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Cover page illustration: ribbon diagram of the cuproxidase CueO from E. coli. In red, the Met-rich insert 

in CueO and in magenta, the solvent-exposed loops in which the Met-rich insert has been found in 

other bacterial cuproxidases. Note the proximity with the blue T1 site. Spheres represent bound 

copper ions with color code: blue, the T1 Cu; green, the trinuclear center; yellow, the sCu and orange, 

Cu(I) on the Met-rich region. The N-terminus (magenta) is in front, left and the C-terminus (magenta) 

is behind the structure. Figure based on PDB entries 3OD3 and 3NT0. (Figure from Roulling et al., 2022). 



 
 

 

Summary 
 
On Earth, there are many environments that can be described as extreme from an anthropocentric point 
of view. This is particularly valid for temperature. These environments are not, however, devoid of life and 
the organisms that can be found there are called extremophiles. Extremophiles are mainly prokaryotic 
organisms which have developed cellular components adapted to such extreme conditions. These 
adaptations can be found in their membranes, their nucleic acids as well as their proteins and the 
molecular study of these adjustments allows a better understanding of these fundamental molecules of 
life.  
This work is part of a broader effort conducted for several years at the Laboratory of Biochemistry, Center 
for Protein Engineering, University of Liège, to understand the adaptation of enzymes to temperature. 
Within this context, many different enzymes have been extensively studied to generate a knowledge that 
has greatly contributed to establish the activity-stability-flexibility tradeoff hypothesis for temperature 
adaptation. However, a comparative study of extremophilic enzymes catalyzing electron transfer was still 
lacking. The first aim of the present work was to investigate this aspect using psychrophilic, mesophilic and 
thermophilic blue multicopper oxidases (MCOs) as models. Those three enzymes are homologous 
periplasmic cuproxidases involved in copper resistance mechanisms of bacteria and they display a 
methionine-rich region with high diversity in both the length and composition. The second aim of this 
study was to examine the role of this peculiar region. 
The model enzymes studied were CueO from the mesophilic bacterium Escherichia coli, the thermophilic 
Tth-MCO from Thermus thermophilus, and PhaMOx, the corresponding psychrophilic enzyme from the 
Antarctic bacterium Pseudoalteromonas haloplanktis. We have shown that these enzymes demonstrate a 
specific adaptive pattern, distinct from the one observed in enzymes possessing a well-defined active site 
and relying on conformational changes such as for the induced fit mechanism. In fact, and in contrast with 
many previous studies on extremozymes, the stability of the extremophilic cuproxidases examined is 
correlated with neither activity, nor flexibility. One of the most striking observation is that despite large 
differences in stability, the flexibility of the cold-adapted PhaMOx and that of the thermophilic Tth-MCO 
are identical. This tends to indicate that the firm and precise bindings of the four catalytic copper ions are 
essential to ensure the proper functioning of the oxidases, i.e. substrate oxidation by the T1 site, 
positioned close to the protein surface, and oxygen reduction to water by the trinuclear cluster, located in 
the core enzyme. Still, the psychrophilic cuproxidase display a low stability and it remains to be clarified if 
it is due to a lack of selective pressure or if it is an essential component for its function. 
The cuproxidases are found in prokaryotes and form a subgroup of the MCO family. Their role is to oxidize 
toxic Cu(I) ions into less harmful Cu(II) and they are part of the copper resistance mechanism of bacteria. 
In contrast to other MCOs such as laccase or ascorbate oxidase where a depression near the T1 site creates 
a substrate specific site for phenolic compounds or ascorbic acid, respectively, cuproxidases display 
disordered methionine-rich (Met-rich) loops of variable length that restricts accessibility to the T1 site. In 
CueO, the Met-rich region had been demonstrated to bind Cu(I) ions which are subsequently oxidized by 
the enzyme. We found that the location of the Met-rich regions in the primary structure is highly variable 
in bacterial cuproxidases, but always inserted in solvent exposed surface loops, at close proximity of the 
conserved T1 site. Taking advantage of the large loop length differences in the three model cuproxidases 
and by studying PhaMOx variants, we showed that the number of Cu(I) bound is nearly proportional to the 
size of the Met-rich loops and to the number of potential Cu(I) ligands (Met, His, Asp). These results 
demonstrate that Met-rich loops in cuproxidases are essential components of bacterial copper resistance. 
They can be seen as tentacles that feed the Cu(I) substrate binding site (sCu), regarded as a beak located 
between the protein surface and the T1 site, and fancying cuproxidases as molecular octopus chasing toxic 
cuprous ions in bacterial periplasm.



 
 

Résumé 
 
Sur Terre, il existe de nombreux environnements qui peuvent être décrits comme extrêmes d’un point de vue 
anthropocentrique. Ceci est particulièrement valable pour la température. Ces environnements ne sont 
néanmoins pas exempts de vie et les organismes qui peuvent y être trouvés sont appelés extrêmophiles. Les 
extrêmophiles sont principalement des organismes procaryotes qui ont développé des composants cellulaires 
adaptés à ces conditions extrêmes. Ces adaptations se retrouvent dans leurs membranes, leurs acides 
nucléiques ainsi que leurs protéines et l’étude moléculaire de ces ajustements permet une meilleure 
compréhension de ces molécules fondamentales de la vie.  
Ce travail s’inscrit dans un effort plus large mené depuis plusieurs années au Laboratoire de Biochimie, Centre 
d’Ingénierie des Protéines, Université de Liège, pour comprendre l’adaptation des enzymes à la température. 
Dans ce contexte, de nombreuses enzymes différentes ont été étudiées intensivement pour générer une 
connaissance qui a grandement contribué à établir l’hypothèse de compromis activité-stabilité-flexibilité pour 
l’adaptation à la température. Cependant, une étude comparative des enzymes extrêmophiles catalysant le 
transfert d’électrons faisait encore défaut. Le premier objectif du présent travail était d’étudier cet aspect en 
utilisant des oxydases multicuivres (MCOs) psychrophile, mésophile et thermophile comme modèles. Ces trois 
enzymes sont des cuproxidases périplasmiques homologues impliquées dans les mécanismes de résistance au 
cuivre des bactéries et elles présentent une région riche en méthionine avec une grande diversité tant dans la 
longueur que dans la composition. Le deuxième objectif de cette étude était d’examiner le rôle de cette région 
particulière. 
Les enzymes modèles étudiées étaient CueO de la bactérie mésophile Escherichia coli, la thermophile Tth-MCO 
de Thermus thermophilus et PhaMOx, l’enzyme psychrophile correspondante de la bactérie antarctique 
Pseudoalteromonas haloplanktis. Nous avons montré que ces enzymes présentent un schéma adaptatif 
spécifique, distinct de celui observé dans les enzymes possédant un site actif bien défini et s’appuyant sur des 
changements conformationnels tels que le mécanisme d’ajustement induit. En fait, et contrairement à de 
nombreuses études antérieures sur les extrêmozymes, la stabilité des cuproxidases extrêmophiles examinées 
n’est corrélée ni à l’activité, ni à la flexibilité. L’une des observations les plus frappantes est que malgré de 
grandes différences de stabilité, la flexibilité de PhaMOx, adaptée au froid, et de Tth-MCO, thermophile, est 
identique. Cela tend à indiquer que les liaisons fermes et précises des quatre ions de cuivre catalytique sont 
essentielles pour assurer le bon fonctionnement des oxydases, c.-à-d. l’oxydation du substrat par le site T1, 
positionné près de la surface de la protéine, et la réduction de l’oxygène en eau par le centre trinucléaire, situé 
dans le corps de l’enzyme. Pourtant, la cuproxidase psychrophile affiche une faible stabilité et il reste à préciser 
si elle est due à un manque de pression sélective ou si elle est un composant essentiel pour son fonctionnement. 
Les cuproxidases sont trouvées chez les procaryotes et forment un sous-groupe de la famille des MCOs. Leur 
rôle est d’oxyder les ions Cu(I) toxiques en Cu(II) moins nocifs et elles font partie du mécanisme de résistance 
au cuivre des bactéries. Contrairement à d’autres MCOS comme la laccase ou l’ascorbate oxydase, où une 
dépression près du site T1 crée un site spécifique au substrat pour les composés phénoliques ou l’acide 
ascorbique, respectivement, les cuproxidases présentent des boucles désordonnées riches en méthionines 
(Met-rich) et de longueur variable qui limitent l’accessibilité au site T1. Chez CueO, il a été démontré que la 
région Met-rich lie les ions Cu(I) qui sont ensuite oxydés par l’enzyme. Nous avons constaté que l’emplacement 
des régions Met-rich dans la structure primaire est très variable dans les cuproxidases bactériennes, mais 
qu’elles sont toujours insérées dans des boucles de surface exposées au solvant, à proximité du site T1 
conservé. Profitant des grandes différences de longueur de boucle dans les trois cuproxidases modèles et par 
mutagenèse de PhaMOx, nous avons montré que le nombre de Cu(I) lié est presque proportionnel à la taille 
des boucles Met-rich et au nombre de ligands potentiels de Cu(I) (Met, His, Asp). Ces résultats démontrent que 
les boucles Met-rich dans les cuproxidases sont des composants essentiels de la résistance bactérienne au 
cuivre. Elles peuvent être considérées comme des tentacules qui alimentent le site de liaison du substrat Cu(I) 
(sCu), vu comme un bec situé entre la surface protéique et le site T1, et les cuproxidases imaginées comme des 
pieuvres moléculaires chassant les ions cuivreux toxiques dans le périplasme bactérien. 
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            as long as you do not stop. 

 Confucius-- 

 



 
1  

Table of contents 
 

List of abbreviations (excluding publications) ............................................................................................... 2 

Preamble ....................................................................................................................................................... 3 

Chapter I – Introduction ................................................................................................................................ 4 

I.I  Psychrophilic enzymes: cool responses to chilly problems .................................................................. 4 

I.I.1 State of the art in 2022 ................................................................................................................. 28 

I.II – Part A – Copper in biological systems and copper resistance in bacteria ....................................... 29 

I. II. A. 1  Copper and (human) life ....................................................................................................... 29 

I. II. A. 2  Copper properties and binding............................................................................................. 30 

I. II. A. 3  Copper and electron transfer ............................................................................................... 34 

I. II. A. 4  Copper: essential but toxic ................................................................................................... 35 

I. II. A. 5  Copper resistance mechanisms in bacteria .......................................................................... 36 

I.II – Part B – Multicopper oxidases ......................................................................................................... 38 

Chapter II – Objective .................................................................................................................................. 44 

Chapter III – Results ..................................................................................................................................... 45 

Activity-stability relationships revisited in blue oxidases catalyzing electron transfer at extreme 

temperatures ............................................................................................................................................... 45 

Chapter IV – Results .................................................................................................................................... 57 

Function and versatile location of Met-rich inserts in blue oxidases involved in bacterial copper 

resistance .................................................................................................................................................... 57 

Chapter V – General conclusions and perspectives .................................................................................... 76 

References ................................................................................................................................................... 83 

 

 

  



 
2 List of abbreviations 

List of abbreviations (excluding publications) 
 

PhaMOx Pseudoalteromonas haloplanktis metallo-oxidase  

CueO  Cu efflux oxidase from Escherichia coli 

Tth-MCO Thermus thermophilus multicopper oxidase 

____________________________________________________________ 

ABTS  2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

Bca  Bicinchoninic Acid 

BisTris   (2-[Bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-1,3-propanediol) 
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EC  Enzyme Commission 

ET  Electron Transfer 
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GOE  Great Oxidation Event 

HSAB  Hard and Soft (Lewis) Acids and Bases 
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T1  Type I copper 

T2  Type II copper 
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Preamble 
 

Man is a homeothermic organism. He has to live in a temperate environment in order to be able to 

maintain his internal temperature constant and allow his cells to perform their functions. The temperature 

as well as the set of environmental conditions required for human life are well characterized and are 

somehow considered to be “the standard”. On Earth, there are many environments that can therefore be 

described as extreme from an anthropocentric point of view. These environments are characterized by a 

very low or very high temperature, by a high concentration of salts or elements toxic to humans (including 

metal ions such as copper), by an absence of oxygen, by a very marked acidity or alkalinity, by an absence 

of light or even by a hydrostatic pressure much higher than atmospheric pressure. Several of these 

characteristics can also be found in the same place. These environments are not, however, devoid of life 

and the organisms that can be found there are called extremophiles, as opposed to organisms that live 

under the so-called standard conditions defined by humans. Extremophiles are mainly prokaryotic 

organisms which have developed cellular components adapted to such physicochemical properties outside 

the norm of their habitat. These adaptations can be found in their membranes, their nucleic acids as well 

as their proteins and the molecular study of these adjustments allows a better understanding of these 

fundamental molecules of life.  

Life at low temperature is far from being anecdotic since cold environments displaying temperature close 

to 0°C represent about three quarter of the surface of terrestrial and aquatic habitats on Earth. The vast 

extent of permanently cold environments comprises the polar and alpine regions, the permafrost zone, 

the glaciers and the deep-sea waters which display under one thousand meters temperatures below 5°C 

independently of the latitude. The cold loving organisms, named psychrophiles, found in these extreme 

life conditions are dominated by the prokaryotes but yeasts, algae, invertebrates and lower vertebrates 

are also encountered.  

The Laboratory of Biochemistry in the Center for Protein Engineering at the University of Liège has 

specialized for many years in the study of enzymes from organisms who encounter permanently low 

temperatures (mainly microorganisms) by comparing them to their homologs originating from mesophilic 

and thermophilic organisms or warm-blooded animals.  

 

This study is focused on an oxidative enzyme, a cuproxidase, involved in copper resistance and found in a 

bacterium isolated in Antarctica. The introduction (Chapter I) consists of a first section (I.I) presenting the 

molecular adaptations generally observed for the enzymes produced by organisms which have to face a 

permanently cold environment. This section corresponds to a book chapter published in 2011. The second 

section (I.II) of the introduction presents the importance of copper in biological systems and the 

mechanisms that bacteria have developed to cope with elevated copper in their environment. It also 

includes a description of the MultiCopper Oxidases (MCO) family to which the oxidase from this work 

belongs. 

The objective of the work is presented in Chapter II. Chapters III and IV present the experimental results 

of the work in the form of two research articles published in peer-reviewed scientific journals. The first 

one, published in the journal Extremophiles in 2016, focuses on the comparative characterization of the 

psychrophilic enzyme, PhaMOx, with a mesophilic and a thermophilic counterpart, CueO and Tth-MCO, 

respectively. The second research paper, published in the journal Biochimie in 2022, is devoted to the 

investigation of the role of the highly variable methionine-rich region found in cuproxidases, expecially by 

analyzing the cuprous ion binding capacity of this loop in the three homologous enzymes and in mutants 

of PhaMOx. The general conclusions and the perspectives of the work are discussed in Chapter V. 

 



 
4 Introduction 

Chapter I – Introduction 
 

I.I  Psychrophilic enzymes: cool responses to chilly problems  

 

 

Roulling F, Piette F, Cipolla A, Struvay C, Feller G. Psychrophilic enzymes: cool responses to chilly problems. 

In: Horikoshi K, editor. Extremophiles Handbook. Berlin, Germany: Springer; 2011. pp. 891-916. 
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Introduction

Most of the biotopes on Earth are permanently exposed to low temperatures. This includes the

Antarctic continent, the Arctic ice floe, the permafrost, the mountain and glacier regions, and

the deep-sea waters, the latter covering 70% of the planet surface. If a psychrophile is defined as

an organism living permanently at temperatures close to the freezing point of water, in thermal

equilibrium with the medium, this definition encompasses a large range of species from

Bacteria, Archaea, and Eukaryotes. This aspect underlines that psychrophiles are numerous,

taxonomically diverse, and have a widespread distribution. In these organisms, low tempera-

tures are essential for sustained cell metabolism. Some psychrophilic bacteria grown at 4�C
have doubling times close to that of Escherichia coli at 37�C. Such deep adaptation of course

requires a vast array of metabolic and structural adjustments at nearly all organization levels of

the cell, which begins to be understood thanks to the availability of genome sequences and of

proteomic approaches. Overviews on these various aspects have been recently published

(D’Amico et al. 2006a; Gerday andGlansdorff 2007; Margesin et al. 2008; Casanueva et al. 2010).

This chapter focuses on protein structure and mainly on enzyme function at low temper-

atures. As a general picture, psychrophilic enzymes are all faced to a main constraint, to be

active at low temperatures, but the ways to reach this goal are quite diverse. Previous reviews

can also be consulted for a complete coverage of this topic (Smalas et al. 2000; Feller and Gerday

2003; Siddiqui and Cavicchioli 2006).

Biocatalysis in the Cold: A Thermodynamic Challenge

The activity of enzymes is strongly dependent on the surrounding temperature. The catalytic

constant kcat corresponds to the maximum number of substrate molecules converted to

product per active site per unit of time, and the temperature dependence of the catalytic rate

constant is given by the relation:

kcat ¼ k
kBT

h
e�DG# RT= ð6:7:1Þ

In this equation, k is the transmission coefficient generally close to 1, kB is the Bolzmann

constant (1.38 � 10�23 J K�1), h the Planck constant (6.63 � 10�34 J s), R the universal gas

constant (8.31 J K�1 mole�1), and DG# the free energy of activation or the variation of the

Gibbs energy between the activated enzyme-substrate complex ES� and the ground state ES

(see > Fig. 6.7.8). Accordingly, the activity kcat is exponentially dependent on the temperature.

As a rule of thumb, for a biochemical reaction catalyzed by an enzyme from a mesophile

(a bacterium or awarm-blooded vertebrate), a drop in temperature from 37�C to 0�C results in

a 20–80 times lower activity. This is the main factor preventing the growth of non-adapted

organisms at low temperatures.

The effect of temperature on the activity of psychrophilic and mesophilic enzymes is

illustrated in > Fig. 6.7.1. >Equation 6.7.1 is only valid for the exponential rise of activity

with temperature on the left limb of the curves. This figure reveals at least three basic features of

cold adaptation. (1) In order to compensate for the slow reaction rates at low temperatures,

psychrophiles synthesize enzymes having an up to tenfold higher specific activity in this

temperature range. This is in fact the main physiological adaptation to cold at the enzyme

level. (2) The temperature for apparent maximal activity for cold-active enzymes is shifted
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toward low temperatures, reflecting the weak stability of these proteins and their unfolding

and inactivation at moderate temperatures. (3) Finally, the adaptation to cold is not perfect.

It can be seen in > Fig. 6.7.1 that the specific activity of the psychrophilic enzymes at low

temperatures, although very high, remains generally lower than that of the mesophilic enzymes

at 37�C.

‘‘Flexibility’’ and ‘‘Corresponding States’’ Hypotheses

Such activity curves have suggested relationships between the activity of the enzyme, the

flexibility of the protein, and its stability. Indeed, the high activity at low temperatures seems

to arise from an increased flexibility of the protein structure, especially at temperatures that

strongly slow down molecular motions, but the consequence of this improved mobility of

the protein structure is of course a weak stability. Fluorescence quenching of extremophilic

enzymes was used to probe this ‘‘flexibility’’ hypothesis (> Fig. 6.7.2). It was found that

the structure of psychrophilic proteins has an improved propensity to be penetrated by

a small quencher molecule, when compared to mesophilic and thermophilic proteins, and

therefore revealing a less compact conformation undergoing frequent micro-unfolding events

(D’Amico et al. 2003b; Collins et al. 2003; Georlette et al. 2003). The ‘‘flexibility’’ hypothesis has

received further support by the quantification of macromolecular dynamics in the whole

protein content of psychrophilic, mesophilic, thermophilic, and hyperthermophilic bacteria

by neutron scattering (Tehei et al. 2004). This unique tool to study thermal atomic motions

has indeed revealed that the resilience (equivalent to macromolecular rigidity in term of a force

constant) increases with physiological temperatures. Furthermore, it was also shown that

the atomic fluctuation amplitudes (equivalent to macromolecular flexibility) were similar

for each microorganism at its physiological temperature. This is in full agreement with
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. Fig. 6.7.1

Temperature dependence of the activity. The activity of psychrophilic (filled symbols, heavy line)

and mesophilic (open symbols) enzymes recorded at various temperatures illustrates the main

properties of cold-active enzymes (see text for details)
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Somero’s ‘‘corresponding state’’ concept (Somero 1995) postulating that enzyme homo-

logues exhibit comparable flexibilities to perform catalysis at their physiologically relevant

temperatures.

However, the ‘‘flexibility’’ hypothesis has been challenged from an evolutionary point

of view. As a matter of fact, directed evolution (Wintrode and Arnold 2000) and protein

engineering (Bae and Phillips 2006) of enzymes have demonstrated that activity and stability

are not physically linked in protein. Accordingly, it has been proposed that the low stability of

cold-active enzymes is the result of a genetic drift related to the lack of selective pressure for

stable proteins (Wintrode and Arnold 2000). Nevertheless, several lines of evidences indicate

that the situation is more subtle. For instance, in multi-domain psychrophilic enzymes

containing a catalytic and a non-catalytic domain, the catalytic domain is always heat-labile

(> Fig. 6.7.3) whereas the non-catalytic domain can be as stable as mesophilic proteins

(Lonhienne et al. 2001; Claverie et al. 2003; Suzuki et al. 2005). It is therefore unlikely that

a genetic drift only affects the catalytic domain without modifying other regions of the protein.

Furthermore, several directed evolution experiments have shown that when libraries of ran-

domly mutated enzymes are only screened for improved activity at low temperatures without

any other constraints, the best candidates invariably display the canonical properties of

psychrophilic enzymes (see D’Amico et al. 2002a for discussion) whereas random mutations

improving both activity and stability are rare (Giver et al. 1998; Cherry et al. 1999). It follows

that improvement of activity at low temperatures associated with loss of stability appears to be

the most frequent and accessible event. In conclusion, the current view suggests that the strong

evolutionary pressure on psychrophilic enzymes to increase their activity at low temperatures

12010080
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6040200
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. Fig. 6.7.2

Permeability of the protein structure. Fluorescence quenching experiments on psychrophilic

(circles, heavy line), mesophilic (triangles), and heat-stable (squares) enzymes. The steep slope

recorded for the psychrophilic enzyme indicates that its structure is easily penetrated by a small

quencher molecule (acrylamide), resulting in a larger attenuation of the intrinsic fluorescence

(F0/F). This graph shows a clear correlation between this permeability index and the stability of

the proteins. Adapted from (D’Amico et al. 2003b)
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can be accommodated for by the lack of selection for stability and represents the simplest

adaptive strategy for enzyme catalysis in the cold.

Flexibility and Structural Adaptations at the Active Site

Psychrophilic enzymes all share at least one property: a heat-labile activity, irrespective of the

protein structural stability. Furthermore, the active site appears to be the most heat-labile

structural element of these proteins (Collins et al. 2003; D’Amico et al. 2003b; Georlette et al.

2003). > Figure 6.7.4 illustrates this significant difference between the stability of the activity

and the stability of the structure. The lower panel shows the stability of the structure as

recorded by fluorescence. As expected, the structure of the cold-active enzyme is less stable

than the mesophilic one. In the upper panel, the activity is recorded under the same experi-

mental conditions and it can be seen that the mesophilic enzyme is inactivated when the

protein unfolds. By contrast, activity of the cold-active enzyme is lost before the protein

unfolds. This means that the active site is even more heat-labile than the whole protein

structure. It was also shown that the active site of the psychrophilic a-amylase is the first

structural element that unfolds in transverse urea gradient gel electrophoresis (Siddiqui et al.

2005). All these aspects point to a very unstable and flexible active site and illustrate a central

concept in cold adaptation: localized increases in flexibility at the active site are responsible for

the high but heat-labile activity (Fields and Somero 1998), whereas other regions of the enzyme

might or might not be characterized by low stability when not involved in catalysis (Chiuri

et al. 2009).
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Stability of domains in the a-amylase precursor. The precursor is composed by a catalytic domain

and a secretion helper. In this thermogram, the top of the transitions corresponds to the melting

points and the area under the transitions is roughly proportional to the domain sizes. Assuming

that the low stability of psychrophilic enzymes is simply the result of a genetic drift (lack of

selection for stable proteins), it is surprising that the more stable non-catalytic domain has not

been subjected to the same extent to this drift. Adapted from (Claverie et al. 2003)
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Crystal structures of psychrophilic enzymes were of course of prime importance to

investigate the properties of these heat-labile and cold-active catalytic centers. The first basic

observation is that all side chains involved in the catalytic mechanism are strictly conserved.

Indeed, comparison of the first X-ray structure of a psychrophilic enzyme, the cold-active

a-amylase (Aghajari et al. 1998a, b), and of its closest structural homologue from pig both in

complex with acarbose, a pseudosaccharide inhibitor mimicking the transition state interme-

diate (Aghajari et al. 2002; Qian et al. 1994), has shown that all 24 residues forming the catalytic

cleft are strictly conserved in the cold-active a-amylase (> Fig. 6.7.5). This outstanding

example of active site identity demonstrates that the specific properties of psychrophilic

enzymes can be reached without any amino acid substitution in the reaction center.

As a consequence, changes occurring elsewhere in the molecule are responsible for the

optimization of the catalytic parameters.

Nevertheless, significant structural adjustments at the active site of psychrophilic enzymes

have been frequently reported. In many cases, a larger opening of the catalytic cleft is observed

and achieved by various ways, including replacement of bulky side chains for smaller groups,

distinct conformation of the loops bordering the active site, or small deletions in these loops, as

illustrated by a cold-active citrate synthase (Russell et al. 1998). In the case of a Ca2+, Zn2+-

protease from a psychrophilic Pseudomonas species, an additional bound Ca2+ ion pull the

backbone forming the entrance of the site and markedly increases its accessibility when

compared with the mesophilic homologue (Aghajari et al. 2003). As a result of such a better

accessibility, cold-active enzymes can accommodate substrates at lower energy cost, as far as the

conformational changes are concerned, and therefore reduce the activation energy required for

the formation of the enzyme-substrate complex. The larger active site may also facilitate easier

release and exit of products and thus may alleviate the effect of a rate limiting step on the
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Inactivation and unfolding of psychrophilic enzymes. The activity of psychrophilic enzymes

(upper panel, heavy line) is inactivated by temperature before unfolding of the protein structure

(lower panel, heavy line) illustrating the pronounced heat-lability of the active site. By contrast,

inactivation of mesophilic (thin lines) or thermophilic enzymes closely corresponds to the loss of

the protein conformation. Adapted from (D’Amico et al. 2003b)
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reaction rate. It was also shown that an opening of the active site takes place upon binding of

substrate or product in a cold-active xylanase whereas similar large scale movements are not

observed in mesophilic or thermophilic structural homologues (De Vos et al. 2006). This can

be tentatively related to higher active site mobility in the psychrophilic enzyme.

In addition, differences in electrostatic potentials in and around the active site of psychro-

philic enzymes appear to be a crucial parameter for activity at low temperatures. Electrostatic

surface potentials generated by charged and polar groups are an essential component of the

catalytic mechanism at various stages: as the potential extends out into themedium, a substrate

can be oriented and attracted before any contact between enzyme and substrate occurs.

Interestingly, the cold-active citrate synthase (Russell et al. 1998), malate dehydrogenase

(Kim et al. 1999), uracyl-DNA glycosylase (Leiros et al. 2003), and trypsin (Smalas et al.

2000; Gorfe et al. 2000; Brandsdal et al. 2001) are characterized by marked differences in

electrostatic potentials near the active site region compared to their mesophilic or thermophilic

counterparts that may facilitate interaction with ligand. In all cases, the differences were caused

by discrete substitutions in non-conserved charged residues resulting in local electrostatic

potential differing in both sign and magnitude.

