribution and function in bacteria

The appearance of peptidic peptidase inhibitors in prokaryotic organisms is much less
common than in metazoa, and their distribution is sketchy and limited to few bacte-
rial species. This may seem contradictory with the fact that prokaryotes are important
peptidase producers, with an average of 3 % of their genes encoding for proteolytic
enzymes [58]. However, other regulatory mechanisms and the ability of some microor-
ganisms to produce small-molecule inhibitors may compensate the scarce appearance of
encoded inhibitors [51].

Nevertheless, peptidase inhibitors encoded in bacterial genomes are important players
in regulating proteolytic activity, both endogenous and exogenous [52]. From the 71
families of inhibitors in MEROPS, 32 are present in bacteria, although not all of them
have representatives of experimentally proven function. Among these, only 9 families -
I10, I36, I38, I57, I58, I69, I80 I94 and I96 - have exclusively bacterial members, most
of which are only found in few species. These perform very specific functions, regulating
bacterial peptidases [59] or playing a role in cell division or virulence. Alternatively, the
most populated families of peptidase inhibitors in bacteria - I87 (HflC/K), I39 (α2Ms),
I51 (IC family), I4 (serpins) and I11 (ecotin family) - are not restricted to prokaryotes
but are widely distributed among species. It has been suggested that some of them
appeared first in eukaryotes and were acquired by bacteria by horizontal gene transfer
[60]. Interestingly, the function of three of these families (I4, I11 and I39) seems to
be related with bacterial protection against exogenous peptidases more than with the
regulation of endogenous ones [61–63].

The biological function of many bacterial peptidase inhibitors is unknown and the
bacterial representatives of many families have not been experimentally characterised.
However, the majority of the described ones are related to one of the four biological roles
explained below and some are arising as biotechnological and medical tools [58].

Firstly, four out of the nine families only found in bacteria (I38, I57, I58 and I69)
are primarily responsible for controlling the activity of specific bacterial peptidases, es-
pecially secreted ones, mainly by being coexpressed with them under the control of the
same operon [59]. For example, I58 member staphostatin A is coexpressed and inhibits
very specifically staphopain A, a cysteine peptidase that is an important virulence factor
of Staphylococcus aureus [64]. The major role of staphostatin A seems to be the protec-
tion of cytosolic proteins from proteolytic cleavage during staphopain A secretion. The
same happens with Erwinia chrysanthemi metallopeptidase inhibitor (I38) with its tar-
get serralysin and with spi peptide (I69) from Streptococcus pyogenes with streptopain
peptidase [65, 66].

Secondly, some peptidase inhibitors play important roles in physiological bacterial
processes. This is the case of inhibitors belonging to the I80 family, which contains only
members from Bacillus sp. that regulate endogenous D,L-endopeptidases responsible for
cell wall degradation during growth and cell division in these species [67].

Thirdly, bacterial peptidase inhibitors are reported as virulence factors in some
pathogens. This is the case of members of I96 and I94 families, which have only been
found in one single species each, S. aureus [68] and E. coli and are involved in inhibiting
neutrophil serine peptidases and caspases, respectively. Specifically, NleF peptidase in-
hibitor from E. coli (I94) is injected into host cells through a type-III secretion system by
enterohemorrhagic and enteropathogenic strains in order to subverting cellular pathways
like apoptosis [69].

Fourthly, some inhibitors play protective roles in bacteria, acting as a primitive im-
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MEROPS
family

# Identifiers Family name (prototype inhibitor)

I1 31 I1 (ovomucoid inhibitor unit 3)

I2 15 Kunitz-BPTI (aprotinin)

I4 314 Serpins (α1-peptidase inhibitor)

I8 1 Ascaris (Bombyx subtilisin inhibitor)

I9 39 YIB (peptidase B inhibitor)

I11 291 Ecotin (ecotin)

I13 10 Pot 1 (eglin c)

I15 2 Antistasin (antistasin inhibitor unit 1)

I16 127 SSI (streptomyces subtilisin inhibitor)

I22 58 I22 (BsuPI peptidase inhibitor)

I25 9 Cystatin (cystatin A)

I29 5 CTLA (cytotoxic T-lymphocyte antigen-2 α)

I31 2 Thyropin (equistatin inhibitor unit 1)

I39 633 α2M (α2-macroglobulin)

I42 90 Chagasin (chagasin)

I43 11 Oprin (oprin)

I51 356 IC (serine carboxypeptidase Y inhibitor)

I63 9 I63 (pro-eosinophil major basic protein)

I66 2 Lentinus (Lentinus peptidase inhibitor)

I71 5 Falstatin (falstatin)

I75 23 I75 (bacteriophage lambda CIII protein)

I78 82 I78 (Aspergillus elastase inhibitor)

I87 1189 I87 (HflC)

Only in bacteria

I10 4 Marinostatin (marinostatin)

I36 2 SMI (Streptomyces metallopeptidase inhibitor)

I38 101 Aprin (metallopeptidase inhibitor)

I57 8 Staphostatin B (staphostatin B)

I58 7 Staphostatin A (staphostatin A)

I69 37 I69 (streptopain inhibitor)

I80 6 I80 (IseA protein)

I94 3 I94 (NleF protein)

I96 2 I96 (EAPH2 protein)

Table 1.1: Peptidic peptidase inhibitors in bacteria. The most populated families are highlighted
in bold.

mune system. This is the case of the members of three major families of inhibitors:
serpins (I4), ecotin (I11) and α2Ms (I39). Members of all three families are reported to
be attached to the bacterial membrane, facing either the periplasm, in the case of E.
coli ecotin and α2M [62, 63], or the extracellular media, in the case of Bifidobacterium
longum serpin [61]. In this location, they may encounter attacking peptidases from their
hosts, especially human, both from the immune system or from digestive juices. In fact,
they all have been reported to inhibit human neutrophil elastase in vitro and ecotin-
deficient cells are more sensitive to die in the presence of this enzyme [62]. Similarly,
serpins from a wide range of Bifidobacterium species are overexpressed in the presence of
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exogenous peptidases like papain, chymotrypsin or kallikrein as part of a stress response
mechanism [70].

In summary, although largely unknown, bacterial peptidase inhibitors are reported
to play important roles in the physiology and pathogenesis of bacterial species. The
understanding of their roles in bacterial cells and in the relation between bacteria and
their environment or their hosts is crucial, especially to identify new targets for antibiotic
development or as biotechnology tools. Moreover, their evolutionary relationship with
eukaryote inhibitors may provide some insights into the roles of peptidase inhibitors in
higher organisms.

1.2.4 Mechanism of action of peptidase inhibitors

The mechanisms by which peptidic peptidase inhibitors modulate the activity of prote-
olytic enzymes are diverse and include different strategies such as the interaction with
key catalytic residues, blockage of the access to the catalytic center, irreversible entrap-
ment of the enzyme and destruction of the catalytically competent topology [14,50,56].
These mechanisms can be classified in different ways taking into account the reversible
or irreversible nature of the reaction, its specificity towards a catalytic mechanism or the
interacting regions between enzyme and inhibitor (Figure 1.7).

Reversible inhibitors

The vast majority of inhibitors are reversible or competitive and act by establishing
tight non-covalent contacts with peptidase residues that are part of, or very close to, the
catalytic site. Due to this interactions, reversible inhibitors block substrate-binding sites,
avoiding the catalytic center to reach substrates and thus, to cleave them. Reversible
inhibitors can bind to the catalytic site in different ways and orientations and the complex
they form may, under some circumstances, dissociate [71].

Substrate-like binding
One of the most well-studied mechanisms of inhibition is the so called canonical or

standard inhibition mechanism which involves binding of the inhibitor in a substrate-
like manner. These inhibitors are characterised by having a reactive loop, similar to the
substrate of the target peptidase, that interacts with the catalytic site of the enzyme.
The mechanism is found in 19 families from 13 different clans in MEROPS [53], where
similar inhibitory reactive loops are found inserted into different protein scaffolds.

The canonical mechanism is the one used by the Kazal , Kunitz and Bowman-Birk
families of serine peptidase inhibitors (Figure 1.6A) [72, 73]. Their reactive loop is in-
serted into the peptidase catalytic cleft in an extended β-sheet conformation oriented as
a real substrate. In this situation, the enzyme can hydrolyse the scissile bond, although
with a very low reaction velocity. However, the catalytic cycle cannot be completed due
to the tight bounding of the amino (leaving) group that inhibits the deacylation step.
Moreover, the peptide bond can be eventually resynthesised and therefore the inhibitor
can be found tightly bound to the enzyme both in an intact and in a cleaved form
featuring similar stability [14].

An analogous mechanism is used for the inhibition of carboxypeptidases by the leech
carboxypeptidase inhibitor, which interacts with the peptidase in a substrate-like manner
by inserting its C-terminal glutamate into the catalytic cleft (Figure 1.6I). In this case,
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Figure 1.7: Mechanisms of peptidase inhibition. Reversible inhibitors can bind their cognate
enzymes in a substrate-like manner, as the shown Kazal inhibitor (cyan) in complex with trypsin (green)
(PDB ID: 1LDT) [75], or in a non-catalytically competent manner, like in the interaction of TIMP-1
(blue) with MMP-1 (grey) (PDB ID: 1UEA) [76]. Irreversible inhibitors can be either site specific, as
the case of the serpin α1-antitrypsin (grey, red and yellow) inhibiting trypsin (blue and purple) (PDB
ID: 1EZX) [77], or molecular traps like the human α2M (PDB ID: 4ACQ) [78].

moreover, a key residue from the inhibitor further chelates and blocks the catalytic zinc
ion [74].

Non-catalytical competent binding
Most competitive inhibitors do not bind as substrates to the catalytic cleft but rather

interact with subsites and catalytic residues in a non-catalytically competent manner,
thus blocking access to the catalytic center without allowing cleavage [14]. This is the
case of cystatins and TIMPs, superfamilies of inhibitors that target cysteine peptidases
and MMPs, respectively [50]. Cystatins bind to their cognate peptidases by inserting a
wedge-like face (consisting of its N-terminal end and two hairpins) into the catalytic cleft
(Figure 1.6D). The N-terminal residues bind to the S3-S1 peptidase pockets in a substrate
like manner but afterwards the inhibitor chain turns away from the catalytic residues
and out of the catalytic site. The two hairpins also bind to the active site but in prime
positions, thus occupying the majority of the active site without directly interacting with
the catalytic machinery. In this situation, the catalytic cleft is completely blocked - no
substrate can access it - while the peptidase is unable to cut the inhibitor [54].

In addition, TIMPs bind to their target MMPs in a quasi substrate-like manner
through two loops (Figure 1.6H). In this case, however, the cleavage of the inhibitor is
not accomplished due to interactions between the inhibitor and the catalytic zinc and
the displacement of the catalytic water molecule away from the active site [76,79,80].
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Irreversible inhibitors

Contrarily to the reversible inhibitors, the binding of irreversible inhibitors to their
target peptidases is usually covalent, thus being permanently modified and acting as
suicidal inhibitors of a single use [14]. Their mechanism of action can be either site
specific, relying on the catalytic mechanism of serine and cysteine peptidases that form
a covalent acyl-enzyme intermediate, or broad-spectrum molecular traps that can inhibit
endopeptidases of all catalytic mechanisms [55, 81]. However, they all rely on a major
conformational change to trap or disrupt the structure of peptidases.

Site-specific inhibitors
The best example of irreversible site-specific inhibitors is the widely distributed serpin

family, member of which are serine (and some also cysteine) peptidase inhibitors [82].
In humans, at least 36 serpins, both intracellular and extracellular, have been identi-
fied, which regulate key processes as coagulation, inflammation, fibrinolysis or immune
response [83]. Moreover, due to the importance of their activity and the irreversibility
of the process, the action of serpins is finely regulated on its own [84].

A key structural feature of serpins is the reactive center loop (RCL) which interacts
directly and in a substrate-like manner with the catalytic cleft of the peptidase, having
the flexible character of an ideal substrate (Figure 1.6B). Therefore, peptidases easily
cut the RCL, thus triggering a major conformational change in the inhibitor from a
native and metastable conformation to a hyperstable one that incorporates the RCL
in an structurally important β-sheet. This rearrangement is so fast that the proteolytic
reaction can only occur until the formation of the acyl-enzyme intermediate, in which the
peptidase is covalently bound to the inhibitor through its catalytic serine (or cysteine)
to the carbonyl group of the P1 residue. Moreover, during this process, the peptidase is
pushed against the inhibitor, causing a global disordering of its structure that destroys
the catalytic center [77].

Molecular traps
Molecular traps are broad-spectrum, non-specific inhibitors that act by entrapping

peptidases inside their molecular structure as in a cage. Their mechanism of action
mainly relies on major conformational changes, which are triggered by peptidase cleav-
age in a highly exposed and flexible stretch of amino acids called the bait region [55].
Contrarily to the other discussed mechanisms, the trapped peptidase retains a fully
competent active site but its action is limited by steric hindrances that avoid it to reach
substrates. Proteins of the α2M family are the only inhibitors of this type and will be
discussed in length in the next section.

Exosite binding for inhibition

Apart from targeting the primary inhibition site, that is, the catalytic center of a pep-
tidase, some inhibitors also bind its cognate enzyme through secondary binding sites,
called exosites. This extra level of interaction usually enhances the specificity or the
potency of the inhibitor by increasing the binding area. Examples of exosite binding
can be found both in reversible inhibitors, such as rhodniin [56], a standard mechanism
serine peptidase inhibitor from Rhodnius prolixus, or in irreversible ones like serpins [84]
where the specificity of the RCL is increased by interactions with peptidase exosites,
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Figure 1.8: Chemical formula of the thioester bond. Figure adapted from [89]

which are involved in selecting the target enzyme and orienting it properly for a fast
reaction.

1.3 The α2-macroglobulin family

α2Ms are peptidase inhibitors classified into the I39 family in the MEROPS database.
Metazoan representatives of this family were identified as early as 1946, when Cohn and
co-workers first isolated the human α2M from blood plasma and since then, they have
been found in many other species, both in vertebrates and invertebrates [85–88]. Nowa-
days, a great wealth of information is available on metazoan α2Ms regarding their mech-
anism of action and biological roles. Among them, human α2M is the most well-studied
member, having been the focus of extensive research for several years. In contrast, bacte-
rial members of the family (bα2Ms) are poorly characterised and their function is largely
unknown. The available information on bα2Ms, although scarce and incomplete, will be
discussed in section 1.3.5.

1.3.1 Evolution and characteristics of thioester-bond contain-
ing proteins

α2Ms belong to the thioester-bond containing protein (TEP) superfamily along with
proteins C3, C4 and C5 (the third, forth and fifth components of the complement system)
among others. They are characterised by the presence of an intrachain β-cysteinyl γ-
glutamyl thioester bond in a conserved motif with sequence CXEQ (Figure 1.8) [88].
The high degree of conservation of this motif highlights its importance in protein activity
allowing TEPs to bind covalently to cellular components or proteins, which is a crucial
step in their mechanism of action [89].

Besides of the thioester bond, TEPs share several structural features that suggest
their common evolutionary origin. Domains such as the macroglobulin-like (MG) do-
main, the CUB domain (first described in complement C1r/C1s, Uegf, Bmp1) and the
thioester bond domain (TED) are among the most conserved. Specifically, MG domains
are present in multiple copies in all TEPs, performing structural functions, and the TED
contains the thioester motif. The high conservation of these domains permitted the iden-
tification of a plethora of TEP-family members in predicted proteins from the sequenced
genomes of many organisms [88].

In addition to structural similarities, some functional features important for activity
are also common among TEPs. During their activation, a conformational rearrangement
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occurs that repositions several domains and exposes the reactive thioester bond from its
hidden position. These events are triggered by proteolytic cleavage in specific regions:
the bait region in the case of α2Ms and the convertase cleavage site in complement
proteins [90,91].

TEPs are abundantly found in body fluids of both vertebrates and invertebrates
(e.g. in the human blood plasma) and in the egg white of birds and amphibians. In
the human genome, eight members of this family have been identified: C3, C4, C5,
tetrameric plasma α2M, PZP (pregnancy zone protein) [92], A2ML1 (α2-macroglobulin-
like-1) [93], CD109 [94, 95] and CPAMD8 (complement 3 and PZP-like A2M domain-
containing 8) [96]. While the first five have been extensively studied and their biological
role is well-known, limited information is available for A2ML1, CD109 and CPAMD8
although they have been linked to immunity.

Although the evolutionary origin of this superfamily is not completely established,
it seems to be related to the appearance of the eumetazoan lineage [97]. Phylogenetic
analysis of TEPs from different eumetazoa revealed two dichotomous families: the C3
family, characterised by containing an anaphylotoxin (ANA) domain and a C-terminal
C345C domain [90]; and the α2M family, which presents a characteristic bait region
domain (BRD) [91]. The C3 family is comprised of human C3, C4 and C5 along with
their orthologs while the α2M family consists of α2M, PZP, CPAMD8 and CD109 and
its orthologs. It has been suggested that complement proteins arose by gene duplication
from an ancestral α2M-like gene, based on their more specialised role and the presence
of extra domains [97]. Moreover, within the α2M family, proteins can be further divided
into two subfamilies: α2M, PZP and CPAMD8 cluster together in one while CD109 and
insect TEPs form the second.

Only lately in 2004, α2M-homologous sequences were identified in bacterial genomes,
exclusively in Gram-negative eubacterial species [58,60]. The alignment and comparison
of these allowed the identification of two groups: thioester-containing and non thioester-
containing bα2Ms. Their distribution among bacteria proved hard to be explained only
by the vertical descent model and therefore several events of horizontal gene transfer
among bacteria, and also among metazoa and bacteria, were proposed [60].

1.3.2 Biological functions of α2-macroglobulins

α2Ms play many and important roles in the physiology of organisms [98]. Metazoan α2Ms
have been extensively characterised as peptidase inhibitors, with more than 50 different
peptidase targets identified in vitro [98]. Their broad specificity makes them perfect
peptidase scavengers to control both endogenous and exogenous proteolytic activity [5,
99].

As an endogenous peptidase inhibitor, human α2M targets peptidases as chymase,
plasmin, MMPs and several ADAMTs [100–103] among others. For example, it is regu-
lating processes like tissue remodelling by being the only known physiological inhibitor
of ADAMTS7, ADAMTS10 and ADAMTS12, which degrade aggrecan and collagen in
cartilage extracellular matrix [103, 104] and controls fibrinolysis by inhibiting plasmin,
which main function is related to the degradation of fibrin clots, for instance during
wound healing [101].

As an inhibitor of exogenous peptidases, human α2M, but also from many other
organisms, is considered part of the innate immune system by targeting proteolytic
enzymes from pathogens, thus protecting the body against infections by restricting their
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invasion, dissemination and nutrition [5,33,99,105]. In accordance, it is known to be the
only plasma inhibitor of peptidases from Trichophyton mentagrophytes, the causal agent
of ringworm and of the collagenase from Clostridium histolyticum, a gangrene-related
organism [98]. In other organisms, like in shrimp, α2Ms have been reported to prevent
bacterial scape from blood clots by inhibiting fibrinolytic bacterial enzymes [106].

Besides of these functions, α2Ms are involved in many biological functions through
their ability to bind, regulate and transport some biologically relevant molecules [98,107].
Metazoan α2Ms modulate the action of ions, defensines, cytokines and hormones through
clearing them from blood or increasing their life-time in plasma. In this way, they are
involved in modulating the immune system, controlling inflammation, mediating cell-
growth or regulating transmembrane iron transport [108–111].

In accordance with its wide variety of functions and its implication in many biological
processes, human α2M is involved in multiple diseases, being characterised as a late-
onset susceptibility gene for Alzheimer’s disease, related to ageing processes, acting as a
protective agent in osteoarthritis - where proteolytic activity is upregulated - or used as
a biomarker in cardiac diseases [112,113]. Moreover, it has been used as an adjuvant in
vaccines and as a carrier for antigen presentation, protecting molecules from precocious
degradation [114].

Although a lot of information is available on the biological role of metazoan α2Ms,
the function of bα2Ms is poorly understood. However, a role in bacterial defence has
been suggested [60], which will be further discussed in section 1.3.5.

1.3.3 Mechanism and characteristics of α2-macroglobulins

Oligomerisation state

It is now well-known that a single organism may encode more than one α2M homologs
exhibiting different biochemical properties, biological roles and found in diverse locations
[86]. In rat, for example, two different tetrameric α2Ms (α1M and α2M) along with a
monomeric one (α1I3) coexist in the blood plasma [115, 116]. In humans, the most
abundant is the tetrameric blood plasma α2M, although a dimeric PZP is found during
pregnancy and a newly described monomeric A2ML1 is expressed in the epidermis [92,
93].

The functional implications of oligomeric differences are not yet clarified since α2Ms
of multiple oligomeric states have been characterised as effective peptidase inhibitors.
However, it seems clear that the mechanism of action performed by monomeric and
tetrameric members must be different, especially regarding the entrapment of the pep-
tidase inside their molecular structure [78].

The bait region

The BRD, which is characteristic of the α2M family, contains the homonym bait region,
a stretch of amino acids that is flexible, irregular and highly exposed to the solvent. The
bait region has a central role in the function of α2Ms as the target for peptidases, being
easily-cleaved by many enzymes (Figure 1.9) [91].

The bait region is located around the middle of the protein sequence and its length
varies between different α2Ms from 25 to 55 residues with no predicted secondary struc-
ture. All bait regions are characterised by containing amino acids of diverse chemical
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Figure 1.9: Peptidase cleavage sites into the bait region of human α2M and PZP and rat
α1M, α2M and α1I3 variants 1 and 2. Cleavage sites for: (cc) Clostridium histolyticum collagenase;
(fc), human fibroblast collagenase; (tr) bovine trypsin; (th) bovine thrombin; (st) Streptomyces griseus
trypsin; (sb) Streptomyces griseus proteinase B; (pe) porcine pancreatic elastase; (cg) human cathepsin
G; (cs) calf chymosin; (ct) bovine chymotrypsin; (sp) Staphylococcus aureus proteinase; (pZ ) human
plasmin; (su) subtilisin; (he) human leucocyte elastase; (tl) thermolysin; (pa) papain. Figure adapted
from [91].

properties - hydrophobic, hydrophilic, neutral and charged - thus providing target se-
quences for peptidases of multiple specificities [91]. However, they exhibit high variability
between sequences, probably due to specific evolutionary constraints and high evolution-
ary pressure that adapt them to target potentially encountered peptidases. Therefore,
different species have adapted the bait region of their α2Ms not to inhibit important
endogenous peptidases while still providing very different targeting sequences. This is
the case in Limulus sp., the clotting enzyme of which can cleave the bait region of human
α2M but not the one from Limulus itself [117].

The function of the bait region is to attract the attacking peptidase and correctly
position it inside the trap. More importantly, its cleavage is the triggering event for
conformational rearrangement of the inhibitor and thioester exposure. Therefore, the
only potential inhibition targets of α2Ms are active peptidases that cut in the bait region,
regardless of the precise position of the cleaved bond [91].

The thioester bond

As members of the TEP family, one of the main characteristics of α2Ms is the presence of
an intrachain thioester bond in a conserved thioester motif (CXEQ) [88]. However, some
members of the family, like ovostatin, lack key residues involved in its formation [87].

The first description of the thioester bond in human α2M was in 1980 and since then,
its reactivity and implications in the function of α2Ms have been extensively studied [118].
Chemically, it forms a fifteen-membered thiolactone ring that involves the side chains
of a cysteine and a glutamine residue [119]. Historically, an active thioester bond in
a polypeptide chain has been detected by the presence of an autolytic cleavage upon
heat treatment (Figure 1.10), caused by the reactivity of the thioester bond, at highly
denaturing conditions, against the nitrogen of the peptide bond between E and Q of the
thioester motif (Figure 1.8). Although no biological significance has been attributed to
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Figure 1.10: Self-cleavage reaction. Adapted from [89].

this reaction, the detection of self-cleavage fragments in SDS-PAGE analysis is still used
as evidence for the presence of an active thioester bond [89,120].

In vivo, the thioester bond of α2Ms reacts mainly with primary amines, especially
those in the side chain of lysines from the surface of peptidases [55]. In complement
proteins, where reactivity against both amines and hydroxyls is found, it was nicely
proven that the specificity is given, at least in part, by a single residue located around 100
amino acids downstream from the thioester motif [89]. Therefore, proteins containing
a histidine in this position are mainly reacting with hydroxyls in a two-step reaction
catalysed by the imidazole group in the side chain of this residue. Alternatively, proteins
containing an asparagine are prone to react with amines in a single step uncatalysed
reaction. The equivalent position in human α2M is N1065, which plays an important role
both in the formation of the thioester bond and in its reactivity against amines [121].

