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Preface

In the current society, the severe exploitation of fossil fuels to match the constant
improvements of living standards is creating major problems on our eco-system. The
development of new sustainable strategies to meet the evolving demand of green-energy
sources and eco-compatible commodity products is, currently, one of the biggest scientific
and social concern. Among the possible renewable sources, biomass conversion has been
appointed as one of the feasible alternatives to fossil fuels. Organic wastes are the biomass
starting feedstock and can be gasified, producing a synthetic gas called “syngas”, mainly
composed in Hy, CO and CO; in a variable ratio. The accurate control of this ratio is the crucial
step to create viable industrial products, and one of the most promising ways to achieve such
control is by using the direct conversion of CO according to the reaction CO + H,0 = H;, + CO,,
known as the water gas shift (WGS) reaction. Nowadays, the WGS reaction is commonly
employed in the industries but it requires the use of expensive inorganic catalysts, working at
high temperatures and pressures, not compatible with the “green-energy” potential of this

feedstock.

A possible renewable alternative comes from nature. In fact, a group of anaerobic
microorganisms, survivors of the early anoxic life conditions, is capable to grow using CO as
substrate, employing a perfect biological WGS reaction catalyzed at room temperature and
pressure. In this process, the conversion of CO into H, and CO; requires two key enzymes, the
[NiFe]-CO dehydrogenase (CODH), which oxidizes CO to COj, coupled to a [Ni-Fe]-
hydrogenase, for the production of H,. The possibility to draw inspiration directly from nature
to solve our issues is becoming more and more a reality. However, in order to use
microorganisms as a cost effective and environmentally friendly technology, we first need to

acquire a deep understanding of how their enzymatic process occurs.

The key enzymes of the biological WGS reaction, [Ni-Fe]-CODH and [Ni-Fe]-hydrogenase,
belong to the family of the metalloenzymes, known to be the most efficient catalysts in term
of activity, substrates selectivity and product conversion. In particular, these enzymes harbor
peculiar metallocluster-centers constituted by a heteronuclear Fe/S cluster with an additional
Ni-ion, which constitute the catalytic site capable of promoting our desired WGS reaction.
Given the complexity of such clusters, the need for specific machineries to build, assemble
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and deliver these centers into the enzymes is not surprising and it requires elaborated
maturation pathways. Understanding how the biosynthesis of these complex metal active
sites occurs is one of the most challenging topics in the field of bio-inorganic chemistry.
Regarding our two enzymes of interest, intense studies have been devoted to decode the
reaction mechanism and the maturation pathway of the [Ni-Fe]-hydrogenase, leading to the
synthesis of different bio-inspired complexes for bio-technological applications. On the other
hand, there is an important lack of knowledge about [Ni-Fe]-CODH, particularly concerning its
maturation mechanism. For this reason, in our project we are trying to provide a tangible

contribution to unravel this knot.

In the context of my PhD project, titled “Deciphering the biosynthetic pathway of Carbon
Monoxide Dehydrogenase, a key enzyme of the water gas shift reaction”, | worked on the step
concerning the enzyme activation via nickel insertion. While the structure of the enzyme is
known and has been deeply characterized to unveil its reaction mechanism, little information
is available on the nickel insertion and the activation of its active site.

Historically, the role of the chaperone proteins (CooC, CooT, Cool) has been poorly
investigated, mainly due to the difficulties encountered during their purification from
Rhodospirillum rubrum. In this manuscript, | present the results we accomplished in the
characterization of two out of three of these chaperones, CooT and Cool, in the hope of

providing one of the missing puzzle pieces needed to complete the main picture.

This manuscript is divided in 6 main chapters. The bibliographic introduction provides a
general overview of the impact of nickel on the biological systems, to then enter in a brief
description of the nine currently discovered nickel enzymes, comprising for each their
function, structure and active site. A second section will open with a detailed description of
the maturation mechanisms, in particular the nickel insertion step, for the urease,
hydrogenase and mono-functional CODH. In this context, | place under the magnifying glass
the currently known accessory proteins responsible for the nickel insertion into these enzymes
active sites. Their structure, nickel coordination, interaction with other partners and the
enzyme itself is described to the best of the present knowledge. The final section is devoted
to the description of our study model, R. rubrum. Chapters 2, 3 and 4 are devoted to the

presentation of the results obtained during these three years. Chapter 2 presents the results
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accomplished on the characterization of CooT, Chapter 3 that ofCooJ and Chapter 4 the
preliminary study accomplished on the recombinant RrCODH in E. coli. The conclusions and
the further perspectives for the project are presented in Chapter 5. The final Chapter 6, is a

quick overview of the physics behind the methods | used during the characterizations of these

proteins.






Préambule

Dans la société actuelle, I'exploitation intensive des combustibles fossiles pour faire face au
développement continu du niveau de vie crée des problémes majeurs dans notre écosysteme.
L'élaboration de nouvelles stratégies durables pour répondre a I'évolution de la demande de
sources d'énergie verte et de produits de commodité éco-compatibles est, a I'heure actuelle,
l'une des plus grandes préoccupations scientifiques et sociales. Parmi les sources
renouvelables possibles, la conversion de la biomasse a été désignée comme l'une des
alternatives possibles aux combustibles fossiles. Les déchets organiques sont la matiere
premiére de départ de la biomasse et peuvent étre gazéifiés, produisant un gaz synthétique
appelé "gaz de synthése", principalement composé de CO,, H; et de CO dans un rapport
variable. Le controle précis de ce rapport est |'étape cruciale pour créer des matiéres
premiéres nobles et I'un des moyens les plus prometteurs d'y parvenir est d'utiliser la
conversion directe du CO selon la réaction CO + H,0 = Hz + CO2 connue sous le nom de
réaction du gaz a I'eau (WGS). De nos jours, la réaction WGS est couramment utilisée en
industries mais elle nécessite |'utilisation de catalyseurs inorganiques co(teux, fonctionnant a
haute température et pression, incompatibles avec la portée "énergie verte" de cette matiere

premiere.

Une alternative renouvelable possible vient de la nature. En fait, un groupe de micro-
organismes anaérobies est capable de croitre en utilisant le CO comme substrat, via une
réaction WGS biologique catalysée a température et pression ambiante. Dans ce processus, la
conversion du CO en H; et CO; nécessite deux enzymes clés, la [NiFe]-CO déshydrogénase
(CODH), qui oxyde le CO en COy, couplée a une [NiFe]-hydrogénase, pour produire du H,. La
possibilité de s'inspirer directement de la nature pour résoudre nos problémes devient de plus
en plus une réalité. Cependant, l'utilisation des micro-organismes en tant que technologie
rentable et respectueuse de l'environnement est fondamentale et nécessite souvent la

compréhension de leur processus métaboliques.