Finally, two last examples illustrate the unsuspected diversity of strategies used to improve

the activity in psychrophilic enzymes. With few exceptions, b-galactosidases are

homotetrameric enzymes bearing four active sites. However, the crystal structure of a cold-

active b-galactosidase revealed that it is a homohexamer, therefore possessing six active sites

. Fig. 6.7.5

Structure of the active site. Superimposition of the active site residues in psychrophilic (blue) and

mesophilic (red) a-amylases. The chloride and calcium ions are shown as blue and green spheres,

respectively. The 24 residues performing direct or water-mediated interactions with the substrate

analog derived from acarbose (yellow) are identical and superimpose perfectly within the

resolution of the structures, demonstrating a structural identity in these psychrophilic and

mesophilic enzymes
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certainly contributing to improve the activity at low temperatures (Skalova et al. 2005).

Cellulases are microbial enzymes displaying a modular organization made of a globular

catalytic domain connected by a linker to a cellulose-binding domain. Psychrophilic cellulases

were found to possess unusually long linkers about five times longer than in mesophilic

cellulases (Garsoux et al. 2004; Violot et al. 2005). The long linker adopts a large number of

conformations, and considering the cellulose-binding domain anchored to the cellulose fibers

and a rotation of the extended molecule around this axis, it was calculated that the catalytic

domain has a 40-fold higher accessible surface area of substrate when compared with

a mesophilic cellulase possessing a much shorter linker. Here also, increasing the available

surface of the insoluble substrate to the catalytic domain should improve the activity of this

enzyme at low temperatures.

Active Site Dynamics

The heat-labile activity of psychrophilic enzymes suggests that the dynamics of the functional

side chains at the active site is improved in order to contribute to cold-activity and the above-

mentioned structural adaptations seem to favor a better accessibility to the substrate and

release of the product (Tsigos et al. 1998; Smalas et al. 2000). This active site flexibility of cold-

active enzymes in solution is also well demonstrated by the psychrophilic a-amylase (D’Amico

et al. 2006b). In this specific case, the above-mentioned structural identity of the catalytic cleft

with its mesophilic homologue from pig precludes the involvement of adaptive mutations

within the active site in the analysis of the results. As shown in >Table 6.7.1, both the

psychrophilic and mesophilic a-amylases degrade large macromolecular polysaccharides made

. Table 6.7.1

Relative activity of the psychrophilic (AHA) and the mesophilic (PPA) a-amylases on macromo-

lecular polysaccharides and on maltooligasaccharides. Adapted from D’Amico et al., 2006b

Substrate

Relative activity (%)

AHA PPA

Macromolecular substrates

Starch 100 100

Amylopectin 96 68

Amylose 324 214

Dextrin 108 95

Glycogen 74 59

Short oligosaccharides

Maltotetraose G4 17 22

Maltopentose G5 69 145

Maltohexaose G6 94 147

Maltoheptaose G7 119 155

Maltooligosaccharides (G4–G10 mix) 64 101
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of glucose units linked by a-1,4 bonds. These substrates have a complex structure and are generally

branched. Taking the natural substrate, starch, as the reference, it can be seen that the psychrophilic

enzyme is more active on all these large substrates. Being more flexible, the active site can

accommodate easily these macromolecular polysaccharides. Considering the small substrates, the

reverse situation is observed. Both enzymes are active on short oligosaccharides of at least four

glucose units, but in this case, the psychrophilic a-amylase is less active on all these small substrates.

Apparently, the flexible active site accommodates less efficiently these short oligosaccharides.

The inhibition patterns provide additional insights into the specific properties of psychro-

philic active sites (> Fig. 6.7.6). Both the mesophilic and the psychrophilic a-amylases are

inhibited by maltose, the end product of starch hydrolysis. In the case of the mesophilic

enzyme, the enzyme can bind either the substrate (in a productive mode) or the inhibitor,

but not both. By contrast, the cold-active enzyme can also bind either the substrate or the

inhibitor but also both, forming the ternary complex ESI, once again suggesting a more

accessible and flexible active site.

Adaptive Drift and Adaptive Optimization of Substrate Affinity

As a consequence of the improved active site dynamics in cold-active enzymes, substrates bind

less firmly in the binding site (if no point mutations have occurred) giving rise to higher Km

values. An example is given in >Table 6.7.2 showing that the psychrophilic a-amylase is more

active on its macromolecular substrates whereas the Km values are up to 30-fold larger, i.e., the

affinity for the substrates is up to 30-fold lower. Ideally, a functional adaptation to cold would

mean optimizing both kcat and Km. However, a survey of the available data on psychrophilic

enzymes (Xu et al. 2003) showed that optimization of the kcat/Km ratio is far from a general rule

but on the contrary that the majority of cold-active enzymes improve the kcat value at the

expense of Km, therefore leading to suboptimal values of the kcat/Km ratio, as also shown in
>Table 6.7.2. There is in fact an evolutionary pressure on Km to increase in order to maximize

the overall reaction rate. Such adaptive drift of Km has been well illustrated by the lactate

dehydrogenases from Antarctic fish (Fields and Somero 1998) and by the psychrophilic a-
amylase (D’Amico et al. 2001) because both enzymes display rigorously identical substrate

binding site and active site architecture when compared with their mesophilic homologues. In

both cases, temperature-adaptive increases in kcat occur concomitantly with increases in Km in

cold-active enzymes. As already mentioned, such identity of the sites also implies that adjust-

ments of the kinetic parameters are obtained by structural changes occurring distantly from the

PPA

EI

E + S ES E + P→
AHA

EI + S

E + S ES

ESI

E + P→

. Fig. 6.7.6

Inhibition models of a-amylases. Reaction pathways for the competitive inhibition of starch

hydrolysis by maltose for the mesophilic a-amylase PPA and of the mixed type inhibition for the

psychrophilic a-amylase AHA. Under identical experimental conditions, the cold-active enzyme

forms the ternary complex ESI (D’Amico et al. 2006b)
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reaction center. This aspect has received strong experimental support (D’Amico et al. 2003a) as

discussed latter in this chapter.

Several enzymes, especially in some cold-adapted fish, counteract this adaptive drift of Km

in order to maintain or to improve the substrate binding affinity by amino acid substitutions

within the active site (Smalas et al. 2000). The first reason for these enzymes to react against the

drift is obvious when considering the regulatory function associated with Km, especially for

intracellular enzymes. The second reason is related to the temperature dependence of weak

interactions. Substrate binding is an especially temperature-sensitive step because both the

binding geometry and interactions between binding site and ligand are governed by weak

interactions having sometimes opposite temperature dependencies. Hydrophobic interactions

form endothermically and are weakened by a decrease in temperature. By contrast, interactions

of electrostatic nature (ion pairs, hydrogen bounds, Van der Waals interactions) form exother-

mically and are stabilized at low temperatures. Therefore low temperatures do not only reduce

the enzyme activity (kcat), but can also severely alter the substrate binding mode according to

the type of interaction involved.

The chitobiase from an Antarctic bacteria nicely illustrates both aspects, as well as

the extent of the kinetic optimization that can be reached during cold adaptation of enzymes

(Lonhienne et al. 2001). > Figure 6.7.7 shows that the kcat of the cold-active chitobiase is eight

times higher than that of a mesophilic chitobiase at 5�C. However, the Km for the substrate is

25 times lower at this temperature, and as a result, the kcat/Km for the cold-active enzyme is

nearly 200 times greater at low temperature. Because the cell-bound bacterial chitobiase has

to access its substrate in the extracellular medium, the physiological advantage of a high affinity

for the substrate is clear. In addition, the cross-shaped plot of Km shows that the Km of each

enzyme tends to minimal and optimal values in the range of the corresponding environmental

temperatures, reflecting the fine tuning of this parameter reached in the course of thermal

adaptation. In the case of themesophilic chitobiase, the 3D-structure indicates that two tryptophan

residues are the main substrate binding ligands and perform hydrophobic interactions with the

substrate. This can be related to the decrease of Km with temperature, according to the above-

mentioned thermal dependence of hydrophobic interactions. Interestingly, the two tryptophan

residues are not found in the cold-active chitobiase but are replaced by polar residues that are

able to perform stronger interactions as the temperature is decreased.

. Table 6.7.2

Kinetic parameters for the hydrolysis of polysaccharides at 25�C by the psychrophilic (AHA) and

the mesophilic (PPA) a-amylases. Adapted from D’Amico et al., 2006b

Substrate

AHA PPA

kcat
s�1

Km
mg l�1

kcat/Km
s�1mg�1 l

kcat
s�1

Km
mg l�1

kcat/Km
s�1mg�1 l

Starch 663 155 4.3 327 41 8.0

Amylopectin 636 258 2.5 222 53 4.2

Amylose 2,148 178 12.1 700 36 19.4

Dextrin 716 586 1.2 311 61 5.1

Glycogen 491 1,344 0.3 193 46 4.2
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Kinetic optimization in a cold-active chitobiase. Temperature dependence of the kinetic

parameters for psychrophilic (closed symbols) andmesophilic (open symbols) chitobiases. Data for

(a) the catalytic rate constant kcat; (b) the Michaelis parameter Km, note the different scales used;

and (c) the relative catalytic efficiency kcat/Km (psychrophile/mesophile). The cold-adapted

chitobiase is characterized by a higher activity, an optimal Km value at low temperatures, and

a 200 times higher catalytic efficiency at 7�C. Adapted from (Lonhienne et al. 2001)
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Energetics of Activity at Low Temperatures

Referring to> Eq. 6.7.1, the high activity of cold-adapted enzymes corresponds to a decrease of

the free energy of activation DG#. Two strategies have been highlighted to reduce the height of

this energy barrier. > Figure 6.7.8 illustrates the first strategy where an evolutionary pressure

increases Km in order to maximize the reaction rate. According to the transition state theory,

when the enzyme encounters its substrate, the enzyme-substrate complex ES falls into an

energy pit. For the reaction to proceed, an activated state ES# has to be reached, which

eventually breaks down into the enzyme and the product. The height of the energy barrier

between the ground state ES and the transition state ES# is defined as the free energy of

activation DG#: the lower this barrier, the higher the activity as reflected in > Eq. 6.7.1.

In the case of cold-active enzymes displaying a weak affinity for the substrate, the energy pit

for the ES complex is less deep (dashed in > Fig. 6.7.8). It follows that the magnitude of the

energy barrier is reduced and therefore the activity is increased. This thermodynamic link

between affinity and activity is valid for most enzymes (extremophilic or not) under saturating

substrate concentrations and this link appears to be involved in the improvement of activity at

low temperatures in numerous cold-active enzymes (Fields and Somero 1998; Xu et al. 2003).

The second and more general strategy involves the temperature dependence of the reaction

catalyzed by cold-active enzymes. >Table 6.7.3 reports the enthalpic and entropic contribu-

tions to the free energy of activation in extremophilic a-amylases. The free energy of activation

DG# is calculated from > Eq. 6.7.1 using the kcat value at a given temperature and the enthalpy

of activation DH# is obtained by recording the temperature dependence of the activity

(Lonhienne et al. 2000). Finally, the entropic contribution TDS# is deduced from the

Gibbs–Helmholtz equation:

DG# ¼ DH# � TDS# ð6:7:2Þ
The enthalpy of activation DH# depicts the temperature dependence of the activity: the

lower this value, the lower the variation of activity with temperature. The low value found for

almost all psychrophilic enzymes demonstrates that their reaction rate is less reduced than for

E+S

E+P

ΔG#psychro

ΔG#meso
ES#

G

ES

. Fig. 6.7.8

Optimization of activity by decreasing substrate affinity in psychrophilic enzymes. Reaction

profile for an enzyme-catalyzed reaction with Gibbs energy changes under saturating substrate

concentration. Weak substrate binding (dashed line) decreases the activation energy

(DG#psychro) and thereby increases the reaction rate (see text for details)
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other enzymes when the temperature is lowered. Accordingly, the decrease of the activation

enthalpy in the enzymatic reaction of psychrophilic enzymes can be considered as the main

adaptive character to low temperatures. This decrease is structurally achieved by a decrease in

the number of enthalpy-driven interactions that have to be broken during the activation steps.

These interactions also contribute to the stability of the protein folded conformation, and, as

a corollary, the structural domain of the enzyme bearing the active site should be more flexible.

It is interesting to note that such a macroscopic interpretation of the low activation enthalpy in

cold-active enzymes fits with the experimental observation of a markedly heat-labile activity

illustrated in > Fig. 6.7.4. >Table 6.7.3 shows that the entropic contribution TDS# for the

cold-active enzyme is larger and negative. This has been interpreted as a large reduction of the

apparent disorder between the ground state with its relatively loose conformation and the well

organized and compact transition state (Lonhienne et al. 2000). The heat-labile activity of cold-

active enzymes suggests a macroscopic interpretation for this thermodynamic parameter. As

a consequence of active site flexibility, the enzyme-substrate complex ES occupies a broader

distribution of conformational states translated into increased entropy of this state, compared

to that of the mesophilic or thermophilic homologues. This assumption has received strong

experimental support by using microcalorimetry to compare the stabilities of free

extremophilic enzymes with the same enzymes trapped in the transition state conformation

by a non-hydrolysable substrate analog (D’Amico et al. 2003b). The larger increase in stability

for the psychrophilic enzyme in the transition state conformation demonstrated larger con-

formational changes between the free and bound states when compared to mesophilic and

thermophilic homologues. Furthermore, a broader distribution of the ground state ES should

be accompanied by a weaker substrate binding strength, as indeed observed for numerous

psychrophilic enzymes.

Conformational Stability of Extremophilic Proteins

Considering the numerous insights for strong relationships between activity and stability in

psychrophilic enzymes, the conformational stability of these proteins has been intensively

investigated in comparison with mesophilic and thermophilic counterparts. > Figure 6.7.9

displays the calorimetric records of heat-induced unfolding for psychrophilic, mesophilic, and

thermophilic proteins. These enzymes clearly show distinct stability patterns that evolve from

a simple profile in the unstable psychrophilic proteins to a more complex profile in very stable

thermophilic counterparts. The unfolding of the cold-adapted enzymes occurs at lower

. Table 6.7.3

Activation parameters of the hydrolytic reaction of a-amylases at 10�C. Adapted from (D’Amico

et al. 2003b)

kcat
s�1

DG#

kcal mol�1

DH#

kcal mol�1

TDS#

kcal mol�1

Psychrophile 294 13.3 8.3 �5.5

Mesophile 97 14.0 11.1 �2.9

Thermophile 14 15.0 16.8 1.8
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temperatures as indicated by the temperature of half-denaturation Tm, given by the top of the

transition. This property, known for decades, has been highlighted by various techniques. By

contrast, the energetics of structure stability was essentially revealed by microcalorimetry

(D’Amico et al. 2001; Collins et al. 2003; Georlette et al. 2003). The calorimetric enthalpy

DHcal (area under the curves in > Fig. 6.7.9), corresponding to the total amount of heat

absorbed during unfolding, reflects the enthalpy of disruption of bonds involved in

maintaining the compact structure and is markedly lower for the psychrophilic enzymes. In

addition, there is a clear trend for increasing DHcal values in the order psychrophile <

mesophile< thermophile. The transition for the psychrophilic enzymes is sharp and symmet-

ric whereas other enzymes are characterized by a flattening of the thermograms. This indicates

a pronounced cooperativity during unfolding of the psychrophilic enzymes: the structure is

stabilized by fewer weak interactions and disruption of some of these interactions strongly

influences the whole molecular edifice and promotes its unfolding. The psychrophilic enzymes

unfold according to an all-or-none process, revealing a uniformly low stability of the architec-

ture. By contrast, all other homologous enzymes display two to three transitions (indicated by

deconvolution of the heat capacity function in > Fig. 6.7.9). Therefore, the conformation of

these mesophilic and thermophilic enzymes contains structural blocks or units of distinct

stability that unfold independently. Finally, the unfolding of the psychrophilic proteins is

frequently more reversible than that of other homologous enzymes that are irreversibly

unfolded after heating. The weak hydrophobicity of the core clusters in cold-adapted enzymes

and the low Tm at which hydrophobic interactions are restrained certainly account for this

reversible character because, unlike mesophilic proteins, aggregation does not occur or occurs

to a lower extent.
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Thermal unfolding of extremophilic enzymes. Thermograms of DNA-ligases recorded by

differential scanning microcalorimetry showing, from left to right, psychrophilic (heavy line),

mesophilic, and thermophilic proteins. The cold-active enzyme is characterized by a lower Tm (top

of the transition) andDHcal (area under the transition), by a sharp and cooperative transition, and

by the lack of stability domains (indicated by thin lines in stable proteins). Adapted from

(Georlette et al. 2003)
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As a practical and useful consequence of the unfolding reversibility, it has been possible to

calculate accurately the conformational stability of a psychrophilic a-amylase over a broad

range of temperatures (Feller et al. 1999). The comparison of these data with those of other

proteins reveals some unsuspected properties of cold-adapted proteins. The thermodynamic

stability of a protein that unfolds reversibly according to a two-state mechanism

N Ð U ð6:7:3Þ
is described by its stability curve, i.e., the free energy of unfolding as a function of temperature

(> Fig. 6.7.10). By definition, this stability is nil at Tm (equilibrium constant K = [U]/[N] = 1

andDG =�RT lnK). At temperatures belowTm, the stability increases, as expected, but perhaps

surprisingly for the non-specialist, the stability reaches a maximum close to room temperature

then it decreases at lower temperatures (> Fig. 6.7.10). In fact, this function predicts a temper-

ature of cold unfolding, which is generally not observed because it occurs below 0�C. Never-
theless, cold unfolding has been well demonstrated under specific conditions (Privalov 1990).

Increasing the stability of a protein is essentially obtained by lifting the curve toward higher free

energy values (Kumar and Nussinov 2004). As far as extremophiles are concerned, one of the

most puzzling observations of the last decade is that most proteins obey this pattern, i.e.,

whatever the microbial source, the maximal stability of their proteins is clustered around room

temperature (for more details see Kumar and Nussinov 2004). Accordingly, the environmental

temperatures for mesophiles and (hyper)thermophiles lie on the right limb of the bell-shaped

stability curve and, obviously, the thermal dissipative force is used to promote molecular

40
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ΔG
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Maximal stability
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4020

. Fig. 6.7.10

Representative stability curves of homologous extremophilic proteins. The energy required to

disrupt the native state (i.e., the conformational stability) is plotted as a function of temperature.

At the melting point, this energy = 0 and in addition, the curves also predict cold unfolding and

a maximal stability close to room temperature. A high stability in thermophiles is reached by

lifting the curve toward higher free energy values, whereas the low stability in psychrophiles

corresponds to a collapse of the bell-shaped stability curve. Adapted from (D’Amico et al. 2003b)
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motions in these molecules. By contrast, the environmental temperatures for psychrophiles lie

on the left limb of the stability curve. It follows that molecular motions in proteins at low

temperatures are gained from the factors ultimately leading to cold unfolding (Feller et al.

1999), i.e., the hydration of polar and nonpolar groups (Makhatadze and Privalov 1995). The

origin of flexibility in psychrophilic enzymes at low temperatures is therefore drastically

different from mesophilic and thermophilic proteins, the latter taking advantage of the

conformational entropy rise with temperature to gain in mobility.

A surprising consequence of the free energy function for the psychrophilic protein shown

in > Fig. 6.7.10 is its weak stability at low temperatures when compared with mesophilic and

thermophilic proteins, whereas it was intuitively expected that cold-active proteins should also

be cold stable. This protein is in fact both heat and cold labile. Assuming constant properties of

the solvent below 0�C (i.e., no freezing) and the absence of protective effects from cellular

components, this a-amylase should unfold at�10�C. Therefore, cold denaturation of some key

enzymes in psychrophiles can be an additional, though unsuspected factor fixing the lower

limit of life at low temperatures. It has also been shown that the psychrophilic a-amylase has

reached a state close to the lowest possible stability of the native state (D’Amico et al. 2001).

If psychrophilic enzymes have indeed gained in flexibility at the expense of stability in the

course of evolution, this implies that the actual native state precludes further adaptation

toward a more mobile structure. This aspect can account for the imperfect adaptation of the

catalytic function in some psychrophilic enzymes, mentioned at the beginning of this chapter

and illustrated in > Fig. 6.7.1.

Structural Basis of Low Stability

The number of X-ray crystal structures from psychrophilic enzymes has increased dramatically,

demonstrating the growing interest for these peculiar proteins. However, the interpretation of

these structural data is frequently difficult for two main reasons. First, the structural adapta-

tions are extremely discrete and can easily escape the analysis. Second, these structural

adaptations are very diverse, reflecting the complexity of factors involved in the stability of

a macromolecule at the atomic level. For instance, it was found that all structural factors

currently known to stabilize the protein molecule could be attenuated in strength and number

in the structure of cold-active enzymes (Smalas et al. 2000; Russell 2000; Gianese et al. 2002).

An exhaustive description of all these factors is beyond the scope of this chapter and only the

essential features are summarized below. Two review articles can be consulted for

a comprehensive discussion of this topic (Smalas et al. 2000; Siddiqui and Cavicchioli 2006).

The observable parameters related to protein stability include structural factors and mainly

weak interactions between atoms of the protein structure. In psychrophilic proteins, this involves

the clustering of glycine residues (providing local mobility), the disappearance of proline residues

in loops (enhancing chain flexibility between secondary structures), a reduction in arginine

residues which are capable of formingmultiple salt bridges andH-bonds, as well as a lower number

of ion pairs, aromatic interactions or H-bonds, compared to mesophilic enzymes. The size and

relative hydrophobicity of nonpolar residue clusters forming the protein core are frequently

smaller, lowering the compactness of the protein interior by weakening the hydrophobic effect

on folding. The N and C-caps of a-helices are also altered (weakening the charge-dipole interac-

tion) and loose or relaxed protein extremities appear to be preferential sites for unzipping. The

binding of stabilizing ions, such as calcium, can be extremely weak, with binding constants
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differing from mesophiles by several orders of magnitude. Insertions and deletions are sometimes

responsible for specific properties such as the acquisition of extra-surface charges (insertion) or the

weakening of subunit interactions (deletion).

Calculation of the solvent accessible area showed that some psychrophilic enzymes expose

a higher proportion of nonpolar residues to the surrounding medium (Aghajari et al. 1998b;

Russell et al. 1998). This is an entropy-driven destabilizing factor caused by the reorganization

of water molecules around exposed hydrophobic side chains. Calculations of the electrostatic

potential revealed in some instances an excess of negative charges at the surface of the protein

and, indeed, the pI of cold-active enzymes is frequently more acidic than that of their

mesophilic or thermophilic homologues. This has been related to improved interactions with

the solvent, which could be of prime importance in the acquisition of flexibility near 0� (Feller
et al. 1999). Besides the balance of charges, the number of salt bridges covering the protein

surface is also reduced. There is a clear correlation between surface ion pairs and temperature

adaptation, since these weak interactions significantly increase in number from psychrophiles

to mesophiles, to thermophiles and hyperthermophiles, the latter showing arginine-mediated

multiple ion pairs and interconnected salt bridge networks (Yip et al. 1995; Vetriani et al. 1998).

Such an altered pattern of electrostatic interactions is thought to improve the dynamics or the

‘‘breathing’’ of the external shell of cold-active enzymes.

However, each enzyme adopts its own strategy by using one or a combination of these

altered structural factors in order to improve the local or global mobility of the protein edifice.

Comparative structural analyses of psychrophilic, mesophilic, and thermophilic enzymes

indicate that each protein family displays different structural strategy to adapt to temperature.

However, some common trends are observed: the number of ion pairs, the side-chain contri-

bution to the exposed surface, and the apolar fraction of the buried surface show a consistent

decrease with decreasing optimal temperatures (Gianese et al. 2002; Bell et al. 2002; Bae and

Phillips 2004; Mandrich et al. 2004). As a result of the great diversity of factors involved in

protein stability, the bias in the amino acid composition observed in individual psychrophilic

protein (low proline or arginine content, etc.) is not found when analyzing the mean amino

acid composition of the whole genome. On the contrary, the available genomic data have

produced ambiguous results (Gerday and Glansdorff 2007; Margesin et al. 2008) and it is

currently difficult to correlate the reported trends in genomic amino acid composition with

adaptations to low temperatures or with species-specific differences.

Activity–Stability Relationships: Experimental Insights

In order to check the validity of the proposed relationships between the activity and the

stability in cold-active enzymes, a psychrophilic a-amylase has been used as a model because

the identical architecture of its active site, when compared with a close mesophilic homologue,

indicates that structural adaptations affecting the active site properties occur outside from the

catalytic cavity. Accordingly, the crystal structure (Aghajari et al. 1998a, b) has been closely

inspected to identify structural factors involved in its weak stability, such as those described in

the previous section. On this basis, 17 mutants of this enzyme were constructed, each of them

bearing an engineered residue forming a weak interaction found in mesophilic a-amylases but

absent in the cold-active a-amylase, or a combination of up to six stabilizing structural factors

(D’Amico et al. 2001, 2002b, 2003a). As illustrated in > Fig. 6.7.11, it was found that single

amino acid side-chain substitutions can significantly modify the melting point Tm and the
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calorimetric enthalpy DHcal but also the cooperativity and reversibility of unfolding as well as

the thermal inactivation rate constant. Therefore, thesemutants of the psychrophilic a-amylase

consistently approximate and reproduce the unfolding patterns of the heat-stable enzymes

depicted in > Fig. 6.7.9.

However, in the context of catalysis at low temperatures, the most significant observation

was that these mutations tend to decrease both kcat and Km. As shown in > Fig. 6.7.12,

stabilizing the cold-active a-amylase tends to decrease the kcat values and concomitantly the

Km values of the mutant enzymes, revealing the high correlation between both kinetic param-

eters (illustrated in> Fig. 6.7.8). In fact, in addition to an engineeredmesophilic-like stability, the

multiple-mutant bearing six stabilizing structural factors also displays an engineered mesophilic-

like activity in terms of alterations in kcat and Km values and even in thermodynamic parameters

of activation (D’Amico et al. 2003a). Considering the various available data on the psychro-

philic a-amylase, it can be concluded that the improved molecular motions of the side chains

forming the active site (motions responsible for the high activity, the low affinity and heat-

lability) originate from the lack of structure-stabilizing interactions in the vicinity or even far

from the active site. This is another strong indication that structural flexibility is an essential

feature related to catalysis at low temperatures in psychrophilic enzymes.

Psychrophilic Enzymes in Folding Funnels

The various properties of psychrophilic enzymes that have been presented in this chapter can

be integrated in a model based on folding funnels (Dinner et al. 2000; Schultz 2000) to describe
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Engineering mesophilic-like stability in mutants of the psychrophilic a-amylase. Structure-

stabilizing interactions have been introduced in the heat-labile enzyme (heavy line). As shown by

the microcalorimetric thermograms, the resulting mutants (thin lines) display increased melting

points (top of the transitions) and calorimetric enthalpies (area below the curves). The most

stablemutant (arrow) bears six additional interactions. Adapted from (D’Amico et al. 2001, 2003a)
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the activity–stability relationships in extremophilic enzymes.> Figure 6.7.13 depicts the energy

landscapes of psychrophilic and thermophilic enzymes. The top of the funnel is occupied

by the unfolded state and having a high free energy (considering the spontaneous folding

reaction), whereas the bottom of the funnel is occupied by the stable (low free energy) native

state. The height of the funnel, i.e., the free energy of folding, also corresponding to

the conformational stability, has been fixed here in a 1–5 ratio according to the stability curves

shown in > Fig. 6.7.10. The upper edge of the funnels is occupied by the unfolded state

in random coil conformations but it should be noted that psychrophilic enzymes tend to

have a lower proline content than mesophilic and thermophilic enzymes, a lower number

of disulfide bonds and a higher occurrence of glycine clusters (Russell 2000; Smalas et al. 2000;

Gianese et al. 2002; Siddiqui and Cavicchioli 2006). Accordingly, the edge of the funnel

for the psychrophilic protein is slightly larger (broader distribution of the unfolded state)

and is located at a higher energy level. When the polypeptide is allowed to fold, the free energy

level decreases, as well as the conformational ensemble. However, thermophilic proteins

pass through intermediate states corresponding to local minima of energy. These minima

are responsible for the ruggedness of the funnel slopes and for the reduced cooperativity of

the folding-unfolding reaction, as demonstrated by heat-induced unfolding (> Fig. 6.7.9).