To avoid the precocious opening of the thioester bond, it is buried in a hydrophobic
pocket in the native or unreacted state of α2Ms, thus being only accessible to small
reagents, like methylamine (MA), which has been extensively used in the study of α2Ms
[119]. The opening of the thioester bond is causing the appearance of free thiol groups
because the cysteine is no longer linked to the glutamine. This can be monitored with
reagents specifically targeting reduced cysteines, like 5,5’-dithiobis-(2-nitrobenzoic acid)
(DTNB), which has also been widely used in the field as a tool to study the kinetics of
this reaction [122].

The conformational change

All known α2Ms undergo a conformational rearrangement as part of their mechanism of
action. This change was first described for human α2M in the 1970s, when a slow (S-
α2Ms) and a fast form (F-α2Ms) of the protein were identified by differential migration
in native gel electrophoresis [123], although both forms had the same molecular mass.
These changes in the electrophoretic mobility were attributed to domain rearrangements
into the α2M tertiary or quaternary structure, leading to the presence of two conforma-
tions with distinct molecular dimensions, an hypothesis that was consistent with earlier
electron microscopy and cross-linking studies of the protein [124, 125]. Nowadays, the
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two conformational states of α2Ms are usually called native, for the unreacted protein,
and induced, for the more compact, peptidase-reacted form [78].

The in vivo triggering event for the conformational change in all characterised α2Ms
is the proteolytic cleavage of the bait region by a peptidase [55]. Moreover, some α2Ms,
including the human one, can be converted to the induced form by opening the thioester
bond with MA without breaking the integrity of the bait region [119]. However, in other
cases, like in bovine α2M, the native conformation is maintained after treatment with
MA [126].

The characterisation of both native and induced forms of human α2M has been ad-
dressed by a multitude of techniques that showed differences in native-PAGE mobility,
cross-linking pattern, small-angle X-ray scattering (SAXS), binding of fluorophores, im-
munogenicity, structural overall shape as studied by electron microscopy - and, most
importantly, in their ability to bind and inhibit peptidases [55, 119, 125]. However, the
detailed description of the conformational change in α2Ms during the activation by pep-
tidases has not been accomplished yet due to the limited amount of atomic-resolution
structural information available [78,127,128].

The receptor binding domain (RBD) and the clearance pathway

In metazoan α2Ms, the conformational change triggers the exposure of a formerly hid-
den region, the receptor binding domain (RBD). This domain, when accessible, binds
to the low density lipoprotein receptor-related protein (LRP), usually referred to as
LRP/α2M receptor, which is present in many cell types including fibroblasts, hepato-
cytes, adipocytes, syncytiotrophoblasts, astrocytes, monocytes and macrophages [129].
This interaction leads to the internalisation of the induced α2M and its degradation into
lysosomes, thus quickly clearing bound peptidases from the blood along with other α2M
binding partners [130].

The interaction and recognition between human α2M and LRP/α2M receptor has
been studied and mapped in both molecules, exhibiting a strong, nanomolar affinity
[131]. LRP binds induced α2M through the 515 kDa α-chain that contains four clusters
of multiple copies of ligand-binding domains, known as complement-like repeats (CR).
Specifically, repeats CR3-4-5 are interacting with two lysines from RBD (K1370 and K1374)
only when it is exposed on the surface of induced α2M [129,131–133]

Moreover, the interaction is not species-specific, since RBD sequences are strongly
related among organisms. However, there is one known member of the family, ovostatin,
that do not bind to the receptor, having an asparagine in the position of one of the
interacting lysines [132].

Inhibitory capacity

Peptidases are inhibited by α2Ms though steric hindrances while retaining a fully com-
petent active site. In this way, trapped enzymes are only prevented to reach substrates
that are unable to penetrate through the entrances in the molecular cage [78] but not
to cleave small ones like short peptides [55]. This size-selective inhibition is one of the
main characteristics that allowed the identification of α2M-like inhibitory activity in the
body fluids of many animals [86].

The characterisation of the inhibitory capacity showed differences among α2Ms but
also among peptidases of different sizes. Human α2M can target two molecules of trypsin
(23 kDa) per tetrameric particle but only one molecule of other bigger peptidases, like
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plasmin (70 kDa) [55, 78]. In contrast, the monomeric α1I3 from rat traps trypsin in a
10 to 1 (inhibitor to peptidase) ratio [115].

Mechanism of peptidase inhibition

Summarising from the above, inhibition by tetrameric α2Ms starts with a proteolytic
cleavage at the bait region by a peptidase, which triggers a huge conformational re-
arrangement in the structure of the inhibitor that entraps the enzyme into a molecular
cage, mimicking the Venus flytrap mechanism. At this point, the peptidase, although
still competent, is sterically hindered to access its substrates, especially high molecular
mass ones. In some instances, the peptidase can be further targeted by a very reactive
thioester bond present in some α2Ms, which binds covalently to a lysine from the pepti-
dase surface and further stabilises the entrapment. The conformational rearrangement
also exposes the RBD, which interacts with specific receptors that clean the peptidase-
loaded inhibitor from the body fluids of animals [55].

Contrarily, the mechanism by which monomeric α2Ms function is not well charac-
terised. However, some studies on rat α1I3 have reported several differences compared
with the action of tetrameric α2Ms, pointing to the strict need for covalent binding for
inhibition.

1.3.4 Structural insights into α2-macroglobulins

Human α2M, and to a lesser extent other members of the family, have been studied by
different biophysical techniques [125]. Especially important were the electron microscopy
(EM) studies that allowed the direct visualisation of distinct α2M-derived particles, in-
cluding the native and the MA- or peptidase-induced tetramers. Despite the low resolu-
tion achieved and the sometimes contradictory results obtained, the efforts allowed the
overall description of α2M as an H-shaped molecule and the localisation of the bound
peptidases in its central cavity (Figure 1.11). However, an atomic resolution model of
the whole molecule has been proven very hard to obtain [134]. Only the crystal structure
of two isolated domains, MG2 and RBD [127, 128], had been determined when in 2012
the first crystal structure of the whole tetrameric particle was published by Marrero and
co-workers at a resolution of 4.3 Å (Figure 1.12) [78]. In that study, the MA-induced
form of human α2M was described and a theoretical model for the native form provided,
both in agreement with previous EM studies.

α2M is a tetrameric, 720 kDa glycoprotein in which each of its four protomers are
identical and composed of 1451 residues that fold into 11 domains: 7 MG domains, a
CUB domain, a TED, which contains the thioester bond (C949-Q952), an RBD and a
BRD, into which a 39-residue bait region is found between P690 and T728. The protomer
structure is stabilised by 11 intrachain disulphide bonds.

The α2M monomer was described as a distorted equilateral triangular prism with a
side of approximately 110 Å (Figure 1.12C). The polypeptide chain starts forming six
MG domains that are arranged as a compact ellipsoidal one-and-a-half-turn right-handed
superhelix and continues with MG7 that is closing it. Following MG7, the CUB domain
is found interacting with MG2. Inserted into and placed below CUB, the TED features
the characteristic α/α-toroid with the topology of a thick disc. The C-terminal domain
is the RBD, also known as MG8 because of its MG-derived structure. Finally, the BRD
is inserted into MG6 and runs along all the vertical dimensions of the particle in a flexible
strand, spanning around 85 Å and being sheltered by the overall arrangement of the
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Figure 1.11: Electron microscopy models of peptidase entrapment by human α2M. (A)
Representation of native α2M and (B) induced α2M. Top and bottom arrows represent the movement of
the particle while small arrows in the middle point to the potential location of the RBD. (C) Peptidase
trapped by α2M. Insets show schematics of the projected particle in electron micrographs. Figure
adapted from [135]

other domains. The bait region is completely disordered in the crystal structure but
flanking residues allowed its location in the lumen of the cavity [78,91].

The tetrameric arrangement of α2M is in the form of a dimer of dimers (Figure 1.12C).
Therefore, it is the result of the non-covalent association of two dimers, each of which is
composed of two monomers covalently linked by two symmetric intermolecular disulphide
bonds (between C278 of MG3 and C431 of MG4). The tetramer has overall dimensions
of 140 Å in width and depth and 210 Å in height. The main contacts observed between
the protomers are in the TED with its vicinal TED, MG1 with BRD and between BRD
and the opposite BRD [55,78].

A central cavity is present in the tetrameric particle with a volume of around 167,000
Å3 . It consists of a central part with a diameter of around 60 Å, termed the prey chamber
and four elongated smaller volumes called substrate anti-chambers. The prey chamber is
narrowed at half height by protein loops that protrude inside the cavity. The chamber
has space for up to two small peptidases (20 to 30 kDa) that can be fitted one above and
one below the narrowing belt, that is, one for each disulphide-linked dimer. Only one
molecule of bigger peptidases can fit into the chamber and only if there are some slight
rearrangements in the narrowing loops. These structural observations matched perfectly
with the experimental 2:1 binding ratio of α2M with small peptidases like trypsin and
the 1:1 ratio with bigger enzymes like plasmin [78].

The access to the prey chamber can be accomplished through a total of 12 entrances,
3 in each monomer, which account for the ability of trapped peptidases to hydrolyse
small substrates [55]. The so-called entrance 1 is formed by the MG superhelix and thus
surrounded by MG3-6. Entrance 2 is framed by MG2, MG3, MG7, CUB, and TED of
each monomer and the MG4 of the disulphide-bridged monomer. Entrance 3 is formed
by the tetrameric arrangement of the particle and is surrounded by a TED, the BRD of
two monomers and an MG4 [78].

Although many experimental facts were explained by the crystal structure of MA-
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Figure 1.12: Crystal structure of the human α2M. (A) Domain arrangement of human α2M.
(B) Crystal structure of the tetrameric arrangement of MA-induced α2M. Each protomer is depicted in
a different color. (C) Crystal structure of a protomer of α2M in two orientations. Domains are colored
as in A). (D) Proposed model of native α2M. Figure adapted from [78]

induced α2M regarding the trapped peptidases and their accessibility to the substrate,
important features from the native molecule could only be hinted, like the location of
the bait region in the lumen of the cavity. Moreover, the full description of the domain
rearrangement and the detailed explanation of the events that trigger the conformational
change were not possible without an atomic resolution structure of the native molecule.
Therefore, a theoretical model for the native α2M was proposed based on the MA-induced
crystal structure and its alignment and comparison with complement C3 (Figure 1.12D),
for which the structures of both native and activated forms are available [90, 136]. The
proposed model fitted well with low resolution EM maps and, being broader and wider,
explained the lower electrophoretic mobility of the protein [78]. Nevertheless, this model
remains hypothetical and needs further validation by experimental structural techniques.

1.3.5 Bacterial α2-macroglobulins

bα2Ms can be divided into two groups based on the presence or absence of a thioester
bond and on differences in their genetic context [60]. In thioester-containing bα2Ms,
sequences present the conserved CXEQ motif (Figure 1.13) and are usually found in
tandem with penicillin-binding protein 1C (PBP1C). In non-thioester containing bα2Ms,
sequences lack the thioester motif and are usually found in a six-gene operon. Only two
representatives of the first group and one of the second have been characterised at the
protein level, namely E. coli α2M (ECAM) and Salmonella enterica α2M (SEAM); and
P. aeruginosa MagD [63,137,138]

Thioester-containing bα2-macroglobulins: ECAM and SEAM

Thioester-bond containing bα2Ms are the most common form of bacterial α2M-homolog
sequences [60]. The two experimentally characterised representatives of this group, i.e.
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Figure 1.13: Sequence alignment detail of thioester-containing bα2M with human α2M.
The alignment is centered in the thioester motif. Highly conserved residues are pointed with an asterisk
(∗). Species names follow the SWISS-PROT convention. Accession numbers are SWISS-PROT or NCBI
genomes. Figure adapted from [60].

ECAM and SEAM, share 82% sequence identity and are found juxtaposed to the gene
encoding for PBP1C, which is involved in cell-wall turnover and repair [139]. Besides of
the presence of the thioester motif, proteins of this group also contain a signal peptide
that targets them for secretion. Thus, it has been suggested that they are present in the
periplasm, attached to the bacterial inner membrane [60, 63]. This locates them to the
same subcellular compartment as PBP1C, based on which an interaction between both
proteins has been suggested but never proven.

Sequence analysis of the 1651-residue ECAM predicted a β-strand rich composition
consistent with the existence of multiple MG domains, an all-α-helical domain containing
the thioester motif that would account for the TED, and a sequence with no predicted
secondary structure described as a putative bait region. The extra residues of ECAM
when compared with human α2M suggested the possibility of the existance of at least one
more domain in the former [63]. This was confirmed in the crystal structure of SEAM,
in which 13 domains, 2 more than in metazoan representatives, were present: 9 MG
domains, a CUB domain, a TED, a RBD and a BRD with a flexible, solvent-exposed,
25-residue bait region [137].

Biochemical characterisation of ECAM, and of SEAM in less extent, defined the pro-
teins as monomeric. A huge conformational change was easily observed upon peptidase
reaction both by SAXS, native-PAGE and ultracentrifugation [63]. However, the action
of MA on the overall shape of ECAM has been controversial: SAXS experiments showed
some slight changes upon thioester opening [140] which were not in agreement with
previous studies by ultracentrifugation and native-PAGE [63]. Moreover, the crystal
structures of both native and MA-treated SEAM are undistinguishable, with a root-
means-square deviation (r.m.s.d.) of 0.35 Å [137].

The mechanism of action of bα2Ms is not well understood yet. To date, only ECAM
has been characterised to some extent and it has been shown that different peptidases,
namely human neutrophil elastase, chymotrypsin and trypsin, are able to cut in its
putative bait region [63]. Moreover, neutrophil elastase seems to be covalently and non-
covalently bound to ECAM upon proteolytic cleavage in its bait region, although the
exact mechanism and residues involved in this interaction have never been described.
Although no direct evidence of peptidase inhibition has been reported, some protection
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Figure 1.14: Crystal structure of native SEAM. (A) Domain arrangement in SEAM. (B) Crystal
structure of native SEAM in two orientations in ribbon and surface representation. Domains are coloured
as in (A). Extracted from [137]

against the inhibition of the bound peptidase by a big macromolecular inhibitor, α1PI,
suggests the presence of steric hindrances that could potentially prevent peptidases from
reaching substrates. However, this protection was reported to be low, with only 25% of
peptidase molecules being protected when reacted with ECAM in a 1:1 molar ratio.

Structural characterisation of these molecules has been attempted by different tech-
niques but the only crystal structure available is that of SEAM, both in its native and
MA-treated forms, at around 3 Å resolution [137]. Apart from the description of the
protein domains, the presence of a conserved hydrophobic pocket harbouring a thioester
bond was reported. Regarding ECAM, only a negative staining electron microscopy
model of the peptidase-induced form at 20 Å is available, along with SAXS data that
describe it as an elongated 140x80x80 Å molecule that undergoes conformational rear-
rangements [140].

Functionally, thioester-containing bα2Ms have been associated to bacterial defence
mecanisms, both because of their putative role as peptidase inhibitors and for its poten-
tial interplay with PBP1C. It was hypothesised that they assist in cell protection against
exogenous peptidases when breaches in the cell-wall occur. They would exert protection
to bacteria by binding and restricting the free diffusion of the peptidase, thus performing
as primitive bacterial immune systems [60, 140]. However, no experimental evidence for
this role has been provided.

Non-thioester containing bα2-macroglobulins: MagD

The only characterised member of non-thioester containing bα2Ms is MagD, a 167 kDa
protein from the opportunistic pathogen P. aeruginosa, which displays 53% sequence
similarity with ECAM and 45% with human α2M [138]. MagD is found encoded in the
mag operon along with five additional reading frames named magA-G. Its expression
is controlled by the virulence-regulatory cascade that includes RsmA and RetS, being
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Figure 1.15: SAXS model of MagD and proposed location in the bacterial membrane.
Figure adapted from [138].

upregulated in conditions of biofilm formation. The fact that under these conditions P.
aeruginosa usually downregulates aggressive virulence factors, being thus more sensitive
to the host immune system, suggested a potential protective function for MagD against
attacking peptidases [138].

Although MagD was found expressed in many clinical samples of P. aeruginosa, its
specific role remains unclear. Biochemical analysis of MagD identified it as a member
of a multi-protein complex along with three more mag-operon proteins, MagA, MagB
and MagF, all of which, except from MagB, have signal peptides to direct them to the
periplasm (Figure 1.15). However, MagB contains a hydrophobic transmembrane helix
attaching it to the bacterial inner membrane. Therefore, the formation of such complex
seems to stabilise its multiple members, localise them to the inner membrane and promote
the correct processing of MagD from its 165 kDa form to the in vivo relevant 100 kDa
form [138].

Structural characterisation of heterologously expressed MagD by SAXS showed an
overall shape similar to ECAM, especially in its native conformation (Figure 1.15). Con-
formational changes were observed upon reaction with elastase but not with MA, consis-
tent with its putative function as a peptidase inhibitor and with the lack of a thioester
bond. However, no experimental evidence for its inhibitory capacity has been shown so
far, neither for its binding to peptidases or for its protective role against them.



Chapter 2

Objectives

The identification in 2004 of bα2Ms, mainly in bacterial genomes of the human gastroin-
testinal tract, raised fundamental questions about their molecular structure, mechanism
of action and biological role, especially regarding their similarities and differences with
metazoan homologs. Although some studies have already attempted to characterise
them, both from a biochemical and a structural point of view, the available information
is limited and focused on three representatives: ECAM, SEAM and MagD.

At the structural level, only the crystal structures of SEAM, in native and MA-treated
forms, and a low-resolution model of peptidase-induced ECAM are available. These
studies revealed their domain organisation, showing structural characteristics similar to
metazoan α2Ms. However, the description of the required conformational rearrangement
and of key structural elements in their mechanism of action remain to be elucidated. At
the functional level, the biological role of bα2Ms has been hypothesised to be related
either to bacterial defence or to housekeeping functions, due to their putative role as
peptidase inhibitors and to its potential interplay with bacterial proteins involved in cell
wall repair and modification, like PBP1C. However, the lack of experimental evidence
prevents the clarification of their cellular function and the specific mechanism by which
they exert it, leaving them both totally unknown.

In this context, this thesis undertook the study of bα2Ms by specifically characterising
the E. coli representative, ECAM, aiming at three major goals:

� The description of the mechanism of action of ECAM, focusing on whether and
how it binds peptidases and inhibits their action and taking into consideration the
presence of multiple conformational states and the involvement of a thioester bond.

� The assignment of a biological role to ECAM, especially by exploring its involve-
ment in bacterial defence against attacking peptidases and its interaction with
PBP1C by in vivo functional assays.

� The description of key structural elements and conformational rearrangements im-
portant for its function through atomic models of ECAM obtained by structural
studies.

Overall, this research study focused on understanding this important group of α2Ms
and explored the mechanisms that bacteria use to survive in the presence of peptidases
and to thrive in competitive environments such as the human body.
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Chapter 3

Materials and methods

3.1 Sequence analysis and alignment

The protein sequence of E. coli strain K12 α2-macroglobulin (ECAM, encoded in the
gene yfhM ; 1,653 residues, UniProt (UP) sequence database accession code P76578) was
aligned with the sequence of human α2M (UP accession code P01023) using Multiple
Alignment by Fast Fourier Transform (MAFFT; http://mafft.cbrc.jp/alignment/
server) [141]. Secondary structure predictions of ECAM were obtained with protein sec-
ondary structure prediction server Jpred (http://www.compbio.dundee.ac.uk/jpred/
index.html; [142]). The signal peptide of ECAM was predicted with the SignalP web-
server (http://www.cbs.dtu.dk/services/SignalP/ [143]).

3.2 Recombinant DNA techniques

Constructs spanning different fragments of the genes coding for ECAM and PBP1C (770
residues, UP P76577) were amplified with primers, which introduced restriction sites for
directional cloning into vectors pET28a (Novagen), pCri-7b, pCri-8a and pCri-8b [144].
For constructs, plasmids, vectors and primers, see Table 3.1 and 3.2.

Polymerase chain reactions (PCR) were performed using the Phusion High-Fidelity
DNA Polymerase (Thermo-Scientific) according to the manufacturer’s instructions and
following a standard optimisation step by thermal gradient in each reaction. PCR
primers and DNA modifying enzymes were purchased from Sigma-Aldrich and Thermo-
Scientific, respectively. DNA was purified with OMEGA-Biotek purification kits and all
constructs were verified by DNA sequencing.

Mutants were generated following a modified version of the procedure described by
Hemsley [145]. Briefly, primers were designed to be complementary to flanking regions
of the mutated site and mutated nucleotides were introduced at the 5’ end of one or both
primers. The whole parental plasmid, vector plus insert, was then amplified, parental
DNA digested and the linear amplified plasmid separated and purified from agarose gels.
Subsequently, 5’ blunt ends were phosphorylated and ligated overnight with T4 DNA
ligase (Thermo-Scientific). For a detailed description see [144]

Chemically competent E. coli DH5α and BL21 (DE3) cells (Novagen) were prepared
and transformed according to Hanahan [146]. In short, transformation was done by a
heat shock protocol where competent cells were incubated for 30 min with plasmidic
DNA in ice, heat shocked for 1.5 min at 42 ◦C followed by 2 min in ice, and grown in
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lysogeny broth (LB) for 45 min at 37 ◦C before plating them in appropriately antibiotic-
supplemented LB-agar plates. After an overnight incubation at 37 ◦C, individual colonies
were picked from the plates for plasmid amplification or expression procedures.

3.3 Protein production

3.3.1 Protein expression

All constructs were overexpressed in E. coli BL21 (DE3) cells. Preinoculums were grown
overnight at 30 ◦C in LB supplemented with 30 µg/mL kanamycin from one single colony.
Cultures were prepared by diluting preinoculums 100 times with fresh LB media (plus
30 µg/mL kanamycin) and grown at 37 ◦C until A600nm ≈0.6. Protein expression was
induced with 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) overnight at 18 ◦C.
Cells were collected by centrifugation at 6,000xg for 30 min at 4 ◦C, washed in buffer A
(50 mM Tris-HCl pH 7.5, 250 mM sodium chloride) and frozen at -20 ◦C until further
use.

Selenomethione- (Se-Met) derivatised protein variants were obtained under the same
conditions but using M9-based minimal medium (SelenoMethionine Medium; Molecular
Dimensions) supplemented with Se-Met instead of methionine.

3.3.2 Protein purification

Frozen cells were resuspended in 10 mL per gram of cells of buffer A supplemented with
20 mM imidazole. Complete EDTA-free Peptidase Inhibitor Cocktail tablets were added
(at the amount of 1 tablet per 50 mL of resuspended cells) as well as DNaseI (both
from Roche Diagnostics). Cells were lysed using a cell disrupter (Constant Systems) at
a pressure of 1.35 kbar, and the cell debris was removed by centrifugation at 30,000xg
for 1 h at 4 ◦C. Supernatants were incubated with nickel-nitrilotriacetic acid (Ni-NTA)
resin (Invitrogen) for 2 h at 4 ◦C, and bound proteins were subsequently loaded onto an
open column for batch purification (Bio-Rad), washed extensively with buffer A plus 20
mM imidazole, and eluted with buffer A plus 350 mM imidazole. Subsequently, samples
were dialysed overnight at 4 ◦C against buffer A plus 10 mM imidazole and 1 mM 1,4-
dithio-DL-threitol (DTT) in the presence of hexahistidine(His6)-tagged TEV peptidase
at a peptidase:protein weight ratio of 1:100. The resulting cleavage left three additional
residues at the N-terminus of target proteins due to the cloning strategy (Table 3.2).
Digested samples were further purified by reverse affinity chromatography by passing
several times through Ni-NTA resin previously equilibrated with buffer A plus 20 mM
imidazole to remove His6-containing molecules, that is, uncleaved expressed protein plus
TEV peptidase molecules.