Les enzymes clés de la réaction WGS biologique, la [NiFe]-CODH et la [NiFe]-hydrogénase,
appartiennent a la famille des métalloenzymes, connus pour étre les catalyseurs les plus
efficaces en termes d'activité, de sélectivité des substrats et de conversion des produits. Les

deux enzymes d’intérét possédent des centres multi métalliques particuliers, constitués d'un



cluster Fe/S hétéronucléaire avec un ion Ni supplémentaire et éventuellement des ligands
diatomiques tel que du CO. En raison de leur complexité, le besoin de machineries spécifiques
pour assembler et délivrer ces centres métalliques au coeur des enzymes n'est pas surprenant
et cela exige des voies de maturation élaborées. Comprendre comment se produit la
biosynthése de ces sites actifs multi-métalliques est I'un des sujets les plus complexes en
métallo-enzymologie. En ce qui concerne la [NiFe]-hydrogéanse et la CODH, de nombreuses
études ont été consacrées au décryptage du mécanisme réactionnel et de la maturation de Ia
I’'hydrogénase, qui ont conduit a la synthése d’une collection des complexes bio-inspirés pour
des applications biotechnologiques. En comparaison, beaucoup moins d’études ont été
consacrées a la [NiFe]-CODH, en particulier concernant son mécanisme de maturation, et c'est
pour cette raison que dans ce projet, nous essayons d'apporter notre contribution pour élargir

le champ de connaissance dans ce domaine.

Dans le cadre de mon projet de these intitulé "Décrypter la voie de biosynthése de la monoxyde
de carbone déshydrogénase, une enzyme clé de la réaction de déplacement du gaz de I'eau”,
j'ai travaillé sur I'étape d'activation de I’enzyme par insertion du nickel. Bien que la structure
de I'enzyme soit connue et que son mécanisme réactionnel ait été étudié en détails, peu
d'informations sont disponibles sur la biogenése et l'activation de son site actif.
Historiguement, le role des protéines chaperons (CooC, CooT et Cool) a été peu étudié,
principalement en raison des difficultés rencontrées lors de leur purification a partir de la
bactérie Rhodospirillum rubrum. Dans ce manuscrit, je présenterai les études que nous avons
accomplies dans la caractérisation de deux de ces chaperons, CooT et Cool, en espérant qu'un
jourils seront |'une des pieces manquantes du puzzle nécessaire pour compléter le schéma de

maturation global.

Ce manuscrit est divisé en 6 chapitres principaux. L'introduction bibliographique donne un
apercu général de l'impact du nickel dans les systemes biologiques, poursuivie par une breve
description des neuf enzymes a nickel actuellement connues, décrivant pour chacune leur
fonction, structure et site actif. Une deuxiéme partie débutera par une description détaillée
des mécanisme de maturation, en particulier I'étape d'insertion du nickel, de l'uréase, de
I'hydrogénase et de la CODH. Dans ce contexte, le focus sera fait sur les protéines accessoires

actuellement reconnues comme responsables de l'insertion du nickel dans les sites actifs de
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ces enzymes. Leur structure, le mode de coordination du nickel, l'interaction avec d'autres
partenaires et I'enzyme elle-méme sont décrites au mieux des connaissances actuelles. La
partie suivante est consacrée a la description de notre modele d'étude, Rhodospirillum
rubrum. Les chapitres 2, 3 et 4 sont consacrés a la présentation des résultats obtenus au cours
de ces trois années. Le chapitre 2 présentera les résultats obtenus sur la caractérisation de
CooT, le chapitre 3 sur celle de Cool et le chapitre 4 sur I'étude préliminaire réalisée sur la
CODH recombinante produite chez E. coli. Les conclusions et les perspectives du projet sont
présentées au cours du chapitre 5. Le dernier chapitre 6, est un bref apercu des méthodes que

j'ai utilisées lors de la caractérisation de ces protéines.
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CHAPTER 1

Introduction

At the beginning of life, the environment is assumed to be electron rich, with an atmosphere
abundant in gasses such as Hz, CO and CO; and hot oceans well-supplied in transition metals
as Fe?* and Ni?*.! In order to handle these special early living conditions, nickel most likely
featured as a key player in the catalyst development.? The appearance of oxygen in the
atmosphere 2.4 billion years ago had a dramatic impact on metabolism evolution.® As oxygen
conquered the ecosystem, many enzymatic reactions pathways, used by anoxic metabolism
under reductive conditions, were replaced by aerobic ones. As possible evidence for this
change, to date, nickel does not feature in any enzyme active site of higher eukaryotes, with

the exception of plants.*®

The reason why oxygen level increased in the atmosphere, namely the Great Oxidation Event
(GOE), remains a mystery and different theories have been suggested. An interesting
explanation focuses the attention on nickel and in its role as a metal co-factor in the
metabolism of methanogenic archaea. The “nickel famine” theory has been proposed as a
possible cause of methane collapse. It correlates the rise of oxygen in the atmosphere with a
drastic reduction of nickel flux to archean oceans, a consequence of the cooling of upper-
mantle temperatures and decreased eruption of nickel-rich ultramafic rocks, which would
have starved the major oceanic microbial community: the methanogens. Their falling left the
place to the proliferation of other microorganisms, especially oceanic cyanobacteria, leading
to an increased production of O, via photosynthesis. Such unbalance in the global
methanogen productivity would have caused a reduction of the methane atmospheric levels,

contributing to the chain reaction that brought life as we know it. (Figure 1) *®

No matter what was the cause for oxygen takeover, the result was a segregation of the
microorganisms based on Hz and/or CO oxidation and CO; reduction pathways to anaerobic
niches, such as ocean’s bottom, animal’s digestive systems and volcanoic mud. In these
habitats, they kept their intricate metal-based active sites, the core of the enzyme catalyst,

which we are now trying to decrypt. ’
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Figure 1. How the genomic and the metabolic pathways evolved during Earth’s history. How life started is still

High [N}

ORIGIN OF EARTH

unknown but there is evidence of microbial life in the mid-Proterozoic. The exact moment of photosynthesis
evolution is not of easy determination, however geochemical data shown that between 2.3-2.2 billion years ago
the oxygen amount in the atmosphere was sufficient to form the ozone layer. The GOE event looks like the cause
of the increased complexity in both genomes and metabolic pathways. The nickel famine theory is pictured in
the boxes, showing a decrease of nickel and consequently methane in the atmosphere during the GOE. Adapted

from ref °6.

To date, nine types of enzymes have been identified as reliant on nickel as a catalytic cofactor:
[NiFe]-hydrogenase, urease, Ni-superoxide dismutase (NiSOD), [NiFe]-carbon monoxide
dehydrogenase (CODH), acetyl-CoA decarbonylase/synthase (ACS), methyl-CoM reductase
(MCR), glyoxylase |, acireductone dioxygenase and lactate racemase.®® These enzymes,
divided between hydrolases and redox ones, use nickel to catalyze essential reactions for the
survival of the organisms, implying the need of a tight regulation of its intracellular
concentration. In fact, as for other transition metals, nickel accumulation can be toxic for the
cells, causing oxidative stress or replacing essential metals in metalloproteins. At the same
time, the natural levels of nickel are generally low in the environment, generally in the

nanomolar range with the exception of specific niches, and a constant and sufficient supply is
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necessary to avoid any deficiency.>'%!? In responding to this urge, specific proteins are
produced to control nickel homeostasis by transporting and/or storing the metal in the cell,
assembling and delivering the metal-centers, modulating its import-efflux or regulating the

expression of the other involved factors.*?