By contrast, the structural elements of psychrophilic proteins generally unfold cooperatively

without intermediates, as a result of fewer stabilizing interactions and stability domains (Feller

et al. 1999; D’Amico et al. 2001; Georlette et al. 2003) and therefore the funnel slopes are steep

and smooth. The bottom of the funnel depicts the stability of the native state ensemble.
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Engineering mesophilic-like activity in mutants of the psychrophilic a-amylase. This plot of the

kinetic parameters for the stabilized mutants (filled symbols) shows that the general trend is to

decrease the activity and to increase the affinity for the substrate of the wild-type psychrophilic

enzyme (open symbol). The most stable mutant bearing six additional interactions (arrow)

displays kinetic parameters nearly identical to those of the mesophilic homologue (open symbol).

Adapted from (D’Amico et al. 2001, 2003a)
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The bottom for a very stable and rigid thermophilic protein can be depicted as a single global

minimum or as having only a few minima with high energy barriers between them, whereas

the bottom for an unstable and flexible psychrophilic protein is rugged and depicts a large

population of conformers with low energy barriers to flip between them. Rigidity of the native

state is therefore a direct function of the energy barrier height (Tsai et al. 1999; Kumar et al.

2000) and is drawn here according to the results of fluorescence quenching (> Fig. 6.7.2) and

neutron scattering experiments (Tehei et al. 2004). In this context, the activity–stability

relationships in these extremophilic enzymes depend on the bottom properties. Indeed, it

has been argued that upon substrate binding to the association-competent sub-population,

the equilibrium between all conformers is shifted toward this sub-population, leading to the

active conformational ensemble (Tsai et al. 1999; Kumar et al. 2000; Ma et al. 2000; Benkovic

et al. 2008). In the case of the rugged bottom of psychrophilic enzymes, this equilibrium

shift only requires a modest free energy change (low energy barriers), a low enthalpy change

for interconversion of the conformations, but is accompanied by a large entropy change

for fluctuations between the wide conformer ensemble. The converse picture holds for ther-

mophilic enzymes, in agreement with the activation parameters shown in >Table 6.7.3 and

with the proposed macroscopic interpretation. Such energy landscapes integrate nearly all

biochemical and biophysical data currently available for extremophilic enzymes but they

will certainly be refined by future investigations of other series of homologous proteins from

psychrophiles, mesophiles and thermophiles. This model has nevertheless received support

from independent studies (Bjelic et al. 2008; Xie et al. 2009).

Thermophile

Conformational coordinates

Psychrophile

E

. Fig. 6.7.13

Folding funnel model for extremophilic enzymes. In these schematic energy landscapes, the free

energy of folding (E) is depicted as a function of the conformational diversity. The height of the

funnels is deduced from the determination of the conformational stabilities. The top of the

funnels is occupied by the unfolded states in the numerous random coil conformations, whereas

the bottom of the funnels corresponds to native and catalytically active conformations. The

ruggedness of the bottom depicts the energy barriers for interconversion, or structural

fluctuations of the native state (D’Amico et al. 2003b)
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I.I.1 State of the art in 2022 

 
Since the publication of this book chapter, the concepts and models proposed have not been challenged 

but were the starting point for some new refinements. In particular, with the improvement of computing 

tools, molecular dynamic simulations (MDS) were applied in order to provide a more detailed definition of 

“flexibility” in extremophilic enzymes. This includes the location of regions with improved dynamics in 

psychrophilic enzymes, which can be close or at the active site or even global (Ferreira et al., 2020; Zhang 

et al., 2021; Sen & Sarkar, 2022) as well as the type of movements, vibrations and atomic fluctuations 

(Rapuano & Graziano, 2022). In many cases, such calculations allowed to describe the catalytic reaction 

path and its energetics with good agreements with experimental enzymatic data (Dong et al., 2018; Socan 

et al., 2019; Socan et al., 2020; van der Ent et al., 2022). An emerging concept is also worth mentioning, 

which involves local unfolding promoted by conformational entropy enhancing mutations (the 

destabilizing mutations in psychrophilic proteins). It has been shown that local unfolding modulates 

enzyme dynamics in determining affinity and turnover, mimicking the behavior of cold-active enzymes.  In 

the investigated enzyme (adenylate kinase), affinity is controlled by one domain whereas the reaction rate 

is determined by another domain, both domains displaying dynamic allostery. These aspects have been 

convincingly probed by experiments such as NMR (Saavedra et al., 2018).  
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I.II – Part A – Copper in biological systems and copper resistance in bacteria 

 

I. II. A. 1  Copper and (human) life 

 
Since its discovery in ~9000 BCE, metal copper (Cu) has been utilized for a number of applications including 
in the creation of jewelry, as a material for cooking and storage vessels, as a medication for disease used 
by the ancient Greeks, as a key component of fungicides such as Bordeaux mixture (used to protect 
vineyards in France since the late 1800s) and currently as a potent conductor of electricity (Koch et al., 
1997). 
 
The essentiality of copper for animals and humans has been known for nearly a century. The human body 
contains around 100 mg of copper. It is a trace element (minerals required in amounts 1 to 100 mg/day by 
adults) found in high concentrations in the brain, liver, and kidney. These high concentrations are probably 
related to metabolic activity, because copper is a cofactor for cytochrome c oxidase, the terminal enzyme 
in the electron transport chain. Due to possible adverse consequences of high copper ingestion, an upper 
tolerable intake level of 10 mg/day has been established. Copper toxicity is rather rare in humans and 
animals, because mammals have evolved precise homeostatic control of copper due to the high reactivity 
of the free metal (Collins & Klevay, 2011). In human, the principal pathologies of copper are Menkes 
syndrome and Wilson’s disease. These life-threatening genetic disorders are both due to defective 
intracellular copper transport. Menkes syndrome is an X-chromosome-linked disorder and Wilson’s 
disease is an autosomal recessive disorder. The former is characterized by progressive cerebral 
degeneration, essentially due to insufficient copper absorption, and the latter is due to excessive copper 
accumulation in liver, accompanied by liver disease and haemolytic crises. Both the Menkes and Wilson’s 
gene products are members of a family of ion-transporting integral membrane proteins called P-type 
ATPases (Crichton & Pierre, 2001; Koch et al., 1997; Andrei et al., 2020; Finney & O’Halloran, 2003).  
 
The so-called Great Oxidation Event (GOE), which occurred between 2.4-2.7 billion years ago, refers to an 
increase in atmospheric oxygen that potentially changed the bioavailability of metals including Cu (Dupont 
et al., 2011). During prebiotic times, water soluble ferrous iron (Fe2+ or Fe(II)) was present and was the 
form used in the first stage of life. The natural abundance and the redox properties of iron allowed the 
chemistry that was suited for life. At the same time, copper was in the water-insoluble Cu(I) state (cuprous 
copper or Cu+), in the form of highly insoluble sulphides, and was not available for life. It can then be said 
that the early chemistry of life used iron (II) (Crichton & Pierre, 2001). Nowadays, copper is the second 
most abundant transition metal in biological systems, next to iron (Underwood, 1977). How could this 
notable evolution have happened? After the rise of photosynthetic organisms such as the cyanobacteria, 
oxygen accumulated in the atmosphere and oxygenated the oceans. This led to a decrease in the solubility 
of iron, oxidized and transformed into the insoluble Fe(III) state, and an expansion of the biological role of 
copper, now available as the oxidized and soluble Cu(II), suggesting there was a shift from the exclusive 
use of iron in biology to embrace similar, though not identical, roles for Cu (Festa & Thiele, 2011). The rise 
of O2 altered the redox chemistry of the environment. In the absence of molecular oxygen, life had adapted 
to reaction systems in the lower portion of the redox potential spectrum, limited by the H2S/S and H2/H+ 
potentials ranging 0.0 to -0.4 V at a pH of 7. The presence of O2 increased the upper limit of the range to 
0.8 V (Rubino & Franz, 2012). The high redox potential of the Cu(II)/Cu(I) pair (+160 mV) favors reactions 
with oxygen and oxygen containing molecules and it is generally assumed that Cu-dependent proteins 
have evolved concomitantly with the appearance of molecular oxygen (Giachino & Waldron, 2020).  
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In general, prokaryotic organisms have adopted a limited role for Cu in their biochemistry and physiology. 
Almost all anaerobic bacteria and all anaerobic archaea are limited Cu users, likely reflective of the limited 
availability of the metal under these conditions, and then thought to be representative of the majority of 
life in primordial, anaerobic Earth. The majority of the prokaryotes that use Cu express cytochrome c 
oxidase, the last enzyme in the respiratory electron transport chain. In bacteria, cytochrome c oxidase is 
located in the cell membrane and is the most common cuproenzyme (Festa & Thiele, 2011). On one hand, 
the advent of O2 produced by cyanobacteria about 2.5 Ma ago was a catastrophic event at that time for 
most living organisms and can be considered as the first general irreversible pollution of the Earth. On the 
other hand, the oxidation of water-insoluble Cu(I) led to soluble and more bioavailable Cu(II), which was 
ideally suited to exploit the oxidizing power of dioxygen. Biological systems did not use copper before the 
advent of O2 and after the GOE, copper has become an essential element for most living organisms. This 
event also coincides with the development towards multicellular organisms and so, the ‘catastrophe’ 
turned out to be a new step for the progress of life (Crichton & Pierre, 2001). 
 

I. II. A. 2  Copper properties and binding 

 
Cu is a first row transition-metal ion which can assume two oxidation states, Cu(I) (cuprous copper) or 
Cu(II) (cupric copper) (Koch et al., 1997). Cu(I) is a strong soft metal whereas Cu(II) is borderline according 
to the Hard and Soft (Lewis) Acids and Bases (HSAB) classification (Pearson, 1963). Therefore, in biological 
systems, Cu binding sites are dominated by amino acids with soft (sulfur donor atoms) and borderline 
(nitrogen donor atoms) ligands (Dupont et al., 2011). Within proteins, copper is thus coordinated 
predominantly by just three ligand types: the side chains of histidine, cysteine, and methionine, with of 
course some exceptions. The diversity provided by just these three ligands provides choices of nitrogen 
vs. sulfur, neutral vs. charged, hydrophilic vs. hydrophobic, susceptibility to oxidation, and degree of pH-
sensitivity (Rubino & Franz, 2012).  
 
In the Cu(II) oxidation state, the copper ion is a d9 transition metal ion that contains one unpaired electron 
in its outer shell (Koch et al., 1997). The 3d9 outer electronic configuration of Cu(II) lacks cubic symmetry 
and hence yields distorted forms of the basic stereochemistry. The coordination numbers 4 (square 
planar), 5 (trigonal bipyramid or square pyramid) or 6 (distorted octahedral) predominate (Crichton & 
Pierre, 2001). Cu(I) is a closed shell d10 transition metal ion and can be found coordinated by 2, 3 or 4 
ligands and showing linear, trigonal planar, or tetrahedral geometries (Dupont et al., 2011). As histidine is 
the only borderline ligand, it has the ability to effectively bind both Cu(I) and Cu(II), as opposed to the soft 
methionine and cysteine ligands that more effectively bind Cu(I). Cysteine exhibits the strongest affinity 
for copper as a result of the electrostatic character of the coordinate covalent bond that is lacking in 
histidine and methionine interactions with copper. Histidine and cysteine bind copper via protonatable 
side chains with pKa values for the free amino acids of 6 and 8, respectively, and thus exhibit pH-dependent 
binding affinity (Rubino & Franz, 2012). In addition to the imidazole nitrogen group, Cu(II) can also be 
coordinated to oxygen groups found in aspartic and glutamic acid (Festa & Thiele, 2011). Although to a 
lesser extent, tyrosine can also be involved in copper binding, notably as one of the coordinating ligand in 
the mononuclear type II (T2) center of the amyloid precursor protein (APP) (Rubino & Franz, 2012) and of 
galactose oxidase (Lu et al., 2003).  
 
The total number of ligands, their spatial arrangement and solvent accessibility, the various combinations 
of imidazole, thiolate, and thioether donors, all work together to provide binding sites that either enable 
copper to carry out a function, or safely transport it in a way that prevents toxic reactivity. Copper proteins 
can be separated into two broad classes: (i) proteins that utilize the metal as a cofactor to carry out a 
specific function and (ii) proteins that traffic the metal, i.e. transporting copper as a cargo (Figure I.II.1). 
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For the latter class, the metal cargo is usually conveyed as the more labile Cu(I) oxidation state. Primary 
functions of the members of the former class include electron transfer, catalyzing redox reactions of 
various biological substrates, and dioxygen transport (Rubino & Franz, 2012). The blue-pigmented oxygen 
carriers hemocyanins ensure the latter function. Hemocyanins are respiratory proteins occurring freely 
dissolved in the hemolymph of many arthropods and molluscs, they bind one dioxygen molecule between 
two copper atoms (Heinz et al., 2007).  
 

 
Fig. I.II.1 - Classification of copper proteins, including their roles and copper binding sites. 
 
Almost all copper cofactor-containing proteins are extracellular; notable exceptions are cytochrome c 
oxidase, which is a large transmembrane protein complex (also called Complex IV) located in the inner 
mitochondrial membrane and the copper-zinc superoxide dismutase found in the cytosol of eukaryotic 
cells (Crichton & Pierre, 2001). Enzymes and proteins that utilize copper as a cofactor use high affinity sites 
of high coordination numbers of 4-5 that prevent loss of the metal during redox cycling. Copper trafficking 
proteins, on the other hand, promote metal transfer either by having low affinity binding sites with 
moderate coordination number ~4, or by having lower coordinate binding sites of 2-3 ligands that bind 
with high affinity. Both strategies retain the metal but allow transfer under appropriate conditions (Rubino 
& Franz, 2012). The composition and geometry of the Cu binding motif is also important for its reduction 
potential. While redox cycling is required for the catalytic activity of cuproenzymes, cuproproteins involved 
in Cu tracking need to avoid Cu(I)/Cu(II) redox cycling and therefore their Cu binding motifs require a more 
negative reduction potential that stabilizes the Cu(I) state (Andrei et al., 2020). Proteins have evolved to 
utilize the principles of coordination to effectively fine tune the redox potential and stability of the bound 
Cu to produce the desired function of the protein (Koch & Thiele, 1997). 
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Fig. I.II.2 - Examples of Cu binding sites in Cu trafficking proteins and cuproenzymes. 

(Figure from Andrei et al., 2020). 
 
Figure I.II.2 illustrates different examples of Cu binding sites in copper proteins. Copper tracking proteins 
coordinate Cu(I) via a CXC or CXXC motif (where X is any amino acid) with a linear geometry as in Cu(I)-
transporting P1B-type ATPases or in CopZ-like Cu chaperones, or with a trigonal planar geometry as in 
Sco1-like chaperones. Here, two cysteine residues and a distal histidine residue provide the binding site 
for Cu(I). In cuproenzymes, such as Cu,Zn superoxide dismutase (SOD) or cytochrome oxidase, Cu is 
coordinated by histidine, cysteine and methionine residues (Andrei et al., 2020). 
 
Most of the cysteine-rich copper sites are found in reducing intracellular compartments, whereas an 
abundance of methionine-rich copper sites are found in the oxidizing compartments and the extracellular 
milieu. As a matter of fact, cysteine thiolate ligands have been shown to be critical to the Cu(I) binding 
chemistry of many cytosolic metallochaperone and metalloregulatory proteins involved in copper 
physiology. While the thioether group of methionine is an important Cu(I) ligand for trafficking proteins in 
more oxidizing cellular environments (Davis & O'Halloran, 2008). This cellular compartmentalization of 
copper binding motif can be related to the contrasting oxidation sensitivity of methionine compared to 
cysteine. Methionine-rich sites have emerged as a dominant motif for Cu binding in less redox-balanced 
spaces that are outside the protective cytosolic environment, including the periplasm of prokaryotic 
organisms and the cell-surface environment of eukaryotic cells. Methionine is certainly not immune to 
oxidative modification, but it is more difficult to oxidize than copper-binding CXXC motifs, which readily 
form disulfides (Davis & O'Halloran, 2008). Methionine as ligand is also less pH sensitive and more 
hydrophobic and provides often an additional weaker ligand for Cu (Andrei et al., 2020). Moreover, 
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another important feature of the methionine-rich sites and motifs is their selectivity against the two most 
abundant intracellular transition metal ions: zinc and iron. Notably, the +2 ions of these metals are not 
favored for binding in the methionine-rich sites, but hundreds of examples of zinc and iron ions bound to 
CXXC motifs can be found in the metalloprotein literature (for example, in zinc finger proteins and iron-
sulfur proteins) (Davis & O'Halloran, 2008). Therefore different coordination motifs seem to be tailored to 
different pathways and cellular environments in order to preserve copper-specific recognition within a 
robust metal-binding site (Davis & O'Halloran, 2008). 
 
Proteins utilizing copper as a cofactor are classified according to ligand composition and geometry of the 
metal center. These copper centers exhibit very similar characteristics, including UV-visible and Electron 
Paramagnetic Resonance (EPR) signals, and reduction potentials, regardless of the protein within which 
they are found (Rubino & Franz, 2012) (Table I.II.1). The EPR signals differ according to the binding 
environment of the copper atom (Solomon et al., 1996). The EPR is a technique very close to Nuclear 
Magnetic Resonance (NMR), with one important difference: while NMR is based on the nuclear spin, in 
EPR it is the electronic spin which is the basis of the measurements carried out. The EPR allows an 
investigation of paramagnetic systems, which have one or more unpaired electrons (non-zero electron 
spin). The measurements are made using a magnetic field which causes the degeneration of the electronic 
energy levels to rise (Zeeman effect), transitions between the two resulting energy levels can then be 
induced by supplying energy in the form of an electromagnetic wave perpendicular to the magnetic field. 
Generally, the energy supplied is constant (microwave source at a frequency of 9 to 10 GHz) and the 
scanning is done in a magnetic field (from 0 to 1 Tesla) to produce the Zeeman effect, when there is 
resonance the transition shows a line on the spectrum. This technique can thus provide valuable insight 
into the electronic environment of metal ions in metalloenzymes and into the catalytic process. 
 

Center 
 

 # Cu Geometry Common ligands Examples 

Type I 

 

 1 Distorted tetrahedral His, Cys, (Met) Azurin, plastocyanin, nitrite reductase, 
laccase 

Type II  1 Distorted tetragonal His, H2O, (Asp), (Tyr) Cu,Zn superoxide dismutase, galactose 
oxidase, nitrite reductase, laccase 

Type III 

 

 2 Tetragonal His Hemocyanin, tyrosinase, laccase 

CuA 

 

 2 Trigonal planar His, Cys, (Met) Cytochrome c oxidase 

CuB 

 

 1 Trigonal pyramidal His Cytochrome c oxidase 

CuZ 

 

 4 Tetrahedron His, S2- N2O reductase 

Table I.II.1 - Classification of copper centers. 

The different types of copper centers in copper proteins, including the number of copper atoms, the metal 
center geometry and common ligands, along with example proteins. 
(Adapted from Lu et al., 2003; Rubino & Franz, 2012). 
 
On the research aspect, the same property that makes copper a valuable biometal, namely the redox 
cycling between copper(I) and copper(II), also complicates experimental work. While free copper(II) ions 
are stable in neutral, aqueous solutions exposed to the atmosphere, free copper(I) ions can only be 
maintained at very acidic pH or in complexed form. Copper(I) complexes which are stable in air can be 
formed with acetonitrile, CN-, Tris-buffer and other complexing agents. Another difficulty is the interaction 
of copper(I) or (II) with all biological molecules, buffer substances, standard reducing agents etc. (Magnani 
& Solioz, 2007). It is then of paramount importance to carefully consider these aspects when planning and 
performing experiments and obviously when drawing conclusions from them. 
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I. II. A. 3  Copper and electron transfer 

 
Reduction potential (Eo) is defined as a tendency of a chemical species to be reduced by gaining an electron 
and is defined with electrochemical reference of hydrogen, which is globally given the reduction potential 
of zero (Gupta et al., 2016).  
 
Redox reactions play important roles in almost all biological processes, including photosynthesis and 
respiration, which are two essential energy processes that sustain all life on earth. Redox-active metal 
ions, as biological cofactors, play an important role in these processes. And even though most metal ions 
are redox active, biology employs only a limited number of them for electron transfer (ET) processes (Liu 
et al., 2014). It exists three classes of metalloproteins known to carry out biological electron transfer:  

1. Cytochromes. The redox center of these proteins found ubiquitously in biology consists of an heme 
prosthetic group. Heme is a coordination complex consisting of an iron ion (Fe) coordinated to a 
porphyrin acting as a tetradentate ligand, and to one or two axial ligands (Moss et al., 1995).  

2. Proteins with iron-sulfur redox centers. In these ET proteins, iron and sulfur atoms are organized 
as so-called Fe-S clusters. Most prominent members of this class are the small proteins ferredoxins 
(Liu et al., 2014).  

3. Proteins with copper redox centers. Cupredoxins form a group of copper proteins that share the 
same overall fold with the cupredoxin center always residing in a pocket between three loops 
connecting the strands, with two of the three loops providing ligands to the copper center made 
of a mononuclear type I (T1) Cu (Lu et al., 2003) 

Although each class spans a wide range of reduction potentials, none of them can cover the whole range 
needed for biological processes. Together, however, they can cover the whole range, with cytochromes in 
the middle, Fe-S centers toward the lower end, and the cupredoxins toward the higher end (Figure I.II.3) 
(Liu et al., 2014).  
 

 
Figure I.II.3 - Reduction potential range of redox centers in electron transfer processes. 

(Figure from Liu et al., 2014). 
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Proteins using Cu as a cofactor have positive reduction potentials, as do some iron-containing proteins 
that evolved after the rise in oxygen and having an oxygen-related function (Dupont et al., 2011; Rubino 
& Franz, 2012). While the proteins and enzymes involved in anaerobic metabolism were designed to act 
in the lower portion of the redox potential spectrum, the presence of dioxygen created the need of a new 
redox active metal with E0 Mn+1/Mn from 0 to 0.8V. Copper, which became bioavailable after the GOE, was 
then quite ideally-suited (Crichton & Pierre, 2001). T1 copper proteins have reduction potentials spanning 
a wide range (>600 mV), nearly half the range of biologically relevant potentials (Liu et al., 2014). Despite 
its proximity to the protein surface, the cupredoxin center is completely shielded from the solvent, a 
structural feature that is important for its electron transfer function because it contributes to lowering of 
the reorganization energy in ET (Lu, 2003). According to the semiclassical Marcus equation (Marcus & 
Sutin, 1985) the rate of biological electron transfer depends on three factors: driving force (or reduction 
potential differences between the donor and acceptor, ΔE°), reorganization energy (λ), and the 
donor-acceptor electronic coupling (HAB) : 
 

 
 
Under the same driving force, the rate is maximized when HAB is large and λ is small. In long-range ET, as it 
occurs in T1 copper proteins, there is little direct coupling between the donor and the acceptor. The 
coupling is mediated by intervening atoms via the superexchange mechanism. HAB is determined by the 
distance between the donor and acceptor and the covalency of the metal-ligand bond (Lu, 2003). 
The redox potential of Cu within a polypeptide can be altered substantially depending on the available 
coordinating ligands, how strongly the polypeptide chain controls the coordination geometry of the metal 
center, and the dielectric environment of the metal center. For example, an environment that has a 
tetrahedral coordination of Cu(II) would promote the transition to the Cu(I) oxidation state and 
consequently raise the redox potential of the metal (Koch et al., 1997). Therefore the protein matrix plays 
a prominent role in enforcing the unique binding geometry of the redox center to maintain a low 
reorganization energy for the ET function. The geometry and the type of amino acid ligands in the primary 
coordination sphere, but also the local hydrophobicity and the H-bonding network in the secondary 
coordination sphere play a dominant role in controlling and fine-tuning the redox properties of the metal 
center (Liu et al., 2014). 
 

I. II. A. 4  Copper: essential but toxic 

 
Copper is an essential trace element for a majority of life forms and used as cofactor in key enzymes of 
important biological processes. But copper can also be potentially toxic. Cu toxicity is intrinsically linked to 
its redox properties that favor the generation of reactive oxygen species via a Fenton-like reaction (Andrei 
et al., 2020): 

Cu+ + H2O2 > Cu2+ +OH- + °OH 
The hydroxyl radicals generated can damage proteins, nucleic acids, and lipids, and can interfere with the 
synthesis of iron-sulfur clusters that are essential for the activity of a number of important cellular enzymes 
(Festa & Thiele, 2011). In addition, metalloproteins in vitro coordinate metal ions with affinities largely 
reflective of the Irving-Williams series (Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+), with Cu2+ being the most 
competitive (Rubino & Franz, 2012). Excess Cu could lead to significant mis-metalation of proteins naturally 
containing other metals, iron or zinc in particular, resulting in their inactivation or in inappropriate protein 
structures (Andrei et al., 2020; Festa & Thiele, 2011). The consequence of the essential yet toxic nature of 
Cu is that all cells must have homeostatic mechanisms that maintain Cu at a level required for Cu-
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dependent enzymes but that also prevent the accumulation of Cu to toxic levels (Koch et al., 1997). Copper 
import and efflux pathways, copper chaperone networks, metal sensing transcription factors, metal 
compartmentalization for protein maturation and maintenance of differential cellular levels of competing 
metals are critical components of these mechanisms (Rubino & Franz, 2012). 
 
Copper, as other transition metals such as zinc and iron, must be acquired to reach intracellular 
concentration quotas of tens to hundreds of micromolar; however, few if any of these ions are ‘free’ or 
readily accessible in terms of their thermodynamic availability or reaction chemistry (Davis & O'Halloran, 
2008). In the periplasm of Gram-negative bacteria, copper concentration is also maintained at micromolar 
levels (Giachino & Waldron, 2020). The level of copper toxicity for E. coli was found to be at 6 mM CuSO4 
in the culture medium (Gupta et al., 1995; Grey & Steck, 2001). A study on the effect of copper on growth 
of various yeasts showed that the half inhibitory concentration (copper concentration representing 50% 
of maximum growth in basal medium) was comprised between 0.3 and 4.8 mM CuSO4 (Imahara et al., 
1978). In contrast to most other nutrients, the concentration of many metals in natural environments 
usually exceeds cellular needs and hence multiple mechanisms that prevent metal-induced damage are 
encountered in bacteria (Andrei et al., 2020). 
 

I. II. A. 5  Copper resistance mechanisms in bacteria 

 
As an essential cofactor for redox-active cuproenzymes, copper is an important micronutrient for bacteria 
(Xiao & Wedd, 2011). For most of them, copper enters the cell via passive diffusion along its chemical 
gradient. The mechanisms of intracellular copper handling, which regulate its acquisition, storage, 
detoxification and delivery to maturing cuproenzymes, have been extensively studied in the model 
organism Escherichia coli (Figure I.II.4) (Giachino & Waldron, 2020). In E. coli, copper bioavailability in the 
cytoplasm is buffered to an exquisitely low concentration, equivalent to less than one atom per cell 
(Outten et al., 2000).  
 
The Cue system (Copper Efflux) was first discovered in E. coli and consists of a copper responsive element, 
CueR, that can activate the expression of P-type ATPase CopA, a transmembrane transporter which pumps 
Cu(I) from the cytoplasm into the periplasm, CueO, a periplasmic multicopper oxidase which converts Cu(I) 
into less toxic Cu(II) (see below I.II Part B), and the cuprochaperone CopZ. The core cue regulon is 
functionally conserved in all proteobacteria (Giachino & Waldron, 2020).  
 