Whenever necessary for purification (see Table 3.3), the flow-through of the affinity
column was collected, dialysed overnight against buffer B (20 mM Tris-HCl pH 7.5, 20
mM sodium chloride) and further purified by ionic-exchange chromatography (IEC) on
a TSKgel DEAE-2SW column (TOSOH Bioscience, 1 mL column volume) equilibrated
with buffer B. A gradient of 2-to-30% buffer C (20 mM Tris-HCl pH 7.5, 1 M sodium
chloride) was applied over 24 mL and samples were collected and pooled. Finally, pooled
fractions were concentrated by ultrafiltration and subjected to final size-exclusion chro-
matography (SEC) on Superdex 75 or 200 16/60 columns (GE Healthcare Life Sciences)
in buffer D (20 mM Tris-HCl pH 7.5, 150 mM sodium chloride,). Specifically, during the
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Plasmid Construct
Parental
DNA/plasmid

Forward primer Reverse primer

pECAM1 Secreted ECAMa E. coli K12
genomic DNA

CAATCATATGGACA
ACAACGATAACGCG
CCAAC

CAATCTCGAGTTAC
GGTCTGACAATCAG
CAG

pECAM2 ECAM pECAM1
CAATCCATGGCCTC
TTCAGAAAACGCGA
GTTC

CAATCTCGAGTTAC
GGTCTGACAATCAG
CAG

pECAM3 Nterm pECAM1
CAATCCATGGCCTC
TTCAGAAAACGCGA
GTTC

CAATCTCGAGTTAT
GCGGCAACTATCAC
TTTACTTTC

pECAM4 ECAM∆N pECAM1
CAATCATATGGCCG
CACCGGTGATTGCT
GAACTG

CAATCTCGAGTTAC
GGTCTGACAATCAG
CAG

pECAM5 NIE-MG1 pECAM1
CAATCCATGGACAT
CCAACCCAGCGTC

CAATCTCGAGTTAA
AGTTTTAAATCGAG
TAG

pECAM6 MG0-NIE-MG1 pECAM1
CAATCATATGGCCT
CTTCAGAAAACGCG
AG

CAATCTCGAGTTAG
CTATAGCCTGG

pECAM7
Full-length
ECAM+ PBP1C

E. coli K12
genomic DNA

CAATCATATGAAAA
AGTTACGCGTAG

CAATCTCGAGTTAT
TGCATGACAAATTT
CAC

pECAM8
Full-length
ECAM(strep) +
PBP1C

pECAM7
CAATTCGAAAAGTA
AATGCCTCGCTTGT
TAC

TGGATGGCTCCAAC
TTCCACTTCCCGGT
CTGAC

pECAM9
Full-length
ECAM-PBP1C
(zeo)

pPICZ
ATGGCCAAGTTGAC
CAG b

TCAGTCCTGCTCCT
CGGCCAC b

pECAM8
GAATTAATTCATGA
GCGGATACATATTTG

AACACCCCTTGTAT
TACTGTTTATG

pECAM10
Full-length
ECAM-PBP1C
(zeo/Ptac)

pECAM9
CATCGGCTCGTATA
ATGTGTGGAATTGT
GAGCGGATAAC

ATTAATTGTCAACA
TTTCGCGGGATCGA
GATCT

pECAM11
ECAM
pre-TEV

pECAM1
CAATCATATGGCCT
CTTCAGAAAACGCG
AG

CAATCTCGAGTTAC
GGTCTGACAATCAG
CAG

pECAM12 TEV-ECAM pECAM11
CAATGTCGACGAGC
TGAAACGTGGTG

CAATGTCGACATCG
CCTTGGAAATACAG
ATTTTCTAGACGCC
CCTGACCTTC

pECAM13 ECAM-R162G pECAM2
GTGACATCCAACCC
AGCGTC

CGGTAGTTATAGTT
TTTTCGTAATC

pECAM14 ECAM∆BRD pECAM2
CAATGTCGACGGAG
GAGGAGGTGGTAAA
CCGCCGGTCAATCAC

CAATGTCGACGGCA
GACACCAGCACATTC

pECAM15 ECAM∆RBD pECAM2
CAATCCATGGCCTC
TTCAGAAAACGCGA
GTTC

CAATCTCGAGTTAA
CCATCAGTACCAAG
AATATGAC

Table 3.1: Cloning of ECAM plasmids (1). Vectors carrying different ECAM constructs are
listed along with the used primers and parental DNA from which the cloned sequence was ampli-
fied. Underlined sequences highlight restriction cleavage sites. Italics mark introduced mutations. (a)
Secreted ECAM refers to full-length ECAM lacking the signal peptide and the membrane anchoring
cysteine residue. (b) Primers used for amplification of gene ble conferring zeocin resistance.
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Plasmid Construct Sequence Fused-tag Comments

pECAM1
Secreted
ECAM(a)

GHM-D19-P1653 N-t. His6-tag
Cloned into pCri-8b at NdeI
and XhoI restriction sites

pECAM2 ECAM GPM-A40-P1653 N-t. His6-tag
Cloned into pCri-8a at NcoI
and XhoI restriction sites

pECAM3 Nterm GPM-A40-P1019 N-t. His6-tag
Cloned into pCri-8a at NcoI
and XhoI restriction sites

pECAM4 ECAM∆N GHM-A1018-P1653 N-t. His6-tag
Cloned into pCri-8b at NdeI
and XhoI restriction site

pECAM5 NIE-MG1 GAM-D163-L368 N-t. His6-tag
Cloned into pCri-8a at NcoI
and XhoI restriction site

pECAM6 MG0-NIE-MG1 GHM-A40-S385 N-t. His6-tag
Cloned into pCri-8b at NdeI
and XhoI restriction site

pECAM7
Full-length
ECAM+ PBP1C

M1-P1653 (ECAM)
M1-Q770 (PBP1C)

None
Cloned into pCri-7b at NdeI
and XhoI restriction sites

pECAM8
Full-length
ECAM(strep) +
PBP1C

M1-P1653 (ECAM)
M1-Q770 (PBP1C)

Strep-tag
Strep-tag at the C-terminus of
ECAM

pECAM9
Full-length
ECAM-PBP1C
(zeo)

M1-P1653 (ECAM)
M1-Q770 (PBP1C)

Strep-tag
Resistance replacement from
kanamycin to zeocin in
pECAM8

pECAM10
Full-length
ECAM-PBP1C
(zeo/Ptac)

M1-P1653 (ECAM)
M1-Q770 (PBP1C)

Strep-tag
For promoter replacement
from T7 to Ptac in pECAM9

pECAM11 ECAM pre-TEV GPM-A40-P1653 N-t. His6-tag
Cloned into pET28-a at NdeI
and XhoI restriction sites

pECAM12 TEV-ECAM GPM-A40-P1653 N-t. His6-tag
pECAM11 with TEV cleavage
site (ENLYFQGVD) between
L942 and D952

pECAM13 ECAM-R162G GPM-A40-P1653 N-t. His6-tag pECAM2 mutant R162G

pECAM14 ECAM∆BRD GPM-A40-P1653 N-t. His6-tag
pECAM2 with replacement of
BRD segment S901-R956 with
GGG

pECAM15 ECAM∆RBD GPM-A40-G1516 N-t. His6-tag pECAM2 without RBD

Table 3.2: Cloning of ECAM plasmids (2). Vectors carrying different ECAM constructs are listed
are listed along with the cloned peptide sequence (produced after fusion-tag removal), fused-tag used
for protein purification purposes and other considerations. Underlined sequences highlight restriction
cleavage sites. Italics mark inserted or mutated nucleotide sequences. a Secreted ECAM refers to full-
length ECAM lacking the signal peptide and the membrane anchoring cysteine residue. For detailed
information on plasmids of the pCri System check [144].
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purification of a variant of ECAM lacking the RBD (see Table 3.2, ECAM∆RBD), the
peptidase-independent dimerisation that was observed during SEC was prevented by the
addition of 1 mM DTT to the running buffer (for specific purification protocols for each
construct see Table 3.3).

Protein Ni-AC
TEV-

cleavage
Reverse-AC IEC SEC

ECAM X X X X Superdex 200

ECAM∆N X X X Superdex 75

ECAMNt X X X X Superdex 200

NIE-MG1 X X X Superdex 75

MG0-NIE-MG1 X X X X Superdex 75

TEV-ECAM X X Superdex 200

ECAM-R162G X X X X Superdex 200

ECAM∆BRD X X X X Superdex 200

ECAM∆RBD X X X X
Superdex 200
(Buf. D + 1
mM DTT

Table 3.3: Purification steps performed for the different ECAM constructs. AC, affinity
crhomatography; IEC,ion exchange chromatography; SEC, size-exclusion chromatography. Checkmarks
(X) mark performed purification steps. The SEC column used for each construct is specified, which was
always performed in buffer D except if otherwise stated.

Ultrafiltration steps for protein concentration were performed with Vivaspin 15 and
Vivaspin 500 filter devices of 10 to 50 kDa cut-off (Sartorius Stedim Biotech), which was
always chosen as smaller than half the protein molecular weight.

3.4 Preparation and study of ECAM species

3.4.1 Preparation and conservation of protein samples

Native ECAM (nECAM) was purified as explained above and kept in solution at ∼10
mg/mL at 4 ◦C for a maximum of 1 month, after which it was slowly converting to the
self-induced ECAM (siECAM) form. MA-modified ECAM (MA-ECAM) was obtained
by treating nECAM in buffer E (100 mM Tris-HCl pH 7.5, 150 mM sodium chloride)
with 200 mM MA hydrochloride for 1 h at room temperature and subsequently buffer-
exchanged to remove the excess of MA against buffer D. siECAM was prepared by
incubating nECAM (at 5 mg/mL) at 37 ◦C overnight in buffer D and subsequently
stored in solution at 4 ◦C for up to 1 month.
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Monomeric-induced-ECAM (iECAM) and dimeric-iECAM were prepared by incu-
bating nECAM in buffer D with a given peptidase at 1:2 molar ratio for 15 min or 3 h
respectively, and the formed species were purified by SEC in the same buffer. In some
experiments the peptidase was inhibited with a small-molecule inhibitor before purifi-
cation of the complex: 1 mg/mL PefablocrSC for serine peptidases, 10 mM EDTA for
metallopeptidases. iECAM forms were usually kept frozen at -20 ◦C if the peptidase in
the sample had not been previously inhibited. If so, samples were stored at 4 ◦C for up
to 1 week.

3.4.2 Determination of protein identity, purity and concentra-
tion

Protein identity and purity were assessed by 10-15% Tricine-SDS-PAGE [147] stained
with Coomassie blue, peptide-mass fingerprinting of tryptic protein digests (PMF), N-
terminal sequencing through Edman degradation and mass spectrometry (MS). The
latter three were carried out at the Protein Chemistry Service and the Proteomics Facil-
ities of the Centro de Investigaciones Biológicas (CIB, Madrid, Spain). For the Edman
sequencing, protein samples were run in SDS-PAGE and subsequently transferred to a
polyvinylidene fluoride (PVDF) membrane (Bio-Rad) at 100 V for 1 h in transfer buffer
(40 mM glycine, 25 mM Tris-HCl, 20% [v/v] methanol, 0.05% [v/v] SDS), stained briefly
with Comassie blue and the band of interest cut and sent for analysis.

Protein concentrations were estimated by measuring A280nm in a spectrophotometer
(NanoDrop) and applying the respective theoretical extinction coefficients. Concen-
trations were also measured by the BCA Protein Assay Kit (Thermo Scientific), with
bovine serum albumin (BSA) as a standard, following the manufacturer instructions for
the microplate assay. Results were obtained by reading A562nm in a microplate spec-
trophotometer (Power-Wave XS, Biotek).

3.4.3 Detection of free-sulfhydryl groups

Free sulfhydryl groups were detected by reaction of protein samples (at 5 mg/mL) in
buffer E at room temperature for 15 min with DTNB [122] and measuring the change
in A412nm in a microplate spectrophotometer (Power-Wave XS, Biotek). Blanks with no
DTNB and with no protein were subtracted to the obtained values.

3.4.4 Thermal shift assays

For thermal shift assays, aliquots were prepared by mixing 7.5 µL of 300x Sypro Orange
dye (Molecular Probes) and 42.5 µL of protein solution (at 1 mg/mL) in buffer E.
Samples were analysed in an iCycler iQ Real Time PCR Detection System (BioRad) by
using 96-well PCR plates sealed with optical tape (Bio-Rad). Samples were heated from
20 ◦C to 90 ◦C at a rate of 1 ◦C/min and the change in fluorescence (λex=490 nm and
λem=575 nm) was monitored over time. Melting temperatures were determined as the
midpoint of the protein unfolding transition as described elsewhere [148].
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3.4.5 Circular dichroism spectroscopy assays

Samples for far-UV circular dichroism (CD) spectroscopy were prepared by dissolving
the protein at a final concentration of 1.75 mg/mL in buffer D. Measurements were
carried out in a Jasco J-810 spectrometer at 25 ◦C with a high precision cell (Quartz
SUPRASIL; Hellma Analytics) of 1 mm path length at the CCiT-UB (Centres Cient́ıfics
i Tecnològics from the Universitat de Barcelona).

3.4.6 Western-blot analysis

Protein samples were separated in 10-15% SDS-PAGE, transferred to Hybond ECL ni-
trocellulose membranes (GE Healthcare Life Sciences) at 100 V for 1 h in transfer buffer,
and subsequently blocked overnight at 4 ◦C with 20 mL of blocking solution, which was
phosphate buffered saline (PBS: 137 mM sodium chloride, 2.7 mM potassium chloride,
4.3 mM disodium hydrogen phosphate and 1.47 mM sodium dihydrogen phosphate pH
7.5) further containing 0.05% Tween 20 and 1.5% bovine serum albumin.

His6-tag fused proteins from SEC fractions of iECAM (specifically purified without
the TEV-cleavage step; Figure 4.9) were detected by immunoblot analysis using a mon-
oclonal antibody diluted 1:1,000 and a secondary antibody (goat anti-rabbit IgG (HL)
peroxidase-conjugated antibody; both from Santa Cruz Biotechnology) diluted 1:5,000
(both in PBS supplemented with 0.05% Tween 20). In protein localisation assays (sec-
tion 3.8), Strep-tag fused ECAM (Figure 4.10) was detected with Strep-Tactinr HRP
conjugate (IBA-Solutions for Life Sciences) diluted 1:2,000.

Complexes were detected using an enhanced chemiluminescence system (Super Sig-
nal West Pico Chemiluminescent; Pierce) according to the manufacturer’s instructions
exposing the membranes to Hyperfilm ECL films (GE Healthcare Life Sciences).

3.5 Proteolytic inhibition assays

3.5.1 Assayed proteolytic enzymes

A cohort of different peptidases were tested to be inhibited by ECAM: trypsin and
α-chymotrypsin from bovine pancreas, thermolysin from Bacillus thermoproteolyticus,
elastase from porcine pancreas (all from Sigma-Aldrich), subtilisin Carlsberg from Bacil-
lus licheniformis (CalBiochem), fragilysin from Bacteroides fragilis (produced accord-
ing to [17]), ulilysin from Methanosarcina acetivorans (produced according to [48]),
TEV peptidase (expression plasmid and purification protocol kindly provided by David
Waugh) and aeruginolysin from P. aeruginosa (produced according to [149]). Reactions
were carried out at room temperature or at 37 ◦C in buffer E, supplemented with 5 mM
calcium chloride (for ulilysin and thermolysin) or 1 mM DTT (for TEV peptidase).

3.5.2 Tested substrates

Activity against peptidic fluorogenic substrates was analysed in a microplate fluorimeter
(Infinite M200, TECAN) with the fluorescence-based EnzCheck Assay Kit containing
either BODIPY FL-casein (λex=505 nm and λem=513 nm), DQ-gelatine (λex=495 nm
and λem=515 nm) or DQ-BSA (λem=590 nm and λem=620 nm) as fluorescein conjugates
(Invitrogen). In addition, small, 6 to 9-amino acid fluorogenic peptides of sequence Abz-
YGKRVFK-(dnp) (FRET4; Abz for aminobenzoyl and dnp for 2,4-dinitrophenylamino)
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and Abz-ENLYFQSK-(dnp) (FRET8; both λex= 260 nm and λem=420 nm) were used
as proteolytic probes [150,151]. All substrates were used at 10 µg/mL in 200 µL-reaction
volumes.

Further native protein substrates assayed included bovine milk α-casein (35 kDa),
aldolase from rabbit muscle (160 kDa), fumarase from porcine heart (200 kDa), and
bovine thyroglobulin (660 kDa; all from Sigma-Aldrich and at 1 mg/mL). In this case,
proteolytic cleavage was assessed by 10% Tricine-SDS-PAGE.

Cell-envelope preparations were also tested as substrates in inhibition assays. They
were obtained by growing E. coli K12 cells in LB at 37 ◦C until A600nm ≈0.6, which were
collected by centrifugation at 6,000xg for 30 min at 4 ◦C, and resuspended in buffer F (50
mM Tris-HCl pH 7.5, 150 mM sodium chloride) supplemented with 10 mM EDTA. Cells
were lysed as described above (see section 3.3) at 2.4 kbar, and intact cells were removed
by centrifugation at 2,000xg for 1 h at 4 ◦C. Subsequently, cell-envelope fractions were
collected by ultracentrifugation at 150,000xg for 2 h at 4 ◦C in a Beckman Optima L-90K
using a 50.2 Ti rotor (Beckman) and 26.3-mL polycarbonate bottles with cap assembly
(Beckman). Collected cell envelopes were homogenised using a glass potter in buffer F
and the total protein concentration was adjusted to 2 mg/mL as measured with the BCA
Protein Assay Kit (see section 3.4.2). In this case, proteolytic cleavage was assessed by
measuring the decrease in A578nm in a microplate spectrophotometer (Power-Wave XS,
Biotek) [152].

3.5.3 Inhibition assays of ECAM:peptidase reactions

Direct inhibition assays were performed by reacting either nECAM or MA-ECAM with
different peptidases at room temperature for 15 min before the addition of the substrate.
Residual proteolytic activity of peptidases was then compared in samples containing or
not ECAM.

For fluorogenic substrates (FRET4, DQ-Gelatine, BODIPY-Casein and DQ-BSA;
Figure 4.8A), 200 µL-reactions were prepared and activity was monitored by an increase
in fluorescence, measured for 15 h at 37 ◦C. Final peptidase concentrations used were
3.5x10−8 M for thermolysin and trypsin, 1x10−5 M for fragilysin and 3x10−7 M for ulilysin
and aeruginolysin. ECAM to peptidase ratios up to 1:50 were tested.

Inhibition trials against native protein substrates (Figure 4.8b2 and b3) required
a preliminary determination of the working peptidase to substrate ratio, which varied
between peptidase-substrate pairs. Only peptidases that cleaved efficiently a given sub-
strate (peptidase:substrate ratio smaller than 1:5) were further considered for inhibition
assays (subtilisin:fumarase 1:50; subtilisin:thyroglobulin 1:200; cymotrypsin:thyroglobulin
1:5). In these, 50 µL reactions were prepared and 10 µL samples were taken at different
time points (up to 3 h) where peptidases were inhibited either by treatment for 15 min
with small-molecule inhibitors or by precipitation with with 2,2,2-trichloroacetic acid
(TCA; Sigma-Aldrich; for subtilisin) and kept at 4 ◦C until analysis by SDS-PAGE.
ECAM to peptidase ratios up to 20:1 were tested.

Inhibition was also tested against cell-wall components for different peptidases in the
presence of either nECAM or MA-ECAM. In this assay, proteolytic activity of trypsin
(1.1 µg), chymotrypsin (1.5 µg), subtilisin (0.5 µg), thermolysin (2 µg), pancreatic elas-
tase (2.5 µg), and ulilysin (2.5 µg) against 200 µL of purified cell envelopes (see above)
was tested at room temperature for up to 3 h in the presence or absence of nECAM or
MA-ECAM at ECAM:peptidase ratios from 1:2 to 1:20.
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3.5.4 Inhibition assays of purified iECAM:peptidase complexes

Both monomeric- and dimeric-iECAM species were prepared by reaction of nECAM
with trypsin and purified by SEC as explained above (see section 3.4.1). The residual
activity of the obtained iECAM-trypsin complexes was tested towards a small fluorogenic
peptide (FRET4, see section 3.5.2) and adjusted to be the equivalent to that of the free
peptidase, in order to provide comparable amounts of active trypsin for the inhibition
assays. Subsequently, inhibition assays against native substrates of higher molecular
mass were performed at a trypsin:substrate ratio of 1:10,000 for casein and 1:10 for
aldolase and thyroglobulin (Figure 4.8b1). 50 µL reactions were prepared and 10 µL
samples were taken at different timepoints (up to 3 h), inhibited with 1 mg/mL of
PefablocrSC for 15 min and kept at 4 ◦C until SDS-PAGE analysis.

3.6 Oligomerisation studies

Oligomerisation assays of ECAM and mutants ECAM-R162G and TEV-ECAM (at 1
mg/mL) were performed by treating them with peptidases (see section 3.5.1) at an
ECAM:peptidase molar ratio of 1:2 for all reactions except for TEV-ECAM, where a
molar ratio of 1:5 was used. Reactions were incubated at room temperature for 2 h
(Figure 4.6) or up to 24 h (Figure 4.6) in buffer D supplemented with 10 mM calcium
chloride (for reactions with thermolysin and ulilysin) or 1 mM DTT (for reactions with
TEV peptidase). Oligomerisation was monitored by SEC using a Superdex 200 10/300
column (GE-Healthcare) and by 5-10% Tris-glycine native-PAGE [153].

Purified dimeric induced MA-ECAM (iMA-ECAM) at 1 mg/mL, formed by reaction
with trypsin, was tested for stability after treatment for 30 min at room temperature
with either 500 mM sodium chloride, 1% n-octyl-β-D-glucopyranoside (βOG), or 1 mM
DTT and subsequently analyzed by SEC in buffer D supplemented with the respective
components.

3.7 Peptidase-binding studies in vitro

Colocalisation experiments were performed by SEC where 500 µL samples of either
iECAM or iMA-ECAM produced by reaction with different peptidases at an ECAM:
peptidase ratio of 1:2 (see section 3.4.1) were analysed. Different fractions collected
from all over the chromatogram were tested for proteolytic activity against one or more
of the fluorogenic substrates DQ-gelatine, FRET4, FRET8 or DQ-BSA as explained
above (see section 3.5.2).

To estimate the amount of peptidase covalently bound to iECAM, trypsin was labelled
with fluorogenic sulfosuccinimidyl - 7 - amino - 4 - methylcoumarin - 3 - acetate (Sulfo-
NHS-AMCA, Thermo Scientific) according to the manufacturer’s instructions at different
reagent:peptidase molar ratios for 30 min at room temperature. The best ratio was
determined at 4:1 by being the highest concentration of labelling agent that did not
produce extensive precipitation of trypsin. Subsequently, Tris-HCl pH 7.5 was added (100
mM final concentration) to stop the reaction, and the protein was extensively dialysed
against buffer D to remove the excess of fluorophore. Following the manufacturer’s
protocol, the bound AMCA to peptidase ratio was estimated to be 2:1, that is, each
trypsin molecule had, in average, two AMCA molecules attached. Labelled trypsin was
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stored at 0.5 mg/mL at -20 ◦C protected from light. The activity of labelled trypsin was
checked against FRET4 as explained above (see section 3.5.2).

Labelled trypsin was reacted with nECAM at different molar ECAM:peptidase ratios
(1:1, 1:4 and 4:1) and the complex was purified by SEC. The amount of peptidase
bound to ECAM was calculated based on a calibration curve with known concentrations
of labelled free trypsin. Other peptidases listed under section 3.5.1 lost activity or
precipitated upon labelling and were not further studied.

Binding to TEV peptidase by TEV-ECAM, with or without methylation of the pep-
tidase lysines, was estimated by 10% SDS-PAGE and 7% native-PAGE. Methylation of
TEV peptidase was performed with the JBS Methylation Kit (Jena Biosciences) accord-
ing to the manufacturer’s instructions. Methylated protein was dialysed against buffer
D and the remaining activity was checked against the fluorogenic substrate FRET8 (see
section 3.5.2).

Finally, binding of trypsin to ECAM was also assessed by detection of trypsin pro-
teolytic activity in a zymogram with bovine milk casein loaded with iECAM samples.
Both monomeric- and dimeric-iECAM were produced and purified by SEC as explained
above (see section 3.4.1). Peak samples were TCA-precipitated and resuspended in na-
tive loading buffer (with 0.3% SDS) without boiling. 7.5% Tricine-SDS-PAGE containing
0.05% casein in the resolving gel was pre-run for 1 h at 125 V and then loaded with the
protein samples. Subsequently, SDS was removed from the gel by two washes in 2.5%
Triton X-100 for 20 min. The zymogram was incubated for 3 h at 37 ◦C in buffer E and
finally stained with Coomassie blue.

3.8 Protein localisation assays

E. coli strain BL21 (DE3) was used to co-express full-length ECAM fused to Strep-tag
and PBP1C (plasmid pECAM8; Table 3.1 and 3.2) by auto-induction in LB supple-
mented with 0.05% glucose and 20 µg/mL of zeocin at 37 ◦C for 5 h [154]. Cells were
collected by centrifugation, washed in buffer D, and subsequently fractionated as de-
scribed elsewhere [155]. Briefly, collected cells were resuspended in 200 mM Tris-HCl pH
8.0, 500 mM sucrose, 1 mM EDTA, supplemented with Complete EDTA-free Peptidase
Inhibitor Cocktail tablets and DNase I and incubated on ice for 30 min, and the mixture
was centrifuged at 15,000xg for 30 min at 4 ◦C. The supernatant included the periplasmic
and outer-membrane fractions and the precipitant contained the cytoplasmic and inner-
membrane fractions. The precipitant was further lysed in a cell disruptor as described
above (section 3.5.2) and the extract was centrifuged at 15,000xg for 30 min to remove
unbroken cells, inclusion bodies and cell debris. Subsequently, supernatants from both
steps were further ultracentrifuged at 150,000xg for 30 min to separate cell-envelope
fractions from soluble proteins. Samples from the inner-membrane, periplasmic, and
outer-membrane fractions were analysed by anti-Strep-tag Western-blot analysis (see
section 3.4.6).