In the following pages, the nine nickel-dependent enzymes are presented, with a special
attention to the anaerobic gas-processing ones. The focus will then switch to the CODH

activation mechanism and to the role played by its chaperone proteins in the nickel insertion.
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1.1 Nickel enzymes

1.1.1 Urease

Urease, an enzyme found in a plethora of organisms including plants, fungi, algae, archaea
and bacteria, catalyzes the hydrolysis of urea to produce ammonia and carbamate.'?!%13 The

latter decomposes spontaneously into ammonia and carbonic acid following the reaction:
H,N-CO-NH; + H,0 = H>N-COOH + NH3
H2N-COOH + H,0 = H>COs + NH3

Considering the profusion of the urea substrate, urease is involved in different biological
processes and is an active player in the global nitrogen cycle.

The production of ammonia leads to an overall increase in pH, which can affect both
agriculture and human health.?® In fact, urease is used as a virulence factor by many human
pathogens such as Helicobacter pylori, which exploit the increase in pH to colonize the
otherwise too acidic stomach environment. In agriculture, the rise of pH causes a decrease of
the soil fertility but it also plays a role in the global cycling of nitrogen compounds, used as
fertilizers, implying that a right balance is essential to guarantee its positive effect.

Notably, it was the first crystallized enzyme, leading to to Sumner being aworded 1946 the
Nobel Prize in chemistry, and it was the first evidence that nickel could be used as an
enzymatic co-factor (Dixon, 1975).14*> Therefore, many years have passed since its discovery
and significant steps have been made in order to understand its structure (49 different urease
structures are deposited in the Protein Data Bank), catalytic mechanism, and the activation of

this enzyme.1®

From the structural point of view, all ureases possess several subunits that share similar
tertiary structures. Most of the prokaryotic ureases contain three subunits a,  and v,
respectively corresponding to UreA, UreB and UreC, while they differ in their quaternary
structures.'! Considering as a model the urease from Sporosarcina pasteurii, its quaternary
structure is built on a trimer of trimers (a, B,Y)s in which the catalytic center is contained in
the a subunit, making the total count of three active sites per enzyme.'” The a subunit
possesses a flexible helix-turn-helix motif, highly conserved among all ureases, highlighting its

suspected importance for the catalytic process. The active site is a di-nuclear center, with the
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two nickel ions spatially separated by 3.5-3.7 A, bridged by a carbamylated lysine residue and
coordinated by two histidines each. Water molecules fill the remaining coordination positions,
yielding one pentacoordinated distorted square-pyramidal based geometry (Nil) , while the
second nickel (Ni2) is additionally bound to an aspartate resulting in a hexacoordinated

distorted octahedral geometry.® (Figure 2)

The assembly of this active site requires different partners and, in most of the bacterial
systems, four accessory proteins play this role: UreD, UreF, UreG and UreE. The simplified
version of urease maturation sees UreDFG creating a complex that binds to urease apo-
enzyme to drive the lysine carbamylation, while UreE is the metallo-chaperone involved in

nickel delivery.'? A focus on these accessory proteins will be present in the following section.

ACTIVE SITE

Urease from S. pasteurii ( PDB:4CEU)

Figure 2. X-ray structure of S. pasteurii urease. The three different subunits are highlighted in green for the B
subunit, in magenta for the Y subunit and in cyan for the a subunit which contains the active site (PDB:4CEU).
The zoom shows the di-nuclear active site, the two-nickel ions are bridged by a carbamylated lysine (K220) and

a water molecule, and three additional water molecules (W1, W2 and W3) are present. 18
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1.1.2 Glyoxalase |

Glyoxalase | (GIx 1), working in complex with glyoxalase I, is needed to transform the highly
cytotoxic metabolic by-product methyglyoxal (CH3-CO-CHO) into non-toxic final ones. It
converts the hemimercaptal substrate (CH3-CO-C(OH)-SG,) formed by the reaction of
methylglyoxal with reduced glutathione (GSH), to S-D-lactoylglutathione (CH3-CH(OH)-CO-SG),
used in turn by GIx Il as a substrate to re-generate reduced glutathione and non-toxic D-lactate

(CH3-CH(OH)-COOH). 1t

CH3-CO-CHO + GSH > CH3-CO-C(OH)-SG Non enzymatic step.
CH3-CO-C(OH)-SG = CHs3-CH(OH)-CO-SG Detoxification pathway catalyzed by GIx |
CH3-CH(OH)-CO-SG + H20 = CH3-CH(OH)-COOH + GSH Hydrolysis catalyzed by Glx Il

Glx | from different organisms contains different metals and in Escherichia coli nickel features
as the best performing one, maximizing its activity.'® E. coli Glx | can also use Co?*, Cd** and
Mn?* as metal center, presenting a reduced reactivity, whereas Zn?* substitution results in
enzyme inactivation.’® This change in reactivity is strictly related to the metal site
coordination, which moves form an octahedral geometry for Ni, Co, Cd and Mn to a trigonal
bi-pyramidal geometry for Zn.'® The structure of E. coli Glx | is a homodimer, constituted by
two subunits, each of which contributes to the formation of the two active sites. Nickel
coordination is composed of a histidine and a glutamic acid from each monomer and is
completed by two water molecules. (Figure 3) The potential metallochaperone proteins
involved in E. coli Glx | nickel insertion have not yet been identified and it is unclear if they are

needed.

ACTIVE SITE

Glyoxalase | from E. Coli ( PDB:1F9Z)
Figure 3. Structure of E. coli glyoxalase. The monomers constituting the homodimer are highlighted in green

and magenta (PDB:1F9Z). The zoom shows the active site: the nickel ion (green) is coordinated by histidines (H8-

56) and glutamic acids (E 56-112) while additional water ligands (red W1-W2) complete the geometry. *°
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1.1.3 Acireductone Dioxygenase (ARD)

The methionine salvage pathway can be used to generate methionine from 5’-
methylthioadenosine (MTA), produced from the S-adenosyl methionine during polyamine
biosynthesis. During this pathway, 5-methylthioadenosine is converted to an acireductone
(1,2-dihydroxy-3-keto-5-methylthiopentene) which can be used as a substrate by the ARD
enzyme to generate two different products with two different enzymatic reactions.’ One
reaction sees the conversion of 1,2-dihydroxy-3-keto-5-methylthiopentene into formate and
2-keto-4-methylthiobutanoate, then transaminated to methionine (reaction a). The other
catalyzes an off-pathway shunt producing CO, 3-methylthiopropionate and formic acid

(reaction b).