Like in the cytosol, free Cu is virtually absent in the bacterial periplasm and CopA does not just release Cu 
into the periplasm, but it rather transfers it to periplasmic Cu chaperones, such as CusF which is part of 
the CusCBA system that translocates Cu across the outer membrane. Expression of the cusFCBA operon is 
regulated by the two-component CusRS system. The CusCBA complex can receive Cu from CusF but can 
also transport Cu from the cytoplasm into the extracellular space (Andrei et al., 2020). 
 
Many Gram-negative bacteria contain a third line of defense against high Cu concentrations, the pco 
cluster (plasmid-borne copper resistance) which is often encoded on a transferable plasmid and found in 
strains experiencing high Cu concentrations in their environment. In E. coli, the pcoABCDE genes code for 
several inner, outer and periplasmic proteins, while pcoRS codes for a Cu-responsive two-component 
regulatory system regulating pcoABCDE expression in response to Cu (Andrei et al., 2020). PcoA is the 
major determinant of the pcoABCDE induced Cu-resistance. It belongs to the family of periplasmic 
multicopper oxidases and can replace CueO in E. coli. The exact function of PcoB is uncertain, but it might 
be required for exporting Cu(II) from the periplasm to the extracellular environment. PcoD is a predicted 
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inner membrane copper permease and PcoC and PcoE are predicted periplasmic Cu chaperones (Andrei 
et al., 2020).  
 
 

 
Figure I.II.4 - Copper homeostasis in Escherichia coli. 

In Escherichia coli, three sensory systems, CueR,l CusSR, and the plasmid-borne PcoSR, monitor Cu(I) 
concentration in the two cellular compartments (cytoplasm and periplasm). Two efflux pumps, CopA and 
CusCBA, actively secrete copper from the cytoplasm and periplasm, respectively. Each ATPase is associated with 
one high-affinity cuprochaperone that scavenges copper in the respective compartment (CopZ in the 
cytoplasm; CusF in the periplasm). A multicopper oxidase, CueO, carries out copper detoxification in the 
periplasm. The plasmid-borne Pco system provides two additional periplasmic chelators, PcoC and PcoE, and 
one additional multicopper oxidase, PcoA. Although the copper entry route across biological membranes is 
unknown, the outer membrane porin, OmpC, may contribute to copper resistance by selecting against copper. 
MGE = Mobile Genetic Element. Color codes correspond to different regulons: orange = CueR, blue = CusRS, 
green = PcoRS. The function of PcoB and PcoD are only putative. 
(Adapted from Giachino & Waldron, 2020).
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I.II – Part B – Multicopper oxidases 

 
MultiCopper Oxidases (MCOs) are typically monomeric proteins that consist of three cupredoxin-like 
domains. MCOs catalyze the reduction of molecular oxygen to water by oxidation of an electron donor 
substrate. This process takes place via the transfer of 4 electrons, each electron coming from one substrate 
molecule, so as to reduce one oxygen molecule according to the equations: 
 

(Reducing substrate � Oxidized substrate + 1 e-) x 4 
O2 + 4 e- + 4 H+ � 2 H2O 

 
The mechanism of action of MCOs is based on an active site composed of 4 copper atoms coordinated in 
total by 10 histidine residues and 1 cysteine residue which are strictly conserved in all MCOs. Figure I.II.5 
shows an alignment of the 4 regions involved in the formation of copper clusters of different MCOs with 
different specificities. Among these 4 copper atoms, there is a type I copper (T1) or "blue" copper, and 
three copper atoms forming a trinuclear cluster (TNC) consisting of a type II (T2) or "normal" copper and 
two type III (T3) or “binuclear” coppers. 
 

 
Figure I.II.5 - Sequence alignment of amino acids involved in the formation of the Cu binding sites in 

different multicopper oxidases.  

CueO (Escherichia coli cuproxidase), (BO) Myrothecium verrucaria bilirubin oxidase, RvLc (Rhus vernicifera 
laccase), AO (zucchini ascorbate oxidase), TvLc (Trametes versicolor laccase), CcLc (Coprinus cinereus laccase), 
Fet3p (Sacharomyces cerevisiae ferroxidase), CumA (Pseudomonas putida manganese oxidase), CotA (Bacillus 

subtilis endospore oxidase), SLAC (Streptomyces coelicolor small laccase), and hCp (human ceruloplasmin). 
Numbers indicate the amino acids as ligands for each type of Cu. Amino acids coordinating the trinuclear cluster, 
made of the T2 and the two T3 Cu, are highlighted in light grey and amino acids coordinating the T1 Cu are 
highlighted in black in the sequences. Asterisk indicate a potential proton donor for the reaction intermediates, 
the acidic amino acid is framed in grey in the sequences. 
(Figure from Sakurai & Kataoka, 2007). 
 
The type I Cu is coordinated by two histidine residues and one cysteine residue (and usually a fourth 
methionine residue). The charge transfer in the Cu(II)-S(Cys) bond of this copper atom is responsible for 
the (very beautiful) deep blue color characteristic of MCOs, which is why they are also called “blue 
oxidases”. This type I copper gives a peak in UV-visible absorption centered around 600-610 nm (ε ~5000 
M-1cm-1), it also gives a special signal in EPR. The T1 center does not play a role in the binding and activation 
of O2, it only plays a role in the transfer of the electron between the substrate and the trinuclear cluster 
(Rosenzweig & Sazinsky, 2006). There is a distance of 12-13 Å separating T1 from the TNC and electron 
transfer happens through the conserved HCH motif where the cysteine residue is a ligand of T1 copper 
and the two histidine residues are ligands of the trinuclear cluster (Solano et al., 2001).  
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The type II Cu does not contribute significantly to the UV-visible spectrum of MCOs but shows EPR 
characteristics typical of so-called "normal" copper sites. It is coordinated by two histidine residues and a 
water molecule (Ueki et al., 2006). 
 
The two type III Cu, each coordinated by three histidine residues and forming the binuclear center, show 
an absorption band at 330 nm and are said to be silent in EPR due to the antiferromagnetic coupling 
between the two copper atoms mediated by a bridging ligand (hydroxide, dioxygen or peroxide, see below) 
(Galli et al., 2004). 
 
In the general catalytic scheme of an MCO, the electron of the donor substrate is first transferred to the 
T1 center and then, via the path formed by the HCH motif, passes to the trinuclear cluster (Bento et al., 
2005). It has been established that all MCOs require a fully reduced TNC to initiate the O2 reduction process 
(Figure I.II.6). When a fully reduced MCO reacts with O2, two key intermediates are formed in the reductive 
cleavage of the O−O bond by the TNC: the two-electron-reduced peroxy intermediate (PI, also called 
intermediate I) and the four-electron-reduced native intermediate (NI, also called intermediate II) (Tian et 

al., 2020). Acidic amino acids in the direct vicinity of the trinuclear center play an essential role in the 
efficacy of enzyme catalysis by supplying the protons (Sakurai et al., 2017). Spectroscopic studies defined 
PI as a species with two Cu atoms oxidized and antiferromagnetically coupled, one Cu atom-reduced, and 
peroxide bridging all three Cu of the TNC. The NI has all Cu oxidized with a μ3-oxo in the center of the TNC 
and a μ2-hydroxo ligand between the two T3 Cu. In the presence of excess amounts of a reductant, NI is 
rapidly reduced to the fully reduced (FR) form. In the absence of a reductant, NI slowly decays to the 
resting oxidized (RO) form (Tian et al., 2020). 
 

 
Figure I.II.6 - Reaction mechanism of multicopper oxidases. 

Cu2+ and Cu+ ions are shown in blue and green, respectively. 
(Figure from Tian et al., 2020). 
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The different MCOs are distinguished by their substrate specificity which is related to their role fulfilled in 

vivo. Here is a list of MCOs sorted in ascending EC (Enzyme Commission) number: 
 
- Bilirubin oxidase (EC 1.3.3.5): this enzyme found in fungi catalyze the oxidation of bilirubin, a breakdown 
product of heme, to biliverdin (Solomon et al., 1996). 
 
- Laccase (EC 1.10.3.2): this blue oxidase represent the largest group of MCOs. They show a polyphenol 
oxidase activity, which means that they have the ability to oxidize a fairly wide range of phenolic 
compounds such as ortho- or para-quinols, aminophenols, phenylenediamines, anilines, benzenethiols, 
aryldiamines and lignins. Substituted phenols with methoxy groups (guaiacol, dimethoxyphenol) and 
synthetic substrates with large molar extinction coefficients such as ortho-dianisidine, 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) and syringaldazine are furthermore preferred for detecting 
laccase activity (Solano et al., 2001). The laccase was one of the first enzymes to be studied and was first 
described in 1883 by Yoshida who discovered it in the sap of the Japanese lacquer tree (Rhus vernicifera), 
hence its name (Baldrian, 2006). Laccases are found mainly in plants and fungi. In higher plants, the 
laccases are involved in the lignification process of the cell walls while in fungi they play a role in the 
morphogenesis and delignification of the wood. They have also been shown to be a virulence factor in 
many diseases caused by fungi. Laccases have also been found in a few insects where they are thought to 
be involved in cuticle formation (Mayer & Staples 2002). They are also found in some bacteria, such as 
CotA, a thermostable laccase involved in spore formation in Bacillus subtilis (Enguita et al., 2003). It should 
be noted that tyrosinases (catecholase and cresolase activities) are also polyphenol oxidases but are not 
MCOs because they only have the type III pair of coppers (Sanchez-Amat & Solano, 1997). Laccases are 
also useful "green" catalysts in the treatment of effluents for decolorization-detoxification, in the field of 
paper production (bleaching) or in the baking industry. 
 
- Ascorbate oxidase (EC 1.10.3.3): these enzymes, which are found mainly in plants as homodimers, 
specifically oxidize ascorbate to dehydroascorbate. They play a role in the rate of plant growth through 
cell elongation (Shleev et al., 2005). 
 
- Phenoxazinone synthase (EC 1.10.3.4): this o-aminophenol oxidase is involved in antibiotic biosynthesis 
in Streptomyces strains and its 3D structure has been determined (Smith et al., 2006). 
 
- Ferroxidase (EC 1.16.3.1): ferrous oxidases or ferroxidases oxidize ferrous iron (Fe2+) to ferric iron (Fe3+). 
In mammals, the ceruloplasmin, a plasma MCO protein, displays this essential ferroxidase activity required 
for the assimilation of iron by cells which can only import it into their cytoplasm in the form of a ferric ion, 
the transmembrane transporter being specific to this form. Human ceruloplasmin is the subject of 
extensive research as it is linked to several diseases (Hellman & Gitlin, 2002). In yeast, the highly studied 
protein Fet3p performs the same function in the periplasm (Stoj et al., 2006). 
 
- Manganese oxidases (EC 1.16.3.3): this enzyme is found in many bacterial strains. It oxidizes soluble 
manganese(II) to insoluble manganese(IV) oxides. The enzyme is localized to the outer surface of the cell 
and its activity usually results in encrustation of the cells by the oxides. The physiological function of 
bacterial manganese(II) oxidation remains unclear (Dick et al., 2008). 
 
- Cuproxidase (EC 1.16.3.4): cuprous oxidases or cuproxidases oxidize cuprous copper (Cu1+) to cupric 
copper (Cu2+). This type of MCO related to copper homeostasis was first discovered in Escherichia coli and 
named Cu efflux oxidase (CueO). In contrast to the other MCOs listed above, where the residues close to 
the T1 copper form a depression allowing to accommodate the substrate, it features an additional Met- 
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and His-rich insert that includes a helix that blocks physical access to the T1 center and a flexible surface 
loop that is frequently not resolved in the crystal structures (Figure I.II.7). The insert provides three Cu(I) 
binding sites for rapid oxidation of bound Cu(I) to Cu(II) ensuring a robust cuprous oxidase function of 
CueO (Cortes et al., 2015). 
 

 
Figure I.II.7 - Ribbon model of fully copper-loaded CueO variant C500S (PDB: 3NT0).  

The overall structure is highlighting the three structural cupredoxin domains (D1, red; D2, gold; D3, green), the 
copper centers associated with MCO activity (T1, blue; T2, teal; T3 (binuclear), purple) and the additional Cu(I) 
centers associated with the methionine-rich insert (Cu5, chocolate; Cu6 & Cu7, red). Note: (i) T1 Cu is not 
present in the C500S structure but is added to the figure for illustration; (ii) the disordered Met- and His-rich 
loop (383-400; shown in purple) was not resolved but is added to the figure by superimposing the wild type 
CueO structure (PDB: 3OD3) to show potential alternative ligands for Cu6 and Cu7, especially in the Cu(II) form; 
(iii) Cu5 is also labelled as sCu by other authors to emphasize its role as a site for binding of substrate Cu(I), it is 
buried underneath the protein surface and H-bonded to the T1 site, suggesting an electron transfer pathway 
from sCu to the T1 site and then to the trinuclear cluster where oxygen is reduced to water. The Cu6 and Cu7 
binding sites in the Met-rich region can be described as substrate-docking-oxidation sites, and the sCu site 
connects those surface-exposed Cu sites to the catalytic T1 site. 
(Figure from Cortes et al., 2015). 
 
It is important to note that the different MCOs mentioned above are categorized based on information on 
their substrate preferences in vitro combined with information coming from studies on their regulation 
and physiological function. Indeed, and this is what sometimes makes it difficult to assign their “true” 
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substrate in vivo, they are also generally able to oxidize the substrates of other categories, especially 
phenolic substrates, to a certain extent and with restrictions that differ depending on the enzyme and/or 
the organism from which they originate (Solomon et al., 1996). As a matter of fact, for CueO, structural 
and functional studies have shown that removal of the methionine-rich helical region significantly 
decreases cuprous oxidase activity of the enzyme, but increases its phenol oxidase activity (Wang et al., 
2018). 
 
CueO catalyzes both cuprous oxidation and phenol oxidation but via different mechanisms. As a cuprous 
oxidase, the reactivity relies on the reaction sites Cu6 and Cu7 for high-affinity Cu(I) binding and oxidation 
via an inner sphere mechanism and on the subsequent release of the product Cu(II) from the reaction sites 
(Figure I.II.8). As a phenol oxidase, the reactivity depends on occupation of the reaction sites by Cu(II) ions 
that provide necessary oxidation and electron transfer sites for the phenolic substrate via an outer sphere 
mechanism. The internal Cu5 (sCu) site is part of the essential electron transfer pathway connecting 
surface-exposed sites Cu6 and Cu7 to site T1. In both cuprous oxidase function and phenol oxidase 
function, the same facile electron transfer route is utilized. The reaction sites Cu6 and Cu7 possess higher 
affinities for Cu(I) (~0.13 pM) than for Cu(II) (~5.5 nM) and in physiologically relevant condition of limiting 
copper levels, CueO is acting only as a robust cuprous oxidase. While in vitro, addition of excess Cu(II) 
brings about the phenol oxidase or “laccase-like” activity of CueO (Cortes et al., 2015). 
 
 

 
Figure I.II.8 - Proposed reaction mechanism for CueO as a cuprous oxidase.  

The Cu5 site (brown sphere 5), also called the sCu site, is an essential electron-transfer mediator, not a substrate 
reaction site. Cu6 and Cu7 (grey spheres 6 and 7, respectively) are the two reaction sites for Cu(I) (red spheres) 
loading and oxidation to Cu(II) (blue spheres). The function of Cu6 depends primarily on electron transfer to 
Cu7. Electrons are transferred from the Cu5 site to the blue T1 copper (blue sphere T1) and then to the 
trinuclear center, composed of the T2 copper (teal sphere T2) and of the binuclear T3 copper (purple spheres), 
where dioxygen is reduced to water. 
(Figure from Cortes et al., 2015). 
 
To date, the 3D structures of four different cuproxidases are available (Figure I.II.9). They all display a very 
different Met-rich region, whether by their size, or by their location or by their structure. In Tth-MCO, the 
cuproxidase from Thermus thermophilus HB27, a unique 16-residue methionine-rich β-hairpin motif found 
in the cupredoxin domain 2 is located over the T1 Cu and it appears very probable to be involved in extra 
copper(I)-binding sites in a way reminiscent to the Met-rich region of CueO (Serrano-Posada et al., 2015). 
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Extra Cu(I) binding in their Met-rich region can also be expected for McoC from the human pathogen 
Campylobacter jejuni CGUG11284 (Silva et al., 2012) and McoP from the hyperthermophilic archaeon 
Pyrobaculum aerophilum (Sakuraba et al., 2011). Experiments have demonstrated a strong cuprous 
oxidase activity for both enzymes, although they display a shorter Met-rich region compared to CueO. 
 
 

 
Figure I.II.9 - Ribbon models of the four cuproxidases with a known 3D structure. 

(a) CueO from E. coli (PDB: 3OD3), (b) Tth-MCO from T. Thermophilus (PDB: 2XU9), (c) McoC from C. jejuni (PDB: 
3ZX1), (d) McoP from P. aerophilum (PDB: 3AW5) and (e) superposition of the four structures. The four catalytic 
copper are depicted in brown spheres. All the structures are represented in the exact same orientation. The 
variable extension observed at the top of each structure is the Met-rich region covering the T1 Cu (the highest 
brown sphere).  
Images created using Mol* (Sehnal et al., 2021). 
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Chapter II – Objective 
 
This work is part of a broader effort conducted for several years at the Laboratory of Biochemistry, Center 
for Protein Engineering, University of Liège, to understand the adaptation of enzymes to temperature. 
Within this context, many different enzymes have been extensively studied to generate a knowledge that 
has greatly contributed to establish the activity-stability-flexibility tradeoff hypothesis for temperature 
adaptation. However, a comparative study of extremophilic enzymes catalyzing electron transfer was still 
lacking. The first aim of the present work was to investigate this aspect using psychrophilic, mesophilic and 
thermophilic blue multicopper oxidases (MCOs) as models.  
The three enzymes selected for the study are homologous periplasmic cuproxidases involved in copper 
resistance mechanisms of bacteria and they display a methionine-rich (Met-rich) region with high diversity 
in both the length and composition. The second aim of this study was to examine the role of this peculiar 
region. 
 
The model enzymes chosen to conduct the investigations of thermal adaptation in bacterial MCOs were 
CueO from the mesophilic bacterium Escherichia coli, because this enzyme has been extensively studied 
and its 3D-structure determined, the thermophilic Tth-MCO, the corresponding MCO from Thermus 

thermophilus HB27, and PhaMOx, the corresponding psychrophilic enzyme from the Antarctic bacterium 
Pseudoalteromonas haloplanktis TAC125. 
Moreover, the large loop length differences in the three model cuproxidases allowed to conduct 
investigations on the Met-rich regions, notably by the construction of deletion mutants of PhaMOx, in 
order to provide precise structural and functional information.  
Extensive biochemical and biophysical characterization combined to protein sequence analysis 
approaches helped to gather new knowledge on how enzymes adaptation is at work.   
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Chapter III – Results 

Activity-stability relationships revisited in blue oxidases catalyzing 

electron transfer at extreme temperatures  
 
 
Roulling F, Godin A, Cipolla A, Collins T, Miyazaki K, Feller G. Activity-stability relationships revisited in blue 
oxidases catalyzing electron transfer at extreme temperatures. Extremophiles 2016;20(5):621-629. 
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of the selective pressure of temperature on electron transfer 
rates, produce a specific adaptive pattern, which is distinct 
from that observed in enzymes possessing a well-defined 
active site and relying on conformational changes such as 
for the induced fit mechanism.

Keywords Multicopper oxidase · Cuproxidase · 
Psychrophiles · Thermophiles · Electron transfer

Introduction

In recent years, the range of biological temperatures has 
been expanded with the discovery of new strains inhabit-
ing extreme biotopes. Psychrophiles have been found in 
the brine veins between polar sea ice crystals at −20 °C 
(Deming 2002). More recently, the bacterium Planococ-
cus halocryophilus isolated from Arctic permafrost was 
found to divide at −15 °C and to be metabolically active at 
−25 °C (Mykytczuk et al. 2013), which possibly represents 
the lowest temperature for sustained life before dormancy. 
On the other hand, the archaeon Methanopyrus kandleri 
has been isolated from a hydrothermal vent at 122 °C and 
was shown to resist exposure to 130 °C (Takai et al. 2008).

Among the numerous cellular adaptations required to 
thrive at these extreme temperatures, the enzymatic func-
tion has attracted much attention for both fundamental 
research and biotechnological applications. To compen-
sate for the reduction of chemical reaction rates inher-
ent to low temperature, psychrophiles synthesize highly 
active enzymes. In most cases, such activity improve-
ments arise from a flexible, heat-labile protein structure 
and a dynamic active site that loosely bind its substrate to 
decrease the free energy barrier of activation (Feller and 
Gerday 2003; Siddiqui and Cavicchioli 2006; Struvay and 

Abstract Cuproxidases are a subset of the blue multicop-
per oxidases that catalyze the oxidation of toxic Cu(I) ions 
into less harmful Cu(II) in the bacterial periplasm. Cuprox-
idases from psychrophilic, mesophilic, and thermophilic 
bacteria display the canonical features of temperature adap-
tation, such as increases in structural stability and appar-
ent optimal temperature for activity with environmental 
temperature as well as increases in the binding affinity for 
catalytic and substrate copper ions. In contrast, the oxida-
tive activities at 25 °C for both the psychrophilic and ther-
mophilic enzymes are similar, suggesting that the nearly 
temperature-independent electron transfer rate does not 
require peculiar adjustments. Furthermore, the structural 
flexibilities of both the psychrophilic and thermophilic 
enzymes are also similar, indicating that the firm and pre-
cise bindings of the four catalytic copper ions are essen-
tial for the oxidase function. These results show that the 
requirements for enzymatic electron transfer, in the absence 
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Feller 2012). In contrast, thermophilic enzymes have to 
maintain a functional native state at elevated temperatures. 
Their robust protein structure resists unfolding but, as a 
consequence of the compact and rigid conformation, ther-
mophilic enzymes are generally inactive at room tempera-
ture (Kohen et al. 1999; Kumar and Nussinov 2001; Vieille 
and Zeikus 2001). These adaptations have been explained 
in terms of activity–stability–flexibility relationships or 
tradeoffs (Feller and Gerday 2003; Feller 2010). Interest-
ingly, the same types of weak interactions and structural 
factors are reduced in number and/or strength to provide 
the dynamic structure in psychrophilic proteins, or are 
increased to provide the heat-stable structure in thermo-
philic proteins.

However, noticeable exceptions to the activity–stability–
flexibility tradeoff hypothesis for temperature adaptation 
have been reported. Phosphoribosyl anthranilate isomer-
ase from the hyperthermophile Thermotoga maritima is 
extremely stable but also much more active than its meso-
philic counterpart from E. coli. This has been related to the 
requirement for a very fast turnover of its heat-labile sub-
strate at high temperature (Sterner et al. 1996). The chap-
eronin GroEL from the Antarctic bacterium Pseudoaltero-
monas haloplanktis is not cold adapted and displays similar 
stability and activity than that of its mesophilic homolog 
from E. coli. This has been tentatively related to the 
requirement for a heat-stable structure and activity of the 
psychrophilic chaperonin during heat stress of the Antarctic 
bacterium (Tosco et al. 2003). These examples suggest that 
different adaptive strategies can be used, depending on the 
type of reaction catalyzed or on the cellular context. In this 
respect, the rate of electron transfer in macromolecules is 
expected to be almost unaffected in the range of biologi-
cal temperatures. However, a comparative study of extre-
mophilic enzymes catalyzing electron transfer is currently 
lacking. This aspect has been investigated here using psy-
chrophilic, mesophilic, and thermophilic blue oxidases as 
models.

Cuproxidases (cuprous oxidases) are members of the 
blue multicopper oxidase (MCO) family. In the bacterial 
periplasm, they catalyze the one-electron oxidation of toxic 
Cu(I) ions into much less harmful Cu(II) with concomi-
tant four-electron reduction of dioxygen to water (Fig. 1). 
Cuproxidases display the general fold of MCOs consisting 
of three repeated cupredoxin domains, with an additional 
methionine-rich region that confers specificity for Cu(I) 
(Djoko et al. 2010). Oxidation is mediated via four catalytic 
copper ions arranged in two centers and designated accord-
ing to their spectroscopic properties (Solomon et al. 1996). 
The T1 copper has an absorption peak around 600 nm and 
gives rise to the blue color typical of MCOs. The T2 and 
two T3 copper atoms form a trinuclear center (TNC) and 

give rise to a peak in the region of 330 nm. These catalytic 
coppers are coordinated by strictly conserved histidine, 
cysteine, and methionine side chains. According to the 
reaction mechanism proposed for the cuproxidase CueO 
(Cu efflux oxidase) from E. coli, Cu(I) ions are gathered 
via a methionine-rich region, mainly a disordered loop, and 
an adjacent substrate binding site (sCu). The latter is buried 
underneath the protein surface and H-bonded to the T1 site, 
suggesting an electron transfer pathway from sCu to the T1 
site, and then to the TNC where oxygen is reduced to water 
(Solomon et al. 2008; Singh et al. 2011; Cortes et al. 2015). 
Cuproxidases also display a laccase-like activity (phenol 
oxidase) which is dependent on a single Cu(II) binding 
to the sCu site, the latter becoming a mediator of electron 
transfer between reducing organic substrates and the T1 
site (Djoko et al. 2010). This oxidation has been used here 
for activity measurements.

To conduct investigations of thermal adaptation in bac-
terial MCOs, three model enzymes were chosen: CueO 
from the mesophilic bacterium E. coli (Djoko et al. 2010), 
because this enzyme has been extensively studied, and its 
3D-structure was determined (Roberts et al. 2002; Singh 
et al. 2011), the thermophilic Tth-MCO, the correspond-
ing MCO from Thermus thermophilus (Miyazaki 2005; 
Bello et al. 2012) and PhaMOx, a new psychrophilic 

Fig. 1  Ribbon diagram of the cuproxidase CueO from E. coli. 
In magenta, the Met-rich insert binding three Cu(I) ions (orange 
spheres). According to the proposed mechanism, electrons are trans-
ferred from the sCu site (yellow) to the blue T1 copper (blue) and 
then to the trinuclear center (green) where dioxygen is reduced to 
water. Figure based on PDB entries 3OD3 and 3NT0 [limited to Cu(I) 
ions] from Singh et al. 2011
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(cold-adapted) MCO encoded in the genome of the Antarc-
tic bacterium Pseudoalteromonas haloplanktis (Medigue 
et al. 2005). The three enzymes are homologous periplas-
mic cuproxidases with laccase-like activity. This study was 
undertaken to analyze the adaptive strategy of enzymes 
involving electron transfer in catalysis. We show here that 
a specific, non-canonical adaptive pattern is observed for 
these enzymes.

Materials and methods

Expression and purification

Cuproxidases from P. haloplanktis TAC125, E. coli JM109, 
and T. thermophilus HB27 were produced and purified as 
described elsewhere. Briefly, the coding sequences were 
PCR-amplified from genomic DNA without the native Tat 
signal peptide and cloned into the pET28a expression vec-
tor for intracellular production in E. coli BL21(DE3). The 
psychrophilic PhaMOx was purified by a combination of 
Q-Sepharose FF, S-Sepharose, and hydroxyapatite col-
umn chromatographies. CueO was purified as described 
(Kim et al. 2001), except that all steps were carried out at 
4 °C and Tth-MCO was purified as previously described 
(Miyazaki 2005). Fully copper-loaded holoenzymes were 
obtained by addition of a 15-fold excess of Cu(I) from a 
stock solution of [Cu(I)MeCN)4]

+ in acetonitrile, and the 
excess was removed by gel filtration on PD10 columns 
eluted with the appropriate buffer. Holoenzymes were used 
in all experiments, except differential scanning calorimetry 
(see below).