3.9 Pull-down experiments

In an experiment to monitor possible interactions of ECAM with PBP1C and other pro-
teins, E. coli BL21 (DE3) cells co-expressing full-length ECAM and PBP1C (plasmid
pECAM8; Table 3.1 and 3.2) were lysed in a cell disrupter, cell debris was removed
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by centrifugation at 15,000xg for 30 min, and cell-envelope membrane fractions were
collected by ultracentrifugation at 150,000xg for 30 min. Collected membranes were
homogenised using a glass potter and solubilised under gentle stirring by overnight in-
cubation at 4 ◦C in buffer G (20 mM Tris-HCl pH 8.0, 50 mM sodium chloride, 5 mM
magnesium chloride) supplemented with 2% Triton X-100. Solubilised proteins were sep-
arated by centrifugation at 15,000xg and dialysed against buffer G with 1% Triton X-100.
Strep-tag fused ECAM was incubated with Streptactin-sepharose (IBA-Solutions for Life
Sciences) for 4 h at 4 ◦C and the bound protein was subsequently batch-purified in an
open column (Bio-Rad), washed extensively, and eluted with 2.5 mM D-desthiobiotin
(IBA-Solutions for Life Sciences). Potential binding partners were ascertained by 10%
SDS-PAGE stained with Coomassie blue and PMF (see section 3.4.2).

3.10 Phenotypic analyses in vivo

E. coli K12 strains were obtained from the National BioResource Project KEIO col-
lection (NIG, Japan). The wild-type strain (strain BW25113A) and the mutant lack-
ing ECAM (strain JW2504), in which the gene encoding ECAM is replaced by a gene
coding for kanamycin resistance, were grown in tryptic soy broth (TSB) supplemented
with 30 µg/mL kanamycin (only mutant strain) at 37 ◦C under anaerobic conditions
(H2:CO2:N2=10%:10%:80%). Cells were collected during exponential growth at A600nm ≈
0.6-0.8, washed twice with PBS and resuspended in 10 mM sodium phosphate pH 7.0,
supplemented with 5% [v/v] TSB medium. Cells were subsequently treated with trypsin
at final concentrations of 100 and 500 µg/mL for 5 h at 37 ◦C under anaerobic conditions.
Serial dilutions were immediately spread on plates and the number of colony forming
units was determined after overnight incubation at 37 ◦C.

In addition, the ECAM knockout was further transformed with plasmid pECAM10,
which expresses ECAM and PBP1C and is controlled by an IPTG-inducible Ptac pro-
moter (see Tables 3.1 and 3.2), or the same plasmid expressing green fluorescence protein
(GFP). Viability of transformants was assessed as mentioned above except for the ad-
dition of 20 µg/mL zeocin and 0.1 mM IPTG for ECAM and PBP1C induction during
the exponential growth phase in TSB medium.

Experiments were performed three times in triplicates and data analysed for sta-
tistical significance with the Student’s paired T-test between the survivability of the
wild-type and the deletion mutants.

3.11 Structural characterisation of ECAM

3.11.1 Crystallisation procedures

Protein samples for crystallisation were produced as explained in section 3.3. Addition-
ally, purified nECAM∆N protein was incubated for 30 min at room temperature with
5 mM DTT and subsequently 30 min more with 25 mM 2-iodoacetamide to prevent
dimer formation in case that thioester bonds were open. Excess of the latter reagent was
removed by SEC in buffer D. Dimeric-iECAM and dimeric-iMA-ECAM samples for crys-
tallisation were obtained by incubating nECAM (G−3+P−2+M−1 +A40-P1653; produced
with plasmid pECAM2) with trypsin at a molar ratio of 1:2 for 3 h at room temperature,
stopping the reaction with 1 mg/mL PefablocrSC, and purifying the resulting species
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by SEC in buffer D. All protein samples were filtered with 0.22 µm centrifugal filters
(Ultrafreer -MC-GV from Millipore) before crystallisation experiments.

Crystallisation screenings were performed at the joint IBMB/IRB Crystallography
Platform (PAC, Barcelona) by the sitting-drop vapour diffusion method using 96x2-well
MRC plates (Innovadyne). A TECAN Freedom EVO robot was used to prepare reservoir
solutions, and a Cartesian Microsys 4000 XL (Genomic Solutions) robot or a Phoenix/RE
(Art Robbins) robot was used for 100-nL nanodrop dispensing. Crystallisation plates
were stored in Bruker steady-temperature crystal farms at 4 ◦C or 20 ◦C.

Successful hits were scaled up to the microliter range (1 µL + 1 µL) with 24-well
Cryschem crystallisation dishes (Hampton Research) containing 500 µL of mother liquor
in the reservoir. All crystals appeared at 20 ◦C. The screening of additives for crystal
optimisation was performed with the Additive Screening (Hampton Research) by adding
0.2 µL of each provided reagent directly to a 2 µL crystallisation drop.

3.11.2 Cryo-protection and data collection

All crystals were cryo-protected by rapid passage through drops containing reservoir
solution plus increasing concentrations of glycerol (up to 20% [v/v]). Complete diffrac-
tion datasets were collected at 100 K from liquid-N2 flash cryo-cooled crystals (Oxford
Cryosystems 700 series cryostream) on a Pilatus 6M pixel detector (from Dectris) at beam
line XALOC of ALBA synchrotron (Barcelona, Spain; datasets Se-Met nECAM∆N, na-
tive and Se-Met NIE-MG1, and native and Se-Met MG0-NIE-MG1). Further data was
collected on the same detector type at beam lines ID29 (native nECAM∆N) and ID23-1
(native and Se-Met iECAM) of ESRF synchrotron (Grenoble, France) within the Block
Allocation Group ”BAG Barcelona”.

Diffraction data were integrated, scaled, merged, and reduced with programs XDS
[156] and XSCALE [157], and transformed with XDSCONV to formats suitable for
SHELX [158] and the CCP4 suite of programs [159].

3.11.3 Structure solution and refinement

The crystal structure of dimeric-iECAM was solved by multi-wavelength anomalous dis-
persion/ multiple isomorphous replacement including anomalous signal (MAD/MIRAS)
with a native dataset and data from a four-wavelength MAD experiment (peak, inflec-
tion point, second inflection point and high-energy remote) of a Se-Met crystal (Figure
4.12I and section 4.5.1). Phasing was carried out with SHARP followed by density mod-
ification and model extension steps with the AUTOBUILD protocol of PHENIX [160],
producing an improved Fourier map and a partial model that was manually improved
with COOT [161]. The crystal structures of MG0-NIE-MG1 and NIE-MG1 (see below)
were used to carefully model MG1 and NIE (N-terminal of induced ECAM) domains.
The model was finally refined using PHENIX [162] and BUSTER/TNT [163].

The structure of nECAM∆N was solved by single isomorphous replacement including
anomalous signal (SIRAS) using the program pipeline XPREP-SHELXD-SHELXE [158]
with a dataset from a Se-Met crystal collected at the selenium absorption peak and a
native dataset to higher resolution. After phasing and a autotracing step with SHELXE,
a density modification and a model extension step with the AUTOBUILD protocol of
PHENIX produced an improved Fourier map and a partial model. Subsequent manual
model building was performed with COOT alternated with crystallographic refinement
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with PHENIX and BUSTER/TNT, which included TLS refinement, until the final re-
fined model was obtained.

The structure of NIE-MG1 was solved by SIRAS using the program pipeline XPREP-
SHELXD-SHELXE, with a dataset from a Se-Met crystal collected at the selenium
absorption peak and a native dataset to higher resolution. Initial phasing was followed by
a density modification and model extension step with program ARP/wARP [164], which
produced an improved Fourier map and a partial model that was manually improved
with the COOT program alternated with crystallographic refinement with PHENIX and
BUSTER/TNT, until the final refined model was obtained.

The structure of MG0-NIE-MG1 was solved by MAD/MIRAS with a native dataset
and data from a three-wavelength MAD experiment (peak, inflection point and high-
energy remote) performed with a Se-Met protein crystal. Phasing was performed with
SHELXE and the program SHARP [165], and subsequent density modification was per-
formed with programs SOLOMON [166] and DM [167]. The resulting map was auto-
matically interpreted with the AUTOBUILD protocol of PHENIX to yield an improved
Fourier map and a partial model, that was improved by manual model building in COOT
and refined against the Se-Met dataset with PHENIX and BUSTER/TNT until the final
model was achieved.

3.11.4 Single-particle cryo-electron microscopy and image pro-
cessing

Feasibility of EM-based studies of ECAM was initially assessed by conventional negative-
straining EM. 5 µL samples of purified nECAM and dimeric-iECAM, produced by reac-
tion with trypsin as explained above (see section 3.4.1), were applied to glow-discharged
carbon-coated grids for 2 min and negatively stained with 2% aqueous uranyl acetate.
For single-particle cryo-EM, 5 µL samples of purified nECAM, and monomeric- and
dimeric-iECAM were applied to glow-discharged carbon-coated Cu/Rh 300 mesh Quan-
tifoil R 1.2/1.3 µm grids, blotted and plunged into liquid ethane with a Leica EM CPC
cryo-fixation unit. Images were recorded on a FEI Eagle 4k CCD camera at low-dose
conditions, with a FEI Tecnai G2 electron microscope operated at 200 kV and equipped
with a field emission gun. Images were recorded at a nominal calibrated magnification
of 84,269x and an underfocus ranging from 1.5 µm to 3.5 µm.

General image processing operations were performed using XMIPP software [168] and
pictures were drawn with the CHIMERA program [169]. Images were CTF-corrected
and down-sampled to a factor of 2, with a final sampling ratio of 3.56 Å/pixel. The
XMIPP automatic picking routine was used to select 74,099, 40,302 and 47,712 par-
ticles of nECAM, monomeric-iECAM and dimeric-iECAM, respectively. Images were
classified using a reference-free clustering approach with program CL2D [170] to select
homogeneous populations of 46,842, 18,346 and 33,536 particles for each of the afore-
mentioned species. For each sample, a Gaussian blob and an artificial noise model were
used as starting reference models for parallel iterative angular refinement using program
EMAN [171]. When both strategies converged to a similar solution, one of the resulting
models was selected and refined using the XMIPP iterative projection matching rou-
tine [172]. After independent refinement processes, 90% of particles were included in the
final three-dimensional reconstruction, and the final resolution of the models was deter-
mined by the Fourier shell correlation (FSC) criterion between independent half-dataset
maps applying a correlation limit of 0.5 (Figure 4.19).
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The CHIMERA fitting routine was used to dock atomic models in the cryo-EM
maps after initial manual placement. For nECAM, an initial composite homology model
(see section 3.11.5) was iteratively fitted into the cryo-EM density as two independent
rigid bodies: domains MG0-NIE and domains MG1-to-RBD. For monomeric-iECAM,
one subunit from the dimeric-iECAM crystallographic structure (section 3.11.3 and sec-
tion 4.5.3) was fitted in the cryo-EM map. For dimeric-iECAM, each protomer of the
crystallographic dimer was fitted in the cryo-EM map as an independent rigid body.

3.11.5 Homology modelling of native ECAM

Based on the experimental coordinates of nECAM fragments MG0-NIE-MG1, NIE-MG1,
and nECAM∆N (domains MG7-CUB-TED-RBD), and iECAM (domains MG2-MG3-
MG4-MG5-MG6(RBD)); the cryo-EM reconstruction of nECAM to 16 Å (see section
3.11.4); and the coordinates of native SEAM α2M (PDB ED: 4U48 [137]). For this,
the distinct ECAM domains were superposed onto the corresponding SEAM domains to
yield an initial model, which, in several cycles, was: (i) fitted into the cryo-EM volume,
first manually and thereafter as two rigid bodies with program CHIMERA (see section
3.11.4); (ii) domain-connected with linkers of reasonable geometry; and (iii) geometry-
minimised with programs COOT and PHENIX. The final model was validated with
MOLPROBITY [173].

3.12 Fluorescence microscopy of iECAM crystals

Dimeric-iECAM crystals produced as explained above (see section 3.11.1 and section
4.5.1) obtained either with trypsin or fluorescence-labelled trypsin (see section 3.7) were
carefully washed with 10 µL reservoir solution and analysed by fluorescence microscopy
in a Nikon E600 (filter UV-2A) apparatus operated at the Advanced Fluorescence Mi-
croscopy Unit (IBMB-PCB).



Chapter 4

Results and discussion

In this thesis, ECAM was studied following three different approaches: (i) biochemically,
to characterise in vitro its mechanism of action, (ii) functionally to assign in vivo its role
in the bacterial cell and (iii) structurally to describe its conformationally distinct forms
and the structural elements involved in its function.

4.1 Analysis of ECAM sequence

E. coli yfhM gene encodes a 1653-residue protein with a calculated molecular mass of
181.6 kDa. The protein sequence features a predicted 17-residue signal peptide at its
N-terminal end, (Figure 4.1) which targets the protein for secretion [143]. At the end of
the signal peptide, it contains a lipobox consensus sequence (L15-A16-G17-C18) indicating
that it is probably bound to the inner membrane facing the periplasmic space [174].

Figure 4.1: Prediction of the signal peptide of ECAM by SignalP. The C-score represents the
raw cleavage site score, which is trained to be high at the position immediately after the cleavage site.
The S-score (signal peptide score) distinguish positions within signal peptides from positions in the
mature part of the protein. The Y-score (combined cleavage site score) is a combination of the C-score
and the slope of the S-score, and also presents a prediction of the cleavage site.

ECAM has some common characteristic features with the α2M family. The predicted
secondary structure of the protein is in agreement with the presence of multiple β-strands,
characteristic of the MG domains and with the presence of an all-helical domain, from
S1166 to L1441, that could form the TED. Moreover, the stretch of amino acids between

43
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residues D900 and P960 with no predicted secondary structure and the consensus sequence
(C1187-L1188-E1189-Q1190) indicate the presence of a putative bait region and a thioester
motif, respectively (Figure 4.2). Theoretically, no disulphide bonds are present in ECAM,
since its only two cysteines, C18 and C1187 are potentially involved in membrane anchoring
and forming the thioester bond, respectively.

Alignments of the full length ECAM and the human homologue indicated very low
amino acid sequence identity (¡ 15%) and no acceptable correspondence between their
secondary structure elements. However, after removing the signal peptides and splitting
the sequences in two fragments at the predicted bait regions, better secondary struc-
ture alignments were obtained (Figure 4.2). On the one hand, the C-terminal domains
were matching well and potential boundaries for MG7, CUB domain, TED and RBD
could be predicted. On the other hand, the alignment of the N-terminal domains hinted
to the presence of several MG domains, but their boundaries were difficult to be pre-
dicted. However, the length of ECAM sequence, ∼180 residues longer than human α2M,
suggested the presence of at least one extra domain with a β-strand composition.

4.2 Design and production of ECAM constructs

Multiple constructs spanning different ECAM fragments and mutants were produced,
both for testing their biochemical properties and for crystallisation trials (Table 3.1 and
3.2). In most of them either a 6xHis-tag or a Strep-tag was fused to the protein sequence
to assist in protein purification and a TEV cleavage site was introduced between the tag
and the cloned sequence for tag removal.

First, a construct for the intracellular overexpression of soluble ECAM was produced
by cloning the whole yfhM gene, with the exception of the 17-residue signal peptide
and the lipobox in the N-terminal region, producing plasmid pECAM1. Subsequently,
given that no secondary structure was predicted for ECAM residues D19-A39 (Figure 4.2)
and in order to remove potentially flexible regions that could be detrimental for protein
crystallisation, a second construct was created without this part, producing construct
pECAM2.

Second, a cohort of constructs encoding multiple ECAM fragments were also pro-
duced, especially aiming to produce crystal structures. Among these, pECAM3 and
pECAM4, producing ECAMNt and ECAM∆N proteins are the product of dividing the
molecule into two big superdomains at the boundary between MG6 and MG7 as pre-
dicted by sequence alignment with the human α2M (see section 4.1). ECAMNt contains
the N-terminal domains of ECAM, from A40 to P1019, while nECAM∆N contains the
C-terminal domains, from A1018 to P1653. Moreover, expression plasmids for the most N-
terminal domains of ECAM were produced, rendering plasmids pECAM5 and pECAM6,
the former encoding residues D163-L368 and the latter A40-S385.

Third, production of ECAM variants lacking specific domains, as the RBD (pECAM15
rendering ECAM∆RBD) or the BRD (pECAM14, rendering ECAM∆BRD) was aiming
both to improve crystal quality, removing potential flexibility coming from these do-
mains, and to characterise their importance in the stability and function of the protein.

Fourth, in order to test a specific hypothesis regarding ECAM dimerisation (see
section 4.3.5), R162 was mutated for a glycine residue in plasmid pECAM13, render-
ing ECAM-R162G protein. Additionally, the introduction of a TEV cleavage site (EN-
LYFQGVD) into the bait region of ECAM (between L942 and D952) produced plasmid
pECAM12, encoding TEV-ECAM.
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Figure 4.2: Secondary structure alignments of ECAM with human α2M. Both molecules
were divided into an N-terminal (A) and a C-terminal part (B) before alignment. Arrows represent
β-strands and cylinders correspond to α-helices. The reported secondary structure of human α2M (1)
is coloured accordingly to domain annotation from yellow to blue [78]. The thioester bond is depicted
as a black handle in B. The predicted secondary structure of ECAM (2) is colored with β-strands in
red and α-helices in dark green.

Finally, a construct coexpressing both ECAM and PBP1C was produced (pECAM10)
mimicking the arrangement of their genes in the E. coli genome. This construct was used
for in vivo functional characterisation of ECAM and pull down assays (see sections 4.4.1).
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Figure 4.3: Biochemical properties of ECAM. (A) SDS-PAGE analysis of purified soluble
nECAM (black arrow) presenting self-cleavage low-molecular mass fragments (grey arrow). (B) SEC of
nECAM at multiple pHs, showing ECAM eluting as a monomer (∼ 11 mL). (C) Thermal shift assay
analysis of ECAM at pH from 4 to 9. The calculated melting temperatures for each condition are
summarised in (D). (E) Detection of free thiol groups arising from broken thioesters by reaction with
DTNB.

4.3 Biochemical characterisation

In order to elucidate the mechanism of ECAM, the in vitro characterisation of puri-
fied, soluble protein was addressed with a wide array of biochemical and biophysical
techniques. These assays, except if otherwise stated, were performed using the protein
produced with construct pECAM2, which encodes ECAM sequence A40-P1653.

4.3.1 Molecular mass and stability

Purified nECAM is a highly soluble protein (its solubility being higher than 30 mg/mL)
with a 180 kDa molecular mass as estimated by SDS-PAGE and SEC (Figure 4.3A,B).
It probably features a monomeric state in all the range of pH assayed, from 5 to 9, as
shown by SEC analysis (Figure 4.3B). Although the peak in SEC shifts slightly to a
lower elution volume at pH 9 (from 11 mL to 10.8 mL) the difference in molecular mass
corresponding to this is of ∼ 50 kDa, which is far from representing the formation of a
dimeric particle. This could be attributed to some structural changes that can be also
related to the lower thermal stability of ECAM at this pH (Figure 4.3).

The melting curve of ECAM, as derived from the thermal shift assay, features a multi-
transition profile, consistent with the protein having multiple domains and in agreement
with melting temperatures (Tm) determined by other studies [63]. The main Tm at pH
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Figure 4.4: ECAM as a pan-peptidase target. (A) Cleavage of nECAM (lanes 1’-6’) and MA-
ECAM (lanes 1-6) by increasing amounts of trypsin. ECAM:tryspin ratios of 1:0 (lanes 1 and 1’), 1:10−3

(lanes 2 and 2’), 1:10−2 (lanes 3 and 3’), 1:10−1 (lanes 4 and 4’), 1:0,25 (lanes 5 and 5’), 1:1 (lanes 6
and 6’) and 0:1 (lane 7) were used. (B) MA-ECAM is cleaved at similar positions by different tested
peptidases: thermolysin (lane 1), ulilysin (lane 2), elastase (lane 3) and trypsin (lane 4). Cleavage sites
of trypsin-reacted ECAM were assessed by N-terminal sequence analysis of the produced bands. (C)
SDS-PAGE and N-terminal sequence analysis of iECAM crystals produced by trypsin, with all trypsin
cleavage sites determined by N-terminal sequencing. (D) SDS-PAGE of TEV-ECAM (lanes 1’, 2’) and
MA-treated TEV-ECAM (lanes 1 and 2) before (lanes 1 and 1’) and after (lanes 2 and 2’) reaction
with TEV peptidase. Non-mutated nECAM and MA-ECAM are not cleaved by TEV peptidase (lanes
3’ and 3, respectively). Arrows point to whole ECAM (grey), N-terminal (blue) and C-terminal (green)
halves of ECAM after cleavage in the bait region and TEV peptidase (white). The red star marks the
C-terminal half of ECAM covalently bound to TEV.

7.5 is around 39 ◦C, which decreases at extreme pHs, especially in basic conditions (Fig-
ure 4.3C,D) and shows a maximum at pH 6. Neither sodium chloride nor the presence
of other tested ions (e.g. magnesium, cobalt, calcium, manganese and zinc) affected its
thermal stability, featuring the same melting curve as nECAM at pH 7.5.

4.3.2 ECAM, a thioester-containing protein

The presence of a formed thioester bond in nECAM was first detected by the char-
acteristic appearance of a low molecular mass band in SDS-PAGE (∼50 kDa; Figure
4.3A), produced by the self-cleavage of the protein during sample preparation, as previ-
ously reported for other thioester-containing proteins [120]. Further assays performed by
treating ECAM with MA (producing MA-ECAM) showed the appearance of free-thiol
groups (Figure 4.3E), consistent with the opening of the thioester bond as previously
described for other α2Ms [55]. Additionally, the reaction of ECAM with peptidases was
also breaking the thioester bond, producing an amount of free-thiol groups similar to
the ones detected in MA-ECAM .

4.3.3 ECAM, a pan-peptidase target

The presence and accessibility to peptidases of the bait region of ECAM was assessed by
cleavage assays analysed by SDS-PAGE. Among the peptidases, the biologically relevant
digestive mammalian peptidases trypsin and chymotrypsin and other proteolytic enzymes
of bacterial origin, as thermolysin, subtilisin and ulilysin, were tested. All of them readily
cut both nECAM and MA-ECAM (Figure 4.4A).

On the one hand, the treatment of nECAM with peptidases produced a complex
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pattern of bands (Figure 4.4A,C). This complexity could be explained by the ability of
the inhibitor to bind to peptidases (see section 4.3.4) together with the potential cleavage
of many accessible loops in ECAM during this process, thus producing multiple bands
containing ECAM fragments both with and without the enzyme. On the other hand,
all tested peptidases cleaved MA-ECAM in similar positions, rendering a three band
pattern in SDS-PAGE, that hinted to the presence of two major cleavage sites. The
molecular masses of these bands were approximately 100, 90 and 80 kDa (Figure 4.4B).

N-terminal sequencing of MA-ECAM fragments produced by trypsin localised the
cleavage sites at R946 and R162, in accordance with the specificity of the enzyme towards
arginines [175]. Noteworthy, the cleavage at R946 is located in the predicted bait region
(see section 4.1). Moreover, by comparing with the fragments produced by other pepti-
dases, it can be suggested that they all cut at the same regions as trypsin, including in
the bait region.

Furthermore, the bait region of ECAM was modified to accommodate a TEV cleavage
site between residues A943-G951 (TEV-ECAM). Thus, while TEV peptidase was not able
to cleave ECAM, it succeeded in cutting TEV-ECAM in the introduced cleavage site,
which supports the solvent-exposed character of the bait region (Figure 4.4D).

Therefore, ECAM can be described as a pan-peptidase target protein, which is cleaved
by peptidases of different specificities and catalytic mechanism in an highly-accessible
bait region.