@]
S
Fe-ARD - \/\ﬂ)J\ ©
OH ﬁ—b o
HO 2 g a 0, 2-keto-4-methylthiobutanoate
™ CHy + Formate
0 b 0
2 /\)J\
Acireductone CA—., s o~
(1,2-dihydroxy-3-keto-5-methylthiopentene) Ni-ARD 3-methylthiopropionate

+ CO + Formate

From the study of the Klebsiella oxytoca (formerly K. pneumoniae) system, it was discovered
that the same enzyme catalyzes the two reactions, differing only in the nature of the
coordinating metal.?° When iron is present in the binding site, the ARD produce a ketoacid
precursor that can be recycled back to methionine (reaction a). In contrast, when nickel or
cobalt is present, ARD catalyzes a non-productive pathway of oxidation, which converts the
acireductone into formate, carbon monoxide and methylthiobutyric acid (reaction b). The ARD
from this organism is the only currently known enzyme, in the as-isolated state from the native
organism, able to perform these two reactions depending on the nature of the metal ion
bound to the protein active site.?! The two forms of KOARD have the same sequence, but they

can be separated chromatographically, indicating that the two structures should present
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different conformations.?? The structure of the Ni-KoARD was solved by NMR?? (Figure 4) and
the coordination of its active site is proposed via a homology model with the X-ray structure
of ARD from mammalian Mus musculus (PDB:1VR3) (MmARD).?! The ligand characterization,
by spectroscopic and mutagenesis studies, suggested an octahedral coordination geometry
for both metals involving three histidines and one glutamic acid as possible donors
supplemented by two additional waters. Interestingly, from NMR spectroscopy studies on
KoARD, it was shown that iron binding to the protein provokes an increase in order at the N-
terminus and disorder at the C-terminus, while nickel binding generates the opposite effect.
This re-arrangement in the structure, induced by the different metals, can lead to the active
site changing its conformation, triggering a different selectivity to catalyze the two distinct
reactions. 23

Advances have been recently reported on understanding the reaction mechanism of the
Human Fe-ARD, also thanks to its crystal structure which is supposed to be the native form
under normal conditions. In Eukaryotes it is unclear if Ni-ARD has any biological role.?
However, structural information regarding the substrate-ARD complex is poor and it is not
evident how microorganisms can choose to insert different metal ions into the same catalytic

site. To date, the nickel insertion pathway is unknown.

-a‘

A 4 His140

\ %
His98

Glu102

Acireductone dioxygenase from Klebsiella oxytoca ( PDB:1ZRR)

Figure 4. Structure of K. oxytoca Ni-ADR. The NMR structure is depicted in green (PDB:1ZRR). The zoom shows
the active site, the 6-coordinate nickel ion (green) is proposed to be coordinated by three histidines (H98-140-

96), one glutamic acid (E102) and two waters. 2
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1.1.4 Lactate racemase (LarA)

Lactate racemase (LarA), the last characterized nickel enzyme, catalyzes the interconversion

between L- and D-lactic acid isomers, as depicted below.

L-lactate D-lactate

The role of this enzyme is still under discussion and it most likely depends on the nature of the
species where is located. The latest information about LarA comes from Lactobacillus
plantarum, which uses L-lactate as a substrate to produce D-lactate.?> This bacteria does not
need lactate to grow, thus the role of LarA has been linked to the rescue pathway for D-lactate

production in case of stress (as in the presence of antibiotics).

In L. plantarum, two different operons (larABCDE and larR(MN)QO) have been identified as
necessary for the enzyme activity. The enzyme itself is encoded by LarA, LarBCE play a role in
the metal trafficking and co-factor biosynthesis, LarD is an aquaporin-like protein and
Lar(MN)QO are related to the ABC-transporter for high-affinity nickel uptake. LarR is the
transcriptional regulator. L-lactate positively regulates the system, while D-lactate represses

the gene expression.2®

The structure of this enzyme has been solved, disclosing the peculiar environment of its nickel
coordination. In the active site is present a nicotinic acid mononucleotide derivate with two
added thiocarboxylate groups, one of which forms a thioamide with lysine 184, namely nickel-
pincer nucleotide (NPN) coenzyme (Figure 5). Pincer complexes are not new in chemistry but
notably this is the first example of such a molecule in a biological system. The nickel is bound
in an almost planar arrangement to the NPN pincer co-factor (using the thioamide sulfur atom,
the pyridinium C4 carbon and the thioacid sulfur atom) and the coordination is completed by
a histidine. The stable Ni-C bond in the resting/stable state of this enzyme is surprising; in
other Ni-containing enzymes Ni-C bonds have only been observed as reaction
intermediates.'?® This coordination is essential to guarantee the stability of the metal in the

complex. In fact, it appears that the enzyme can switch between an open and closed
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conformations due to a distortion of the NPN pincer coordination and displacement of the
His200. From the X-ray structure, it was possible to identify the presence of these two
different states in the same asymmetric unit. The closed conformation shields the nickel from
the solvent thanks to the close proximity between the N- and C- termini (Figure 5). The open
conformation results in a loss of the nickel ion due to the easy accessibility of the active site
to the solvent. This implies that: the access of the substrate to the catalytic center has to be
rapid to avoid enzyme deactivation and that LarA is most likely able to dynamically switch
between open and closed conformations.?>The NPN biosynthesis is attributed to the proteins
LarBCE. LarB is responsible for the production of the pre co-factor (P2CMN) from NAD, while
LarE catalyzes a two sulfur transfer reactions forming the P2TMN version. LarC is the nickel
insertase, which provides the nickel to generate the active form of the pincer cofactor that

will bind to LarA (Figure 5).27:28 23
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Figure 5. Structure of L. plantarum LarA. The nickel containing subunit is highlighted in green (PDB:5HUQ). The
zoom shows the active site, the coordinate nickel ion (green) is coordinated by the NPN cofactor ( with Cin gray,
O in red, N in blue, S in yellow, and P in orange) and His200. The biosynthetic pathway for the NPN cofactor
production starts with LarB forming P2CMN from NaAD. LarE catalyzes a sacrificial sulfur transfer reaction to

synthesize P2TMN from P2CMN. LarC inserts nickel into P2TMN, forming the NPN cofactor. Adapted from 2.
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1.1.5 Superoxide Dismutase (NiSOD)

The superoxide dismutase (SOD) role is to protect biological systems from the oxidative
damage caused by superoxide radical anions (027), a byproduct of oxygen metabolism.?° It
catalyzes the dismutation of superoxide anions to hydrogen peroxide and oxygen following