Differential scanning calorimetry

The PD10 elution buffer for holoenzymes contained 
30 mM MOPS and 1 M 3-(1-pyridinio)-1-propanesul-
fonate (NDSB, a nondetergent sulfobetaine) at pH 7.0. 
Apoenzymes (Sedlak et al. 2008) were prepared by over-
night incubation at 4 °C in the presence of 50 mM ascorbic 
acid, 50 mM NaCN, and 10 mM EDTA in 30 mM MOPS, 
1 M NDSB, pH 7.0. The PD10 elution buffer for apoen-
zymes contained 30 mM MOPS and 1 M NDSB, pH 7.0. 
Measurements were performed using a MicroCal VP-DSC 
instrument at a scan rate of 90 K h−1 and under ~25 psi 
positive cell pressure with samples at ~1 mg/ml concen-
tration. After cell loading, the protein concentration was 
determined for the remaining sample by the Bradford 
method (Pierce). Thermograms were analyzed using the 
MicroCal Origin software (version 7) to determine the 
melting point Tm, the temperature corresponding to the 
transition peak, and the calorimetric enthalpy ΔHcal as the 
area under the transition.

Analytical procedures

The acrylamide-induced quenching of intrinsic fluores-
cence was measured as described (D’Amico et al. 2003) 
on an SML-AMINCO Model 8100 spectrofluorimeter 
(Spectronic Instruments) at an excitation wavelength of 
280 nm (1 nm bandpass) and an emission wavelength of 
340 nm (2 nm bandpass). Holoenzymes were diluted in 
50 mM Tris, pH 7.5 to reach an absorbance at 280 nm of 
about 0.1. The Cu(II)-dependence of phenol oxidase activ-
ity was determined at 25 °C in 50 mM Na-acetate, 10 mM 
2,6-dimethoxyphenol, pH 5.0 in the presence of increas-
ing concentrations of CuSO4. The reaction was initiated 
by substrate addition and monitored by the linear absorb-
ance variation at 477 nm with time. One unit corresponds 
to 1 µmol of 2,6-dimethoxyphenol oxidized per min, and 
the Kd,app for Cu(II) binding to the sCu site is defined as 
the concentration of CuSO4 providing half-maximal activ-
ity. The temperature dependence of laccase-like activity 
was recorded in 50 mM Na-acetate, 5 mM 2,2′-azino bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS), 1 mM CuSO4, 
pH 5.0 in test tubes incubated in a water bath. The reac-
tion was initiated by enzyme addition and absorbance was 
monitored after 2 min at 415 nm. All activity measurements 
were performed in triplicates, using a UVIKON XS spec-
trophotometer (Bio-Tek Instruments).

Results

Primary structure analysis of the homologous 
cuproxidases

The primary structure of the investigated enzymes dis-
plays the typical patterns of cuproxidases, i.e., the strictly 
conserved ligands of the four catalytic coppers and a Met-
rich region involved in Cu(I) binding (Supplementary Fig. 
S1). When compared with the protein sequence of CueO 
from E. coli, the psychrophilic PhaMOx shows 53.5 % 
sequence similarity (24.6 % identity), and the thermophilic 
Tth-MCO exhibits 59.9 % similarity (30.5 % identity). 
Tables 1 and 2 show general features of the three MCOs 
and some peculiarities possibly related to protein adapta-
tion to different thermal environments. The Tat signal 
sequence gets shorter on going from the psychrophilic to 
the thermophilic enzyme. Signal peptides of Tat-dependent 
precursor proteins are optimally adapted to their cognate 
export apparatus (Blaudeck et al. 2001), and here, the lat-
ter has apparently evolved differently in the three bacte-
rial species, possibly as a consequence of their different 
thermal regimes and membrane compositions. The size of 
the mature MCOs also decreases on going from the psy-
chrophilic to the thermophilic enzyme. These differences 
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in polypeptide lengths mainly arise from longer and addi-
tional loops in the sequence of the psychrophilic PhaMOx 
and from shorter loops in the 3D structure of the thermo-
philic Tth-MCO. Thermophilic proteins tend to decrease 
the size of unstructured regions, as these often destabilize 
the native state and are preferential sites for unfolding 
(Kumar and Nussinov 2001). Conversely, long loops in 
psychrophilic proteins exert a structural constraint on the 
protein core, possibly enhancing their dynamic conforma-
tion (Feller 2013).

The number of proline residues (Table 2) increases from 
the psychrophilic to the thermophilic enzymes despite the 
sequence length decreases. This reflects the constraints 
imposed by this imino acid on the dihedral angles in the 
polypeptide chain, leading to a better stability of the native 
state in thermostable proteins. In the case of Tth-MCO, the 
lower number of Asn and Gln can be related to selection for 
heat-stable side chains as both residues are prone to thermal 
deamination (Vieille and Zeikus 2001). Furthermore, its 
Arg content is higher, reflecting the stabilizing properties of 
this side chain which is able to perform multiple H-bonds 
or salt bridges (Mrabet et al. 1992). As a result, the thermo-
philic enzyme also displays a high pI (even higher than the 
theoretical value, Table 1) compared with its counterparts 
that could arise from a high density of positively charged 
residues at the surface of the protein, possibly contributing 
to an electrostatic network enhancing thermal stability. As 
a matter of fact, a large number of salt bridges, composed 
of 34 ion pairs, have been reported in the 3D structure of 
Tth-MCO (Bello et al. 2012). Conversely, the more acidic 
pI of PhaMOx, arising from a high Asp content (Table 2), 
has been frequently reported in psychrophilic proteins and 
has been related to free acidic surface side chains destabi-
lizing the outer protein shell via interactions with the sol-
vent (Schiffer and Dotsch 1996). The Glu content of Tth-
MCO is high, as also observed in thermophilic genomes 

(Suhre and Claverie 2003), and is believed to be impor-
tant in structural stability. Although the prevalence of Glu 
over Asp in stabilization has been experimentally demon-
strated, the molecular origin remains poorly understood 
(Lee et al. 2004). The Met content decreases with increas-
ing environmental temperature for the three MCOs, and 
this trend remains identical after removing the number of 
Met residues involved in Cu(I) binding, (Metcore, Table 2, 
Supplementary Fig. S1). Methionine provides a less rigid 
packing of the hydrophobic core (Gassner et al. 1996) and 
is expected to improve the dynamics of the cold-adapted 
enzyme, whereas the low Met content in Tth-MCO could 
contribute to its thermal stability. Finally, the aliphatic 
index increases from PhaMOx to Tth-MCO, suggesting an 
increasing involvement of non-polar side chains to stabil-
ity via improvement of the hydrophobic effect (Kumar and 
Nussinov 2001).

Structural stability recorded by microcalorimetry

Thermal stability of the cuproxidases in their holo and 
apo forms was studied by differential scanning calorim-
etry (DSC). Thermograms obtained for holoenzymes were 
distorted by a downward drift of the microcalorimetric 
signal after the transition due to protein aggregation, pos-
sibly promoted by the copper ions released during unfold-
ing. Addition of NDSB, a non-detergent sulfobetaine that 
delays protein aggregation (Collins et al. 2006; D’Amico 
and Feller 2009), improved the microcalorimetric signals 
to a certain extent but still only allowed for estimations 
of the apparent Tm (Table 3). In contrast, apoenzymes 
displayed clear microcalorimetric signals in presence of 
NDSB (Fig. 2) and allowed determination of the micro-
calorimetric parameters (Table 3). Denaturation was irre-
versible in all cases and, therefore, prevented a thermody-
namic analysis of unfolding. PhaMOx is the least stable 

Table 1  General properties of the investigated cuproxidases

a Estimated average environmental temperature

Oxidase Source Ta
env (°C) Tat peptide (n aa) Mature form (n aa) Mw (kDa) pI calculated pI experimental

PhaMOx P. haloplanktis TAC 125 <0 36 576 64.2 5.47 ~6.0

CueO E. coli JM109 37 28 488 53.4 6.07 ~7.5

Tth-MCO T. thermophilus HB27 ~80 21 440 48.8 7.09 ~9.5

Table 2  Amino acid content 
(in mol%) and aliphatic index 
in relation to temperature 
adaptation

Metcore Met content without Met residues involved in Cu(I) binding

Oxidase Pro Asn Gln Arg Asp Glu Met Metcore Aliphatic index

PhaMOx 5.4 4.5 3.6 5.2 8.0 4.5 6.4 4.0 75.31

CueO 6.8 4.3 4.5 3.5 6.1 4.3 5.7 2.9 83.14

Tth-MCO 10.0 2.3 3.2 7.3 4.1 6.8 3.0 1.6 96.61
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protein followed by CueO and Tth-MCO, as both Tm and 
the calorimetric enthalpy (ΔHcal) increase on going from 
the cold-adapted protein to the heat-stable homolog. The 
parameter ΔHcal (calculated from the area under the tran-
sition) records the total amount of heat required to disrupt 
all enthalpy-driven interactions during unfolding. Sur-
prisingly, the Tth-MCO apoenzyme displays three well-
resolved transitions. These three completely independent 
stability domains are reminiscent of the three cupredoxin 
structural domains forming an MCO. This is further sup-
ported by the possibility of sequentially unfolding these 
domains by cooling the sample after each transition, 
before a new up-scan (Fig. 3). This is in line with pre-
vious reports showing a gain in unfolding cooperativ-
ity mediated by copper cofactors at the interface of the 
cupredoxin domains in MCOs (Koroleva et al. 2001; Sed-
lak et al. 2008). Table 3 also shows the gain in stability 
(ΔTm holo–apo) induced by binding of the copper cofac-
tors. These differences in melting point temperatures basi-
cally reflect the copper binding strength (Brandts and Lin 
1990), which increases on going from the psychrophilic 
to the thermophilic enzyme. Such increases in the binding 
affinity with the environmental temperature are frequently 

observed in extremophilic proteins (Feller et al. 1999; 
Feller 2010).

Structural flexibility probed by fluorescence quenching

Fluorescence quenching by acrylamide has been suc-
cessfully used to probe the molecular permeability or 
“breathability” of homologous protein structures. As the 
position of the Trp residues is not strictly conserved in 
the tertiary structures of the homologous cuproxidases, 
the variation of quenching with temperature becomes the 
relevant parameter (Fig. 4). In all extremozymes investi-
gated so far, psychrophilic proteins demonstrated a large 
quenching effect arising from the deep penetration of 
the quencher into their flexible structures, whereas ther-
mophilic proteins displayed a weaker quenching effect 
resulting from their rigid conformation near room temper-
ature (Collins et al. 2003; D’Amico et al. 2003; Georlette 
et al. 2003; Huston et al. 2008; Xie et al. 2009). However, 
this pattern is not observed when comparing PhaMOx, 

Table 3  Microcalorimetric 
parameters for cuproxidase 
unfolding

Errors are ±0.2 °C on Tm and ±5 % on ΔHcal

Oxidase Apoenzyme Holoenzyme
Tm (°C)

ΔTm (holo–apo) (°C)

Tm (°C) ΔHcal (kcal mol−1) Σ ΔHcal (kcal mol−1)

PhaMOx 54.2 178 178 58.2 4.0

CueO 61.8 355 355 79.4 17.6

Tth-MCO 83.4 183 436 111.8 28.4

96.7 115

111.8 138

Fig. 2  Differential scanning calorimetry of the homologous cuproxi-
dase apoenzymes in 30 mM MOPS, 1 M NDSB, pH 7.0

Fig. 3  Sequential unfolding of Tth-MCO domains. Upper trace: raw 
DSC thermogram of Apo Tth-MCO full unfolding. a Thermogram 
interrupted after the first transition and cooled to 15 °C. b Rescan of 
the same sample interrupted after the second transition and cooled.  
c Rescan of the same sample
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CueO, and Tth-MCO (Fig. 4) as both the cold-adapted 
and the thermophilic cuproxidases demonstrate an identi-
cal quenching effect and a higher flexibility as compared 
with the mesophilic enzyme. In the case of these MCOs, 
structural stability (Fig. 2) is not correlated with structural 
flexibility (Fig. 4) using dynamic quenching of fluores-
cence, although Trp residues are evenly distributed in the 
sequences, mostly at conserved positions (Supplementary 
Fig. S1).

Laccase‑like activity of the homologous cuproxidases

Laccase or phenol oxidase activity of cuproxidases is depend-
ent on the presence of a single extra Cu(II) ion which binds in 
the substrate binding site sCu. The phenol oxidase activity of 
the three cuproxidases as a function of Cu(II) concentrations 
was measured in the same conditions, in acetate buffer pH 
5.0 at 25 °C with 10 mM 2,6-dimethoxyphenol (2,6-DMP) as 
substrate (Fig. 5; Table 4). Typically, cold-adapted enzymes 
are characterized by a high catalytic activity, whereas most 
thermophilic enzymes are nearly inactive at room tempera-
ture. However, in this case, the maximal activity of both the 
psychrophilic and thermophilic MCOs is similar and lower 
than that of the mesophilic CueO (Fig. 5). In contrast, the 
apparent Kd for Cu(II) binding to the sCu site (Table 4) fol-
lows the generally observed trend for extremophilic proteins: 
a weak binding for the cold-adapted protein, intermedi-
ate for the mesophilic CueO, and a stronger binding for the 
thermophilic protein. Finally, Cu(II) inhibition at high, non-
physiological concentrations (Fig. 5), also indicates differ-
ent interactions between the cupric ion, the substrate, and the 
cuproxidases, as shown by the strong inhibition of CueO and 
the moderate inhibition of PhaMOx and Tth-MCO.

Temperature dependence of activity

The temperature dependence of laccase-like activity with 
ABTS as substrate (which is less prone to oxidation and 
precipitation at high temperatures than 2,6-DMP) and in 
the presence of 1 mM Cu(II) was recorded for the three 
enzymes (Fig. 6). PhaMOx is active at low to moderate 
temperatures, CueO displays a maximal activity around 
80 °C, whereas the maximum is not yet attained for 

Fig. 4  Stern–Volmer plots of fluorescence quenching by acrylamide. 
Fluorescence quenching values at 10 °C (upper panel) and at 35 °C 
(middle panel) for PhaMOx (circles), CueO (squares), and Tth-MCO 
(triangles). Lower panel variation of fluorescence quenching between 
10 and 35 °C obtained by subtracting the regression lines of the 
Stern–Volmer plots at individual temperatures

Fig. 5  Specific activity of PhaMOx (circles), CueO (squares), and 
Tth-MCO (triangles) on 2,6-dimethoxyphenol as a function of Cu(II) 
concentration at 25 °C
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Tth-MCO below the buffer boiling point. It should be men-
tioned that the recorded temperature dependence of activ-
ity does not reflect the temperature dependence of intrinsic 
electron transfer in the core enzyme, but rather the effect 
of temperature on the rate limiting step (electron transfer 
from the non-natural substrate to the sCu site) and possi-
bly on dioxygen reduction to water. When comparing the 
temperature dependence of activity (Fig. 6) with the ther-
mal unfolding of holoenzymes (Tm in Table 3), it can be 
seen that CueO loss of activity is concomitant with unfold-
ing (Tm is close to maximal activity). In contrast, PhaMOx 
thermo-inactivation occurs before any detectable unfolding 
event is recorded by DSC. This can be related to the above-
mentioned weaker copper binding in the redox centers (T1 
and TNC) and sCu site in the laccase-like reaction (Kd,app 
in Table 4): around 30 °C slight alterations in the copper 
chelation geometry impair the electron transfer process.

Discussion

Historically, the very weak temperature dependence of 
electron transfer in biological systems was discovered by 

the observation that electron transfer between a cytochrome 
c and a bacteriochlorophyll occurred even at 80 K (Chance 
and Nishimura 1960). Later, it was proposed that the reac-
tion proceed through quantum mechanical tunneling, which 
is temperature-independent (DeVault and Chance 1966). 
According to the Marcus theory (Marcus and Sutin 1985), 
the rate equation of electron transfer contains an exponen-
tial term including T, as for any chemical rate constant, but 
the various parameters involved render this term negligi-
ble. Furthermore, in many bacterial redox centers, the rates 
actually increase slightly as the temperature is lowered, 
underlining the complexity of such systems. In the case of 
the extremophilic blue oxidases, it can be postulated that 
the rate of electron transfer in the core enzyme is also inde-
pendent of the environmental temperatures, but it should be 
kept in mind that this assumption is currently not supported 
by experimental evidences.

In contrast with many previous studies on extrem-
ozymes, we have shown here that the stability of the extre-
mophilic cuproxidases examined is correlated with neither 
activity, nor flexibility. The primary structures display 
several insights of adaptations linked to thermal stability 
(Tables 1, 2). As a matter of fact, the microcalorimetric 
parameters of stability Tm and ΔHcal increase with envi-
ronmental temperatures (Fig. 2), indicative of an increasing 
number of stabilizing interactions in the folded structures. 
Furthermore, the binding affinity of the catalytic coppers 
also increases from the psychrophilic to the thermophilic 
MCOs, as inferred from ΔTm (holo–apo) in Table 3. As all 
copper ligands are strictly conserved in the three cuproxi-
dases (Supplementary Fig. S1), the structures bearing the 
redox centers should be responsible for these differences in 
affinity. In the cold-adapted PhaMOx, weaker interactions 
chelating copper ions in their rigid binding sites would 
allow lower reorganization energy upon redox changes, 
still maintaining fast electron transfer reactions at low tem-
perature, whereas strong copper binding by Tth-MCO is 
required for proper functioning at elevated temperatures. 
The binding affinity of Cu(II) to the substrate site sCu 
also increases with environmental temperatures (Table 4): 
a weak binding for the cold-adapted protein that could be 
related to improved binding site dynamics as shown in 
other psychrophilic proteins, and a stronger binding for the 
thermophilic protein arising from the compact conforma-
tion of these proteins. Finally, the temperature dependence 
of activity (Fig. 6) follows the same trend. The above-men-
tioned parameters are obviously related to the differences 
in structural stability between the three cuproxidases and 
follow the canonical pattern generally reported for extre-
mophilic proteins.

All previous studies using acrylamide-induced fluores-
cence quenching as a probe for flexibility have invariably 
correlated this parameter with structural stability (Collins 

Table 4  Phenol oxidase activity on 2,6-dimethoxyphenol and appar-
ent dissociation constants for Cu(II) binding to the sCu site at 25 °C

Errors are ±5 % on Kd,app

Oxidase Vmax (U mg−1) Kd,app (µM)

PhaMOx 28.8 ± 0.8 334

CueO 117.9 ± 6.2 165

Tth-MCO 23.3 ± 1.2 108

Fig. 6  Temperature dependence of laccase-like activity with ABTS 
as substrate and 1 mM Cu(II) for PhaMOx (circles), CueO (squares), 
and Tth-MCO (triangles)
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et al. 2003; D’Amico et al. 2003; Georlette et al. 2003; 
Huston et al. 2008; Xie et al. 2009). In sharp contrast, such 
correlation is not found in the cuproxidases as flexibility 
of the cold-adapted PhaMOx and of the thermophilic Tth-
MCO is identical, despite large differences in stability. Two 
explanations can be proposed for this uncommon observa-
tion. First, MCOs catalyze oxidation of reducing substrates 
by an outer-sphere electron transfer mechanism, and hence, 
large conformational changes linked to substrate binding, 
and oxidation is not required. Second, MCOs possess an 
active site containing accurately bound copper cofactors 
to exert the oxido-reduction function, substrate oxidation 
by the T1 site and oxygen reduction to water by the trinu-
clear cluster. The four conserved copper binding motifs are 
distributed along the amino acid sequence, and the strict 
maintenance of the copper ions in their specific binding 
configurations by a rigid conformation of the coordination 
sphere (and by extension of the protein matrix) allows low 
reorganization energy. Therefore, increased global flexibil-
ity of the cold-adapted enzyme structure to counterbalance 
the slowdown of molecular motions at low temperatures 
seems to be both unnecessary and incompatible with elec-
tron transfer catalysis. In this respect, whether the low sta-
bility of the psychrophilic cuproxidase originates from the 
lack of selective pressure or is an essential component for 
its function remains to be clarified. Furthermore, the phe-
nol oxidase activity is also not correlated with stability as 
both psychrophilic and thermophilic cuproxidases display 
similar specific activities at 25 °C (Fig. 5; Table 4). The 
outer-sphere electron transfer process involved in oxida-
tion of reducing substrates is expected to be unaffected at 
extreme biological temperatures, therefore explaining that 
activity of MCOs escape the canonical pattern of extrem-
ozymes. However, one cannot exclude that activity on the 
non-natural phenolic substrate is governed by other factors, 
such as the accessibility of the sCu site.

These results show that the requirements for enzymatic 
electron transfer produce a specific adaptive pattern, distinct 
from that observed in enzymes possessing a well-defined 
active site and relying on conformational changes such as 
for the induced fit mechanism. This aspect can potentially 
explain the non-conventional pattern also reported for other 
proteins involving electron transfer: the uncoupling between 
stability and flexibility in a psychrophilic ferricytochrome 
C552 (Oswald et al. 2014); the higher stability of a psychro-
philic cytochrome c5 as compared with its mesophilic hom-
ologue (Takenaka et al. 2010); the exceptional heat resist-
ance of a psychrophilic thioredoxin reductase (Falasca et al. 
2012); the similar thermal stability of psychrophilic and 
mesophilic superoxide dismutases (Merlino et al. 2010). 
In these examples and in the investigated cuproxidases, the 
strict maintenance of optimal distances between donors and 
acceptors (amongst other essential parameters for electron 

transfer) may have driven evolution toward such activity–
stability patterns, in the absence of the selective pressure of 
temperature on electron transfer rates.
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Supplementary Figure S1: Amino acid sequence alignment of the blue oxidase mature forms. 

Ligands of the four catalytic coppers and spectroscopic copper types are indicated in blue. 

Methionine residues in the Met-rich loops are indicated in red and tryptophan residues probed 

by fluorescence quenching are in yellow. 

 

PhaMOx    ASSLAASTLTGTVPELSGKVIDLVIDESPVNFTGVVRMATTINGSIPAPTLRLKEGDDV  59 

CueO      AERPTLPIPDLLTTDARNR-IQLTIGAGQSTFGGKTATTWGYNGNLLGPAVKLQRGKAV  58 

Tth-MCO    QGPSFPEPKVVRSQGGLLSLKLSATPTPLALAGQRATLLTYGGSFPGPTLRVRPRDTV  58 

           .  : .      .:     :.*        : *        .*.: .*:::::  . * 

11111111111111         213111111111111111111111111111111111111111113 

PhaMOx   TIRVTNNLAVPSSIHWHGIILPYQMDGVPGISFKGIMPGETFVYKFKLQQS--GTYWYHS 117 

CueO     TVDIYNQLTEETTLHWHGLEVPGEVDGGP----QGIIPPGGKRSVTLNVDQPAATCWFHP 114 

Tth-MCO  RLTLENRLPEPTNLHWHGLPISPKVDDPF----LEIPPGESWTYEFTVPKELAGTFWYHP 114 

          : : *.*.  :.:****: :. ::*.        * *           ..  .* *:*. 

1111111113 

PhaMOx   HSG----FQEMTGMYGALIIEPREQDVISADNEHIIQLSDWTDDDPMELFRKLKIQGDVF 173 

CueO     HQHGKTGRQVAMGLAGLVVIEDDEILKLMLP-------KQWGIDDVPVIVQDKKFSADGQ 167 

Tth-MCO  HLHGRVAPQLFAGLLGALVVESS---LDAIP-------ELREAEEHLLVLKD--LALQGG 162 

         *       *   *: * :::*                 .    ::   :.:.  :  :   

111111111 

PhaMOx   NFNQPTVPEFFDDIATSGVANALQRREMWNQMRMSPTDLADLSASAMTYLMNGTAPMANW 233 

CueO     IDYQLDVMTAAVGWFGD------------------------------TLLTNG----AIY 193 

Tth-MCO  RPAPHTPMDWMNGKEGD------------------------------LVLVNG----ALR 188 

                     .   .                                * **    *   

111111111 

PhaMOx   RGLFKAGEKVRLRFINGSSNTFFDVRIPEL-KLTVVQADG-QNVEPVTVDEFRFGPGETY 291 

CueO     PQHAAPRGWLRLRLLNGCNARSLNFATSDNRPLYVIASDGGLLPEPVKVSELPVLMGERF 253 

Tth-MCO  PTLVAQKATLRLRLLNASNARYYRLALQDH-PLYLIAADGGFLEEPLEVSELLLAPGERA 247 

                  :***::*...     .   :   * :: :**    **: *.*: .  **   

111111111 

PhaMOx   DVVVEPKNDAYTIFAQSMDRSGYAKGTLSVAANIDAPVPALDPVEWLAMRDMMGNMDHSA 351 

CueO     EVLVEVND--------------------------------------------NKPFDLVT 269 

Tth-MCO  EVLVRLRK--------------------------------------------EGRFLLQA 263 

         :*:*. ..                                               :   : 

111111111 

PhaMOx   MPGMDHSAMGHASMDKTSMDQGAMDHSTMDHGAMAMDHSKHNMGKNPLAVPSQKVRHAKT 411 

CueO     LP-VSQMGMAIAPFDKPHPVMRIQPIAISASGALPDTLSSLPALPSLEGLTVRKLQLSMD 328 

Tth-MCO  LP-YDRGAMGMMDMGG-------MAHAMPQGPSRPETLLYLIAPKNPKPLPLPKALSPFP 315 

         :*  .: .*.   :.           :     : .          .   :.  *   .   

111111111 

PhaMOx   EYGASVDMRVDTPRTNLDDPGIGLRNNGRRVLTLADLRSLDGIVDHQAPEAEIELHLTGN 471 

CueO     PMLDMMGMQMLMEKYGDQAMAG---MDHSQMMGHMGHGNMNHMNHGGKFDFHHANKING- 384 

Tth-MCO  TLPAPVVTRRLVLTEDMMAAR---------------------------------FFING- 341 

              :  :      .                                        :.*  

111111111111111111111111111111111111111111111111  2 3 

PhaMOx   MERYSWSFDGLEFGKSTPVHMKHNQRVRVILQNDTMMTHPMHLHGMWSDLENDQGDVLVR 531 

CueO     --------QAFDMNKPMFAAAKGQYERWVISGVGDMMLHPFHIHGTQFRILSENGKPPAA 436 

Tth-MCO  --------QVFDHRRVDLKGQAQTVEVWEVENQGD-MDHPFHLHVHPFQVLSVGGRPFPY 392 

                 : ::  :          .   :   .  * **:*:*     : .  *      

11111111111111111111111111111111111111111111313   1    1 

PhaMOx   R-----HTIMVQPAQRISFLTTPHDVG----RWAWHCHLLFHMDAGMFREVVVS 576 

CueO     HRAGWKDTVKVEG-NVSEVLVKFNHDAPKEHAYMAHCHLLEHEDTGMMLGFTV- 488 

Tth-MCO  R--AWKDVVNLKAGEVARLLVPLREKG----RTVFHCHIVEHEDRGMMGVLEVG 440 

         :     ..: ::  :   .*.  .. .        ***:: * * **:  . *  
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a b s t r a c t

Cuproxidases form a subgroup of the blue multicopper oxidase family. They display disordered
methionine-rich loops, not observable in most available crystal structures, which have been suggested to
bind toxic Cu(I) ions before oxidation into less harmful Cu(II) by the core enzyme. We found that the
location of the Met-rich regions is highly variable in bacterial cuproxidases, but always inserted in sol-
vent exposed surface loops, at close proximity of the conserved T1 copper binding site. We took
advantage of the large differences in loop length between cold-adapted, mesophilic and thermophilic
oxidase homologs to unravel the function of the methionine-rich regions involved in copper detoxifi-
cation. Using a newly developed anaerobic assay for cuprous ions, it is shown that the number of Cu(I)
bound is nearly proportional to the loop lengths in these cuproxidases and to the number of potential
Cu(I) ligands in these loops. In order to substantiate this relation, the longest loop in the cold-adapted
oxidase was deleted, lowering bound extra Cu(I) from 9 in the wild-type enzyme to 2e3 Cu(I) in dele-
tion mutants. These results demonstrate that methionine-rich loops behave as molecular octopus
scavenging toxic cuprous ions in the periplasm and that these regions are essential components of
bacterial copper resistance.