4.3.4 ECAM, a peptidase-binding protein

Evidences for the peptidase-binding capacity of ECAM first arose from colocalisation
experiments by SEC (Figure 4.5A). In these, the peptidase, detected by its proteolytic
activity against different substrates, was coeluting with ECAM. In order to prove that
the complex was covalent, iECAM (produced by reaction with trypsin) was analysed
in a zymogram showing the presence of the peptidase into two high molecular mass
bands of 70 and 100 kDa (Figure 4.5B). These bands were the product of the covalent
interaction between thioester containing ECAM fragments and trypsin. Concretely, the
100 kDa band matched the expected molecular mass for the C-terminal half of ECAM
(from the bait region to the end of the protein; ∼ 77 kDa) plus a trypsin molecule (23
kDa). The 70 kDa band contained a smaller ECAM fragment bound to trypsin that is
produced by further cleavages in secondary sites (Figure 4.4C). Analogously, reaction of
TEV peptidase with TEV-ECAM produced a high molecular mass band in SDS-PAGE
that contained both ECAM and peptidase as confirmed by PMF (Figure 4.5C).

The residues directly involved in the formation of the covalent bond, both from the
peptidase and from ECAM, were further investigated. On the ECAM side, the thioester
bond was proven to be responsible for the binding. Evidence of this arose from the
absence of colocalisation between trypsin and MA-ECAM in SEC analysis, explained by
the inability of MA-ECAM, featuring an open (and so unreactive) thioester bond, to
bind the peptidase. (Figure 4.5A). This is in agreement with the appearance of free thiol
groups when ECAM is reacted with peptidases, indicating the opening of the thioester
bond during the process (Figure 4.5E).

On the peptidase side, a primary amine from a lysine side chain is required for
binding to ECAM. This was proven by the inability of TEV-ECAM to bind methylated
TEV peptidase in which the lysines were blocked by methyl groups. This could be
observed both in SDS-PAGE and native-PAGE (Figure 4.5C and D respectively) where
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Figure 4.5: Binding of peptidases by ECAM (A) Colocalisation experiments by SEC. nECAM
(left panel) and MA-ECAM (right panel) were reacted with trypsin and analysed by SEC (blue line).
Different fractions were tested to detect trypsin activity against fluorogenic substrates: DQ-Gelatine
(orange line) and DQ-BSA (green line). Activity values are given as a percentage of the highest activity
found over the samples. (B) Zymogram of purified iECAM in a monomeric (1) or dimeric (2) form
produced by reaction with trypsin (see section 4.3.5). (C) SDS-PAGE of unreacted TEV-ECAM (1) and
TEV-ECAM reacted with TEV peptidase (2) and methylated TEV peptidase (3). Bands corresponding
to whole TEV-ECAM (black arrow), N-terminal fragment (grey arrow), C-terminal fragment (white
arrow) and the cross-linked band between ECAM and TEV peptidase (red arrow) are pointed. (D)
Native-PAGE analysis of the same samples as in C. Unreacted TEV-ECAM (black arrow) is migrating
differently than TEV-ECAM reacted and bound to TEV peptidase (grey arrow, which features decreased
electrophoretic mobility due to the high pI of TEV peptidase) and to TEV-ECAM reacted but not
bound to methylated TEV peptidase, (white arrow, showing increased electrophoretic mobility due to
conformational rearrangement; see section 4.3.5). (E) Molar binding ratios of trypsin to ECAM, both
in the monomeric and dimeric forms (see section 4.3.5) determined by fluorescence-based quantification
of a priori labelled trypsin.

the presence of the cross-linked band containing ECAM and TEV is not formed when
methylated TEV is used.

Noteworthy, peptidase binding is only occurring upon cleavage in the bait region of
ECAM and thus, only peptidases that make this cut are ECAM binding targets. Thus,
TEV peptidase is bound by TEV-ECAM, which contains a TEV cleavage site in the
bait region, but not by ECAM, the bait region of which is not cleaved by the peptidase
(Figure 4.4D). This behaviour was already described for human α2M, in which modifying
the bait region, by introducing new cleavage sites, conferred the ability of binding and
inhibiting previously untargeted peptidases [176].

Finally, a semi-quantitative, fluorescence-based determination of the amount of pep-
tidase that ECAM is able to bind was performed by using methylcoumarin-labelled
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trypsin. Using this method, a binding ratio of 4:1 (ECAM:trypsin) was assessed after
reacting both proteins in a 1:1 ratio for 15 min and purifying the complex by SEC.
This ratio remains constant at higher trypsin equivalents or at higher incubation time
but increases to 9:1 when less trypsin is used (in an initial reaction ratio of 4:1) (Fig-
ure 4.5E). These results indicate that only around 25 % of ECAM molecules are bound
to trypsin under the assayed conditions and thus, both peptidase-bound and unbound
ECAM forms exist after the reaction, even though all molecules are cleaved into the bait
region. Therefore, the binding efficiency of ECAM is lower than the one of tetrameric
human α2M, which can bind 2 molecules of trypsin per tetrameric particle [55].

Summarising, ECAM can be described as a peptidase-binding protein, which creates
an isopeptide bond between the glutamine of the thioester bond and a γ-amino group
from a lysine side chain of the peptidase. This reaction, triggered by proteolytic cleavage
in the bait region of ECAM, requires the presence of a well-positioned peptidase lysine in
the vicinity of the thioester bond to occur, which could explain the low binding efficiency.

4.3.5 Analysis of ECAM conformational states

nECAM and iECAM
Conformational rearrangement in some α2Ms is caused by reaction with MA [177].

Contrarily, nECAM and MA-ECAM are undistinguishable, migrating as monomers in
SEC and native-PAGE and showing similar thermal stability and CD spectra (Figure
4.6 A-C and G). These observations are consistent with a previously published study
[63] and indicate that opening of the thioster bond is not sufficient by itself to cause
conformational changes detectable by these methods.

However, reaction of ECAM with peptidases produces induced species of ECAM
(iECAM) that differ from the native protein in SEC and native-PAGE and feature a
clear shift in CD spectra and melting curve profiles (Figure 4.6 A-C and G). The ob-
served differences between both nECAM and iECAM arise from extensive conforma-
tional rearrangements, the detailed description of which was achieved by the structural
characterisation of ECAM in both forms (see section 4.5). Moreover, the change in elec-
trophoretic mobility was produced by multiple peptidases that target the bait region of
ECAM (Figure 4.6H), thus suggesting that all tested enzymes produced similar iECAM
species upon reaction.

In addition, TEV-ECAM was also producing an induced species (iTEV-ECAM) upon
TEV cleavage, featuring a shift in SEC similar than the one produced by trypsin in
nECAM (Figure 4.6A). This observation proves that a single cut in the bait region is
enough to trigger the conformational rearrangement observed in the inhibitor. Therefore,
cleavage in the bait region is both necessary and sufficient to cause the transition from
a native to an induced conformation of ECAM.

Dimeric iECAM
Although ECAM is mainly found as a monomer, both in the native and induced

conformations, some peptidases promote the formation of a stable ECAM dimer upon
induction (dimeric-iECAM) as seen by SEC and native-PAGE analysis (Figure 4.6 E
and G). Dimeric-iECAM is distinguishable from monomeric-iECAM in SEC (Ve ∼10.0
mL compared with Ve ∼11.4 mL) doubling the calculated molecular mass of the sample,
and does not revert to monomers when treated with reducing agents, high ionic strength
buffers or mild detergents (Figure 4.6 E, yellow line).
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Figure 4.6: Conformational characterisation of ECAM. (A) SEC of nECAM, MA-ECAM,
iECAM (produced by reaction with trypsin) and siECAM. Notice the slight but significant shift in
elution volume between native and induced species (from ∼11 mL to ∼11,4 mL). (B) CD spectra and
(C) melting curve profiles determined by the thermal shift assay. (D) Formation of dimeric-iECAM
from purified monomeric-iECAM, which was incubated o/n at RT in the presence (yellow line) or
absence (green line) of Pefabloc SC. (E) SEC analysis of iECAM dimerisation over time. Vertical lines
mark dimeric species (eluting at ∼10 ml) and monomeric species (eluting ∼11,4 ml). (F) SEC analysis
of monomeric and dimeric species produced upon reaction with different peptidases with nECAM (solid
lines), MA-ECAM (dot lines) or ECAM-R162G (dashed line). (G) Native-PAGE of nECAM (lane 1),
MA-ECAM (lane 2) and trypsin-reacted iECAM in a monomeric (lane 3) and dimeric (lane 4) form.
(H) Native-PAGE of nECAM (lane 1) and iECAM produced by reaction with different peptidases:
thermolysin (lane 2), chymotrypsin (lane 3) and subtilisin (lane 4). Notice the shift in the migration
between native species (black arrow) and induced species in a monomeric (white arrow) and dimeric
form (blue arrow).
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The formation of dimeric-iECAM occurs in a longer time scale than the induction
of ECAM, suggesting that the appearance of monomeric-iECAM precedes dimerisation.
Thus, monomeric-iECAM could be observed in SEC after reacting nECAM with trypsin
for few minutes while dimeric-iECAM appeared as the main species after ∼3 h (Figure
4.6F).

Further study on both monomeric and dimeric induced species showed that they
are undistinguishable in terms of CD spectra and melting curves (Figure 4.6B and C),
indicating no major rearrangement in ECAM tertiary structure upon dimerisation, which
was strongly confirmed by structural studies (see section 4.5.3). Therefore, dimerisation
entails the association of two preformed monomeric-iECAM molecules, with the major
conformational changes occurring during induction but not during dimerisation.

The formation of dimeric-iECAM is dependent on peptidase activity, that is, monomeric-
iECAM can only be converted into dimeric-iECAM in the presence of an active peptidase
but not in the presence of an inhibited one (Figure 4.6D). In accordance, factors that
increase peptidase activity or facilitate the encounter between peptidase and ECAM
molecules (increased peptidase to ECAM ratio or final protein concentration in the re-
action) increase the velocity of dimer formation. These observations suggested that a
proteolytic cleavage in ECAM structure could be the triggering event for dimerisation
and thus motivated the detailed study of trypsin-cleavage sites in ECAM. Specifically,
the trypsin cut after R162, positioned in an accessible linker between the first and second
domains of the protein (see section 4.5.4, Figure 4.20 and Figure 4.4B), was tested as a
potential triggering event for dimerisation. Mutating this residue to a glycine avoided
trypsin cleavage in this position and the formation of the dimer was significantly reduced,
thus confirming the role of this proteolytic cleavage in dimerisation (4.6F, dashed line).

However, other peptidases, apart from trypsin, that successfully target this linker
(e.g. chymotrypsin, subtilisin, see Figure 4.4B) do not promote the formation of dimeric-
iECAM (4.6F, solid lines) suggesting that proteolytic cleavage into the aforementioned
linker is necessary, but not sufficient, for dimer formation. Therefore, some other factors
must also contribute to the process, i.e. the shape, charge or size of the bound pepti-
dase so the appearance of dimeric-iECAM is restricted to the treatment with particular
enzymes.

As a final consideration, iMA-ECAM was found to be more prone to form dimers
than iECAM, since a small dimeric fraction was always found in the former, regardless
of the peptidase used for its induction. This could be explained by the inability of
MA-ECAM to bind to the peptidase which would (i) make the peptidase less impeded
to reach and cut the aforementioned linker to cause dimerisation and (ii) avoid steric
hindrances coming from the bound peptidase that could hinder dimer formation (Figure
4.6F, dot lines).

The mysterious self-induced ECAM
Intriguingly, the treatment of nECAM, but not of MA-ECAM, at 37 ◦C for an ex-

tended time caused a conformational rearrangement similar to the one produced by
peptidases in terms of SEC and native-PAGE (Figure 4.6A and Figure 4.7A). This form
of ECAM, called siECAM further contains free-thiol groups in similar amounts as MA-
ECAM or iECAM, hinting to the presence of an open thioester bond. The mid-time of
formation of siECAM (defined as the time required for half of the protein to be converted)
is around of ∼4 h 37 ◦C and pH 7.5 (Figure 4.7C).

Analysis of siECAM by SDS-PAGE showed a high molecular mass band, of∼300 kDa,
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Figure 4.7: The self-induced ECAM. (A) SDS-PAGE and (B) native-PAGE of nECAM (lane 1),
MA-ECAM (lane 2) and siECAM (lane 3). Bands corresponding to native (black arrow) and induced
(white arrow) conformations are pointed, as well as the position of the artefactual band (red arrow).
(C) Formation of siECAM over time followed in SDS-PAGE by the appearance of an artefactual high
molecular mass band (red arrow).

that did not correspond to its elution volume in SEC (11.4 mL, similarly to monomeric-
iECAM; Figure 4.7A,B and Figure 4.6). Analysis of this artefactual band by PMF
confirmed that it contained ECAM and we hypothesised that it was caused by the co-
valent binding of two ECAM molecules. Moreover, its formation in SDS-PAGE could
be avoided if the protein was not completely unfolded before loading the sample , for
example by avoiding heat treatment at 95 ◦C, thus suggesting that the binding was only
occurring under denaturing conditions. Other assayed conditions to avoid its forma-
tion, including reacting siECAM with MA, ions, hydroxyl-containing molecules or other
amines did not succeed. Unfortunately, the nature of the reaction that promotes the
formation of the artefactual band remain unknown.

4.3.6 ECAM, a peptidase inhibitor

In order to test the inhibitory activity of ECAM, nECAM was reacted with multiple
peptidases and their remaining activity was monitored against a wide variety of sub-
strates, ranging from small fluorogenic peptides like DQ-gelatine (Figure 4.8A) to big
globular proteins like thyroglobulin, aldolase or fumarase (Figure 4.8B) and bacterial
cell-wall extracts (Figure 4.8C). In this way, inhibitory activity of ECAM was observed
for the assayed peptidases subtilisin, chymotrypsin and trypsin against the cleavage of
macromolecular substrates of high molecular mass (≥ 150 kDa) but not against smaller
ones (Figure 4.8 and Table 4.1). Moreover, substrates that are not globular, like fibrino-
gen, were also easily accessible to ECAM-bound peptidases (data not shown). Therefore,
the inhibitory activity of ECAM is highly dependent on substrate size, which is charac-
teristic of molecular trap inhibitors [55, 78] and strongly supports that ECAM inhibits
peptidases through steric hindrances, preventing them to reach substrates.

In order to determine if dimeric-iECAM exhibits higher inhibitory capacity than
monomeric-iECAM we purified separately both particles, produced by reaction with
trypsin, and compared the residual peptidase activity against different substrate. In this
experiment trypsin showed similar activity against big globular substrates as aldolase
and thyroglobulin when bound either to monomeric- or dimeric-iECAM (Figure 4.8b1)
thus suggesting that bound trypsin is similarly shielded by both forms.

Interestingly, ECAM inhibitory ability was also tested against the cleavage of com-
ponents of the bacterial cell-wall (Figure 4.8C). In this assay, peptidases like trypsin,
chymotrypsin and subtilisin rapidly cleared turbid cell-wall extracts by cutting, among
other proteins, the murein lipoprotein that sticks together the peptidoglycan layer and
the bacterial membrane [152]. This reaction can be monitored by a decrease in the ab-
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Figure 4.8: ECAM as a peptidase inhibitor. (A) Fluorescence-based inhibition assays of trypsin
(upper panels) and thermolysin (lower panels) by ECAM against FRET-based peptidic substrates: DQ-
Gelatine (left panels), BODIPY-Casein (middle panels) and DQ-BSA (right panels). 50x molar excess
of ECAM was used in all the assays. Thick, dark lines correspond to only peptidase activity and thin,
light lines to peptidase+ECAM reactions. (B) Inhibition assays with native substrates analysed by
SDS-PAGE. (Lane B) contains the substrate blank. Arrows indicate intact substrate. (b1) Digestion
of α-casein (30 kDa), aldolase (150 kDa) and thyroglobulin (660 kDa) by trypsin (lane 1) and trypsin
bound to purified monomeric- (lane 2) or dimeric- (lane 3) iECAM. (b2) Digestion of thyroglobulin
by chymotrypsin in the absence (lane 1) or presence of directly added nECAM (lane 2) or MA-ECAM
(lane 3) in a 5x molar excess. (b3) Digestion of fumarase (200 kDa) and thyroglobulin by subtilisin in
the absence (lane 1) or presence of nECAM (lanes 2 and 3) or MA-ECAM (lane 4) at a 10x (lane 2)
or 20x (lane 3 and 4) molar excess. (C) Inhibition of trypsin (c1), chymotrypsin (c2) and subtilisin
(c3) by ECAM and MA-ECAM in cleavage assays of E. coli envelope extracts.
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α-casein Aldolase Fumarase Fibrinogen Thyroglobulin Cell-envelopes

Trypsin X X n/t n/t X X

Chymotrypsin n/t X X n/t X X

Subtilisin n/t - X n/t X X

Thermolysin X X X X - -

Ulilysin X - n/t X - -

Table 4.1: Inhibitory activity of ECAM against different substrates. Crosses (X) mark absence
of inhibition by ECAM while check marks (X) point to observed inhibition for a specific peptidase /
substrate pair. Other assayed pairs not suitable for inhibition assays, especially due to low peptidase
activity against the substrate, are marked with a slash (-). Non-tested combinations are marked as n/t.

sorbance of the sample upon the addition of peptidases. However, when ECAM is added
to the mixture, it prevents this reaction in a concentration-dependent manner. The
potential biological relevance of this process, together with the colocalisation of ECAM
and the murein lipoprotein in the periplasm, raised the hypothesis of ECAM playing
a central role in inhibiting potentially-damaging peptidases from specifically degrading
cell-wall components.

Furthermore, the importance of the thioester bond in the inhibitory process was
tested by comparing the inhibitory capacity of MA-ECAM compared with nECAM. In
this way, it was proven that MA-ECAM does not inhibits peptidases (e.g. chymotrypsin
or subtilisin) either against big globular substrates or cell-wall extracts (Figure 4.8C,D).
Therefore the presence of an intact thioester bond in ECAM is completely necessary for
inhibition, which is depends on the covalent binding of the peptidase. In this context
ECAM can be defined as a pan-peptidase, covalent and irreversible inhibitor.

As a final observation, excess of ECAM compared to peptidase is required to accom-
plish the inhibition of all assayed enzymes. This is illustrated by ECAM to peptidase
ratios needed for inhibition ranging from 5:1 to 20:1, depending both on the peptidase
and the substrate. This variability and low inhibitory efficiency may be caused by the
dependency of the mechanism on covalent binding of the peptidase, which features low
efficiency and may vary between enzymes (see section 4.3.4).

4.3.7 Release mechanism

The proteolytic cut in the linker between the first and second domains of ECAM (MG0
and NIE domains; position R162 for trypsin; see sections 4.3.3, and 4.5.3 for domain ar-
rangement) was further studied after observing that it had an important role in ECAM
dimerisation and that many tested peptidases (e.g. trypsin, chymotrypsin, ulilysin, ther-
molysin and subtilisin) were able to cut around this position (Figure 4.4B). This sug-
gested that it is an accessible linker, easily cleaved by peptidases of different specificities.
Moreover it was proved that the N-terminal domain of ECAM (MG0) was separated from
the rest of the protein in SEC after this cleavage occurs, suggesting that it is released
from the protein (Figure 4.9).

From these observations, it was hypothesised that proteolytic cleavage in the afore-
mentioned linker could lead to a situation in which MG0 remained attached to the
bacterial inner membrane while the rest of the protein would be free to difuse away from
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the membrane to the periplasmic space or, in case of breaches in the outer bacterial mem-
brane, to the extracellular media. Moreover, this process would happen after reaction of
ECAM with peptidases, thus providing a mechanism for the cell to discard peptidase-
loaded iECAM molecules, which would be irreversibility modified and not useful anymore
as inhibitors. Hypothetically, the aforementioned cleavage could be performed either by
the trapped peptidase or by some other bacterial enzyme.

Figure 4.9: Release of ECAM from the cell (A) SEC of peptidase-reacted ECAM. Yellow and
green stripes indicate fractions analysed by Western-blot in (B) (lane 1 and lane 2, respectively) where
MG0 was detected by its N-terminal fused 6xHis-tag. The position in SDS-PAGE of the MG0 domain
(grey arrow) and the rest of the ECAM molecule (black arrow) are shown.

4.4 Biological role of ECAM

To experimentally identify the potential role of bα2Ms, we characterised the cellular
location of ECAM, its interaction with potential functional partners and the phenotype
of an ECAM knock-out E. coli mutant by in vivo and in vitro techniques.

4.4.1 The cellular location of ECAM and potential partners

The location of ECAM in the bacterial cell was analysed in a cell-fractionation exper-
iment. In this, E. coli cells expressing Strep-tag fused ECAM were fractionated and
inner-membrane, soluble periplasmic and outer membrane proteins were analysed by
Western blot. The results clearly indicate that ECAM is found associated to the inner-
membrane fraction (Figure 4.10A), which is consistent with previous reports [63, 140],
and supports the prediction that ECAM is anchored to the periplasmic side of the in-
ner membrane through the N-terminal cysteine residue of the secreted protein (C18, see
section 4.1) [143].

Identification of potential ECAM biding partners was done by affinity pull-down as-
says where Strep-tagged ECAM and PBP1C (produced with plasmid pECAM8) were
coexpressed in E. coli. Subsequently, isolated membrane fractions containing both pro-
teins were applied to an affinity column that would retain ECAM and its partners, if any
(see section 3.9). However, neither PBP1C (a bifunctional protein with transpeptidase
and transglycosylase activity [139]) nor other endogenous proteins were coeluting with
ECAM, thus suggesting a stand-alone function (Figure 4.10B).
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Figure 4.10: ECAM cellular location and potential partners. (A) Western-blot analysis of
Strep-tagged fused ECAM from E. coli inner membrane (lane 1), periplasm (lane 2) and outer membrane
(lane 3) fractions. (B) SDS-PAGE of the eluted fraction of an affinity pull-down assay. Only full-length
ECAM (black arrow) and fragments of ECAM (∗) were detected in significant amounts.

4.4.2 ECAM, a cell guard

To shed light into the function of ECAM in vivo, E. coli wild-type K12 cells and ECAM
knock-out mutant (∆ECAM), were analysed phenotypically in terms of survivability in
the presence of peptidases. In these experiments, anaerobically grown cells were exposed
to different biologically-relevant trypsin concentrations that resulted in a concentration-
dependent decrease in cell survival significantly larger in ∆ECAM cells (Figure 4.11).
Consistently, transformation of ∆ECAM cells with plasmid pECAM10, encoding ECAM
and PBP1C, rescued the wild-type phenotype. As a control, the same plasmid containing
green fluorescent protein was also transformed into ∆ECAM cells, which did not rescue
the wild-type phenotype and featured the same survivability than ∆ECAM. Therefore,
ECAM has a biological role as a bacterial cell protector against the action of potentially-
damaging exogenous peptidases.

Figure 4.11: In vivo assays on ECAM function. Graphical representation of bacterial survival
(in % in respect to non-treated wild-type cells) assessed by colony forming units for wild-type K12
E. coli cells (WT), ECAM deletion mutant (∆ECAM), the rescued deletion mutant transformed with
pECAM10 encoding ECAM and PBP1C (∆ECAM(+)) and a negative control of the latter transformed
with pECAM10 plasmid encoding GFP instead of ECAM (∆ECAM(-)). Values are represented as means
and standard deviations of three independent experiments with three replicates each. (∗) indicates
statistical significance with p<0.05.
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4.5 Structural characterisation

In order to provide a full description of ECAM and its mechanism of action, the struc-
tural characterisation of its two conformationally distinct forms was addressed using a
combination of experimental and computational structural techniques that comprised
X-ray crystallography, cryo-EM and homology modelling. The structural studies were
aimed at providing a detailed description of the domain composition and organisation
of ECAM, the rearrangements occurring between its native and induced states and the
structural relationship with its metazoan counterparts.

4.5.1 Crystallisation of ECAM forms

X-ray crystallography was the main technique used to characterise ECAM. As a prereq-
uisite for structure solution, the production of well-diffracting crystals was attempted for
multiple forms of ECAM, either conformationally-distinct species or protein fragments,
which led to the collection and diffraction of more than 1000 crystals.

Crystals of nECAM, from protein produced by pECAM1 and pECAM2 constructs
(see section 4.2 and Table 3.1), were grown in different conditions containing polyethylene
glycol (PEG; see the optimised crystallisation conditions in Table 4.2). Thin bar-shaped
crystals appeared in thousands after few days at 20 ◦C, which were too small for diffrac-
tion experiments. Therefore, to enlarge the crystals and reduce their number, nucleation
was lowered by the addition of 0.2 µL of 1 M glycine to the crystallisation drop. The
optimised crystals had the shape of hexagonal bars (Figure 4.12A,B), and did not diffract
at high resolution, the best diffraction pattern obtained at ∼7 Å.