the reaction:
M) + 0" > M™ + 0,

M™ + 0, + 2H*> M1 + H,0,

20"+ 2H* > H,0,+ O3

This enzyme can possess different metals in the active site. The most common versions are
constituted either by a di-nuclear Cu-Zn center or by a mononuclear Fe or Mn, while the Ni
enzyme has some unique characteristics. In fact, whereas the other transition metals can cycle
between oxidized and reduced states using the natural midpoint-potential of Oy
disprotonation (~0.36 V), Ni cannot catalyze superoxide disproportionation in aqueous
solution. The reason why is related to the calculated reduction potential for the species Ni*/*2,
which is +2.26 V, outside the range required for SOD catalysis.?® It was, therefore, a surprise
when NiSOD was detected and isolated in some Streptomyces bacteria and cyanobacterium.
The adaptations required to use this metal as catalytic center (lowering the potential of the
Ni3**2 couple by over 2 V) resulted in a unique evolution of this enzyme, which has no
sequence homology with the other SODs. Nevertheless, NiSOD redox potential is similar to
those of the other SODs and it catalyzes the reaction with the predicted Ni***2 couple, as
confirmed by EPR studies. The answer to how this enzyme is able to lower the Ni3**/*? potential
must resides within its structure.'® The quaternary structure of NiSOD is exclusive in the SOD
family. It forms an homo-hexamer where all the nickel sites are independent from each other
(Figure 6). Interestingly, a posttranslational modification is needed to remove 14 amino acids
at the N-terminus in order to promote nickel binding.3° The metal binding site, is in fact,
located by the N-terminus, known as a “Ni-hook”, which coordinates the Ni using the cysteines
in position 2 (thiolate and amidate) and 6 (thiolate) and the histidine in position 1 (amine and
imidazole). The nickel coordination changes depending on the oxidation state of the metal,
switching from a pyramidal geometry for the oxidized state (Ni*) to a square planar geometry

for the reduced one (Ni?*), losing the apical imidazole donor (Figure 6).3! While the thiolate
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and imidazole ligands are critical for the reduction in potential, the role of the mixed amine-
amidate coordination is the subject of different studies and it has been suggested as a possible
player in maintaining the right redox potential for the nickel and to protect the active site
towards oxygen.3? In fact, in order to access Ni3*, the only way discovered so far in nature is
the use of cysteine thiolate coordination. However, this group can easily be oxidized by the
products of the SOD reaction, H,0, and O, so cysteines are excluded from other metal SODs
active sites. Interestingly, studies showed that the Cys ligands of NiSOD are unreactive with
H,0; as long as the rate of catalysis is maintained, that the enzyme can be reduced by H,0;
and that the excess peroxide can be removed without loss of activity.3

Concerning the possible accessory proteins involved in the nickel insertion, a putative nickel
chelatase (CbiXhp) has been identified. The behavior of this enzyme is fascinating and many
efforts have been devoted to understanding its chemical stability, also thanks to peptide-
based models.?° Nevertheless, further studies need to be done to understand the maturation

and nickel insertion in the NiSOD production pathway.
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amine & amidate
v @
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Nickel superoxide dismutase from S. seoulensis Cys2
(PDB:1Q0D oxidized state1QOM reduced state) thiolate

Reduced State

Figure 6. Structure of S. seoulensis NiSOD. The homo-hexameric structure shows each subunit in a different
color. The active site descripts the oxidized state (Ni*) coordinated via the amino terminal amine, a backbone

amide, two Cys, and an axial His (stick view) .In the reduced state (Ni%*) the His is displaced.

27



1.1.6 Methyl Coenzyme M Reductase (MCR)

Methyl Coenzyme M Reductase (MCR), catalyzing the reduction of methyl-S-coenzyme M by
coenzyme B to methane and disulfide bridging CoB and CoM, plays an important role in the

global carbon cycle.?

CH3-S-CoM (methyl-S-coenzyme M) + CoB-SH (coenzyme B) = CH4 + CoB-S-S-CoM
(heterodisulfide)

The methane formation is the last step of methanogenic archaea metabolism. These strictly
anaerobic microorganisms, able to grow on acetate, methanol, formate, CO; and Hy, are
responsible for more than 90 % of the methane present on earth. The only other known source
of biological methane comes from the methylphosphonates metabolism (4%),3* so MCR

methanogenic archaea catalysis ia its main producer.?

The crystal structure of MCR from Methanothermobacter marburgensis reveals a
heterohexamer constituted of three different subunits (a2B2Y2) and a Ni-containing co-factor,

namely tetrapyrrole Fs30, in each a subunit (Figure 7).36

Y subunit
B subunit FS

%} 3 Y subunit
o s e X
>

o subunit
' |

N .
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o subunit

Methyl-coenzyme M from M. marburgensis (PDB:3POT)

Figure 7. Structure of M. marburgensis MCR. The dimer is shown with each subunit (afY), in different color.
Each active site (Ni in green) contains coenzyme F430 with an axial GIn147 ligand, and an additional axially

coordinated CoM-SH in this particular structure.3®
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Hydrophobic channel

Figure 8. On the left is the representation of the hydrophobic channel in MCR. The F430 cofactor is present at
the bottom of it and the Ni is coordinated by the tetrapyrrole ring and GIn147. On the right is the structure of

the Fi30 cofactor. Adapted from 3.

The name of the co-factor derives from its absorption band, precisely at 430 nm, due to the
Ni*? oxidation state. The enzyme also needs a Ni*! state in order to be active, implying that a
tight control of the metal redox state is required for its functionality. The Fasois not covalently
bound in the active site, but it is deeply buried at the end of a hydrophobic channel that
shelters the substrates/products. This arrangement is to prevent solvent accessibility, which
could cause a change in the oxidation states. The substrate methyl-S-coenzyme M must enter
in this channel before the second substrate, coenzyme B, whose arrival completely impedes
the access to the binding site. The ring of the Fa30 co-factor chelates the nickel ion and its
coordination is completed via an axial glutamine 147 on the opposite side of the ring form the
channel.3® The conformational arrangement is shown in Figure 8.

Nickel is present as an inorganic metal complex. The presence of a specific nickel chelatase
(CfbA) to promote the insertion of Ni in the sirohydrochlorin has been proven both in vitro
and in vivo.?” From this starting intermediate, other Cfb enzymes (CfbEDCB) are needed to

complete the cofactor biosynthesis, which in any case, is still not clearly understood.3”-33°
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1.1.7 [Ni-Fe] hydrogenase
Hydrogenase catalyzes the oxidation of hydrogen into protons and electrons in a reversible

way, following the reaction:
Hy ¢ 2H™+ 2e’

Hydrogen can have a double role, either as an energy source for the system or as a final
product to remove a possible excess of reducing equivalents. ’

Different kinds of hydrogenases are found in nature, present in diverse organisms such as
archaea, bacteria and some specific eukaryotes. It is possible to divide them, depending on
the metal ions used in their active site, into three not phylogenetically related groups: [Fe-Fe]
hydrogenase, [Fe] hydrogenase and [Ni-Fe] hydrogenase.?® [NiFe]-hydrogenase, found in

bacteria and archaea, are divided into four main groups depending on their function:

Group 1- Membrane-associated H, uptake hydrogenases.
Group 2- Soluble uptake hydrogenases and sensory hydrogenases.

Group 3- Heteromultimeric cytoplasmic hydrogenases harboring a reducible cofactor (F420 or

NAD(P)).

Group 4- Energy-converting hydrogenases. This group includes the CO-induced hydrogenases
involved in our research scope reaction (the WGS reaction see session 1.4). Ech hydrogenase
from Methanosarcina barkeri and hydrogenase 3 from E. coli can be considered as the most

studied examples of this class.