© 2022 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

Since the advent of dioxygen produced by cyanobacteria about
109 years ago, copper has become an essential element for most
living organisms. Indeed, oxidation of water-insoluble Cu(I), mainly
in the form of sulfides, has provided soluble and more bioavailable
Cu(II), which was ideally suited to exploit the oxidizing power of
dioxygen [1,2]. The redox properties of the Cu(I)/Cu(II) couple make
it an invaluable cofactor in proteins for electronic transfer process
or redox transformation but are also responsible for severe hazards
to the cell, for example by generating highly toxic hydroxyl radical
in a Fenton-like reaction [3]. Moreover, copper can bind non-
specifically to proteins or replace other metallic cofactors there-
fore impairing protein function [4,5]. Organisms have evolved

several systems to finely control cellular copper levels and to resist
to elevated concentrations in their environment mainly by the use
of pumps and metallochaperones [2]. One of them, the Cue system
(Cu efflux) was first discovered in Escherichia coli and, with the high
number of genome sequences now available, it is considered
widespread in aerobic Gram-negative bacteria [6]. This system
consists of a copper responsive element, CueR, that can activate the
expression of CopA, a transmembrane P-type ATPase which pumps
Cu(I) from the cytoplasm into the periplasm, and of CueO (Cu efflux
oxidase), a periplasmic multicopper oxidase which converts Cu(I)
into the less toxic Cu(II) [7].

Multicopper oxidases (MCOs) are blue enzymes that catalyze
the one-electron oxidation of various substrates and the concom-
itant four-electron reduction of dioxygen to water, the latter ac-
tivity being only shared with terminal oxidases [8]. Their
mechanism of action is based on an active site of four copper ions
classified into threemain copper spectroscopic types (Figs.1 and 2).
Substrates bind near the T1 site, responsible for the blue color,
which transfers electrons to the trinuclear center (TNC), unique to
MCOs and formed by a binuclear T3 site and a T2 copper, where
oxygen is reduced to water [8]. Metallo-oxidases are a subset of the

Abbreviations: CueO, cuproxidase from E. coli; Tth-MCO, cuproxidase from the
thermophile Thermus thermophilus; PhaMOx, cuproxidase from the psychrophile
Pseudoalteromonas haloplanktis; DSC, differential scanning calorimetry.
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MCO family in which substrates are low-valent first-row transition
metal ions such as Fe(II), Cu(I) and/or Mn(II) [9e11]. This subset

includes cuproxidases (cuprous oxidases) and the well-studied
ferroxidases (ferrous oxidases) Fet3p from yeast and human ceru-
loplasmin that illustrate the biological connection of copper to iron,
making the former metal mandatory to aerobic metabolism of the
latter in eukaryotes [12].

The structure of CueO (the cuproxidase from E. coli) displays the
general fold of MCOs, consisting of three repeated beta-stranded
cupredoxin domains, with an additional methionine-rich (Met-
rich) region (Fig. 2) that restricts accessibility to the T1 site and
confers specificity for Cu(I) [13]. This striking feature contrasts with
other MCOs such as laccase or ascorbate oxidase where a depres-
sion near the T1 site creates a substrate specific site for phenolic
compounds or ascorbic acid, respectively [14]. Met-rich regions are
associated with several proteins involved in copper management
and homeostasis, notably the high affinity copper transporters (Ctr)
widely conserved from yeast to human. Recent structural and
functional analysis of CueO showed that its Met-rich region pro-
vides additional Cu(I) binding sites, one of which is the sCu site (s
standing for substrate). According to the reaction mechanism
proposed for CueO, Cu(I) ions are gathered via the methionine-rich
region, mainly a disordered loop, and the adjacent substrate
binding site (sCu). The latter is buried underneath the protein
surface and H-bonded to the T1 site, suggesting an electron transfer
pathway from sCu to the T1 site and then to the TNC where oxygen
is reduced to water [8,14,15]. The Cu(I) binding sites in the Met-rich
region have been described as substrate-docking-oxidation sites,
whereas the sCu site connects surface-exposed sites to the catalytic
T1 site [15]. However, both the length and composition of the Met-
rich insert are highly variable in other bacterial cuproxidases [16,17]
but this aspect has not been investigated so far.

We report here the characterization of blue multicopper oxi-
dases produced by bacteria living in different temperature niches.
To conduct investigations on the function of Met-rich regions in
bacterial MCOs, three model enzymes were chosen: CueO from the
mesophilic bacterium Escherichia coli [13] because this enzyme has
been extensively studied and its 3D-structure determined [14,18],

Fig. 1. Primary structure organization in cuproxidases. The six possible locations (in blue) for insertion of Met-rich loops depicted in a schematic view of CueO primary structure.
Signal peptide in orange. Cupredoxin domains 1, 2 and 3 in green, pink and yellow, respectively. The four ultra-conserved catalytic copper binding sites are located in red. Red boxes
indicate the copper chelating residues in red and the numbers refer to the spectroscopic copper types. The sequence directly preceding the third conserved catalytic copper binding
site and consisting of D and/or M and/or H residues specific to cuproxidases and forming the inner part of the sCu binding site is in white. Blue boxes and numbers in blue circles
indicate the six loop locations where a Met-rich region can be found in different cuproxidases. The numbering of b-sheets is based on CueO structure 3OD3 and the four residues of
each extremity of b-sheets in CueO framing the insertion loops are indicated in subscript for clarity (see Figs. S1 and S2). Selected examples of cuproxidases are indicated for each
location. The asterisk * indicates that this MCO has been characterized and at least one publication is available. The delta symbol D indicates that a mutant where the Met-rich
region has been (partially) deleted or mutated was constructed and characterized. The six cuproxidases for which a crystal structure is available are underlined.

Fig. 2. Ribbon diagram of CueO from E. coli. In red, the Met-rich insert in CueO and in
magenta, the solvent-exposed loops in which the Met-rich insert has been found in
other bacterial cuproxidases. Note the proximity with the blue T1 site. Spheres
represent bound copper ions with color code: blue, the T1 Cu; green, the trinuclear
center; yellow, the sCu and orange, Cu(I) on the Met-rich region. The N-terminus
(magenta) is in front, left and the C-terminus (magenta) is behind the structure.
Figure based on PDB entries 3OD3 and 3NT0.
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the thermophilic Tth-MCO, the corresponding MCO from Thermus
thermophilus HB27 [19,20] and PhaMOx, a new psychrophilic (cold-
adapted) MCO encoded in the genome of the Antarctic bacterium
Pseudoalteromonas haloplanktis TAC125 [21,22]. The three enzymes
are homologous periplasmic cuproxidases with laccase-like activ-
ity. Taking advantage of the large loop length differences in
extremophilic cuproxidases and by mutagenesis of PhaMOx, we
show here that the number of Cu(I) bound is nearly proportional to
the size of the Met-rich loops and to the number of potential Cu(I)
ligands (Met, His, Asp) and propose that these flexible loops behave
as molecular octopus, scavenging toxic cuprous ions in the
periplasm.

2. Materials and methods

2.1. Construction of expression plasmids and mutagenesis

Genomic DNA was extracted from a batch culture of
P. haloplanktis TAC125 or E. coli JM109 using the Promega wizard
genomic DNA purification kit. The coding sequences were PCR-
amplified using VentR Thermopol Polymerase (New England Bio-
labs), with the forward primers containing a NcoI site and the
reverse primers containing a XhoI site and the stop codon
(Table S1). The PCR products were cloned into the pSP73 cloning
vector (Stratagene), excised with NcoI and XhoI and ligated into the
pET28a (þ) vector (Novagen). Mutants of PhaMOx were obtained
using inverse PCR with the pET28a plasmid harboring the PhaMOx
coding sequence as template and primers listed in Table S1. The
resulting recombinant plasmids were transformed into E. coli BL21
(DE3) cells (Stratagene). Plasmid pTL1 harboring the Tth-MCO
coding sequence was obtained as previously described [19].

2.2. Production and purification of recombinant PhaMOx, CueO,
Tth-MCO and mutants of PhaMOx

Single colonies of E. coli BL21 (DE3) cells transformed with the
pET28a vector carrying the MCO gene were used to inoculate a
30 ml preculture in LB containing 50 mg ml�1 kanamycin at 37 �C.
This preculture was used to inoculate 330 ml of Terrific broth
(12 g l�1 Bacto tryptone (Difco), 24 g l�1 yeast extract (Difco),
4 ml l�1 glycerol, 12.54 g l�1 K2HPO4, 2.31 g l�1 KH2PO4, pH 7.2)
containing 50 mg ml�1 kanamycin in 2-L flasks. The cultures were
incubated at 37 �C and 250 rpm until an absorbance at 600 nm
reached about 5. Expression of the enzymes was induced with
0.1 mM isopropyl-1-thio-b-galactopyranoside. Following a further
20-h incubation at 18 �C, the cells were harvested by centrifugation
at 10,000�g for 30 min at 4 �C, resuspended in 50 mM Tris, pH 8.0
supplemented with protease inhibitors (Complete EDTA-free,
Roche) and disrupted in a prechilled high-pressure cell disrupter
(EmulsiFlex-C3, Avestin). Cell debris were removed by centrifuga-
tion at 40,000�g for 30 min at 4 �C. Supernatants were supple-
mented with Benzonase and MgCl2 and dialyzed overnight against
50 mM Tris, 1 mM CuSO4, 1 mM PMSF, pH 8.0. The dialysate, which
had turned blue, was then loaded on a Q-Sepharose Fast Flow (GE
Healthcare) column equilibrated in 50 mM Tris, 1 mM PMSF, pH 8.0
and eluted using a linear gradient from 0 to 300 mM NaCl in the
buffer. Active fractions were pooled and dialyzed against 50 mM
acetate, 1 mM PMSF, pH 5.0. After centrifugation, the sample was
loaded on a S-Sepharose Fast Flow (GE Healthcare) column equil-
ibrated in the same buffer and eluted with a linear gradient
(0e300 mM NaCl). Active fractions were dialyzed against
10 mM K2HPO4, 1 mM PMSF, pH 7.0 and further purified on a Hy-
droxyapatite column (Bio-Rad) using a linear gradient from 10 to
300 mM K2HPO4. Active fractions were pooled, dialyzed against
50 mM Tris, pH 8.0 and concentrated using an Amicon

ultrafiltration device with a 10 kDa cut-off membrane (Millipore).
CueO was purified as described [36], except that all steps were
carried out at 4 �C and Tth-MCO was purified as previously
described [19]. Protein concentration was determined by the
Bradford assay using bovine serum albumin as a standard.

2.3. Copper loading

All enzymes preparations were loaded with a 15-fold excess of
Cu(I) and excess was removed with PD10 columns (Amersham).
Cu(I) was added from a 20 mM stock solution of [Cu(I) (MeCN)4]PF6
complex in acetonitrile. Holoenzymes were used in all experi-
ments, except differential scanning calorimetry (see below). Copper
content of enzymes samples was determined by the 2,20-biquino-
line method [32]. Hydroxylamine was added in the detection re-
agent for the determination of total copper, while it was omitted for
the determination of copper present as cuprous state in the sample,
referred to as “Cu total” and “Cu(I)”, respectively, in the measure-
ments results.

2.4. Copper binding assay

Cu(I) binding capacity of the holoenzymes was determined in a
similar manner as for the preparation of the holoenzymes but in
fully anaerobic conditions. The experiment was carried out under
N2 atmosphere in an inflatable glove bag (Cole-Parmer). Aqueous
solutions were degassed by bubbling with N2 gas overnight prior
transfer to the inflatable glove bag. Holoenzymes were diluted at
15 mM in 50 mM Tris, pH 8 and Cu(I) was added at a final concen-
tration of 225 mM from a 20 mM stock solution of [Cu(I) (MeCN)4]
PF6 complex in acetonitrile. The enzyme solutionwas incubated for
1 min and then applied to a PD10 column previously equilibrated in
freshly prepared 50 mM Tris, 5 mM ascorbic acid, pH 8. Ascorbic
acid was added in the degassed buffer solution just prior use from a
freshly prepared 500 mM stock solution made inside the glove bag
using degassed water. The column was directly eluted with the
same strongly-reducing buffer and the elution was collected in
several fractions in order to separate the late-eluting protein-con-
taining fractions from the early-eluting excess-copper-containing
fractions. Protein-containing fractions were then directly subjected
to copper content determination.

2.5. Analytical procedures

N-terminal amino acid sequence of the recombinant enzymes
was determined by automated Edman degradation using a pulsed-
liquid-phase protein sequencer Procise 494 (Applied Biosystems).
Mass determination was performed on an ESI-Q-TOF instrument
(Waters, Micromass) in positive ion mode. Samples (10 mM) were
analyzed in 30% acetonitrile, 0.5% formic acid, 25 mM ammonium
acetate. Spectra deconvolution technique of calculation was the
maximum entropy (Max ent1). Circular dichroism spectra of the
holoenzymes were recorded using a Jasco J-810 spectropolarimeter
under constant nitrogen flow. Spectra in the far UV were recorded
at 20 �C in a 0.1 cm quartz cell at a protein concentration of
~100 mg ml�1 in 50 mM Tris, pH 7.5. For near UV spectra, 1 mg ml�1

concentration and 1 cm optical path length were used. Spectra
were averaged over five scans and corrected for the buffer signal.
Differential scanning calorimetry experiments carried out with
apoenzymes and laccase-like activity tests using 2,6-
dimethoxyphenol as substrate were performed as described pre-
viously [22].
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3. Results

3.1. Location of the Met-rich region in bacterial cuproxidases

In order to compare the three investigated cuproxidases Pha-
MOx, CueO and Tth-MCO with previously characterized bacterial
homologs, a search was performed in the literature for MCOs dis-
playing a Met-rich region, or involved in copper resistance, or
experimentally confirmed as having a cuproxidase activity. This
subset of 34 homologs included 6 cuproxidases for which a 3D
structure has been solved (Table S2). They belong to both Gram
negative and positive bacteria and are mainly secreted via the Tat
(Twin-arginine translocation) export machinery specialized in the
transport of folded and cofactor-containing proteins across the
cytoplasmic membrane of prokaryotes [23]. However, some are
Sec-dependently translocated according to the SignalP-5.0 analysis
(Table S2) and as already reported [24]. The multiple sequence
alignment of these homologs (Fig. S1) combined with the structural
alignment of the 6 crystal structures (Fig. S2) allowed to locate the
Met-rich regions within the secondary structures. The most inter-
esting result was the position of the Met-rich region in these bac-
terial MCOs, which is highly variable in the sequence and
frequently differs from the canonical position in CueO. In total, 5
different Met-rich region locations were identified (Fig. 1). To
further reinforce this result, additional BLAST searches were per-
formed with the purpose of exploring the vast amount of bacterial
MCOs sequences available, particularly those displaying a longMet-
rich region in their primary structure. Consequently, a new
sequence alignmentmade of the 34MCOs enrichedwith a selection
of additional sequences discovered from the BLAST searches
allowed to confirm the different possible locations - and also to
highlight the variable amino acid composition - of the Met-rich
region in 93 homologs (Fig. S3). Interestingly, a sixth Met-rich re-
gion location was found in this alignment, but in a single MCO
sequence from the obligate methanotroph Methylococcus capsu-
latus str. Bath (Fig. S3). As shown in Fig. 2, based on crystal struc-
tures of CueO, the identified Met-rich regions are inserted at
positions corresponding to 6 different solvent exposed surface
loops in CueO, 4 framed by beta-sheets, and 2 as tails at the N-
terminus and at the C-terminus, all being located at close proximity
of the strictly conserved T1 copper binding site. In contrast to CueO
depicted in Fig. 2, the long N-terminus loop of McoC, which con-
tains the Met-rich region, extends toward the T1 site in the crystal
structure [25]. In R. erythropolis and various actinobacteria, the
Met-rich region is a C-terminal tail which was modelled and was
found to point towards the T1 site [26].

Several MCOs possess two Met-rich-regions, such as in McoC
[25] with one at the N-terminus and one in the Met-rich region 4.
Various MCO sequences from marine bacteria (Hyphomonas spp.,
Hirschia maritima, Henriciella marina, Oceanicaulis alexandrii, Mar-
icaulis maris) were found to have a long C-terminal Met-rich region,
but also a long Met-rich region in position 3 or 4 (Fig. S3). A com-
mon observation on the Met-rich inserts was that they are
composed by a conserved or semi-conserved motif repeated
several times. As an example, the Met-rich region of S. aureus P0218
is formed by 5 repeats of the motif MMDMK separated by semi-
conserved residues. The Met-rich regions found in CueO, Tth-
MCO, PhaMOx and some cuproxidases are flanked by an N-terminal
M(X)DM(X)G sequence (with X standing for any residue or none),
forming the solvent-exposed outer part of the sCu site in CueO [27]
and a D(X) (X)MX sequence immediately upstream from the motif
consisting of the three strictly conserved copper-binding histidines,
forming the buried inner part of the sCu site (Fig. S4). The size of the
Met-rich region is also highly variable, ranging from its absence
with only the sCu sequences like forM. tuberculosisMCO (Table S2)

to about 130 residues, for instance in P. putida MCO Pp-CopA
(Fig. S1). The size of the Met-rich region is apparently not related
to temperature adaptation in contrast to what is frequently re-
ported for non-functional loops in extremophiles [28]. For instance,
the cuproxidase PhaMOx from the Antarctic P. haloplanktis displays
a long 55 residue insert whereas both cuproxidases from the Arctic
Psychrobacter arcticus 273-4 and Psychrobacter cryohalolentis K5
from Siberian permafrost are devoid of the Met-rich region and
only display both conserved motifs of the sCu site in their
cuproxidases (Fig. S5), although the three enzymes share 55%
identity (82% similarity) in the core enzyme. Finally, the occurrence
of a cuproxidase in bacteria is unpredictable: whereas the investi-
gated Tth-MCOwas isolated from T. thermophilusHB27, the genome
of T. thermophilus HB8 is devoid of a cuproxidase coding sequence.

3.2. Genomic context and primary structure of the investigated blue
oxidases

The multicopper oxidase PhaMOx encoded by the PSHAb0011
gene in the genome of the Antarctic bacterium Pseudoalteromonas
haloplanktis TAC125 [21] is homologous to the cuproxidases CueO
from the mesophile E. coli and to Tth-MCO from the thermophile
T. thermophilusHB27. Like its two counterparts and despite genome
annotation as a “putative laccase” [29], the function of the psy-
chrophilic enzyme is clearly linked to copper resistance of the
bacterium. Indeed, in the three bacteria, the gene encoding the
MCO belongs to an operon also comprising a copper-responsive
factor and a copper efflux P-type ATPase. General information on
the investigated MCO is provided in Table 1. The three enzymes
possess four ultra-conserved copper binding motifs typical of the
MCO family and the Met-rich region specific to cuproxidases (Fig. 1,
Fig. S4). They also display a signal peptide for periplasmic targeting
by the Tat export pathway. The Met-rich regions specific to the
cuproxidase sub-family are also very different in length and
composition among the three MCOs and, with the regions sur-
rounding them, are responsible for the differences in polypeptide
size (Tables 1 and 2). In CueO, the Met-rich region is inserted at
location 4, whereas the insertion is in location 3 for both Tth-MCO
(Fig. 1) and PhaMOx, although for the latter insertion at location 4
cannot be ruled out (Fig. S1). In contrast to CueO and Tth-MCO, the
3D structure of PhaMOx is not known and its Met-rich insert has
been delineated using the outer sCu consensus sequence and the
Met and His abundance.

3.3. Cloning and production of the psychrophilic blue oxidase and
of its homologs

The full-length coding sequence of the psychrophilic oxidase
was cloned in a pET vector and expressed in E. coli BL21 (DE3).
Laccase-like activity of the heterologously expressed enzyme was
detected in the cytoplasmic fraction and to a much lower extent in
the periplasmic fraction (data not shown). N-terminal sequencing
of the new protein band observed by SDS-PAGE of the periplasmic
fraction of induced cells confirmed both its identity and the
cleavage site predicted by the SignalP server [30]. The heterologous
Tat-signal is therefore recognized by the E. coli export machinery
but the latter is apparently overloaded by the huge amounts of
enzyme produced (estimated to ~0.5 g l�1 of culture). Indeed, most
of the enzyme production was not processed and remained in the
cytoplasm where different proteolytic cleavages occurred, leading
to N-terminal heterogeneity in the Tat-signal peptide as deduced
from N-terminal sequencing. Consequently, only the nucleotide
sequence of the gene encoding the enzyme mature region was
inserted in a pET vector and expressed. Purification of the recom-
binant psychrophilic mature enzyme PhaMOx was achieved by a
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combination of ion-exchangers. Both the Tat-processed (periplas-
mic) and the cytoplasmic-produced oxidases were found identical
in terms of activity and stability. Accordingly, similar gene cloning
and cytoplasmic production strategies were applied for CueO and
Tth-MCO. Integrity of the purified proteins was confirmed by
automated Edman N-terminal sequencing and ESI-Q-TOF mass
spectrometry. The three recombinant MCOs appeared homogenous
on SDS-PAGE and displayed laccase and ferroxidase activities
(Fig. S6).

3.4. Circular dichroism spectra

As expected for MCOs formed by three cupredoxin domains,
circular dichroism spectra in the far UV of holoenzymes showed
that the secondary structures of the three cuproxidases essentially
consist of beta-sheets (Fig. 3A). No alteration of these spectra were
observed following addition of CuSO4 or of the reducing agent
hydroxylamine, showing that the copper redox state does not
induce detectable secondary structure variations. CD spectra in the
visible region displayed signals typical to T1 and T3 copper binding
sites but clear differences were noted (Fig. 3B). As amino acids
forming the copper bindingmotifs are strictly conserved among the
three cuproxidases, these discrepancies should arise from slight
differences in the lengths and angles between the bound copper
and nitrogen or sulfur atoms from histidine or cysteine/methionine
residues, respectively. In both UV regions, the CD spectra of the
cold-adapted and thermophilic oxidases were similar and differed
from the mesophilic CueO. Interestingly, this similarity pattern was
also observedwhen comparing the flexibility of the 3 enzymes [22].

3.5. Copper binding by the homologous blue oxidases

The three cuproxidases were produced without supplemented
copper ions in the culture medium in order to avoid induction of
the endogenous chromosome-borne, copper-inducible cuproxidase
of E. coli BL21 (DE3) and to increase the growth yield. The three
purified enzymes displayed a blue color typical of MCOs but were
not fully loaded with their cofactors. Indeed, addition of Cu(II) led
to a very slow increase in color intensity, whereas addition of Cu(I)
rendered the preparations instantly colorless due to reduction of
the T1 copper and then rapidly more blue with increased absor-
bance at ~600 nm (T1 copper site) but also at ~340 nm (T3 copper
site) (Fig. S7C). It has been shown that many apo-MCOs can only be
completely loaded with copper in its cuprous Cu(I) and not cupric
Cu(II) state [31] as Cu(I) is more exchange labile and is the

physiological form available in the cell. Accordingly, full holoen-
zymes were prepared by adding excess Cu(I) in the form of an
acetonitrile delivery complex [Cu(I) (MeCN)4]þ. Cu(I) ions added
were incorporated into the copper centers and the excess was then
a substrate of the enzyme, which was rapidly oxidized. This excess
was removed by gel filtration and the holoenzymes were used for
all subsequent experiments unless otherwise stated.

Copper content of the purified enzymes was determined by the
2,20-biquinoline method [32] before and after the treatment
described above. Increase in copper content was observed for all
MCOs (Table 3). After Cu(I) loading, one should expect a total of 4
copper atoms per holoenzyme molecule under aerobic conditions.
Deviations from this stoichiometry in Table 3 arises mainly from

Table 1
General properties of the investigated multicopper oxidases.

Oxidase Source Tenva
�C

TAT
peptide
aa

mature
form
aa

Mw
kDa

UniProtKB
acc n�

Tth-
MCO

T. thermophilus HB27 ~80 21 440 48.8 Q72HW2

CueO E. coli JM109 37 28 488 53.4 P36649
PhaMOx P. haloplanktis TAC 125 <0 36 576 64.2 Q3ICN9

a Estimated average environmental temperature.

Table 2
Properties of the Met-rich insert in the homologous blue oxidases.

Oxidase Length aa Met His Asp
P

ligands

Tth-MCO 16 6 1 1 8
CueO 45 14 5 4 23
PhaMOx 55 14 7 8 29

Fig. 3. Circular dichroism spectra of the cuproxidases PhaMOx (blue), CueO (green)
and Tth-MCO (red). A: CD spectra in the far-UV region induced mainly by the sec-
ondary structures. B: CD spectra in the near-UV region induced mainly by aromatic
side chains (250e300 nm) and by copper ions (>300 nm).
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cumulative errors on protein concentration. Accordingly, the cop-
per content of holoenzymes was normalized to 4 Cu atoms per
enzyme molecule for further calculations (see below).

To analyze the Cu(I) binding capacity of the homologous blue
oxidases, the main issue was to resolve the instability of Cu(I) ion
due to its fast oxidation to Cu(II) either directly by O2 or by the
enzyme. We have developed a new methodology for copper
loading and for the determination of copper content using an
excess of reductant and under strict N2 atmosphere in order to
block the catalytic turnover and oxidation of Cu(I) to Cu(II) (see 2.4.
for details). As shown in Table 3, the Cu(I) content of holoenzymes
under anaerobic conditions was identical to the total copper con-
tent. This demonstrates that all copper atoms bound to the enzyme
and quantified have beenmaintained in the cuprous state along the
manipulation. Accordingly, subtracting the 4 copper atoms
belonging to the active site from the copper content under anaer-
obic conditions provided the number of extra Cu(I) ions bound to
the enzymes: Tth-MCO binds only ~1 extra Cu(I), ~3 extra Cu(I) ions
are found for CueO and PhaMOx binds ~9 extra Cu(I) ions. It is
worth mentioning that the result obtained for CueO is in excellent
agreement with the 3 Cu(I) ions bound to the Met-rich insert in its
high resolution crystal structure [14,15] and tends to validate our
approach. Furthermore, the number of extra Cu(I) appears to be
almost correlated with the length of the Met-rich loops and to the
number of potential Cu(I) ligands (Table 2). The latter hypothesis
was addressed by mutagenesis of the psychrophilic PhaMOx
because of its high Cu(I) binding capacity and specific loop prop-
erties as detailed below.

3.6. Design of PhaMOx mutants

Based on sequence alignment comparison (Fig. S4) and on the
crystal structures of CueO [14] and Tth-MCO [20], we have identi-
fied regions at the surface of PhaMOx near the T1 site potentially
involved in its cuproxidase function. These regions are predicted to
be disordered by algorithms such as PSIPRED [33]. In order to
explore the role of these regions in PhaMOx, three different mu-
tants have been constructed (Fig. 4).

(i) The mutant D1 in which a putative surface loop close to the
T1 site and formed by residues 181 to 212 (native form
numbering, 217e248 in the precursor) has been deleted. This
loop is much longer as compared to CueO and Tth-MCO and
is inserted at location 2 of other cuproxidases. Although it
does not display the canonical Met and His-rich signature,
the proximity to the T1 site might confer a specific function
to this loop.