Subsequently, a strategy consisting in dividing the protein in two superdomains
(based on alignments with human α2M; see section 4.2) led to the production of ECAMNt
and nECAM∆N proteins (encoded in plasmids pECAM3 and pECAM4). The former
protein produced branched crystals that did not diffract and could not be optimised
(Figure 4.12D). The latter, nECAM∆N, gave trapezoidally shaped bars (Figure 4.12C)
that diffracted at ∼2.7 Å.

Additionally, protein forms containing either the first three N-terminal domains of
ECAM (protein MG0-NIE-MG1, encoded in plasmid pECAM6) or its second and the
third domains (protein NIE-MG1, encoded in plasmid pECAM5) were crystallised. On
the one hand, protein MG0-NIE-MG1 crystallised into octahedral crystals that diffracted
at ∼2.5 Å (Figure 4.12E). On the other hand, NIE-MG1 was crystallised in two different
conditions rendering different crystal forms (Figure 4.12F,G). In condition A (see Table
4.2) crystals were growing as long bars, thicker at the tips, diffracting to ∼1.6 Å. Condi-
tion B (Table 4.2) rendered hexagonally-shaped crystals that were not used for structure
determination.

Finally, dimeric-iECAM and dimeric-iMA-ECAM, obtained by reacting either nECAM
or MA-ECAM with trypsin were also crystallised. They produced long bar-shaped crys-
tals diffracting at ∼2.55 Å and irregularly-shaped crystals diffracting at ∼3.5 Å, respec-
tively (Figure 4.12H,I). Although both crystal forms were undistinguishable in terms of
space group and cell dimensions (Table 4.3) differences in resolution could be explained
by the removal of flexible loops by secondary trypsin-cleavage sites in dimeric-iECAM,
as determined by N-terminal sequencing of carefully-washed dissolved crystals (Figure
4.4D).

As a final remark, all crystals were easily reproducible between different purification
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Figure 4.12: Crystallisation of ECAM forms. Crystals of protein (A) ECAM, (B) secreted-
ECAM, (C) nECAM∆N, (D) ECAMNt, (E) MG0-NIE-MG1, (F) and NIE-MG1 in condition A and
(G) NIE-MG1 in condition B, (H) dimeric-iMA-ECAM and (I) dimeric-iECAM. Inlets highlight crystal
shape.

batches as well as with Se-Met-modified protein, in which methionines were replaced by
selenomethionine for phasing purposes. Thus, Se-Met-derivative crystals, in all cases,
were produced from the same conditions as native crystals and had roughly the same
shape.

4.5.2 Looking at ECAM in the electron microscope

EM studies of ECAM were carried out both by negative staining and by cryo-EM for
three conformationally distinct forms of the protein: nECAM, monomeric-iECAM and
dimeric-iECAM. Although negative staining trials were valuable to assess the feasibility
of the studies, cryo-EM models were used for the structural studies since this technique
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Protein crystallisation conditions Protein
concentration

Incubation
time

Diffraction

nECAM
(GHM-D19-P1653)

10% [w/v] PEG3,000,
200 mM magnesium chloride,
100 mM cacodylate
pH6.5
100mM glycine a

10-20 mg/mL 15 days >7 Å

nECAM
(GHM-A40-P1653)

10% [w/v] PEG3,000,
200 mM magnesium chloride,
100 mM cacodylate
pH6.5
100mM glycine a

10-20 mg/mL 15 days >7 Å

Nterm 20% [w/v] PEG3,350,
200 mM potassium thiocyanate
100 mM Bis-Tris propane
pH6.5

5 mg/mL 5 days None

nECAM∆N b 20% [w/v] PEG4,000,
10% isopropanol,
100 mM Tris-HCl
pH9.0

10 mg/mL 3 days 2.7 Å

NIE-MG1

Condition A b 25% [w/v] PEG3,350,
200 mM ammonium acetate,
100 mM sodium acetate
pH5.0

20 mg/mL 3 days 1.6 Å

Condition B 2 M sodium chloride,
100 mM sodium acetate
pH4.6

10 mg/mL 5 days 1.5 Å

MG0-NIE-MG1 b 30% [v/v] PEG400,
100 mM Tris-HCl
pH9.0-10.5

10 mg/mL 2 days 2.3 Å

Dimeric-iECAM b 12-16% [w/v] PEG8,000,
100 mM Tris-HCl
pH8.5

10-20 mg/mL 1 day 2.6 Å

Dimeric-iMA-
ECAM b

10% [w/v] PEG3,000,
200 mM lithium sulphate
100 mM imidazole
pH8.0

15 mg/mL 5 days 3 Å

Table 4.2: Optimised crystallisation conditions for the differet ECAM constructs. Reservoir
solution and protein concentration for optimal crystal production are listed, along with the time needed
for crystal appearance and the resolution at which each crystal form diffracted. (a) indicates a reagent
added as an additive. (b) indicates constructs for which Se-Met-derivative crystals were produced.

preserves protein conformations similar to the ones found in solution.

Around 150 images were taken for each protein sample, for which representative
fields are shown in Figure 4.13. The averaged classes produced by 2D classification of
the picked particles allowed a first visual description of the molecules. nECAM features a
globular shape with a protruding density (Figure 4.13A) while monomeric-iECAM seems
composed of three major densities in a triangular arrangement with one open side (like
in a Λ) in one of its orientations, and a ring-like structure for the other (Figure 4.13B,
upper and lower rows respectively). Dimeric-iECAM, at its turn, has an elongated shape
from its lateral view and features also a ring-like structure in its top view (Figure 4.13C,
upper and lower rows respectively).
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Figure 4.13: Micrographs of ECAM. Characteristic cryo-EM fields (scale bar corresponds to 300
Å) and representative averaged particle classes for (A) nECAM, (B) monomeric-iECAM and (C)
dimeric-iECAM. Particles are encircled in red.

4.5.3 Induced ECAM

iECAM was structurally characterised both by X-ray crystallography and cryo-EM, re-
sulting in models providing complementary information about the domain organisation
of both monomeric-iECAM and dimeric-iECAM.

Crystal structure of iECAM

The crystal structure of dimeric-iECAM was solved at 2.55 Å resolution with a native
dataset and data from a four-wavelength MAD experiment (peak, inflection point, second
inflection point and high-energy remote) of a Se-Met crystal (Figure 4.12I and section
4.5.1). Statistics for processed data are shown in Table 4.3, featuring good completeness
and high averaged intensity values for all datasets.

Phasing by MAD/MIRAS was achieved based on 21 of the 23 possible selenium sites
of the construct, producing an initial Fourier map that was improved by a density mod-
ification step. However, the electron density of the two N-terminal domains of iECAM,
NIE and MG1, was very weak due to intrinsic flexibility of the molecule, although N-
terminal sequencing of carefully washed crystals unambiguously revealed their presence.
This weakness explained, in turn, why the first two selenium sites of the sequence (M188

and M231) could not be identified during phasing, and it motivated the preparation and
crystallisation of constructs MG0-NIE-MG1 and NIE-MG1, which yielded good experi-
mental models (see section 4.5.4). These, in turn, were used for careful model building
of NIE and MG1 in iECAM and the final model was obtained by crystallographic refine-
ment (Table 4.4). The final structure was deposited in the PDB with accession number
4ZIQ.

Crystals of dimeric-iECAM contained one molecule per asymmetric unit and so, the
biological dimeric assembly was produced by applying the C2 symmetry of the crys-
tal. The final model comprises residues A166-P1653 with the exception of segments N247,
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Protein
iECAM
(wild-type)

iECAM
(Se-Met) e

iECAM
(Se-Met) e

iECAM
(Se-Met) e

iECAM
(Se-Met) e

Space group C2 C2 C2 C2 C2

Wavelength (Å) 0.9724
0.9768
(remote)

0.9788
(second inflec-
tion)

0.9793
(inflection)

0.9791
(peak)

Cell constants
(a, b, c, in Å)

272.6,
95.4,
81.1,
β=104.5◦

273.8,
96.5,
81.6,
β=104.6◦

273.8,
96.5,
81.6,
β=104.6◦

273.8,
96.5,
81.6,
β=104.6◦

273.8,
96.5,
81.6,
β=104.6◦

No. of measurements
Unique reflections

975,068
65,409

326,200
93,887

326,925
93,856

308,697
89,168

276,604
80,393

Resolution range (Å)
(outermost shell)

47.7 – 2.55
(2.70 – 2.55)

48.3 – 2.85
(3.01 – 2.85)

48.3 – 2.85
(3.01 – 2.85)

46.5 – 2.90
(3.06 – 2.90)

46.4 – 3.00
(3.17 – 3.00)

Completeness (%)
Anom. Correl

99.4 (98.8)
-

99.4 (99.8)
0.24

99.4 (99.6)
0.33

99.4 (99.7)
0.12

99.3 (99.4)
0.36

Rmerge
a 0.100 (1.163) 0.072 (0.788) 0.078 (0.838) 0.075 (0.756) 0.085 (0.755)

Rmeas
b

CC(1/2) c
0.104 (1.231)
0.999 (0.823)

0.086 (0.929)
0.999 (0.739)

0.092 (0.980)
0.996 (0.731)

0.088 (0.893)
0.997 (0.735)

0.101 (0.897)
0.996 (0.691)

Average intensity d

SigAno
19.3 (2.2)
-

10.9 (1.7)
0.97

10.4 (1.6)
1.06

10.8 (1.8)
0.86

10.3 (1.9)
1.10

B-Factor (Wilson) (Å2)
Average multiplicity

81.0
14.9 (9.1)

82.9
3.5 (3.5)

82.2
3.5 (3.5)

83.0
3.5 (3.5)

82.2
3.4 (3.4)

Table 4.3: Crystallographic data processing of iECAM. Values in parenthesis refer to the out-
ermost resolution shell. (a) For definition see [178,179]. (b) According to [180]. (c) According to [181].
(d) According to program XDS/XSCALE. Average intensity is < I > /σ(I). (e) Friedel mates were
kept separately.

Y676-D691, D834-A839, N1372-R1376, Q939-G948 corresponding to trypsin cleavage sites as
determined by N-terminal sequencing of carefully washed crystals (Figure 4.4D). Three
chlorides, one glycerol, and 105 solvent molecules complete the final model of iECAM.

The presence of trypsin into iECAM crystals was confirmed by fluorescence mi-
croscopy where carefully-washed crystals produced by reaction of ECAM with either
fluorescence-labelled or non-labelled trypsin (see section 3.7) were analysed. The de-
tection of fluorescence produced by crystals obtained with labelled trypsin proved the
presence of the enzyme into the crystal lattice (Figure 4.14), which was further con-
firmed by PMF of dissolved crystals. However, no electron density could be localised
for trypsin, explained both by the sub-stoichiometric binding efficiency of ECAM (see
section 4.3.4) producing partial occupancy, and to intrinsic disorder and flexibility into
trypsin structure or position in respect to the iECAM molecule.

The intrinsic flexibility of some (sub-)domains of the structure was revealed by the
substantial differences in average thermal displacement parameters, which are, for each
domain: NIE, 165.9 Å2; MG1, 166.2 Å2; L, 126.7 Å2; MG2, 107.6 Å2; MG3, 88.5 Å2;
MG4, 137.5 Å2; MG5, 157.2 Å2; MG6, 127.3 Å2; BRD (upstream of cleavage site), 113.2
Å2; BRD (downstream of cleavage site), 85.0 Å2; MG7, 107.1 Å2; CUB, 112.1 Å2; TED,
75.5 Å2; and RBD, 69.9 Å2. Moreover, the average thermal displacement parameter of all
protein atoms (111.3 Å2) is significantly higher than the Wilson B-factor obtained after
diffraction data processing (81.0 Å2, ; see Table 4.3), further supporting the flexible
character of the molecule, in particular of its N-terminal part, and the fact that the
trypsin molecule trapped inside the iECAM crystals was disordered and could not be
modelled.
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Figure 4.14: Fluorescence microscopy of dimeric-iECAM crystals. nECAM was reacted and
crystallised with (A,B) unlabelled trypsin (negative controls) or (C,D) trypsin previously labelled with
Sulfo-AMCA and subsequently analysed by fluorescence microscopy (B,D) or light field microscopy
(A,C). Fluorescence in D reveals that trypsin is present in the crystals.

Protein wild-type iECAM

Resolution range used for refinement (Å) 47.7 – 2.55

No. of reflections used
(among them, test set)

65,374
(1,083)

Crystallographic Rfactor

(free Rfactor)a
0.190
(0.221)

No. of protein atoms 11,224

No. of ions 3 Cl− (occ.0.5)

No. of solvent molecules 105

No. of ligands 1 GOL

Rmsd from target values

bonds (Å) / angles (◦) 0.009 / 1.05

B-Factor (Wilson) (Å2) from data processing 81.0

Aver. B-factors protein atoms (Å2) 111.1

Residue main-chain conformational angle
and side-chain rotamer analysis:b

fav. regions/outliers/all residues
bad rotamers (%)
MOLPROBITY score (percetile)

1,380 / 6 / 1,438
4.3
2.17 (93th)

Table 4.4: Crystallographic refinement. (a) Crystallographic Rfactor=Σhkl || Fobs | −k | Fcalc ||
/Σhkl | Fobs |. (b) According to MOLPROBITY [173, 182]. GOL, glycerol; PG4, tetraethylene glycol;
PGE, triethylene glycol; 1PE, pentaethylene glycol; PEG, diethylene glycol; and ACT, acetate.

Overall shape and domain organisation
iECAM is organised in 12 domains and a linker region (L) (Figure 4.15A), arranged

in an elliptical grommet with a ∼105 Å major axis and a ∼60 Å minor axis. A large
hook protrudes ∼80 Å from one of its major-axis vertices and is inclined ∼30◦ towards
the center of the ellipse. A front convex face (Figure 4.15C, left; reference orientation in
this section) and a back concave face can be distinguished.

The polypeptide chain starts at the bottom with domain NIE (N-terminal domain
of induced ECAM), which features one of the ellipse major-axis ends. Thereafter, six
MG domains (MG1-MG6) [183] are arranged as a one-and-a-half-turn superhelix (MG-
superhelix) around a central lumen of ∼20 Å diameter in such a way that domains MG5
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Figure 4.15: Monomeric-iECAM structure.(A) Domain organisation of ECAM containing: SP,
signal peptide; A, the flexible segment anchoring ECAM to the membrane; MG0-MG7; NIE; L, linker ;
BRD; CUB; TED; and RBD. The bait region and the thioester segment are depicted as green and purple
handles, respectively. Red arrows pinpoint the main two trypsin cleavage sites for induction (R946) and
solubilisation/dimerisation (R162). Domain naming is based on human α2M, which lacks SP, A, MG0
and NIE [78]. (B) Scheme of iECAM in front view with ellipsoids depicting domains and thick lines
showing the connectivity between them. (C) Ribbon-plot of monomeric iECAM in front (left), lateral
(middle), and back (right) views. In B and C, the domain colours, as well as their names, are as in A
and the visible ends of the polypeptide chain upstream (U ) and downstream (D) of the cleaved bait
region are pointed with blue arrows. The thioester position is highlighted by black rectangles in the
front and back view. The latter is blown up in (D), where thioester residues are indicated.

and MG6 are, respectively, aligned and in contact with MG1 and MG2. Perpendicularly
attached to MG3 and MG6, domain MG7 features the opposite end of the ellipse and
leads to the hook, which includes CUB domain, TED and RBD (named after structural
similarity with their equivalents in human α2M [78]; Figure 4.15B).

CUB domain is the first protruding domain, and is situated below MG7. Inserted
into it, TED features the only helical domain of the protein, contacting with CUB
in the bottom of the hook and containing the thioester motif, composed of the four
aforementioned residues C1187-L1188-E1189-Q1190, which are located at the tip of one of
the α-helices. In accordance with an induced conformation of ECAM, the thioester bond
is open and Q1190 is highly exposed to the solvent, which is compatible with a disordered
trypsin molecule being attached to its side chain. The most C-terminal domain of ECAM
is RBD, which directly contacts MG7, CUB and TED and stabilises the hook structure
by interacting with MG3 and MG2.

Finally, BRD is inserted into MG6 featuring an irregularly folded domain with two
α-helices and a extended segment running all along the inner MG-superhelix surface.
Its extensive interactions with other domains explain its involvement in triggering the
conformational change and in the stability of nECAM. Regarding the latter, a mutant,
in which BRD had been replaced by three glycines (protein ECAM∆BRD, see Tables 3.1
and 3.2) yielded properly folded protein although susceptible to be completely digested
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Figure 4.16: Secondary structure elements of ECAM. Helices and strands are displayed as rods
and arrows, respectively. The best structure available for each domain (colouring as in Figure 4.15) was
taken for the assignment (Tables 4.4 and 4.7): for domain MG0, structure MG0-NIE-MG1; for domains
NIE and MG1, structure NIE-MG1; for domains MG2-MG6[BRD], structure iECAM; for domains MG7-
CUB[TED]-RBD, structure nECAM∆N, except for TED, for which iECAM was also considered. The
17-residue signal peptide (SP) and the first 22 residues of the mature protein (part of A) were absent in
the studied proteins. The bait region and the thioester bond are pinpointed. Flexible undefined regions
in the iECAM structure are shown with double strikethrough in red. Strand length of MG4-β3 and -β4
was assigned based on SEAM [137]. Nomenclature of the seven canonical strands of MG domains was
based on MG1 (see also Figure 4.17). Split strands and additional strands are characterised by primed
and double-primed numbers.

under conditions that produced stable iECAM for the wild-type protein, indicating its
role in stability. In the iECAM crystal model, the bait region is cleaved at R946 and thus
both an upstream and a downstream segment can be described (Figure 4.15D, see ”U”
and ”D”). The gap between the two produced ends is bigger than the possible length of
the 10 non-modelled residues expected in between, thus suggesting a movement from at
least one of this segments during induction.

Detailed description of ECAM domains
Overall, ECAM structure includes six structurally different domain types: MGs, NIE,

CUB, TED, RBD and BRD. MG domains are fibronectin-type-III-like β-sandwiches com-
prising a back three-stranded and a front four-stranded antiparallel β-sheet, whose planes
are rotated away by ∼40◦ [183]. The domain termini are on the respective rightmost
strands of each sheet (for reference see domain topologies in Figure 4.17 and secondary
structure elements in Figure 4.16). Strands β2-β5 form a Greek key flanked by one strand
(β1) on one side and a β-hairpin (β6β7) on the other. This basic scaffold is found in the
shortest reference domain, MG1, which just contains a bulge splitting the first strand
into MG1-β1 and -β1’. Other MG domains contain inserted additional elements, which
causes the eight present MG domains (including MG0 in nECAM, see section 4.5.4) to
span between 78 and 128 residues. These differences in chain length, however, do not
affect the width of the domains (across the sheets; ∼20 Å) or their height (between the
sheets; ∼15 Å) but rather their length (along the sheets), either at the bottom (MG2)
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or the top (MG3, MG6 and MG7). Domain lengths vary between ∼30 Å (MG1) and
∼50 Å (MG7) (Figure 4.17).

Figure 4.17: Domain topologies and structures. Topology scheme depicting strands and helices
of domains (A) MG, (B) RBD, (C) TED, (D) CUB and (E) NIE. Extra elements distinguishing RBD
and NIE from MG domains are shown in magenta. TED is shown along the pseudo-six-fold axis with
the view on the entry face of the toroid, i.e. the one at which the inner helices enter the toroid. An
orange arrow pinpoints the thioester loop at the beginning of helix TED-α2. For the extent of each of
the secondary-structure elements, see Figure 4.16. (F) Superposition in stereo of MG0, MG2 and MG3
onto MG1 (domain colouring as in Figure 4.15). (G) Superposition of MG4, MG5, MG6, and MG7
onto MG1 (domain colouring as in Figure 4.15). (H) Superposition in stereo of RBD (gray) onto MG1
(orange). (I) Superposition in stereo of NIE (gray) onto MG1 (orange).

Domain NIE is a variant of an MG domain, into which an extra short strand has
been inserted between NIE-β6 and -β7 (termed NIE-β6’), which interacts with NIE-β1
(Figure 4.17). This entails that while the four-stranded β-sheet overlaps with that of
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MG1, the three-stranded back sheet is rotated and translated, thus causing the planes
of the two NIE sheets to intersect at an angle of ∼70◦ on the right lateral face, while the
opposite lateral face opens. In addition, two helices (NIE-α1 and NIE-α2) are inserted
in the segment connecting strands β3 and β4 of domain NIE (NIE-β3→ β4).

The CUB domain is a β-sandwich of two parallel four-stranded antiparallel β-sheets
(I and II), which is unrelated to the MG fold [184]. It features two Greek keys (β1-β2-
β7-β8 and β3-β4-β5-β6), the second one being inserted between strands two and three
of the first one, that is, between β2 and β7 (Figure 4.17). In addition, strands β3 to β8
conform to a jelly-roll topology. A short helix (CUB-α1) is inserted at CUB-β6→ β7,
as is domain TED at CUB-β3→ β4. The two domain termini of CUB are on the two
leftmost strands of front sheet I.

The TED domain, in turn, is a six-fold α/α-toroid made up by six α-hairpins, that
resides on the outer surface of CUB sheet I and whose central axis is rotated ∼45◦ away
from the sheet planes of the CUB β-sandwich. The arrangement of the α-hairpins is
clockwise when viewed from the entry surface of the toroid (Figure 4.17). An additional
helix (TED-α3) is inserted at TED-α2→ α4 and a short β-ribbon, TED-β1β2, is found at
TED-α4→ α5. The thioester segment is a fifteen-membered thiolactone ring composed
of the four residues C1187-L1188-E1189-Q1190, which are located at the beginning of the
first toroid helix TED-α2 on the domain entry face. In accordance with an induced
peptidase-bound inhibitor, the thioester bond is broken and the segment is shielded by
TED-α4→ α5. However, while the side chain of C1187 is surrounded by the side chains
of E1189, L1242 and W1243, the thioester-related Q1190 points to the bulk solvent.

The C-terminal domain of ECAM, RBD, has a complex topology consisting of a
central MG core expanded to a six-stranded front and a five-stranded back β-sheet,
whose planes are rotated away by ∼40◦ as in MG domains (Figure 4.17). The two
lateral faces of the sandwich along the strands are asymmetric because the two sheets
intersect at an angle of ∼30◦ on the right side. Thus, the latter face is almost closed while
the opposite face is wide opened, as in NIE, and covered by segment RBD-β3’→ β3”,
which contain inserted helices RBD-α1 and RBD-α2. In addition, β-ribbon RBD-β5’-β7’
is found at the top of the domain and performs antiparallel main-chain interactions with
RBD-β1’→ β2 (through RBD-β7’) and with strand MG7-β2 (through RBD-β5’).

The BRD is inserted at MG6-β3→ β4, spans 66 residues (S901-N966) and is folded
irregularly. In the crystal structure of iECAM, BRD is defined for S901-G938 (upstream of
the trypsin cleavage site) and G949-N966 (downstream of the cleavage site). The upstream
segment is freely accessible: it lines part of the concave surface of the monomer and
contains two helices, BRD-α1 and -α2. It interacts with the bulged first strand of MG2,
the segment linking MG2 and MG3, MG6-β6 and -β7, and RBD-β6→ α1. After BRD-
α2, the chain runs in extended conformation along the inner MG-superhelix surface and
between Q921 and G938 the polypeptide is trapped between the outer surface of the four-
stranded β-sheet of MG5, L, NIE, MG4, and MG1, performing a β-ribbon interaction of
its segment A926-I931 with MG1-β1. The last upstream-segment residue defined in the
structure, G938, emerges on the lower left outer surface of the monomer (”U” in Figure
4.15). The downstream segment, in turn, is defined from G949 onwards (”D” in Figure
4.15), at the interface between MG2 and CUB. It encompasses a short helix, BRD-α3,
and runs upwards, mainly interacting with MG2-β5→ β6; MG7-β1→ β2, -β5→ β6, and
-β7; CUB-β8; RBD-β3”→ β4 and -β6→ β7; and the MG7-CUB and CUB-RBD linkers,
prior to rejoining MG6.
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Figure 4.18: Dimeric-iECAM structure. (A) Dimeric-iECAM with monomers depicted in green
and orange with the front view perpendicular to the crystallographic two-fold axis relating both
monomers (in black). A trypsin molecule (magenta ribbon) has been placed in the central prey chamber
for reference, although it could not be traced from the electron density map. (B) Top view of the dimer
as surface model in stereo, with the domains of the upper monomer coloured as in Figure 4.15 and the
lower monomer in white. Entrance 1 is encircled with a grey ellipsoid. (C) Front and (D) lateral views
of the dimer. Entrances 2 and 3 are also encircled. In D, the view is along the crystallographic dyad,
which passes through entrance 3. (E) and (F), two orthogonal views of a cut-through surface model of
the dimer in stereo coloured as in A, giving insight into the central prey chamber. Thioester residues
are highlighted in purple, bait-region domain in dark blue.