A common feature of all [Ni-Fe] hydrogenases is their general assembly in at least two subunits
(Figure 9).° A large catalytic subunit hosts a Ni-Fe active site and a small subunit hosts the Fe-
S clusters needed for electron transfer. The number of Fe-S clusters differs for each organism.
Various structures of this enzyme have been solved, unveiling the presence of a di-nuclear
active site composed of a nickel ion coordinated to cysteines of two CxxC motifs, of which one
of each pair is used to bridge to the iron ion.*? The Fe coordination is completed by one CO
and two CN' ligands. Between Ni and Fe, a third labile binding position is present for substrate

41,42

binding.
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Small subunit

)D@ Large subunit

Ni-Fe Hydrogenase from Desulfovibrio fructosivorans (PDB:1YQW)

Figure 9. Structure of D. fructosivorans [Ni-Fe]-hydrogenase. The large subunit is shown in green, the small one
in magenta. The Fe-S clusters in the small subunit are shown in spheres and the [Ni-Fe]-cluster is highlighted in

the active site. (x=labile position for substrate binding)

A common feature among all the structures is the highly buried position of the active site,
which suggests the presence of a hydrophobic tunnel for dihydrogen access, as well as proton
pathways.*® The biosynthesis of [Ni-Fe] hydrogenase is a well-studied process and different
proteins have been identified as responsible for the biogenesis of such a complex enzyme.**

Their role is described in section 1.2.2.

In E. coli, the hycBCDEFG operon encodes for the hydrogenase 3, responsible for hydrogen
production from formate thanks to its coupling with formate dehydrogenase-H (fdhF), in the
formate hydrogenlyase complex (FHL).*> The hycABCDEFGH operon stands for the large (HycE)
and small (HycG) subunits, characteristic of [NiFe]-hydrogenases, plus two additional
hydrophilic subunits (HycB and HycF) and two inner membrane subunits (HycC and HycD).**
The HycA is the negative transcriptional regulator of the formate regulon, while HycH is

predicted to have an accessory function. (Figure 10)
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Figure 10. Comparison of the subunits encoded by the hyc operon from E. coli and the cooMKLXUH operon from

R. rubrum. Proteins without sequence similarity are shown in white. Adapted from .

In hydrogenogenic carboxydotrophs, such as our study model Rhodospirillum rubrum, the
hydrogenase is enclosed by the CO-induced operon cooMKLXUH, present upstream of the
CODH one.*® CooM and CooK (corresponding to the previously described HycC and HycD in E.
coli) are two integral membrane-bound proteins, CooX (corresponding to E. coli HycF) is
described as a FesS4 ferredoxin-like protein and CooU has no homologue in E. coli hydrogenase
3. CooH and Cool encode for the large and small subunit, respectively, and they corresponds

to HycE and HycG in E. coli hydrogenase 3 (Figure 10).
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1.1.8 Acetyl-coenzyme A synthase/ Carbon Monoxide Dehydrogenase

Carbon monoxide dehydrogenase (CODH) can be present either as a monofunctional enzyme,
as in the case for R. rubrum (discussed in the 1.1.9 session), or as a bifunctional complex with
the acetyl-S-CoA synthase (ACS, ACDS in methanogens). The ACS/CODH complex catalyses the
synthesis of acetyl-S-CoA from coenzyme A (CoA-SH) condensed with CO (derived from CO;
reduction catalyzed by CODH) and a methyl group (derived from a corrinoid/ Fe-S protein

Co(lll)-FeSP) as described in the reaction:

CO2+ 2H*+2e 2> CO+ H20 CODH
CO + CoA-SH + CH3 -Co(lll)-FeSP ¢ CHsC(0O)-S-CoA + Co(l)-FeSP ACS

This bi-functional enzyme plays an important role in the Wood-Ljungdahl pathway, one of the
six carbon fixation pathways known on Earth. It consists of two branches, defined as the
methyl and the carbonyl pathways. The methyl branch differs between acetogenic bacteria
and methanogenic archaea to convert the CO; into the methyl group. The carbonyl branch is
common in acetogens and methanogens and consists of the conversion of carbon dioxide into
carbon monoxide, catalyzed by the CODH. In a second step, the CO coming from the carbonyl
branch produced by the CODH is combined to the methyl coming from the methyl branch and
CoA by the Ni-ACS enzyme to form acetyl-CoA, the most common carbon source in biology

(Figure 11).%7
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Figure 11. Wood-Ljungdahl carbon fixation pathway. The carbonyl branch is in pink, the generalized methyl
branch used in acetogenic bacteria is in light blue and the generalized methyl branch used in methanogenic

archaea is in green. Adapted from *.
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As expected, bifunctional CODH/ACS contains two distinct active sites, one present in the
CODH subunit and one in the ACS subunit. The two active sites are connected by hydrophobic
channels to allow the CO produced from the CODH to reach the ACS active site, regulating in
this way the import-export of the substrates.*’

In the model organism Moorella thermoacetica the ACS/CODH is an a2 tetrameric protein
formed by two CODH B-subunits in the center and an ACS a-subunit on each extremity (Figure
12). The ACS subunit contains three different domains: the N-terminal domain, responsible
for the interaction of ACS with CODH, the central domain and the C-terminal domain, which
contains the active site, called the A-cluster. This site consist of a [4Fe-4S] cluster bridged to a
proximal Ni (Nip) via a cysteine thiolate (Cys 509). Niy is in turn bridged to a distal Ni (Nig) via
two additional cysteine thiolates (Cys 595 and 597) and its coordination is completed in a
square planar geometry by an unidentified exogenous ligand, in labile position for substrate
and/or intermediates binding. Historically, it was supposed that the Ni, center could be
physiologically substituted by others metals, resulting in a Cu-Ni and Zn-Ni forms. However,
this hypothesis has been ruled out and the scientific community now agrees that the A-cluster
is formed by a [4Fe-4S]- Nig- Ni, center (Figure 12).4%'3 Concerning the Nig, its coordination is
held by the two thiolates and the two backbone amide groups (one from Gly and one from
Cys) of a Cys-Gly-Cys motif, in a stable S;N, square planar geometry (Figure 12). Nig does not
have redox activity and it will likely remain a diamagnetic Ni%* through catalysis. Nip, on the
other hand, presents different oxidation states during the catalysis, indicating its catalytic
substrate-converting role. Even though the structure of the A-cluster has been solved, the
catalytic mechanism is still under debate.4>0>1

Consensus has been reach on the role of Ni, as responsible for binding the CO and the methyl
group, followed by methyl migration/CO insertion to result in a Nip,-acetyl bound group, to
finish with CoA substitution to produce acetyl-CoA. The role of the distant nickel Nig*> has been
proposed either as a supporting ligand, to stabilize the proximal Ni in a low-valence redox
state, or as a hemilabile site responsible of modulating of the active conformation, facilitating
its catalytic cycle.**>? The inorganic models made for this center all point towards a neither

reducible nor catalytic center Nig.>3
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Carbon monoxide dehydrogenase/acetyl-CoA synthase(CODH/ACS) from Moorella thermoacetica (PDB:10AQ)

Figure 12. Structure of M. thermoacetica CODH/ACS. The tetramer a,pB, subunits are shown in different colors,
the CODH homodimer B, is in green and cyan, the ACS a; subunits are in pink and yellow. The metalloclusters

are shown in spheres. The active site, A-cluster, is in the zoom region where the [4Fe-4S]- Nig- Ni, center in ACS

subunit are shown in spheres greens for nickel, orange for iron and yellow for sulfur. Adapted from 3.