(ii) The mutant D3 in which the Met-rich region has been
deleted (residues 347 to 394 deleted, 383e430 in the pre-
cursor), but keeping the outer sCu consensus sequence intact
with Met340 and Asp342 as candidates for sCu coordination
by the outer part of the binding site.

(iii) The mutant D23 in which both the entire Met-rich region
and the outer sCu consensus sequence MRDMMG were
removed (residues 340 to 394, 376e430 in the precursor).
Both latter mutants could validate our consensus sequence
for the sCu site.

3.7. Characterization of PhaMOx mutants

The three mutant enzymes were produced and purified ac-
cording to the wild-type procedure and the copper content was
similar both at the end of the purification and after treatment with
the acetonitrile delivery complex [Cu(I) (MeCN)4]þ to obtain full
holoenzymes (Table 3). The CD spectra in the far UV region of the
mutants as compared to PhaMOx (Fig. 5A) indicated that no sig-
nificant changes in secondary structures have occurred upon
deletion of the loops, in agreement with their predicted disordered
conformation. Spectra in the near UV region (Fig. 5B) also indicated
that the tertiary structures and the copper centers remained un-
affected by these loop deletions. Structural stability analyzed by
DSC was performed on apoenzymes because copper release during
thermal unfolding of the holoenzymes induced aggregation and
precluded reliable thermogram records. The normalized DSC
thermograms (Fig. 6A) and stability parameters (Table 4) of the
mutants were similar to the parent PhaMOx, demonstrating that
the Met-rich region has no influence on the cuproxidase stability.

By contrast, the effect of Cu(II) concentration on the laccase-like
activity of the mutants with 2,6-dimethoxyphenol as substrate
revealed distinct features (Fig. 6B and Table 4). Deletion of both the
postulated outer part of the sCu site and of the Met-rich loop in
mutant D23 resulted in 93% loss of activity, highlighting the
importance of this region for phenol-oxidase activity, with however
an improved apparent affinity for Cu(II). The severe activity
decrease of mutant D23 arises from deletion of the MRDMMG
sequence as evidenced by mutant D3. Indeed, the latter contains
this sCu consensus sequence and retains 76% of the wild-type
PhaMOx activity with similar apparent affinity for Cu(II). This also
strongly suggests that the outer sCu consensus sequence in the
Met-rich region, determined from our multiple sequence align-
ment, actually corresponds to the outer part of the sCu binding site.
Unexpectedly, mutant D1 only retained 20% of activity with almost
unaffected apparent affinity for Cu(II).

The Cu(I) binding ability of the mutants was assayed under
anaerobic conditions (Table 3). The mutant D1 displayed an almost
unaffected Cu(I) binding capacity as compared with PhaMOx. This
shows that the loop 181e212 specific to PhaMOx is not involved in
Cu(I) chelation. This mutant can also be regarded as a positive
control, as deletion of the loop devoid of the Met-rich signature
does not affect the Cu(I) binding ability. In contrast, removal of the
Met-rich region decreases the number of extra Cu(I) bound from ~9
in PhaMOx to ~2 or ~3 in D3 and D23, respectively. The residual
Cu(I) bound to the mutants can be regarded as non-specific binding

Table 3
Copper binding by the homologous multicopper oxidases and by PhaMOx mutants (molar ratios).

Purified enzymes þ excess Cu(I) in aerobic conditions þ excess Cu(I) in
anaerobic conditions

Extra Cu(I) binding in anaerobic conditions

Cu total Experimental Cu total Normalized Cu total Cu(I) Cu total

Tth-MCO 1.5 ± 0.1 5.6 ± 0.1 4.0 ± 0.1 5.4 ± 0.1 5.4 ± 0.1 1.4 ± 0.1
CueO 7.6 ± 0.2 8.6 ± 0.1 4.0 ± 0.1 7.5 ± 0.1 7.4 ± 0.1 3.5 ± 0.1
PhaMOx 3.7 ± 0.2 5.1 ± 0.1 4.0 ± 0.1 13.2 ± 0.1 13.0 ± 0.1 9.2 ± 0.2
PhaMOx D1 3.5 ± 0.1 5.3 ± 0.1 4.0 ± 0.1 12.5 ± 0.2 12.5 ± 0.2 8.5 ± 0.2
PhaMOx D3 3.1 ± 0.1 4.8 ± 0.1 4.0 ± 0.1 5.7 ± 0.1 5.7 ± 0.1 1.7 ± 0.2
PhaMOx D23 3.4 ± 0.3 4.7 ± 0.1 4.0 ± 0.1 7.4 ± 0.1 7.4 ± 0.1 3.4 ± 0.1

F. Roulling, A. Godin and G. Feller Biochimie 194 (2022) 118e126

123

www.nitropdf.com

u212736
Texte écrit à la machine
63

u212736
Rectangle 



or they might also reflect distinct Cu(I) binding ability of the core
enzyme.

Fig. 4. Partial amino acid sequences of PhaMOx and of its deletion mutants. Numbering refers to the PhaMOx native form. The consensus sequence of the outer part of the sCu site is
underlined.

Fig. 5. Circular dichroism spectra of PhaMOx and of its mutants. A: CD spectra in the
far-UV region (PhaMOx spectrum in heavy black trace). B: CD spectra in the near-UV
region (PhaMOx spectrum in heavy black trace).

Fig. 6. Stability and laccase-like activity of PhaMOx and of its mutants. A: Differential
scanning calorimetry of the apoenzymes. Heavy black line: thermogram of the wild-
type PhaMOx. Tm was measured at the top of the transition and DHcal was calculated
as the area under the transition. B: Cu(II) dependence of laccase-like activity at 25 �C (1
U ¼ 1 mmole of 2,6-dimethoxyphenol oxidized per min).
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4. Discussion

Methionin-rich regions are frequently associated with proteins
involved in copper trafficking, management and homeostasis.
Indeed, the thioether group ofmethionine has been shown to play a
major role in the bioinorganic chemistry of Cu(I) ions [34]. For
instance, a simple peptide containing a MXXMXXM motif is suffi-
cient to bind Cu(I) ions with very high affinity [35]. Methionine
motifs for copper binding are resistant to oxidation and therefore
are mainly found in cell compartments exposed to oxidative envi-
ronment, in contrast with the oxidation-prone cysteine motifs
which are mainly found in the reducing intracellular environment.
MCOs from bacterial species which possess Met-rich regions can
only be found in the periplasm of prokaryotes where their physi-
ological role is the defense of this important cell compartment
against toxic cuprous ions. In CueO, the low coordination number,
solvent exposure, and disorder of the methionine-rich binding sites
make them suitable for transient copper binding and substrate
procurement [14]. Here we have shown that location, size and
sequence of these Met-rich inserts are highly variable in bacterial
cuproxidases and that they bind specifically Cu(I) with a stoichi-
ometry related to their size and composition in three investigated
blue oxidases. It is worth mentioning that Cu(I) binding has been
only demonstrated for CueO on the basis of its high resolution
crystal structure [14]. Here we provide a new method for cuprous
ion binding determination in reducing solution and oxygen-less
atmosphere, which can be applied to any potential cuproxidase.

In sharp contrast withmost functional motifs which have awell-
defined position in protein structures, the Met-rich inserts in bac-
terial MCOs were found at locations corresponding to six different
solvent exposed loops of the cuproxidase CueO (Fig. 2). However,
these loops share a close spatial proximity with the strictly
conserved blue T1 site which bind the first catalytic copper. It
should be noted that all insertions of a Met-rich region (with only
one exception at region 5) occur in the cupredoxin domain 2 and as
N- or C-terminal tails (Fig. 1). Domain 2 is the longest in the
sequence but does not carry any of the active site copper chelating
residues. The T1 site is located in the cupredoxin domain 3 and the
trinuclear copper binding site is formed at the interface of domains
1 and 3. Accordingly, one can suggest that both cupredoxin do-
mains 1 and 3 are not (or less) amenable to Met-rich loop insertion,
whereas domain 2 possesses sufficient structural plasticity to
accommodate such insertions.

In the 3 cuproxidases investigated here, these Met-rich regions
display a conserved N-terminal M(X)DM(X)G motif (Fig. S4) in
which bothMet and Asp residues form the outer part of the sCu site
in CueO [27]. The involvement of this conserved motif in the sCu
site of other bacterial cuproxidases is supported by the D23 mutant
of PhaMOx: deletion of this motif results in a drastic reduction of
phenol oxidase activity, which requires Cu(II) binding to this site
(Fig. 6B and Table 4). In addition, the 3 blue oxidases possess
strongly conserved Asp and Met residues immediately upstream
from the strictly conserved histidines of the T1 site (Fig. S4) and

forming the buried inner part of the sCu site in CueO [27]. In most
cases, the sequence of the outer part was hardly detectable within
the primary structures of other cuproxidases. However, the occur-
rence of M and/or D and/or H immediately upstream of the
conserved copper-binding histidines is a novel criterion allowing to
distinguish cuproxidases from other MCOs (Figs. S1 and S3).
Furthermore, our newly developed method for cuprous ion binding
determination will allow to experimentally check this criterion.
Altogether, the occurrence of the Met-rich inserts and of both sCu
motifs support the possible early events in Cu(I) oxidation proposed
for CueO and their generalization in bacterial cuproxidases: the
Met-rich regions chelate Cu(I) in the periplasm and are dedicated to
feed the sCu site. They provide a first step of electron transfer to the
catalytic copper T1 and to the trinuclear center [14,15]. Cuprox-
idases can then be regarded as molecular octopus with a beak (the
sCu site) and tentacles (the Met-rich Cu(I) binding region).

The deletion mutants of PhaMOx also provide additional
structural and functional information. None of these deletions
induce major changes in the CD spectra (Fig. 5) nor in the stability
parameters of the mutants (Fig. 6A, Table 4). This indicates that the
deleted regions are not closely packed on the core enzyme, but
rather are disordered loops as also predicted by PSIPRED. The slight
increase of stability (positive shift of ~1 �C in Tm) observed for the
mutant D1, suggests that this surface loop (devoid of the Met-rich
signature) exerts a constraint on the core enzyme, which was
relieved upon deletion. This loop is not involved in Cu(I) binding
(Table 3) but its deletion results in an 80% loss of laccase-like ac-
tivity. This indicates that the loop 181e212 specific to PhaMOx and
not related to the Met-rich region is involved in the phenol-oxidase
activity. More importantly, the severe loss of Cu(I) ions bound to
mutant D3 and D23 demonstrates that the Met-rich insert is spe-
cifically designed to coordinate several Cu(I) ions.

The physiological relevance of length variability in Met-rich
inserts remains unclear. Indeed, long insert sequences potentially
binding more Cu(I) are found in bacterium not exposed to high
copper concentrations such as P. haloplanktis isolated from pristine
Antarctic sea ice. Conversely, short insert sequences are noted in
thermophiles thriving in metal-rich effluents from hot springs,
although this could be possibly related to loop length decreases in
thermophilic proteins in order to improve their stability. Never-
theless, variability in location, length and sequence of Met-rich
inserts suggests evolutionary trend and selection for the acquire-
ment of copper-binding residues in surface loops close to the blue
T1 site.

Finally, we have shown that the three cuproxidases can be
produced intracellularly in a functional but almost Cu-depleted
form in the absence of copper in the culture medium and that
the enzymes can be activated by an exogenous Cu(I) supply. This
has at least two physiological consequences. Induction of cuprox-
idase synthesis is thought to be mediated by the appearance of
Cu(I) in the cytoplasm. Accordingly, following cuproxidase syn-
thesis, its copper loading process can already contribute to lower
the level of toxic intracellular Cu(I), although CueO from E. coli was
found to be exported as an apoenzyme [24]. Furthermore, if the
induction mechanism is not tightly regulated, a basal level of Cu-
depleted cuproxidase can be synthesized and translocated in the
periplasm by the Tat secretion apparatus. This pool of poorly active
cuproxidase might be regarded as a first line defense, waiting for
Cu(I) loading and full oxidase activity.
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Table 4
Stability and laccase-like activity of PhaMOx and of its mutants.

DSC Laccase-like activity

Tm
�C

DHcal

kcal mol�1
Vmax

U mg�1
Kd app

mM

PhaMOx 54.2 178 28.8 ± 0.9 334 ± 16
PhaMOx D 1 55.3 160 5.6 ± 0.2 259 ± 13
PhaMOx D 3 54.3 158 22.0 ± 0.7 271 ± 13
PhaMOx D 23 54.1 180 2.1 ± 0.1 53 ± 3

SD are ±0.1 �C on Tm and ±5% on DHcal.
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Table S1: Primers used in this study. The NcoI site in forward primers and the XhoI site in 

reverse primers are underlined. The stop codon is in bold. SP: wild type TAT signal peptide 

coding sequence. 

 

Coding sequence  Primer  Primer sequence  (5’ - 3’) 

PhaMOx + SP Forward  GGTGTAATACCATGGGTTTTAAAAAGTCATTG 

PhaMOx Reverse CCCCTCGAGTCATGATACAACCACCTCTCTAA 

PhaMOx Forward GGGCCATGGCATCATCTTTAGCGGCTTC 

CueO Forward GGGCCATGGCAGAACGCCCAACGTTAC 

CueO Reverse CCCCTCGAGTTATACCGTAAACCCTAACATCATCC 

PhaMOx Δ1 Forward GCTGATTTATCGGCTTCGGC 

PhaMOx Δ1 Reverse TACAGTGGGCTGATTAAAGTTAAACAC 

PhaMOx Δ3 Forward GGTAAAAACCCACTGGCTGTTC 

PhaMOx Δ3 Reverse ATTGCCCATCATATCCCGCATT 

PhaMOx Δ23 Forward GGTAAAAACCCACTGGCTGTTC 

PhaMOx Δ23 Reverse TGCTAACCACTCAACTGGGTC 
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Table S2: A compilation of previously characterized MCOs used for the multiple sequence alignment in Fig. S1

Name Pdb Organism

Gram 

classifica

tion

Signal Peptide 

identified using 

SignalP*

Met-rich 

region 

location**

References

Uniprot 

(or GeneBank if 

noted Gb:)

CueO 3OD3 Escherichia coli - TAT (Tat/SPI) 4 Singh et al. J Biol Chem. 2011, 286(43), 37849-37857  P36649

OcCueO 6EVG Ochrobactrum sp. - TAT (Tat/SPI) 4 Granja-Travez et al. FEBS J. 2018, 285(9), 1684-1700 A6X5N0

Lac15 4F7K Marine microbial metagenome NA TAT (Tat/SPI) 4 Fang et al. PLoS ONE, 2014, 9(7): e102423. E1ACR6

McoC 3ZX1 Campylobacter jejuni  CGUG11284 - TAT (Tat/SPI) 1 - 4 Silva et al. Metallomics, 2012, 4, 37-47 A0A0H3PBA4

K sp.  601 MCO / Klebsiella sp.  601 - TAT (Tat/SPI) 4 Li et al. Can J Microbiol, 2008, 54(9), 725-733 - Li et al. BMC Biochemistry, 2011, 12:30 B0FMT2

BmcO / Brucella melitensis  16M  - TAT (Tat/SPI) 4 Wu et al. FEMS Microbiology Letters, 2015, 362(12) Gb:AIJ88386.1

CuiD / Salmonella enterica  serovar typhimurium - TAT (Tat/SPI) 4 Achard et al. Infection and Immunity, 2010, 78 (5)  Q8ZRS2

MCO A. hydrophila / Aeromonas hydrophila  subsp. hydrophila ATCC 7966 - TAT (Tat/SPI) 4 Singh et al. Syst Synth Biol, 2012, 6, 51-59 A0KP58

CopA1 / Cupriavidus metallidurans CH34 - TAT (Tat/SPI) 3 or 4 Monchy et al. Microbiology. 2006, 152(6), 1765-76 Q58AD6

CopA2 / Cupriavidus metallidurans CH34 - TAT (Tat/SPI) 3 or 4 Janssens et al. PLoS One. 2010, 5(5):e10433 Q1LBE6

PcoA / Escherichia coli (plasmid-borne pco operon) - TAT (Tat/SPI) 3 or 4 Djoko et al. Chem Bio Chem, 2008, 9, 1579 - Xiao and Wedd Aust J Chem, 2011, 64, 231-238 Q47452

CopA / Pseudomonas syringae - TAT (Tat/SPI) 3 or 4 Cha & Cooksey. PNAS, 1991, 88, 8915-8919 P12374

MCO P. aeruginosa / Pseudomonas aeruginosa - TAT (Tat/SPI) 3 or 4 Huston et al. Mol Microbiol, 2002, 45, 1741-1750 Q8GP37

Pp-CopA / Pseudomonas putida KT2440 - TAT (Tat/SPI) 3 or 4 Granja‐Travez et al. Archives of Biochemistry and Biophysics, 2018, 660, 97‐107 Q88C03

Pf-CopA / Pseudomonas fluorescens PF-5 - TAT (Tat/SPI) 3 or 4 Granja‐Travez et al. Archives of Biochemistry and Biophysics, 2018, 660, 97‐107 Q4KCN4

Pha MOx / Pseudoalteromonas haloplanktis  TAC125 - TAT (Tat/SPI) 3 or 4 Roulling et al. Extremophiles, 2016, 20(5), 621-629 Q3ICN9

MCO S. aureus / Staphylococcus aureus ATCC12600 + Sec/SPI) expected 1 Sitthisak et al. Appl Environ Microbiol, 2005, 71(9), 5650-5653 Q69HT9

GeoLacc / Geobacter metallireducens GS-15 - TAT (Tat/SPI) 1 Berini et al. Appl Microbiol Biotechnol, 2018, 102: 2425 Q39TP1

ESU72270 / Geobacillus thermopakistaniensis + LIPO (Sec/SPII) 1 - 2 Basheer et al. Extremophiles. 2017, 21(3), 563-571 V6VIX9

Cohnella sp. A01 laccase / Cohnella sp. A01 + None 1 - 2 Shafiei et al. Helyon, 2019, 5(9), e02543 A0A0G3VH35

CuOx / Paenibacillus glucanolyticus SLM1 + LIPO (Sec/SPII) 2 Mathews et al. Journal of Applied Microbiology, 2016, 121, 1335-1345 A0A165SC98

CutO / Rhodobacter capsulatus  B10 - TAT (Tat/SPI) 2 Wiethaus et al. FEMS Microbiol Lett, 2006, 256, 67-74  O68054

Lbh1 / Bacillus halodurans  HHR028 + LIPO (Sec/SPII) 2 Ruijssenaars & Hartmans. Appl Microbiol Biotechnol, 2004, 65, 177-182 Q68UP9

CgL1 / Corynebacterium glutamicum ATCC 13032 + TAT (Tat/SPI) 2 Ricklefs et al. Journal of Biotechnology, 2014, 191, 46-53 Q8NLH5

MmcO / Mycobacterium tuberculosis NA TAT (Tat/SPI) None Rowland et al. Journal of Bacteriology, 2013, 195(16), 3724-3733  I6WZK7

MCA2011 / Methylococcus capsulatus (ATCC 33009/Bath) - TAT (Tat/SPI) 5 Ward et al. PLoS Biol 2(10): e303 Q606K5

L. plantarum  J16 laccase / Lactobacillus plantarum  J16 CECT 8944 + None None (6?) Callejon et al. Appl Microbiol Biotechnol, 2016, 100:3113–3124 Gb:AHN67998.1

P. acidilactici  CECT 5930 laccase / Pediococcus acidilactici CECT 5930 + None None (6?) Callejon et al. PLoS One. 2017; 12(10): e0186019 D2EK17

CueORE / Rhodococcus erythropolis DSM311 + LIPO (Sec/SPII) 6 Classen et al. Prot Exp Pur, 2013, 89, 97-108 L7P6C5

Lacc / Thioalkalivibrio sp.  ALRh - TAT (Tat/SPI) 3 Ausec et al. Appl Microbiol Biotechnol, 2015, 99(23), 9987–9999 Gb:CCV01628.1

Mrlac / Meiothermus ruber DSM 1279 - TAT (Tat/SPI) 3 Kalyani et al. RSC Advances, 2016, 6(5), 3910-3918 D3PLX1

LAC_2.9 / Thermus sp. 2.9 - TAT (Tat/SPI) 3 Navas et al. AMB Expr, 2019, 9:24 A0A0B0SEJ6

McoA / Aquifex aeolicus VF5 - TAT (Tat/SPI) 3 Fernandes et al. FEBS J. 2007, 274(11), 2683-2694 O67206

McoP 3AW5 Pyrobaculum aerophilum - TAT (Tat/SPI) 3 Sakuraba et al. Acta Cryst, 2011, F67, 753-757 Q8ZWA8

Tth -MCO 2XU9 Thermus thermophilus  HB27 - TAT (Tat/SPI) 3 Serrano‐Posada et al. Acta Cryst, 2015, D71, 2396–2411 Q72HW2

NA: Not Applicable

*Signal Peptide identification using SignalP-5.0: http://www.cbs.dtu.dk/services/SignalP/

The SignalP 5.0 server can discriminate between three types of signal peptides:

Sec/SPI: "standard" secretory signal peptides transported by the Sec translocon and cleaved by Signal Peptidase I (Lep )

Sec/SPII: lipoprotein signal peptides transported by the Sec translocon and cleaved by Signal Peptidase II (Lsp )

Tat/SPI: Tat signal peptides transported by the Tat translocon and cleaved by Signal Peptidase I (Lep )

**Met-rich region (MR) location was inferred from the alignments, see Fig. S1

A cell colored in column F indicates that the absence of structural information prevent to precisely position the Met‐rich region within the secondary structure topology. The localization is in Met‐rich region 3 (β18‐β19) or in Met‐rich region 4 (β20‐β21)
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Fig. S1: Multiple sequence alignment of the 34 MCOs listed in Table S2
1/ The multiple sequence alignment program Clustal Omega was used (https://www.ebi.ac.uk/Tools/msa/clustalo/).

2/ ESPript 3.0 (Robert and Gouet 2014) was then run using the alignment file generated by Clustal Omega. 

Robert, X. and Gouet, P. (2014) "Deciphering key features in protein structures with the new ENDscript server". Nucl. Acids Res. 42(W1), W320-W324 - doi: 10.1093/nar/gku316

http://endscript.ibcp.fr/ESPript/ESPript/index.php

PDB structures 3OD3 (CueO from E. coli ) and 2XU9 (Tth -MCO from T. thermophilus ) were used for top and bottom secondary structure depictions, respectively.

Red framed residues: strictly conserved. Blue boxed residues in red: similar side chain group. See Fig. 1 for the general location of Met-rich regions

Location of Met-rich region 1 (N-term)

Location of Met-rich region 2 (β10-β11)

Location of Met-rich region 3 (β18-β19)

Location of Met-rich region 4 (β20-β21)

Continued 
next block

Location of Met-rich region 3 (β18-β19) or region 4 (β20-β21)
For this group of sequences the absence of structural information prevent to precisely position the Met-rich region within the secondary structure topology

Location of Met-rich region 6 (C-Term)Inner part of the sCu site
+ Location of Met-rich region 5 (β23-β24)

www.nitropdf.com

http://endscript.ibcp.fr/ESPript/ESPript/index.php
u212736
Texte écrit à la machine
69

u212736
Rectangle 



Fig. S2: Structural alignment of MCOs sequences for which the 3D structure has been solved

Name Pdb Organism
Met-rich region 

location
Reference Uniprot 

CueO 3OD3 Escherichia coli 4 Singh et al. J Biol Chem. 2011, 286(43), 37849-37857  P36649

OcCueO 6EVG Ochrobactrum sp. 4 Granja-Travez et al. FEBS J. 2018, 285(9), 1684-1700 A6X5N0

Lac15 4F7K Marine microbial metagenome 4 Fang et al. PLoS ONE, 2014, 9(7): e102423. E1ACR6

McoC 3ZX1 Campylobacter jejuni  CGUG11284 1 & 4 Silva et al. Metallomics, 2012, 4, 37-47 A0A0H3PBA4

Tth -MCO 2XU9 Thermus thermophilus  HB27 3 Serrano-Posada et al. Acta Cryst, 2015, D71, 2396–2411 Q72HW2

McoP 3AW5 Pyrobaculum aerophilum 3 Sakuraba et al. Acta Cryst, 2011, F67, 753-757 Q8ZWA8

Red framed residues: strictly conserved. Yellow framed residues in red: similar side chain group. See Fig. 1 for the general location of Met-rich regions

Location of Met-rich region 1 (N-term)

Location of Met-rich region 2 (β10-β11)

Location of Met-rich region 4 (β20-β21)

Location of Met-rich region 3 (β18-β19)

Location of Met-rich region 6 (C-term)

Location of Met-rich region 5 (β23-β24)

Figure prepared using ENDscript

http://endscript.ibcp.fr/ESPript/ENDscript/

Robert, X. and Gouet, P. (2014) "Deciphering key features in protein structures with the new ENDscript server". Nucl. Acids Res . 42(W1), W320-W324 - doi: 10.1093/nar/gku316

(freely accessible online)
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Fig. S3: Multiple sequence alignment of 93 MCO homologs
1/ The multiple sequence a l ignment program Clusta l  Omega was  used (https ://www.ebi .ac.uk/Tools/msa/clusta lo/).

Al l  parameters  were kept as  default, except for the Order parameter which was  changed from "a l igned" to "input" for preserving the input order of the sequences .

2/ ESPript 3.0 (Robert and Gouet 2014) was  then used us ing the a l ignment fi le generated by Clusta l  Omega. 
PDB s tructures  3OD3 (CueO from E. coli ) and 2XU9 (Tth-MCO from T. thermophilus ) were used for top and bottom secondary s tructures  depictions , respectively.

EXPert mode was  used to select the options  "Number sequences" and "Keep the gaps  in a l ignment". The fol lowing parameters  were modified in the "Al ignment output layouts" options : "Paper s ize" was  changed to A0, "Number of columns" was  set to 182 and "Gap between blocks" was  set to 15. Al l  other parameters  were kept with their Default va lue.

Robert, X. and Gouet, P. (2014) "Deciphering key features  in protein s tructures  with the new ENDscript server". Nucl . Acids  Res . 42(W1), W320-W324 - doi : 10.1093/nar/gku316
http://endscript.ibcp.fr/ESPript/ESPript/index.php

Red framed res idues : s trictly conserved. Blue boxed res idues  in red: s imi lar s ide chain group. See Fig. 1 for the genera l  location of Met-rich regions

*: indicates  that this  MCO has  been characterized and is  one of the 34 bacteria l  MCOs l i s ted in Table S1 and in the multiple a l ignment of Fig. S1

Location of Met-rich region 2 (β10-β11)
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Fig. S4: Amino acid sequence alignment of the investigated blue oxidase mature forms. 

Ligands of the four catalytic coppers and spectroscopic copper types are indicated in blue. 

Methionine residues in the Met-rich loops are indicated in red. Asp and Met ligands forming 

the sCu site in CueO and potential sCu ligands in PhaMOx and Tth-MCO are highlighted in 

yellow. 

PhaMOx    ASSLAASTLTGTVPELSGKVIDLVIDESPVNFTGVVRMATTINGSIPAPTLRLKEGDDV  59 

CueO      AERPTLPIPDLLTTDARNR-IQLTIGAGQSTFGGKTATTWGYNGNLLGPAVKLQRGKAV  58 

Tth-MCO   -QGPSFPEPKVVRSQGGLLSLKLSATPTPLALAGQRATLLTYGGSFPGPTLRVRPRDTV  58 

           .  : .      .:     :.*        : *        .*.: .*:::::  . * 

11111111111111         213111111111111111111111111111111111111111113 

PhaMOx   TIRVTNNLAVPSSIHWHGIILPYQMDGVPGISFKGIMPGETFVYKFKLQQS--GTYWYHS 117 

CueO     TVDIYNQLTEETTLHWHGLEVPGEVDGGP----QGIIPPGGKRSVTLNVDQPAATCWFHP 114 

Tth-MCO  RLTLENRLPEPTNLHWHGLPISPKVDDPF----LEIPPGESWTYEFTVPKELAGTFWYHP 114 

          : : *.*.  :.:****: :. ::*.        * *           ..  .* *:*. 