Dimeric arrangement of iECAM
The iECAM oligomeric state in the crystals is a dimer. Dimerisation buries an area

of 6,010 Å2, which contributes to a theoretical solvation free energy gain upon complex
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formation (∆Gint) of -68.3 kcal/mol and a free energy of assembly dissociation (∆Gdiss)
of 38 kcal/mol. These oligomerisation energies are consistent with trypsin eventually
causing iECAM to dimerise after induction and removal of the N-terminal fragment
preceding NIE (see section 4.3.7), and with iECAM adopting an equivalent conformation
in monomers and dimers (see section 4.5.3).

The dimer is a large elongated particle of maximal dimensions ∼180 Å in length,
∼90 Å in width and ∼80 Å in depth (Figure 4.18A), which encircles a central prey
chamber of ∼40 Å in diameter (Figure 4.18E,F). Dimerisation involves two regions. One
symmetrically includes the NIEs of each protomer (NIE-α2, -β6 and -β6’). The other
region includes TED (TED-α4, -β1, -β2, -α5, and -α6→ α7) of one monomer and MG4-
β1’→ β1” and -β3→ β4 plus the outer surface of the three-stranded β-sheet and helix
α1 of RBD of the other protomer.

The dimeric particle is characterised by five large openings: two intramolecular en-
trances 1 formed the MG-superhelix, two very large intermolecular entrances 2 at the
dimerisation interface (∼60 Å x ∼30 Å; Figure 4.18C), and one entrance 3 (∼20 Å
in diameter), symmetrically created by TED and RBD of each protomer (4.18D). The
thioester segments are on the inner surface of the particle and modelling indicates that
a single trypsin molecule could be placed in the central prey chamber and thus be ac-
cessible to substrates through any of the five entrances (Figure 4.18A, purple ribbon
corresponds to modelled trypsin). However, the thioesters are also close to an entrance
2, so the bound prey could likewise be placed outside the cage while remaining covalently
linked to the particle. Both situations would be compatible with crystal packing and
would explain the activity of bound peptidases except against very large substrates.

Figure 4.19: Resolution plots for cryo-EM models. Graphical representation of FSC against
resolution (in 1/Å) for the cryo-EM 3D reconstructions of nECAM, monomeric-iECAM and dimeric-
iECAM. The final calculated resolutions at a correlation limit of 0.5 are, respectively, 16.3 Å, 17.4 Å,
and 14.5 Å.

Cryo-EM models of iECAM

The induced conformation of ECAM was further characterised by cryo-EM studies where
single particle 3D reconstructions were produced for both monomeric- and dimeric-
iECAM species obtained by reaction with trypsin (see section 4.5.2). The final models
featured a resolution of 17.4 Å and 14.5 Å respectively, as determined by the FSC crite-
rion between independent half-dataset maps applying a correlation limit of 0.5 (Figure
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4.19). At these resolutions, the maps contained information about the overall shape of
the proteins.

Monomeric-iECAM
The 3D reconstruction of monomeric-iECAM was featuring the shape of an inverted

equilater triangle (∇) in its lateral view (Figure 4.20, left), with a bite in its left side.
Its right side, if looked from the front (Figure 4.20, middle) contains a ring structure
surrounding a hole or entrance. The upper side of the triangle, at its turn, is formed by
a rod that is bended in the middle, featuring a protrusion from the triangle upper side.
Looking at it from below (Figure 4.20, right) the rod is found protruding down from the
left side of the ring.

Rigid body fitting of the crystal structure of iECAM (using one of the protomers of
the dimer as a fitting model) into the cryo-EM map showed good agreement between the
two structures (correlation coefficient (CC) = 92%). From the fitting, the ring structure
could be assigned to the MG-superhelix, surrounding the so-called entrance 1, which is
seen as a hole in the EM map. The rod is therefore the protruding aforementioned hook,
composed by domains CUB, TED and RBD, the first causing the bend from the lineal
arrangement of the rod. The TED domain, located at the end of the hook, is occupying
the globular density at the bottom of the rod. Although the overall correlation between
both structures is good, some extra density is found surrounding the MG-superhelix,
suggesting some flexibility on this region of the protein.

Figure 4.20: Single particle 3D reconstructions of monomeric-iECAM. (A) Cryo-EM map
(solid surface) and (B) the fitting of the respective atomic model (semi-transparent surface) are shown in
three orientations: lateral (left), top (center) and back view (right). The lateral orientation corresponds
to that of Figure 4.25. The fitted ribbon-model is dividen in three regions: MG7-CUB[TED]-RBD (red),
MG1-to-MG6 (yellow) and NIE (green).

Noteworthy, the good correlation between the crystal structure of iECAM, which is
part of the dimeric-iECAM particle, and the cryo-EM 3D reconstruction of monomeric-
iECAM, confirms that both particles, monomeric- and dimeric-iECAM are structurally
equivalent in terms of overall domain arrangement, supporting what was described by
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biochemical studies (see section 4.3.5). Therefore, the main conformational rearrange-
ment takes place during ECAM induction but not during dimerisation. In the latter,
the association of two preformed monomeric-iECAM molecules does not entail major
conformational changes.

Dimeric-iECAM
Dimeric-iECAM features an elongated shape from its lateral view (Figure 4.21, left

and middle), with the top and bottom halves having similar dimensions and contours,
thus hinting to some symmetry. However, 3D reconstruction of the model by forcing
C2 symmetry did not render good results, therefore suggesting the absence of a real
symmetry axis. At middle height, the particle contains some empty space or holes that
could be appreciated from different views. Looked from the top, the dimer map features
a ring structure surrounding a hole (Figure 4.21 right orientation).

Figure 4.21: Single particle 3D reconstructions of dimeric-iECAM. (A) Cryo-EM map (solid
surface) and (B) the fitting of the atomic model (semi-transparent surface) are shown in three orien-
tations: lateral (left and center), and top view (right). Each protomer of the fitted ribbon-model is
depicted in a different colour (orange and green) as in Figure 4.18A.

Fitting the dimeric-iECAM crystal structure as a rigid body into the cryo-EM map
rendered good but not optimal results. Eventually, the best correlation was achieved by
fitting each protomer as an independent rigid body, so allowing some flexibility into the
relative orientation between them. In the final, optimal state, one of the protomers is
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rotated by ∼19◦ from the C2-symmetry position occupied in the crystal structure. Anal-
ysis of the final fitted model allowed to assign as entrances 2 and 3 the empty spaces
in the middle of the map, and as entrance 1 the hole seen in its top view which, analo-
gously to the one in the model of monomeric-iECAM, is formed by the MG-superhelix.
However, the obtained correlation coefficient of 76% and the unexplained density found
along the model suggest flexibility and ”breathing motions” of the molecule, which have
been also described for human α2M [78].

4.5.4 Native ECAM

Building an atomic model of nECAM was challenging and finally achieved in a pro-
cess involving both experimental and computational structural techniques such as X-ray
crystallography, cryo-EM, homology modelling and fitting procedures. In summary, the
process consisted in (i) obtaining the atomic coordinates of all domains in nECAM in or-
der to build an homology model of it based on the crystal structure of native SEAM [137]
and (ii) producing an experimental model of nECAM by cryo-EM and fitting the homol-
ogy model into it to create the final nECAM model.

Crystal structures of nECAM and homology modelling

Crystallisation of full-length nECAM produced poorly diffracting crystals and therefore,
its structure was not solved by X-ray crystallography. However, the crystal structures of
isolated groups of domains, namely MG7-CUB[TED]-RBD (from protein nECAM∆N)
and MG0-NIE-MG1 (from the homonymous protein and from NIE-MG1 protein) was
achieved at atomic resolution (Figure 4.22).

The structure of nECAM∆N
The structure of nECAM∆N was solved at 2.7 Å by SIRAS with a dataset from a

Se-Met crystal collected at the selenium absorption peak and a native dataset to higher
resolution. Data processing parameters for the collected datasets can be seen in Table
4.5, where good completeness and average intensity values are observed.

Phasing was achieved with 17 selenium sites identified within the peak-wavelength
dataset, which resulted from 13 methionines of the protein sequence (two in alternate
positions) plus two nickel cations. Autotracing and density modification produced an
improved Fourier map and a partial model that was manually built and subsequently
refined until the final model was achieved (Table 4.7; PDB ID: 4ZIU).

The final model of nECAM∆N consists of residues G1015-P1653; two nickels, possibly
resulting from the purification strategy (see section 3.3) and involved in functionally
irrelevant crystal contacts; five glycerols; and 96 solvent molecules. The average thermal
displacement parameters for the constituting domains are the following: MG7, 77.1 Å2;
CUB, 83.7 Å2; TED, 81.2 Å2; and RBD, 79.1 Å2 (overall: 80.4 Å2).

The structure of nECAM∆N provided the atomic models of domains MG7, CUB,
TED and RBD. In the crystal structure, these domains are arranged in a more compact
disposition than in iECAM, in which they exhibit a more extended arrangement (for
a detailed description see section 4.5.5 and Figure 4.25). Moreover, a formed thioester
bond is present between the side chains of C1187 and Q1190 and is found surrounded by
specific TED and RBD residues that may have a role in protecting it from precocious
opening or exposure to the solvent (for a detailed description see Figure 4.24B and
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Protein
nECAM∆N
(wild-type)

nECAM∆N
(Se-Met)e

NIE-MG1
(wild-type)

NIE-MG1
(Se-Met) e

Space group I222 I222 P21 P21

Wavelength (Å) 0.9763 0.9788 (peak) 0.9793 0.9687 (peak)

Cell constants
(a, b, c, in Å)

86.7,
136.2,
172.8

85.8,
136.0,
171.5

50.49,
32.86,
58.32
β=102.23◦

50.47,
32.75,
58.34,
β=102.64◦

No. of measurements
Unique reflections

181,985
28,350

297,188
42,709

161,151
24,951

132,405
39,869

Resolution range (Å)
(outermost shell)

48.0 – 2.70
(2.77 – 2.70)

47.6 – 2.90
(3.10 – 2.90)

57.0 – 1.60
(1.69 – 1.60)

42.1 – 1.70
(1.80 – 1.70)

Completeness (%)
Anom. Correl

99.4 (95.3)
-

99.3 (99.4)
0.49

99.4 (97.6)
-

99.2 (97.0)
0.36

Rmerge
a 0.048 (0.654) 0.072 (0.834) 0.040 (0.367) 0.062 (0.438)

Rmeas
b

CC(1/2) c
0.053 (0.709)
0.999 (0.877)

0.077 (0.899)
0.999 (0.865)

0.043 (0.406)
0.999 (0.938)

0.074 (0.530)
0.997 (0.845)

Average intensity d

SigAno
24.3 (2.9)
-

18.1 (2.5)
1.53

24.1 (4.6)
-

12.6 (2.9)
1.14

B-Factor (Wilson) (Å2)
Average multiplicity

74.5
6.4 (6.6)

82.7
7.0 (7.2)

30.4
6.5 (5.5)

28.0
3.3 (2.8)

Table 4.5: Crystallographic data processing of nECAM∆N and NIE-MG1. Values in paren-
thesis refer to the outermost resolution shell. (a) For definition see [178, 179]. (b) According to [180].
(c) According to [181] (d) According to program XDS/XSCALE. Average intensity is < I > /σ(I). (e)
Friedel mates were kept separately.

Protein MG0-NIE-MG1

Dataset wild-type Se-Met Se-Met e Se-Met e Se-Met e

Space group P43212 P43212 P43212 P43212 P43212

Wavelength (Å) 0.9792
0.9792
(peak)

0.9792
(peak)

0.9795
(inflection)

0.9688
(remote)

Cell constants
(a, b, c, in Å)

71.2,
71.2,
146.6

70.9,
70.9,
146.7

70.9,
70.9,
146.7

70.9,
70.9,
146.7

70.9,
70.9,
146.7

No. of measurements
Unique reflections

444,876
10,943

438,941
17,299

439,445
31,656

439,191
31,662

415,278
29,702

Resolution range (Å)
(outermost shell)

64.0 – 2.70
(2.86 – 2.70)

63.8 – 2.30
(2.44 – 2.30)

63.8 – 2.30
(2.44 – 2.30)

63.8 – 2.30
(2.44 – 2.30)

63.8 – 2.35
(2.49 – 2.35)

Completeness (%)
Anom. Correl

99.8 (99.2)
-

99.9 (99.7)
-

99.9 (99.7)
0.42

99.9 (99.8)
0.17

99.8 (99.5)
0.21

Rmerge
a 0.112 (1.085) 0.084 (1.083) 0.078 (1.066) 0.085 (1.278) 0.091 (1.405)

Rmeas
b

CC(1/2) c
0.114 (1.099)
0.999 (0.970)

0.086 (1.106)
1.000 (0.981)

0.081 (1.110)
1.000 (0.958)

0.088 (1.332)
1.000 (0.942)

0.095 (1.459)
1.000 (0.959)

Average intensity d

SigAno
32.1 (4.7)
-

22.9 (3.4)
-

19.1 (2.3)
1.32

18.5 (2.0)
0.93

18.4 (2.1)
1.02

B-Factor (Wilson) (Å2)
Average multiplicity

63.9
40.6 (38.9)

61.2
25.4 (24.3)

61.3
13.9 (12.9)

61.2
13.9 (12.9)

63.7
14.0 (13.8)

Table 4.6: Crystallographic data processing of MG0-NIE-MG1. Values in parenthesis refer to
the outermost resolution shell. (a) For definition see [178, 179]. (b) According to [180]. (c) According
to [181] (d) According to program XDS/XSCALE. Average intensity is < I > /σ(I). (e) Friedel mates
were kept separately.



74 CHAPTER 4. RESULTS AND DISCUSSION

Protein
wild-type
nECAM∆N

wild-type
NIE-MG1

Se-Met
MG0-NIE-
MG1

Resolution range used for refinement (Å) 48.0 – 2.70 49.3 – 1.60 63.8 – 2.30

No. of reflections used
(among them, test set)

28,349
(747)

24,939
(730)

17,298
(712)

Crystallographic Rfactor

(free Rfactor)a
0.190
(0.240)

0.182
(0.217)

0.213
(0.256)

No. of protein atoms 4,920 1,650 2,375

No. of ions 2 Ni2+ - -

No. of solvent molecules 96 200 40

No. of ligands 5 GOL 1 GOL, 1ACT
5 GOL, 1 PG4,
1 PGE, 1 1PE, 1
PEG

Rmsd from target values

bonds (Å) / angles (◦) 0.010 / 1.16 0.010 / 1.08 0.010 / 1.23

B-Factor (Wilson) (Å2) from data process-
ing

74.5 30.4 61.2

Aver. B-factors protein atoms (Å2) 80.4 31.5 77.2

Residue main-chain conformational angle
and side-chain rotamer analysis:b

fav. regions/outliers/all residues
bad rotamers (%)
MolProbity score (percetile)

622 / 1 / 637
5.6
2.09 (97th)

203 / 0 / 206
4.0
1.71 (74th)

290 / 1 / 300
3.4
2.04 (89th)

Table 4.7: Crystallographic refinement. (a) Crystallographic Rfactor=Σhkl || Fobs | −k | Fcalc ||
/Σhkl | Fobs |. (b) According to MOLPROBITY [173, 182]. GOL, glycerol; PG4, tetraethylene glycol;
PGE, triethylene glycol; 1PE, pentaethylene glycol; PEG, diethylene glycol; and ACT, acetate.

section 4.5.4). Both observations, the compact disposition of the domains and the formed
thioester bond, are compatible with the native conformation of ECAM, thus suggesting
that, although produced in an isolated form, nECAM∆N domains are found in a native
disposition.

The crystal structure of MG0, NIE and MG1
The experimental structures of domains MG0, NIE and MG1 were obtained by solving

the crystal structures of two different constructs: MG0-NIE-MG1 and NIE-MG1. On
the one hand, the structure of NIE-MG1 was solved at 1.6Å by SIRAS, with a dataset
from a Se-Met crystal collected at the selenium absorption peak and a native dataset
to higher resolution. Data processing parameters for the collected datasets can be seen
in Table 4.5. Four selenium sites were found within the peak-wavelength dataset: three
from the substituted methionines of the chemical sequence of the protein and one from
the extra Se-Met at the N-terminus due to the cloning strategy (Table 3.2), which were
used for phasing. Subsequent model building and refinement were performed until the
final refined model was obtained (Table 4.7; PDB ID: 4ZJH).

The final model of NIE-MG1 comprised protein residues A−2+M−1+D163-L368, one
acetate, one glycerol, and 200 solvent molecules. The average thermal displacement
parameters for the constituting domains are the following: NIE, 34.0 Å2 and MG1, 26.0
Å2 (overall: 31.5 Å2).

On the other hand the structure of MG0-NIE-MG1 was solved at 2.3 Å by MAD /
MIRAS with a native dataset and data from a three-wavelength MAD experiment (peak,



4.5. STRUCTURAL CHARACTERISATION 75

Figure 4.22: Crystal structures of nECAM isolated domains. Ribbon-type plot in two orthog-
onal orientations of the experimental X-ray structures of (A) nECAM∆N showing MG7 (red), CUB
(dark green), TED (purple; the side chains of thioester segment C1187 -Q1190 are shown), and RBD
(dark grey) and (B) MG0-NIE-MG1 (sienna, light grey and orange) superposed onto NIE-MG1 (yellow
and chartreuse). For crystallographic data on these structures, see Table 4.6 and 4.5.

inflection point and high-energy remote) performed with a Se-Met protein crystal. Data
processing parameters for the collected datasets can be seen in Table 4.6. Four sites of
the heavy-atom substructure, corresponding to the three methionines of the construct,
with one in alternate position, were found within the peak-wavelength dataset, which
were used for phasing. Both autobiulding and manual building were used to create a
model and crystallographic refinement was performed to produce the final model (Table
4.7; PDB ID: 4ZJG)

The final model of MG0-NIE-MG1 was refined against the higher resolution Se-Met
dataset and thus contains Se-Met instead of methionines. It comprises protein residues
K57-K367 (except N218-Q224), one molecule of di-, tri-, tetra-, and pentaethylene glycol,
five glycerols and 40 solvent molecules. The average thermal displacement parameters
for the constituting domains are the following: MG0, 81.7 Å2; NIE, 79.5 Å2 and MG1,
65.7 Å2 (overall: 77.2 Å2).

The crystal structures of NIE-MG1 and MG0-NIE-MG1 provided the atomic struc-
tures of domains MG0, NIE and MG1, all of which are described as variations of the
MG fold (for detailed fold desciption see section 4.5.3). The relative arrangement of the
shared domains, NIE and MG1, is virtually the same in both structures, despite com-
pletely different crystal environments (Figure 4.22B), thus suggesting a potential native
conformation.

Homology modelling of nECAM
An homology model of ECAM was built based on the crystal structures of ECAM

domains and the coordinates of native SEAM (PDB ID: 4U48 [137]), that shares a 82%
sequence identity with ECAM. The model comprised the entire structure of nECAM
(K57-P1653). In particular, the experimental structure of nECAM∆N (spanning MG7-
CUB(TED)-RBD) fitted well onto the corresponding part of native SEAM (rmsd of 1.17
Å), thus confirming that the crystal structure of this ECAM fragment featured a native
conformation.
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Figure 4.23: Single particle 3D reconstructions of nECAM. (A) Cryo-EM map (solid surface)
and (B) the fitting of the atomic model (semi-transparent surface) are shown in three orientations:
lateral (left and center), and top view (right), in accordance with iECAM in 4.20. The fitted ribbon-
model is divided in three parts: MG7-CUB[TED]-RBD (red), MG1-to-MG6 (yellow), NIE (green) and
MG0 (blue).

Cryo-EM of nECAM and flexible fitting of atomic coordinates

Cryo-EM single particle 3D reconstruction of nECAM produced a 16 Å model with an
elongated shape featuring a big globular density onto a protruding smaller one, both
linked by a narrow neck (Figure 4.23A). Fitting the homology model of nECAM into the
map rendered a sub-optimal solution that was improved by separately fitting domains
MG0-NIE, on the one hand, and MG1-RBD, on the other hand, as two independent rigid
bodies. Eventually, the fitted model featured a correlation coefficient with the map of
91%, rendering the final model of nECAM. In this, domains MG1 to RBD were placed in
agreement with the crystal structure of native SEAM [137] but domains MG0 and NIE
were displaced into a final position that explained a greater part of the cryo-EM map.
The disagreement between SEAM and ECAM structures can have three explanations:

� SEAM and ECAM are not sharing the same disposition of domains MG0 and NIE,

� the position of these two domains in the crystal structure of SEAM is not the
native one, potentially due to crystal contacts, or

� MG0 and NIE present freedom of movement allowing their presence in different
positions.

The final fitted model revealed that MG0 corresponds to the smaller bottom density in
the cryo-EM map while NIE is forming the neck, connecting MG0 with the main protein
density that includes the rest of the domains (from MG1 to RBD). These are arranged in
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an inverted S (Figure 4.23B, left) in an helicoidal disposition. Moreover, the absence of
the characteristic ring-like structure seen in both monomeric- and dimeric-iECAM maps
is compatible with the distorted MG-superhelix found in native SEAM and suggests
that entrance 1 is only found in induced forms. Additionally, some unexplained density
is found along the map, especially surrounding MG0, suggesting that this domains has
some freedom to move by pivoting around its linker with NIE.

The final model of nECAM

The final model of nECAM contains domains MG0 to RBD and residues from K57 to
P1653. It was validated with MOLPROBITY [173] giving good geometric parameters
(Table 4.8).

nECAM features an elongated helicoidal structure of ∼160 Å maximal length (Fig-
ure 4.24A). MG0, at the N-terminus of ECAM, probably faces the inner membrane in
vivo and is flexibly linked with NIE, proved by the suggested movement of MG0 in
the cryo-EM map of nECAM (see section 4.5.4), therefore being easily removed fol-
lowing induction (see section 4.3.7). nECAM contains a central MG-superhelix as in
iECAM, formed by domains MG1 to MG6, which, however, is distorted and lacks a
central entrance 1. Segments MG7-CUB(TED)-RBD and MG0 protrude, respectively,
from opposite ends of the MG ellipsoid in opposite directions giving an inverted S-like
shape to the overall protein.

According to this model, BRD would be flexible and line the inner surface of the
superhelix, with two segments in helical conformation as in iECAM (Figure 4.24C).
BRD would interact with linker L and domains MG1, MG2, and MG4-MG6; and the
bait region, which is flexible and freely accessible for prey peptidases, would span seg-
ment Q934-G958. This is consistent with the cleavage sites detected for several model
peptidases, including trypsin (after R946).

In addition, the thioester region at the beginning of TED-α2 is buried in the nECAM
model and faces the outer surface of the six-stranded front sheet of RBD (Figure 4.24B).
The thioester bond itself is intact, as revealed by the experimental nECAM∆N structure
(see section 4.5.4), and protected by residues from TED (T1425, E1189, T1191, L1242, W1243,
Y1185 and Y1183) and, in particular, RBD-β3 and -β6→ β7 (Y1635, M1634 and L1546). This
explains why an ECAM mutant lacking RBD (protein ECAM∆RBD; see section 4.2)
encoded a well-folded protein that nevertheless did not form a thioester bond, indicating
that RBD has a relevant functional role in thioester integrity in ECAM.

Residue main-chain conformational angle
and side-chain rotamer analysis:

nECAM

Poor rotamers 3 (0.2%)

Ramachandran outliers/favored/all residues 9 (0.6%)/1513 (94.9%)/1595 (100%)

Cβ deviations/residues with poor bonds/angles 0/0/0

rmsd bonds/angles 0.003 Å/0.648◦

MOLPROBITY score 2.03 (74th percentile)

Table 4.8: Validation of nECAM. Geometric validation of the final model of nECAM by MOL-
PROBITY.
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Figure 4.24: Model of nECAM. (A) Composite homology model of full-length nECAM anchored
to the inner membrane in two orthogonal views, with domains coloured as in D and in Figure 4.15. (B)
Close-up in stereo of the left rectangle of A. The suggested limits of the (modelled) bait region within
BRD, based on potential accessibility, are pinpointed by blue arrows. (C) Close-up in stereo of the
right rectangle of A showing the protected intact thioester. (D) Domain arrangement in ECAM as in
Figure 4.15, for color reference of the domains.

4.5.5 Structurally derived conformational change

Comparison of nECAM and iECAM revealed the detailed mechanism of ECAM induction
when triggered by cleavage in the bait region. This process yields a more compact
structure (Figure 4.25A), which is consistent with the higher electrophoretic mobility
of iECAM and to the aforementioned differences in biophysical assays (see section 4.3.5
and Figure 4.6), as similarly observed in human α2M [123].