35



1.1.9 Monofunctional Carbon Monoxide Dehydrogenase (CODH)

Carbon monoxide dehydrogenase catalyzes the reversible oxidation of carbon monoxide to

carbon dioxide following the reaction:
CO +Hy0 ¢ CO2+ 2H" + 2¢°

Two primary classes of CODH have been identified in nature, differing from each other in their
active sites metal composition. One consist in a Cu-Mo-Fe-S cluster, which catalyzes a
irreversible reaction and is found in aerobic microorganisms. The other class possesses a Ni-
containing active site and is recurrent in anaerobic bacteria and archaea. In both case, CODH
plays an essential role in the global carbon cycle.*” As already mentioned in the previous
section, Ni-CODH can occur as monofunctional or bifunctional enzyme and the following part

will focus on monofunctional Ni-containing CODHs.>*

To decrypt this enzyme, the majority of the information in the hand of the scientific
community comes mainly from two organisms: R. rubrum (RrCODH) and Carboxydothermus

hydrogenoformans (ChCODH).
In C. hydrogenoformans five different genes encoding CODHs are present:

e (ChCODH-I, which is coupled to a [Ni-Fe] hydrogenase to catalyze the so-called water
gas shift (WGS) reaction (CO + H,0 ¢ CO; + 2H* + 2e” (CODH) and 2e+ 2H* = H;
(hydrogenase)). This process is vital for the organism considering that it is a strictly
anaerobic thermophilic bacterium. In fact, it can grow using CO as a sole carbon and

energy source thanks to this WGS reaction®>;
e ChCODH-lI, involved in NADH generation®®;

e ChCODH-IIl, coupled with the ACS enzyme to perform the acetyl-CoA biosynthesis

pathway;

e (ChCODH-IV, probably involved in oxidative stress response as a mechanism of oxygen

detoxification®’;

e (ChCODH-V, its role has not yet been identified. Recently, its structure has been
solved*, showing a [FesS30;] cluster, which can be converted into a [FesSs] cluster by

reduction. Thus, it shares more similarities with hybrid cluster proteins (HCPs). HCPs
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are responsible for nitrosative stress protection during anaerobic growth in the
presence of nitrate/nitrite and they harbor a 4Fe-25-20 iron-sulfur-oxygen cluster.>®
Considering than CODH-V cannot convert CO or CO,, it may represent the evolutionary
link between HCPs and CODHs. (*results published in 2015 in Fesseler J. thesis from

Dobbek group)

In R. rubrum only one CODH (RrCODH) is present and, as for the ChCODH-I, it is involved in

the WGS reaction, allowing the bacteria to use CO as a sole energy source.*®

Crystal structures of ChCODH-I/1I/1V/V and RrCODH have been solved, displaying an overall
similar structure.>®° They are homodimers, of which each monomer is composed of three
different domains known as the N-terminal helical domain, the central domain and the C-
terminal a/B (Rossmann-like) domains (Figure 13). Each homodimer contains five
metalloclusters of three different natures: two unique [Ni-4Fe-4S] clusters (namely C-cluster),
two [4Fe-4S] clusters (namely B-cluster) and one intermolecular [4Fe-4S] cluster (namely D-
cluster). The C-cluster is a distorted Ni-3Fe-4S cubane coordinated to an additional forth iron
(Fey), unique in biology.”® The global arrangement places the clusters in a C-B-D-B*-C*
position, where the bridging D-cluster sits between the two monomers (Figure 14). The
reaction is catalyzed at the C-cluster, the buried active site in the protein, which oxidizes CO
and releases CO,, protons and electrons. The electrons, in order to reach the CODH’s partners,
need to be transferred to the protein surface. The B- cluster is the most likely candidate to

fulfil this role, due to their proximity to the active site and the protein surface.

Carbon monoxide dehydrogenase from R. rubrum (PDB:1JQK)
Figure 13. Structure of R. rubrum CODH. The monomers are shown in magenta and green. The metalloclusters

are shown as spheres.
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Figure 14. Structure of R. rubrum CODH. The cluster rearrangement is highlighted on the structure of the
homodimer. The active site, C-cluster, is in the zoom region where the metals are shown in spheres (green for
nickel, orange for iron and yellow for sulfur). The reported distances between Fe atoms of individual clusters are

in Angstrom.

Conversely, the role of the D-cluster remains to be elucidated. It might be involved in the
electron transfer with the B- cluster, but its low reducing potential (-530 mV) could be an

indication of a more ‘oxygen-protective’ role.®!

1.9.1 Reaction Mechanism

Different approaches have been used to elucidate the CODH reaction mechanism, allowing
the identification of the main steps involved and the postulation of the following working

model.

Prior to the structural characterization of the C-cluster, four different redox states were
proposed via spectroscopic studies: Cox, Cred1, Cint and Credq2, all differing from their
reduction/oxidation state by one electron. Coxis catalytically inactive and EPR silent. Creq1 binds
CO and analogues such as cyanide. This state is paramagnetic (S=1/2) and displays an EPR
signal with g-values of 2.03, 1.88, and 1.71. Cint is the two-electron reduced state, also EPR
silent. Creq2 is the three-electron reduced state able to bind CO; and analogues such as cyanate
and presents an EPR signature with g-values of 1.97, 1.87 and 1.75.%2 All together these data

had contributed to the hypothesis that CO would bind to the Creq1, the catalytic active state,
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and when it is oxidized to CO, the C-cluster gains two more electrons and is in the Creq2 form.
The cluster is then re-oxidized via electron transfer to the B-cluster passing through a Cin: state
(Figure 15). Where the two additional electrons are located in the Creq state is still not clear,
with the hypotheses of a possible Ni° state, or hydride-bound Ni(ll) or a dative Ni-Fe bond

under debate.3:6465

The difference in redox potential among these states is a key feature in order to activate
correctly the enzyme. It has been shown that the Cox/Creq1 redox potential is -200 mV and
Cred1/Cred2 has a redox potential of -530 mV, matching almost perfectly with that of CO,/CO
which is -558 mV at pH 7.®

HS-(S?)

{

‘ i
«—> [C «— > [Cox
[C.] [Cad (520)
<&
R E0~-200mV Q&
% S
D <’
i cred1
CN-, nBIC el;> (S=172)
CO +H,0
Cint Eo~ -530 mV
(5=0,1,2...) =
CO, + 2H*
e c;red2
(S=1/2)
NCO-

Figure 15. Redox states of CODH active site. The electronic states are reported with their relative spin states and
mid-point potentials. The inhibitors of each state are also reported in red. CN inhibits CO oxidation by binding
to the Creq1 but it does not inhibit CO, reduction. NCO inhibits CO, reduction binding to the Ceq but it does not
inhibit CO oxidation. Adapted from ®’. (nBIC : n-Butyl Isocyanide a CO analogue, CN": cyanide a CO analogue, NCO-

: cyanate a CO; analogue)
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Figure 16. Proposed reaction mechanism of [NiFe]-CODH. Adapted from 3.