1111111113 

PhaMOx   HSG----FQEMTGMYGALIIEPREQDVISADNEHIIQLSDWTDDDPMELFRKLKIQGDVF 173 

CueO     HQHGKTGRQVAMGLAGLVVIEDDEILKLMLP-------KQWGIDDVPVIVQDKKFSADGQ 167 

Tth-MCO  HLHGRVAPQLFAGLLGALVVESS---LDAIP-------ELREAEEHLLVLKD--LALQGG 162 

         *       *   *: * :::*                 .    ::   :.:.  :  :   

111111111 

PhaMOx   NFNQPTVPEFFDDIATSGVANALQRREMWNQMRMSPTDLADLSASAMTYLMNGTAPMANW 233 

CueO     IDYQLDVMTAAVGWFGD------------------------------TLLTNG----AIY 193 

Tth-MCO  RPAPHTPMDWMNGKEGD------------------------------LVLVNG----ALR 188 

                     .   .                                * **    *   

111111111 

PhaMOx   RGLFKAGEKVRLRFINGSSNTFFDVRIPEL-KLTVVQADG-QNVEPVTVDEFRFGPGETY 291 

CueO     PQHAAPRGWLRLRLLNGCNARSLNFATSDNRPLYVIASDGGLLPEPVKVSELPVLMGERF 253 

Tth-MCO  PTLVAQKATLRLRLLNASNARYYRLALQDH-PLYLIAADGGFLEEPLEVSELLLAPGERA 247 

                  :***::*...     .   :   * :: :**    **: *.*: .  **   

111111111 

PhaMOx   DVVVEPKNDAYTIFAQSMDRSGYAKGTLSVAANIDAPVPALDPVEWLAMRDMMGNMDHSA 351 

CueO     EVLVEVND--------------------------------------------NKPFDLVT 269 

Tth-MCO  EVLVRLRK--------------------------------------------EGRFLLQA 263 

         :*:*. ..                                               :   : 

111111111 

PhaMOx   MPGMDHSAMGHASMDKTSMDQGAMDHSTMDHGAMAMDHSKHNMGKNPLAVPSQKVRHAKT 411 

CueO     LP-VSQMGMAIAPFDKPHPVMRIQPIAISASGALPDTLSSLPALPSLEGLTVRKLQLSMD 328 

Tth-MCO  LP-YDRGAMGMMDMGG-------MAHAMPQGPSRPETLLYLIAPKNPKPLPLPKALSPFP 315 

         :*  .: .*.   :.           :     : .          .   :.  *   .   

111111111 

PhaMOx   EYGASVDMRVDTPRTNLDDPGIGLRNNGRRVLTLADLRSLDGIVDHQAPEAEIELHLTGN 471 

CueO     PMLDMMGMQMLMEKYGDQAMAG---MDHSQMMGHMGHGNMNHMNHGGKFDFHHANKING- 384 

Tth-MCO  TLPAPVVTRRLVLTEDMMAAR---------------------------------FFING- 341 

              :  :      .                                        :.*  

111111111111111111111111111111111111111111111111  2 3 

PhaMOx   MERYSWSFDGLEFGKSTPVHMKHNQRVRVILQNDTMMTHPMHLHGMWSDLENDQGDVLVR 531 

CueO     --------QAFDMNKPMFAAAKGQYERWVISGVGDMMLHPFHIHGTQFRILSENGKPPAA 436 

Tth-MCO  --------QVFDHRRVDLKGQAQTVEVWEVENQGD-MDHPFHLHVHPFQVLSVGGRPFPY 392 

                 : ::  :          .   :   .  * **:*:*     : .  *      

11111111111111111111111111111111111111111111313   1    1 

PhaMOx   R-----HTIMVQPAQRISFLTTPHDVG----RWAWHCHLLFHMDAGMFREVVVS 576 

CueO     HRAGWKDTVKVEG-NVSEVLVKFNHDAPKEHAYMAHCHLLEHEDTGMMLGFTV- 488 

Tth-MCO  R--AWKDVVNLKAGEVARLLVPLREKG----RTVFHCHIVEHEDRGMMGVLEVG 440 

         :     ..: ::  :   .*.  .. .        ***:: * * **:  . *  
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            outer sCu 

P. haloplanktis GYAKGTLSVAANIDAPVPALDPVEWLAMRDMMGNMDHSAMPGMDHSAMGHASMDKTSMDQ 408 

P. arcticus  GYVAATLATKEGARAATPAMDKIEWLTMADMMGAMGAD---------------------- 393 

P. cryohalolentis GYVAATLATKEGARAATPAMDKIEWLTMADMMGAMGAN---------------------- 393 

            **. .**:.     * .**:* :***:* **** *  .                       

 

P. haloplanktis GAMDHSTMDHGAMAMDHSKHNMGKNPLAVPSQKVRHAKTEYGASVDMRVDTPRTNLDDPG 468 

P. arcticus   ------------------------------GYKAKHAKTEYDFKSDMRVDSPRMNLDDPG 423 

P. cryohalolentis ------------------------------GYKAKHAKTEYDFKSDMRVDSPRMNLDDPG 423 

                                           . *.:******  . *****:** ****** 

 

P. haloplanktis IGLRNNGRRVLTLADLRSLDGIV--DHQAPEAEIELHLTGNMERYSWSFDGLEFGKSTPV 526 

P. arcticus   INLRKINREVLNYSQLRSVDEAIFAEQRPPTREIELHLTGNMERYIWAFDGVKFSEATPV 483 

P. cryohalolentis INLRNIDRKVLNYSQLRSVDEAIFAEQRKPTREIELHLTGNMERYIWAFDGVKFSEATPV 483 

            * **:  *.**. ::***:*  :  ::: *  ************* *:***::*.::*** 

       inner sCu 

P. haloplanktis HMKHNQRVRVILQNDTMMTHPMHLHGMWSDLENDQGDVLVRRHTIMVQPAQRISFLTTPH 586 

P. arcticus   NIKPGERVRITLVNDTMMNHPMHLHGMWSDLRMPNGEFQVRKHTIMVQPAQKISFDVT-G 542 

P. cryohalolentis NIKPGERVRITLVNDTMMNHPMHLHGMWSDLRMPNGEFQVRKHTIMVQPAQKISFDVT-G 542 

            .:*  :***: * *****.************.  :*:. **:*********:*** .*   

 

 

Fig. S5: Partial amino acid sequence alignment of cuproxidases from the psychrophiles 

Pseudoalteromonas haloplanktis TAC125, Psychrobacter arcticus 273-4 and Psychrobacter 

cryohalolentis K5. Potential Met and Asp ligands of the sCu site (yellow), Met residues in the Met-rich 

insert (red) and ultra-conserved His residues of the catalytic copper binding sites (blue). Amino acid 

numbering of the precursors. 

www.nitropdf.com

u212736
Texte écrit à la machine
73

u212736
Rectangle 



       A          B     C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6: Electrophoretic characterization of the investigated cuproxidases. 

 

A: Coomassie blue stained SDS-PAGE of the purified blue oxidases. Left lane, molecular 

      weight markers (in kDa). 

B: Phenol oxidase activity after non-denaturing gel electrophoresis, revealed by oxidation of 

     3 mM 2,6-dimethoxyphenol in 50 mM Na-acetate, 0.5 mM CuSO4, pH 5.0. 

C: Ferroxidase activity after non-denaturing gel electrophoresis, revealed by oxidation of 0.2  

     mM FeSO4 in 50 mM Na-acetate, 0.5 mM CuSO4, pH 5.0. Ferrozine (15 mM) produces a  

     purple coloration with remaining reduced iron ions. 

 

PhaMOx   CueO   Tth-MCO PhaMOx   CueO   Tth-MCO PhaMOx   CueO   Tth-MCO 

www.nitropdf.com

u212736
Texte écrit à la machine
74

u212736
Rectangle 



A      B 

 

 

      C 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7: Spectroscopic characterization of the investigated cuproxidases. 

 

A: a blue oxidase loaded on a chromatographic column; the blue color is produced by the T1  

      copper binding site. 

B:  UV-Vis spectra of PhaMOx (blue), CueO (green) and Tth-MCO (red) at 15 µM each and loaded with  

      four Cu(I) equivalents. The main signal centered at 610 nm is produced by the T1 copper binding site.  

      The contribution of the T3 binuclear copper binding site is observed around 340 nm. 

C:  UV-Vis spectra of PhaMOx after purification (blue) titrated by Cu(I) up to 225 µM [Cu(I)(MeCN)4]
+  

      (upper spectrum, 15 Cu(I) equivalents). 
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Chapter V – General conclusions and perspectives 
 
This study was undertaken to analyze the adaptive strategy to temperature of enzymes involving electron 
transfer in catalysis. The model enzymes chosen are homologous periplasmic cuproxidases: CueO from the 
mesophilic bacterium Escherichia coli, the thermophilic Tth-MCO from Thermus thermophilus, and 
PhaMOx, the corresponding psychrophilic enzyme from the Antarctic bacterium Pseudoalteromonas 

haloplanktis. We have shown that these enzymes demonstrate a specific adaptive pattern, distinct from 
the one observed in enzymes possessing a well-defined active site and relying on conformational changes 
such as for the induced fit mechanism. In fact, and in contrast with many previous studies on 
extremozymes, the stability of the extremophilic cuproxidases examined is correlated with neither activity, 
nor flexibility. One of the most striking observation is that despite large differences in stability, the 
flexibility of the cold-adapted PhaMOx and that of the thermophilic Tth-MCO are identical. This tends to 
indicate that the firm and precise bindings of the four catalytic copper ions are essential to ensure the 
proper functioning of the oxidases, i.e. substrate oxidation by the T1 site, positioned close to the protein 
surface, and oxygen reduction to water by the trinuclear cluster, located in the core enzyme. Still, the 
psychrophilic cuproxidase display a low stability and it remains to be clarified if it is due to a lack of selective 
pressure or if it is an essential component for its function. 
 
The cuproxidases are found in prokaryotes and form a subgroup of the blue multicopper oxidase (MCO) 
family. Their role is to oxidize toxic Cu(I) ions into less harmful Cu(II) and they are part of the copper 
resistance mechanism of bacteria. In contrast to other MCOs such as laccase or ascorbate oxidase where 
a depression near the T1 site creates a substrate specific site for phenolic compounds or ascorbic acid, 
respectively, cuproxidases display disordered methionine-rich loops of variable length that restricts 
accessibility to the T1 site. In CueO, the Met-rich region had been demonstrated to bind Cu(I) ions which 
are subsequently oxidized by the enzyme. We found that the location of the Met-rich regions in the 
primary structure is highly variable in bacterial cuproxidases, but always inserted in solvent exposed 
surface loops, at close proximity of the conserved T1 site. Taking advantage of the large loop length 
differences in the three model cuproxidases and by studying PhaMOx variants, we showed that the 
number of Cu(I) bound is nearly proportional to the size of the Met-rich loops and to the number of 
potential Cu(I) ligands (Met, His, Asp). These results demonstrate that Met-rich loops in cuproxidases are 
essential components of bacterial copper resistance. They can be seen as tentacles that feed the Cu(I) 
substrate binding site (sCu), regarded as a beak located between the protein surface and the T1 site, and 
fancying cuproxidases as molecular octopus chasing toxic cuprous ions in bacterial periplasm. 
 
As a possible follow-up to this work, there is a key point that still needs to be cleared up: the determination 
of the kinetic parameters of the actual in vivo activity, namely the catalysis of Cu(I) oxidation. Several 
experimental attempts were made to measure Cu(I) oxidation catalyzed by the enzymes of this study: by 
using an oxygen electrode to monitor O2 consumption during catalysis or with the help of color developing 
reagents for time-specific determination of Cu(I) or Cu(II) concentrations. Despite some positive results 
were obtained, they were difficult to reproduce mostly due to the Cu(I) instability and so not conclusive 
enough. Due to time limit, the cuproxidase activity assay experiments were stopped in the favor of other 
characterization works. Later on, after the experimental part of this work had been completed, a research 
group published a novel and reliable method for determining the cuprous oxidase activity of CueO (Djoko 
et al., 2010; Cortes et al., 2015). They found that the purple complex anion [CuI(Bca)2]3- satisfied the 
requirements for a chromophoric model substrate. Bca (Bicinchoninic acid) is a bidentate ligand having a 
Cu(I) affinity comparable to those of periplasmic Cu(I) binding proteins (Xiao & Wedd, 2011). The 
[CuI(Bca)2]3- complex is a robust reagent, it resists air oxidation in common biological buffers, including 
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Cu(II)-binding buffers such as BisTris (2-[Bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-1,3-propanediol) 
but is oxidized readily with CueO as a catalyst. It was shown that the enzyme could extract Cu(I) from the 
air-stable pseudo-substrate efficiently for the oxidation (Figure V.1). The associated bleaching of the 
solution allows the cuprous oxidase reaction to be followed conveniently with a spectrophotometer. These 
advantages allowed, for the first time, a reliable and quantitative investigation of both the 
thermodynamics and the kinetics of CueO acting as a cuprous oxidase (Djoko et al., 2010).  
 
 

 
 

Figure V.1 - Model of the cuprous oxidase reaction mechanism of CueO using the [CuI(Bca)2]3- complex. 

Copper centers are represented by circled numbers (T1, blue; T2, teal; T3 (binuclear), purple). The cuprous 
oxidase activity relies on the capability of the oxidation site, here the sCu site with ligands shown as sticks, to 
extract Cu(I) (red sphere) from its carrier (two Bca molecules) and is optimized in weak Cu(II) binding buffer 
BisTris that promotes removal of inhibiting product Cu(II) (blue sphere) from the reaction site. The model was 
subsequently further refined by the same research group and they showed that the sCu (called also Cu5) site is 
an essential electron-transfer mediator, not a substrate reaction site and that Cu6 and Cu7 are the two reaction 
sites for Cu(I) loading and oxidation (Cortes et al., 2015; see Chapter I.II – Part B, Figure I.II.8, page 42). 
(Figure from Djoko et al., 2010). 
 
It would be of high interest to test this method in order to further characterize Tth-MCO and PhaMOx and 
its variants. It could bring invaluable insights on the temperature adaptation strategy and on the effect of 
the composition and length of the Met-rich region on enzymatic catalysis. 
 
A comparative structural study of the three homologous cuproxidases would also provide a better 
understanding of their mode of action. The crystal structures of CueO and Tth-MCO are available, but this 
is not the case for PhaMOx. While X-ray crystallography is the most widely used method to determine the 
3D structure of protein molecules, this could sometimes prove to be difficult and time-consuming with no 
guarantee of success. On the other hand, it became recently possible to predict a 3D structure of a protein 
only from its amino acid sequence thanks to the release of the artificial intelligence system Alphafold 
(Jumper et al., 2021; Varadi et al., 2022). Superposition of the 3D structures of the three cuproxidases 
allows to highlight both their similarities and divergences, particularly visible is the huge difference in the 
Met-rich region (Figure V.2). These very preliminary observations would definitely deserve further study.  
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Figure V.2 – Ribbon models of CueO, Tth-MCO and PhaMOx. 

The spheres are the copper centers associated with MCO activity (T1, blue; trinuclear cluster, grey). 
(a) Superposition of CueO from E. coli (PDB: 3OD3) colored in green and Tth-MCO from T. thermophilus 
(PDB: 2XU9) colored in red. The Met-rich region, covering the T1 Cu, is colored in light green and in light red in 
CueO and in Tth-MCO, respectively. (b) Same as (a) with the additional superposition of PhaMOx from P. 

haloplanktis colored in light blue. The structure prediction of PhaMOx was obtained from the AlphaFold Protein 
Structure Database at https://alphafold.ebi.ac.uk/ using UniProt accession number Q3ICN9 (the signal peptide 
was removed from the structure). The model confidence score is very high for the PhaMOx core enzyme 
structure and very low for the Met-rich loop covering the T1 Cu, indicating that this region may be unstructured 
in isolation. 
 
As other perspectives to the work, there are a couple of intimately linked questions that still greatly spark 
curiosity: 

1. What is the physiological relevance of length variability in Met-rich inserts? Is it “the longer the 
better” in terms of copper resistance function of cuproxidases?  

2. Why can cuproxidases and by extension elaborated copper resistance systems be found in 
prokaryotes whose habitats are pristine -and then at first sight low-copper- environments? 

3. Is there a specific mechanism controlling the length of the Met-rich region that may contribute to 
an adaptive response to elevated copper? 

 
It is clear that the variability in location, length and sequence of Met-rich inserts suggests evolutionary 
trend and selection for the acquirement of copper-binding residues in surface loops close to the blue T1 
site. Long insert sequences potentially binding more Cu(I) are found in bacterium not expected to be 
exposed to high copper concentrations such as P. haloplanktis isolated from pristine Antarctic sea ice. The 
cuproxidase PhaMOx from this bacterium displays a long 55 residue Met-rich insert whereas both 
cuproxidases from the Arctic Psychrobacter arcticus 273-4 and Psychrobacter cryohalolentis K5 from 
Siberian permafrost are devoid of the Met-rich region and only display the conserved motifs of the sCu 
site in their cuproxidases, although the three enzymes share 55% identity (82% similarity) in the core 
enzyme. Conversely, short insert sequences are noted in thermophiles thriving in metal-rich effluents from 
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hot springs, although this could be possibly related to loop length decreases in thermophilic proteins in 
order to improve their stability. Finally, the occurrence of a cuproxidase in bacteria is unpredictable: 
whereas the investigated Tth-MCO was isolated from T. thermophilus HB27, the genome of 
T. thermophilus HB8 is devoid of a cuproxidase coding sequence. 
 
A phylogenetic analysis is presented below to understand the possible evolution of MCOs having a Met-
rich region (Figure V.3). Despite the fact that CueO and PhaMOx possess a long Met-rich region with 14 
methionines in both cases, CueO appears more evolutionary related to Tth-MCO which possesses however 
a short Met-rich region with only 7 methionines. When compared with the protein sequence of CueO, the 
psychrophilic PhaMOx shows 53.5 % sequence similarity (24.6 % identity), and the thermophilic Tth-MCO 
exhibits 59.9 % similarity (30.5 % identity). The cladogram also reveals that MCOs employing a Met-rich 
region in location MR2 (Met-rich Region 2) tend to be more widely distributed within the phylogenetic 
tree compared to the other MCOs which are forming clear groups according to their Met-rich region 
location. Whether this tend to indicate a convergent evolution for the appearance of Met-rich sequences 
particularly in this loop would still need to be further investigated. 

 
Figure V.3 - Unrooted cladogram constructed with the MCOs characterized by the presence of a 

methionine-rich region and/or by an experimentally confirmed cuprous oxidase activity.   
This representation was constructed with the Neighbour-joining tree method without distance corrections of 
Clustal Omega and using the sequences of MCOs listed in Table S2 (Chapter IV, page 68), and also the MCOs 
sequences from Psychrobacter arcticus 273-4 and from Psychrobacter cryohalolentis K5. The number right after 
the MR (Met-rich Region) indication succeeding each sequence name specifies the location of the Met-rich 
region according to Table S2. The blue arrow, the red arrow and the green arrow indicate the position of the 
PhaMOx sequence, the Tth-MCO sequence and the CueO sequence, respectively. The orange arrows indicate 
the positions of the MCOs displaying a Met-rich region in location MR2. 
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The reasons for a cuproxidase to be part of the copper defense arsenal of prokaryotes and the 
physiological relevance of length variability in Met-rich inserts in this enzyme could potentially be 
explained by the silent, sometimes unsuspected, microscopic war that has been going on for 2 billions of 
years. Here we are referring to the interaction of bacteria and protists which is considered to be one of 
the oldest prey-predator interactions in nature. In aquatic environments, soil or anthropogenic 
ecosystems, predation by phagocytic protists is a major cause of bacterial mortality and a significant 
driving force of the genetic and functional structure of bacterial communities (Amaro et al., 2015). It is 
also well known that human macrophages pump copper into their phagosomes after engulfing pathogenic 
bacteria to induce oxidative stress and bacterial cell death (Besold et al., 2016). Hao and coworkers 
hypothesized that such a mechanism, where bacterial killing occurs through accumulation of Cu(I) in the 
phagosome/vacuole, originated in protozoa long before multicellular life arose and that it later evolved in 
eukaryotic phagocytes (Hao et al., 2016). By examining survival of bacteria differing in their copper 
resistance determinants in two distinct unicellular eukaryote models, Dictyostelium discoideum and 
Paracercomanas, they could conclusively show the role of Cu(I) (and Zn(II)) in protozoan predation of 
bacteria, confirming their original hypothesis (Figure V.4).  
 

 
 

Figure V.4 - A sdchematic overview of Zn and Cu involvement in phagosomal killing of bacteria.  

Macrophages and amoeba can exploit similar molecules for Zn2+ and Cu+ trafficking. ZIP family transporters 
allow Zn2+ uptake into the cytoplasm, and cation diffusion facilitator proteins (CDF) could deliver Zn2+ to the 
phagosome and other organelles, like mitochondria, Golgi, and endoplasmic reticulum (ER). Cu+ uptake and 
delivery to phagosomes occur due to copper transporter 1 (Ctr1, in amoeba known as P80), antioxidant 1 
copper chaperone (Atox1), and in human macrophages, the P-type ATPase ATP7A. H+-ATPase causes 
acidification of the phagosomal milieu, while natural resistance-associated macrophage protein 1 (NRAMP1) 
removes Fe2+ and Mn2+, which are needed to protect (Mn2+) and rebuild degraded Fe-S clusters of bacteria (Fe-
S clusters are essential for bacterial survival). In addition, Cu+ amplifies toxicity of reactive oxygen species 
(hydroxyl radical (°OH) and hydroxide anion (OH-)). E. coli express genes encoding ZntA for Zn2+ efflux, CopA for 
Cu+ efflux, and the CusCBA complex for periplasmic Cu+ efflux, but virulent strains have additional copper 
resistance systems. In E. coli, the periplasmic cuproxidase CueO (not visible on the figure) which converts Cu(I) 
into less toxic Cu(II) is certainly an additional key determinant of copper resistance. 
(Figure from Hao et al., 2015). 
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Protozoan predation is then a major selection factor for maintenance and acquisition of copper resistance 
determinants and can explain their widespread presence in environments where copper concentrations 
are very low, such as in a deep ocean, and where the effect of anthropological factors on copper resistance 
development is also minimal (Hao et al., 2017). Since these determinants would aid survival in both 
protozoans and macrophages, one could expect a higher occurrence of additional copper resistance 
determinants in virulent bacteria. For example in Salmonella enterica, the pathogenic serovars take copper 
resistance a step further through the expansion of the anti-copper arsenal via the partial duplication of 
the cue system and the presence of additional periplasmic and cytosolic copper chaperones, most likely 
to escape intracellular killing by macrophages (Giachino & Waldron, 2020). Besides the use of copper and 
zinc as poisons to target notably the Fe-S clusters, mechanisms of bacterial killing in the phagosomes of 
macrophages and protozoa also include low pH, iron and manganese starvation, generation of reactive 
oxygen and nitrogen species, and the engagement of a battery of acidic hydrolases (Festa & Thiele, 2011; 
Soldati & Neyrolles, 2012; German et al., 2013; Barisch et al., 2018). 
 
In view of these evidences, one can imagine different type of experiments to examine the physiological 
role of the cuproxidases and particularly of their Met-rich region, such as assessing the survival rate of 
different bacterial strains when exposed to increasing copper concentration or to protozoan predation. 
The strains would only differ in the length of the Met-rich region within the cuproxidase. This could bring 
interesting insights on the role of this peculiar region and how it can contribute to copper resistance. 
 
To the question whether there is a specific mechanism controlling the length of the Met-rich region that 
may contribute to an adaptive response to elevated copper, we see two important prerequisites. 
Firstly, it is based on the fact that there is a survival advantage for the bacterium of having a higher number 
of Cu(I) binding sites in the Met-rich region of periplasmic cuproxidase when exposed to higher copper 
concentrations. The idea of attracting extra harmful Cu(I) and defuse them to less dangerous Cu(II) is very 
attractive and makes a lot of sense, but as discussed above, it is still an assumption. 
Secondly, the underlying mechanism must be at the gene level, in the DNA, to allow an expansion of the 
Met-rich region. Using model peptides, previous studies demonstrated that motifs of the type 
MX1-2MX1-2M are specific for Cu(I) and Ag(I) with no affinity for divalent metals, and they require at least 
three methionine residues for effective copper binding. Furthermore, their affinity for Cu(I) is independent 
of pH, motif arrangement, and composition of intervening amino acids. These studies have shown that 
methionine-rich sites provide a unique environment that stabilizes Cu(I) and provides exquisite selectivity 
over competing, biologically-relevant metal ions (Rubino & Franz, 2012). This tends to demonstrate that 
increasing the number of repetitions of short DNA sequences coding for linear methionine-rich Cu(I) 
binding motifs could readily allow to expand the number of Cu(I) binding sites in the Met-rich loop located 
at the cuproxidase surface and close to the T1 site. This potential process raises the question of whether 
it already exists distinctive regulation mechanisms that are known for copper resistance proteins. There is 
an interesting case of programmed ribosomal frameshifting which allows to generate two copper 
resistance proteins from the same gene. As described in the introduction chapter (I.II.A.5, Figure I.II.4, 
page 37), one component of the copper homeostasis in bacteria is the membrane integral protein CopA 
which pumps copper ions from the cytosol. In a number of bacteria, a small soluble copper binding protein 
(metallochaperone) that transfers copper to the CopA efflux pump is encoded by a copZ gene distinct from 
copA. In E. coli no separate copper chaperone has been identified, though a copper binding domain was 
identified at the N-terminus of its copper efflux pump protein (Atkins et al., 2017). Some ribosomes 
translating copA undergo programmed frameshifting, terminate translation in the -1 frame, and generate 
the 70 amino acid-long polypeptide CopZ (Figure V.5). The high efficiency of frameshifting is achieved by 
the combined stimulatory action of a ‘slippery’ sequence, an mRNA pseudoknot, and the CopA nascent 
chain. Further research is needed to elucidate if copper itself or a copper binding protein could directly 
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regulate the frameshift mechanism by potentially interacting with the mRNA structure or the nascent 
CopA protein (Meydan et al., 2017). For instance, it was shown that bacterial riboswitches cooperatively 
bind Ni2+ or Co2+ ions and control expression of heavy metal transporters to respond to toxic levels of these 
metals (Furukawa et al., 2015). 
 

 
 

Figure V.5 - Programmed ribosomal frameshifting into the -1 reading frame where a stop codon is 

immediately encountered and results in the synthesis of the CopZ protein from the CopA mRNA. 

(Figure from Meydan et al., 2017). 
 
It is tempting to imagine that a somehow resembling process might take place at the DNA level thereby 
allowing to expand the number of DNA sequence repeats coding for linear methionine-rich Cu(I) binding 
motifs in cuproxidases, in response to a copper stress. It is well known that Tandem Repeats (TR) are prone 
to DNA polymerase slippage during replication and to increased recombination, ultimately leading to 
expansion or deletion of TR sequences (Zhou et al., 2014). It is an important mechanism in bacterial 
adaptation and numerous examples illustrate that bacteria can exploit TRs to adapt to changing 
environments on short evolutionary time scales. However, in general, it remains unclear how 
environmental signals are transduced to modulate the switching rate of TR-containing genes (Zhou et al., 
2014). Whether this is a mechanism explaining the high length variability of the Met-rich regions in 
cuproxidases has still to be uncovered.
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