Superposition shows that the structures only coincide on the bilayered side of the
MG-superhelix (MG1-L-MG2 and MG5-MG6), and, partially, at BRD (up to Y932 and
from H964 onwards). Upon induction, MG3 and MG4 are flipped inward towards MG6
as a rigid body due to a ∼90◦-rotation around the anchor point of MG3 with MG2
and a concomitant translation downward of up to ∼50 Å (for MG4) (see Figure 4.25A
for spatial orientation in this section), promoting the creation of entrance 1. The new
position of MG4 forces NIE to be moved outward along the outer surface of the four-
stranded sheet of MG1, to its final position in iECAM, which, along with the removal
of MG0, promotes the formation of dimerisation interfaces.

The displacement of MG3 is also concomitant with MG7 and RBD becoming rotated
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Figure 4.25: Transition from nECAM to iECAM (A) Structures of nECAM (as in 4.24A) and
iECAM in stereo after optimal superposition of MG1-L-MG2 and MG5-MG6 (both in orange for iECAM,
in yellow for nECAM). Diverging segments are MG7-CUB(TED)-RBD (iECAM, red ; nECAM, pink);
MG3-MG4 (iECAM, dark blue; nECAM, cyan); and MG0-NIE (iECAM, NIE only, grey ; nECAM,
white). Arrows pinpoint the overall displacements upon induction of the three groups in the color
of the respective nECAM segments. (B) Detail in stereo of the experimental crystal structures of
nECAM∆N and iECAM showing MG7 and RBD (both in red for iECAM; in pink for nECAM), CUB
(iECAM, orange; nECAM, blue), and TED (iECAM, yellow ; nECAM, purple). Arrows pinpoint the
overall relative displacements of CUB and TED upon induction in the color of the respective nECAM
domains. (C) Detail of CUB-TED of the nECAM∆N (yellow-pink) and iECAM (green-purple) crystal
structures after optimal superposition of the TED domains only. The CUB domain undergoes a relative
90◦-rotation upon induction (yellow arrow). (D) Close-up of the rectangle of (C) in stereo showing the
thioester region. Some residues of iECAM are labelled for reference, as is the intact thioester bond of
nECAM and helix TED-α1 for both structures.

as a rigid body by ∼25◦ downward, so RBD is displaced by ∼25 Å towards newly
positioned MG3. Rearrangement of MG7 and RBD also causes CUB and TED to move
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downward and outward, the former being rotated by ∼25◦ and displaced by ∼35 Å, the
latter becoming rotated and translated by ∼45 Å. When comparing these two domains
only, CUB is rotated by 90◦ with respect to TED around the domain interface owing
to the presence of residues that favour such hinge motions, P1442-G1443 and P1169-P1170

(Figure 4.25A-C).

Rotating away CUB causes loops TED-α3→ α4 (G1210-D1216) and TED-β2→ α5
(F1240-E1249) to be displaced to the right, which further causes TED-α1 and -α1→ α2
(P1169-L1188) to undergo major rearrangement. In particular, TED-α1 (I1173-A1182) be-
comes unwound for its last six residues in iECAM. This causes displacement of segment
Y1183-G1186, which acts as a protective lid of the thioester bond in nECAM. In this way,
the thioester becomes exposed and solvent accessible in iECAM, so it can be targeted
by prey surface lysines (Figure 4.25C,D).

The movements undergone by NIE and MG domains also cause the entrapment of
the segment of the bait region upstream of the cleavage site, following a ∼180◦-rotation
downward around G933 (see Figure 4.15). The bait region is undefined from Q939 to G948

in iECAM but the distance of 66 Å between the flanking residues is too great to be
covered by the ten missing amino acids, thus pointing to the movement of this segment
upon induction. This explains why in ECAM cleavage in the bait region must occur to
yield the induced form, whereas in human α2M, where the corresponding distance easily
accommodates the missing residues, the induced form is compatible with an intact bait
region, and, thus, can be obtained by MA-treatment [78].

Most noteworthy, the initial movement of the mechanism, that of MG3 relative to
MG2, is blocked in nECAM by the BRD segment after the bait region, which passes above
the MG2-MG3 linker (Figure 4.24C). Upon cleavage in the bait region this constraint
is released, and the segment downstream of the cleavage site becomes rotated by ∼50◦

around N963 towards and above MG2, and approaches to the outer surface of CUB in its
induced position.

4.6 The snap-trap mechanism of peptidase inhibi-

tion

The study of ECAM allowed the description of a novel mechanism of peptidase inhibition
for bα2Ms that was called the snap-trap mechanism. In this, nECAM would represent a
set trap with a readily accessible bait, the flexible and unstructured bait region between
residues Q934-G958 that is easily cleaved by peptidases of diverse catalytic mechanism and
specificity (section 4.3.3). It also contains a molecular mechanism to trap peptidases,
in analogy with the spring loaded bar found in an actual snap-trap: a hidden thioester
bond protected from precocious opening by a lid formed by residues in TED.

Analogously to an actual snap-trap, the cleavage in the bait region is the triggering
event for a conformational change that takes place after releasing the tripper of the
trap, which would be the segment of the bait region domain that blocks the initial
movement of the rearrangement (Figure 4.25). As a consequence, induced species of
ECAM are produced that differ from the native one in biochemical and biophysical
properties (section 4.3.1). The conformational rearrangement involves almost all domains
of ECAM and produces a more compact and globular molecule. The main consequences
of this process is the exposure of the thioester bond from its hidden position by moving
the TED domain outwards and away from RBD and by major rearrangements in TED
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loops that cause the displacement of the protective lid.

Figure 4.26: Working mechanism of ECAM in the periplasm. In a first step, nECAM (1),
with a hidden thioester bond (yellow circle) and an intact bait region (red cord), is present in the
periplasm of E. coli. Upon cleavage of the bait region by attacking peptidases of diverse specificity, a
conformational rearrangement in the ECAM molecule occurs from a native to an induced species (2
and 3), respectively. This triggers the exposure of the reactive thioester bond and the covalent linkage
of the peptidase, which requires the presence of a well-oriented surface lysine (2). However, some
peptidase molecules may escape entrapment rendering unbound iECAM molecules (3). Subsequently,
a second proteolytic cleavage at the MG0-NIE junction yields soluble iECAM, which can be monomeric
(4) or, in some cases, dimeric (5). This enables the complex to be released away from the cell. Trapped
peptidases are hindered from cleaving large substrates like components of the cell wall of E. coli.

The newly exposed thioester bond is able to bind peptidases covalently only if a
lysine from the surface of the peptidase is available and well-oriented to interact with
it. However, in some cases the peptidase can escape the trap before the binding is
accomplished, even though the cleavage in the bait region is already performed, thus
producing both peptidase-bound and -unbound iECAM molecules. The efficiency of
covalent binding by ECAM is low, and only one every four ECAM molecules bind trypsin
when both molecules are reacted in a stoichiometric manner (section 4.3.4).

ECAM molecules in the induced conformation are unable to return to the native state,
making the trap irreversibly inactivated. Subsequently, a second cut in an accessible and
flexible linker connecting the first and second domains may promote the release of ECAM
from the cell by separating it from the membrane anchoring residue (section 4.3.7).

Upon cleavage in the aforementioned linker, ECAM molecules may remain monomeric
or dimerise through two interfaces that involve the TED, RBD and MG4 domains on
one side and newly exposed NIE regions on the other side (sections 4.3.5 and 4.5.3).
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Dimerisation entails the association of two monomeric iECAM molecules without any
major conformational rearrangements in each protomer. However, although dimerisa-
tion is energetically favourable, taking into account the buried interacting area, not all
peptidases cause the formation of a dimeric particle, probably due to hindrances coming
from the bound peptidase (section 4.3.5).

The explained mechanism inhibits peptidases against cleaving globular substrates
of high molecular mass, such as components of the cell wall of E. coli. Inhibition is
accomplished only if the peptidase is covalently bound to ECAM but, in contrast to a
true snap trap, the prey peptidase is not disabled by ECAM but merely restricted in
its radius of action, thus avoiding free diffusion and indiscriminate action due to steric
hindrances. Furthermore, the length of ECAM in its elongated native conformation could
potentially cover up to 170-210 Å of the periplasmic space above the inner membrane,
which potentially represents the whole width of the periplasm (consisting of ∼210 Å
according to [185]). Therefore, ECAM would confer protection to molecules present in
the entire periplasm, including the lipoproteins anchored to the periplasmic side of the
outer membrane, against intruding endopeptidases.

4.7 Comparison with other α2-macroglobulins

4.7.1 Snap-trap vs. venus flytrap mechanism

The described snap-trap mechanism has some overall similarities with the venus flytrap
mechanism described for the human α2M [78], which is consistent with the similar struc-
tural characteristics shared by both proteins. First, they contain an easily-accessible bait
region that, despite of being different in length and sequence (∼ 25 residues for ECAM
versus 39 residues for human α2M), is targeted by peptidases of different specificities and
catalytic mechanism (section 4.3.3 and [91]). Second, the cleavage of their bait region is
the triggering event for an extensive conformational rearrangement that is essential for
inhibition, which is accomplished in both cases by steric hindrances while the peptidase
catalytic site remains fully competent.

However, some significant differences are found between their mechanisms of action
mainly due to the different oligomeric states: while ECAM acts as a monomer, human
α2M is a tetramer. First, human α2M is able to entrap peptidases into its molecular
structure without relying on binding them covalently. However ECAM cannot form
a proper cage and its ability to trap peptidases relies on covalent binding through the
thioester bond. Consistently, some tetrameric α2Ms that do not present a thioester bond
have inhibitory activity, like ovostatin [87], whereas the inactivation of the thioester bond
of ECAM (i.e. by reacting it with MA) leads to complete loss of inhibitory function (see
section 4.3.6). Therefore, covalent binding is the essential step in peptidase inhibition
by ECAM while molecular entrapment is the crucial event in the mechanism of human
α2M.

Second, the inhibitory efficiency of ECAM is lower than the one of α2M, probably
because the requirements for covalent binding are less favourable than the ones for molec-
ular entrapment. This means that, while human α2M needs to position the peptidase
inside the prey chamber, ECAM further requires the presence of a well-oriented lysine
near the thioester bond. Consistently, ECAM binds trypsin in a 4:1 (ECAM:trypsin)
ratio and a five-fold excess of ECAM is needed to completely inhibit subtilisin against
cleaving cell-wall components (section 4.3.6 and section 4.3.4). At its turn, human α2M
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binds and inhibits peptidases in a stoichiometric manner: 2 moles of trypsin can be
bound and completely inhibited by a single mole of human α2M. However, since human
α2M is tetrameric, the ratio can be described as 2 α2M protomers needed to bind 1
molecule of peptidase.

Third, ECAM only inhibits peptidases against cleaving high molecular mass sub-
strates (approximately ≥ 150 kDa) however human α2M can also protect medium size
substrates (∼ 30 kDa). This difference may be a consequence of the monomeric ECAM
molecule acting by trapping more than entrapping peptidases, as does the human α2M,
thus being able to exert steric hindrances in a lesser extent.

Finally, the factors that trigger the conformational change occurring both in ECAM
and in human α2M differ slightly, suggesting differences in the maintenance of the native
conformation between both inhibitors. Therefore, although in both cases the cut in the
bait region is the in vivo triggering event for a conformational rearrangement, opening the
thioester bond, for example by the reaction with MA, also causes a conformational change
in human α2M but not in ECAM. In the latter, an open thioester bond is compatible
with the native conformation, which has also been described for other α2Ms, like bovine
α2M.

4.7.2 Similarities with monomeric α2-macroglobulins and pos-
sible evolutionary origin

Monomeric α2Ms of similar length as the protomers of their tetrameric counterparts are
found in the serum of rat and mouse, where one rat α1-inhibitor-3 (α1I3) and four mouse
murinoglobulins have been described [115,116], as well as in the serum of birds, frogs and
snakes [86]. More recently, a monomeric α2M was also found in human epidermis and
called A2ML1, which was described as a functional peptidase inhibitor [93]. While all
monomeric α2Ms may retain the general chemical features of their tetrameric counter-
parts, some other characteristics seem to differ from them (see section 4.7.1) but are very
similar to the ones described for ECAM. As an example, α1I3 has been reported to be
cleaved by peptidases in the bait region producing both peptidase-bound and -unbound
species of the inhibitor, although only the former peptidases are inhibited. Moreover,
the binding mechanism is mediated by a huge conformational change that is triggered
by proteolytic cleavage in the bait region but not by reaction with MA. Finally, they
have been characterised as less efficient inhibitors as tetrameric α2Ms, some of them re-
quiring a ten-fold excess to accomplish inhibition [115]. Noteworthy, all these functional
features differ from tetrameric metazoan α2Ms but coincide with the results for ECAM,
thus suggesting the snap-trap mechanism of action could be shared by many monomeric
α2Ms, both from bacteria and metazoa.

These observations can be taken into account when hypothesising an evolutionary
origin for bacterial α2Ms. Phylogenetic studies revealed that metazoan α2Ms do not
derive from bacteria, since bacterial α2Ms show a patchy phylogenetic distribution that
is incompatible with the Darwinian tree of life [60]. Therefore, they were suggested to
be xenologs, acquired by bacteria through horizontal gene transfer from metazoan hosts.
Although the exact identity of the acquired gene remains unknown, the shared functional
characteristics between ECAM and metazoan monomeric α2Ms highlighted above raises
the hypothesis of one of the monomeric representatives of metazoan α2Ms, instead of a
tetrameric one, being the evolutionary origin of thioester-containing bacterial α2Ms.
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4.7.3 Structural comparison of iECAM with induced human
α2M

Althouhg human and E. coli α2Ms share only ∼15% of sequence similarity they are
composed of equivalent domains, thus suggesting a potential common origin in evolution.
However, ECAM harbours one extra MG domain (MG0) and a NIE domain, that have
no counterpart in human α2M. This variation accounts for the extra ∼200 amino acids
of bacterial α2Ms in respect to metazoan α2Ms (∼1600-1700 residues versus ∼1400-1500
residues [60,78]). The presence of these extra domains can be explained by bacterial α2Ms
being membrane-anchored and thus needing some spacer sequence from the membrane
while metazoan α2Ms are soluble serum proteins.

Superposition of the structures of monomeric-iECAM and MA-induced human α2M
(PDB ID: 4ACQ) [78] revealed that they share the overall shape grosso modo which
is consistent with both structures corresponding to induced species. However, detailed
inspection shows that only a core consisting of domains MG2, MG3, MG6 and MG7
can be reasonably well matched (Figure 4.27). Once this done, comparison shows that
MG4 is rotated around its anchor point with MG3 ∼80◦ outward respective to human
α2M in iECAM (Figure 4.27). This entails that the MG1+MG5 tandem preceding MG4
is likewise rotated outward by ∼70◦ around its hinge with the MG2+MG6 tandem.
Tandem CUB+TED of human α2M, in turn, matches the respective part of iECAM
reasonably well separately, i.e. the relative disposition and orientation of CUB and
TED is comparable in both structures. In the context of the entire protomer, iECAM
CUB+TED is rotated by ∼30◦ with respect to human α2M toward the MG-superhelix
around its anchor point with MG7 (Figure 4.27), with a maximal displacement of ∼30
Å for the distal part of TED. Most interestingly, domain RBD, which was present in
human α2M in only one of the protomers of the tetramer, occupies a similar position to
human α2M in iECAM, at the interface with TED, CUB, MG7 and MG3, just being
relatively translated by ∼10 Å.

Comparison of the respective TED domains alone reveals substantial differences in
the loops linking the α-helices of the toroid. In particular, ECAM segment connecting
helices α6 and α7 of domain TED (TED-α6→ α7) is shorter than in human α2M (18
versus 24 residues). This segment covers the central shaft of the toroid on its entry face
and approaches the thioester segment through N1088 (human α2M residues in italics, see
UP P01023) in the human protein. In the more distantly related complement proteins,
this residue is replaced by a histidine, which plays a crucial role in thioster binding of
sugar hydroxyls instead of lysine γ-amines as in α2Ms [89]. In ECAM, TED-α6→ α7
does not even come close to the thioester region. Other largely deviating loops are TED-
α8→ α9 and TED-α10→ α11, which are likewise shorter in the bacterial protein. Taken
together, these features make the bacterial thioester more accessible than the mammalian
one, which is consistent with covalent prey linkage being an absolute requirement for
inhibition in the former, while it is just optional in the latter.

In the human α2M structure, the distance between the two BRD anchor points of
the flexible bait region (C689 and E729; 90 Å) clearly suffices to accommodate the 41
residues [78] missing in the model. In contrast, in iECAM 66 Å separate G938 from
G949, which is too far to be spanned by the ten missing residues. This explains why
in ECAM cleavage in the bait region must occur to yield the induced form, whereas
in human α2M the induced form is compatible with an intact bait region, so it can be
obtained by MA-treatment. In addition, the flexible bait region runs freely through the
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Figure 4.27: Superposition of iECAM onto human α2M. (A) Front, (B) lateral, and (C)
back views in stereo. Domain colors of, respectively, human α2M and iECAM: MG1+MG5, medium
purple and sandy brown; MG2+MG3+MG6+MG7, pink and yellow; CUB-TED, purple and tan; MG4,
magenta and brown; BRD, dark blue and sea green; and RBD, orange and red. iECAM domain NIE is
shown in white. The respective domains are labelled. The BRD anchor points upstream (“UP”) and
downstream (“DOWN”) of the missing bait-region residues are marked by blue (human α2M) and green
(iECAM) arrows. The rotation of iECAM CUB-TED around its anchor point with MG7 (purple straight
arrow) required to match the corresponding human α2M domains is indicated by a purple curved arrow.
The relative matching rotation of MG4 is shown by a cyan curved arrow and that of MG1+MG5 by a
yellow curved arrow. The relative translation observed for RBD is depicted as an orange straight arrow.
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inner cavity of the tetramer in human α2M. In iECAM, this is also the case for the
upstream segment but not for the downstream segment, which is trapped (see Figure
4.15 and Figure 4.27). While the upstream anchor point of the bait region is found in
similar regions of the protomer in both structures (22 Å apart; ”UP” in Figure 4.27), the
downstream anchor point is 49 Å away and found in disparate regions of the protomer:
on the outer surface at the MG6-MG7 interface in human α2M and between MG2 and
CUB in iECAM (“DOWN” in Figure 4.27). Overall, this correlates with the entire BRD
domain spanning 126 residues in human α2M (bait region P690 -T728) and 66 residues in
ECAM (bait region Q934-G958).

Within the respective oligomers, the central prey chambers likewise diverge: in
dimeric-iECAM, it merely spans ∼40 Å in diameter, which may accommodate a sin-
gle small-to-medium sized endopeptidase at best; in tetrameric human α2M, it spans up
to ∼60 Å, which is consistent with up to two trypsin-sized peptidase molecules being
trapped [78,91]. Moreover, consistently with the aforementioned differences in their pro-
tomers, the oligomerisation interfaces in dimeric-iECAM and tetrameric human α2M are
unrelated, although TED participates in both cases.

Finally, the entrances of iECAM are much larger, especially the two entrances 2
(Figure 4.18), than those found in the human α2M tetramer [78]. This, along with the
monomeric nature of ECAM against the tetrameric state of human α2M, may explain the
differences in the size of substrates protected against trapped peptidases, with ECAM
protecting only against very big (≥150 kDa) substrates compared with human α2M,
which can avoid the cleavage of medium-size (≥30 kDa) substrates.
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Conclusions

In this thesis, the α2M from E. coli was characterised by a combination of biochemical,
functional and structural studies to produce, piece by piece as in a mosaic, a complete
picture of the action of this protein.

ECAM participates in the bacterial defence mechanism against the action of exoge-
nous peptidases, which could be encoutered, for example, by commensal E. coli in the
human gut. Being located in the periplasm and potentially covering all its width, it can
protect molecules present in the entire periplasmic space from degradation by endopep-
tidases once breaches in the outer membrane occur, i.e. due to the action of antibiotics,
bile salts or other factors. This role is consistent with previous reports on other proteins
of the family, like complement proteins C3, C4, and C5 or metazoan α2Ms that are cru-
cial in host defence [99]. Moreover, ECAM and PBP1C are transcribed from the same
operon and may play complementary roles in bacterial survival, although no interaction
between them has been found so far and further experimental evidence is required to
prove it.

Mechanistically, ECAM functions by inhibiting peptidases against large globular sub-
strates through a novel snap-trap mechanism. According to this, when nECAM is cleaved
in a flexible and highly accessible bait region by peptidases, which can be of different
specificity and catalytic mechanism, a conformational rearrangement is triggered and
produces induced species. Upon induction, a highly reactive thioester bond is exposed
from its hidden position and is able to covalently bind peptidases. However, the interac-
tion only occurs if a well-positioned lysine from the surface of the peptidase is available
and therefore, some can escape entrapment, thus featuring a low inhibitory efficiency.
At the end of the process, ECAM is irreversible inactivated and successfully bound
peptidases are inhibited from cleaving large globular substrates, like components of the
bacterial cell wall, through steric hindrances.

Once reacted with a peptidase, iECAM can be released from the bacterial cell by a
second proteolytic cleavage that separates the peptidase-laden molecule from the mem-
brane anchoring domain. Upon release, soluble ECAM may dimerise, a process that does
not necessarily affect the extent of peptidase inhibition. Shedding enables the complex
to be potentially released to the extracellular space, where trapped peptidases are still
active against small substrates, such as alimentary proteins and peptides in the host gut,
but not against large substrates such as cell-wall components.

The described mechanism presents some differences with the venus flytrap mecha-
nism found in tetrameric metazoan α2Ms: it strictly requires covalent peptidase binding
for inhibition and features lower binding and inhibitory capacity [55]. However, other
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monomeric α2Ms, both from bacteria and metazoa, may use the same mechanism than
ECAM, since they share some characteristics [115]. Based on these observations it could
be suggested that a monomeric, rather than a tetrameric, metazoan α2M has been ac-
quired by bacteria through horizontal gene transfer, thus being the ancestor of bα2Ms.

Structurally, the domain composition of ECAM confirms its evolutionary relationship
with metazoan α2Ms, featuring characteristic domains such as MG domains, TED, RBD,
BRD and containing a thioester bond. Moreover, the extra ∼200 residues present only
in ECAM compared with the human α2M account for two domains with MG-related
topology, which are necessary for the attachement of ECAM to the membrane [78].
The comparison between atomic models of nECAM and iECAM allowed the description
of key conformational rearrangements that involves almost all 13 domains, especially
affecting the TED region that acts as a protective lid for the thioester, thus triggering
its exposure.

Altogether, this research shed light into the mechanism by which bα2Ms, and prob-
ably other monomeric α2Ms, exert their function and biological role, and contributes
to the understanding of the mechanisms that bacteria use to thrive in the presence of
peptidases.
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List of abbreviations

A2ML1 α2-macroglobulin-like 1.

ADAMT a desintegrin-like and metallopeptidase with thrombospondin type 1 motif.

α2M α2-macroglobulin.

bα2M bacterial α2-macroglobulin.

BRD bait region domain.

BSA bovine serum albumin.

CD circular dicroism.

CUB domain domain first described in complement C1r/C1s, Uegf, Bmp1 proteins.

DTNB 5,5’-dithiobis-(2-nitrobenzoic acid).

DTT 1,4-dithio-DL-threitol.

EC enzyme commission.

ECAM Escherichia coli α2-macroglobulin.

EDTA ethylenediaminetetraacetic acid.

EM electron microscopy.

FSC Fourier shell correlation.

IEC ion exchange chromatography.

iECAM induced ECAM.

IPTG isopropyl-β-D-thiogalactopyranoside.

LB lysogeny broth.

LRP lipoprotein receptor-related protein.

MA methylamine.

MA-ECAM methylamine-treated ECAM.
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MAD multi-wavelength anomalous dispersion.

MG domain macroglobulin-like domain.

MIRAS multiple isomorphous replacement including anomalous signal.

nECAM native ECAM.

Ni-NTA nickel-nitrilotriacetic acid.

PBP1C penicillin binding protein 1C.

PBS phosphate buffered saline.

PCR polymerase chain reaction.

PDB protein data bank.

PEG polyethylene glycol.

PMF peptide mass fingerprinting.

PZP pregnancy zone protein.

RBD receptor binding domain.

RCL reactive center loop.

SDS-PAGE sodium dodecyl sulphate- polyacrylamide gel electrophoresis.

Se-Met seleno-methionine.

SEAM Salmonella enterica α2-macroglobulin.

SEC size exclusion chromatography.

siECAM self-induced ECAM.

SIRAS single isomorphous replacement including anomalous signal.

TCA trichloroacetic acid.

TED thioester domain.

TEP thioester containing protein.

TEV tobacco etch virus.

TIMP tissue inhibitor of metallopeptidases.

UP UniProt.
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