The determination of diverse crystal structures, in complex with the CO-CO; substrates,
inhibitors or analogues (CN- and NCO"), was also a great support to allow the proposition of

the following mechanistic model (Figure 16):
Step 1. CO binds to Ni(ll) and the H,O to the Fe(ll) ion of the C-cluster (Creq1) ;

Step 2. Fe-H,0 deprotonates, resulting in a nucleophilic hydroxide species. OH™ nucleophilic

attacks of the CO results in a Ni-Fe bridged carboxylic group;

Step 3. Second deprotonation. The Ni-Fe now is bridged by a COO" intermediate;

Step 4. Release of the CO; and two electron cluster reduction (Cred2);

Step 5. Electrons are transferred to the B-cluster and the C-cluster goes back to its Creq1 State.

Even though the mechanism appears clear, different points still need to be elucidated.

For example during the nucleophilic attack (Figure 16 step 2) a “carbon shift” should occur in
order to place the carbon closer to the resulting hydroxide, which is otherwise too far away.
Moreover, the Cin: state role during the CO; release process is still not clear. Electron transfer
via the Ni center is too rapid to visualize reduced Ni states. To obtain more insights into this
last step, structures of ChCODH-II bound to CO; and cyanate (NCO™ a CO; analogue) have

been recently determined to 1.03 and 1.06 A resolution, using anaerobically poised crystals at

-600 mV to mimic the Creqz state.®® Both structures showed a uz n? bent bridging CO,/NCO"
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coordination between the Ni and the Fe (step 2), with two unexpected identical C-O bonds
lengths (1.32 and 1.3 A). CO; is stabilized by H-bonding with His93 and Lys563. Interestingly,
the certitude of the CO; binding geometry, ensured by the high atomic resolution, allowed the
identification of the O-C-O angle as 1179, different from the previously reported value of 130°.
This smaller value suggests that the CO; activation is mediated by a particularly nucleophilic
Ni species that pushes electrons into CO,, making it appear as a two-electron-reduced
carboxylate (Ni-COO™) waiting to be protonated, in favor of a 2e” transfer process. However,

the existence of a transient CO, " intermediate radical cannot be completely excluded.

In addition, access of CO/CO; and proton transfer must be allowed between the buried active
site and the solvent. Hydrophobic channels have been detected between the Niion and the
protein surface as a possible gateway for the gas molecules.®’” A polar channel would be
needed for the proton transfer and several water molecules linked by histidine residues were
observed concerning the Nito the solventin all of the CODH structures (Figure 17). Moreover,
a recent IR-X-ray-in silico combined study of the cyanide (CN)/CODH complex showed that

the proton channel between the C-cluster and the solution phase is strictly directional and

70,71

dependent on the oxidation state of the cluster.

]
%

Figure 17. Proposed channels involved in the access and transfer of products and substrates. Adapted from 7.
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1.2 Nickel in the active site: where is it coming from?

Considering all the peculiar nickel active sites catalyzing the so far exposed reactions, the
natural question that should arise from the reader should be: from where is this nickel coming

from? How does it appear in the active site?

First, it is important to consider that this metal needs to be imported by the cell from the
natural environment, passing through the cytoplasmic membrane. A tightly regulated import
mechanism is essential and many organisms have developed high-affinity nickel transport
systems to fulfil this role. In the case of gram-negative bacteria, nickel needs to first cross the
outer membrane. Small molecules and ions can pass through this membrane by passive
diffusion via non specific transmembrane porins but when their concentration is low, an
energized import is required. Lately, the existence of dedicated transporters, namely TonB-
dependent transporter (TBDT), has been postulated also in the outer membrane for nickel.”?
Once in the periplasm, two main classes of import systems are found in the cytoplasmic
membrane: the ABC-type importers and the Ni/Co permeases.*? (NikABCDE transporter in E.
coli is probably the best studied ABC-type importer, whereas HoxN in Cupriavidus necator is a
good representative for nickel/cobalt permeases).

Once nickel is present in the cell, its trafficking needs to be tightly controlled to avoid the
presence of free toxic metal and it has to be correctly delivered and incorporated into the
desired enzyme active sites. These operations often require an intricate team of accessory
proteins, working in concert for the biosynthesis of these complex metalloclusters enzymes.
Understanding the steps necessary for the cluster assembly and insertion into the enzyme,
deciphering the maturation machinery involved, are some of the main challenges in the
metallo-enzymology field. In the next session, the identified accessory proteins involved in the
Ni-enzyme maturation pathways for urease, hydrogenase and CODH are discussed. A special
attention will be devoted to nickel chaperones, a class of proteins able to reversibly bind the

metal, transport it in the cell and deliver it to the apo-enzyme metallocenter.

43



1.2.1 Urease maturation

As already mentioned, urease is first produced in the apo-form which then needs to be
activated through two main steps: lysine carbamylation and nickel insertion into the active
site. Considering the buried position of this site in the apo-protein, the occurrence of a protein

folding modification is predicted to allow nickel insertion.

To carry out these steps and fully complete urease biosynthesis, four accessory proteins are
usually needed: UreD (UreH in H. pylori), UreF, UreG and UreE. From the studies of Klebsiella
aerogenes urease, it was evidenced that the apo-enzyme can be partially activated upon nickel
and CO, exposure but its activity is enhanced when it is co-expressed with UreD.'? This

suggests the need for the co-expression of structural and accessory proteins to fully activate

the enzyme.
A y
apo-urease

_ ¢ a GIP+Co, CDP+F,

& ¥ GTP
°+°+' o Mg(ll)

GTPase activation
by KHCO,/NH,HCO,

Ni(ll)
transfer

o™

#r % GDP+P,
e o Mglll)

Figure 18. Proposed urease maturation process. A) Classical proposed mechanism B) the new proposed one.

Adapted from 3,
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The classical model, currently proposed for the maturation mechanism even though the role
of each single protein are not fully understood to date, is the following:

UreD, the first protein to interact with the apo-urease, binds to the enzyme and acts as a
protein scaffold to promote the interactions of the other partners.’® UreF interacts with UreD
possible provoking a conformational change of the enzyme around the active site and
enhancing Ni accessibility.”* At this point, UreG binds to UreF and promotes the lysine
carbamylation, which relies upon GTP hydrolysis by UreG, defining this protein as the energy
driving force. Finally, the urease-UreDFG complex interacts with UreE, responsible for the
nickel insertion and completes the enzyme maturation. (Figure 18A) This model derives from
the ability to isolate the apo-urease-UreDFG complex and for this reason it is proposed to be
the functional unit.”® However, no crystal structure is available for urease in complex with any
of these accessory proteins. The complex UreHFG from H. pylori has been recently crystallized,
showing a dimer of heterotrimers.”® The interaction between UreG and UreE in H. pylori has
been proven both in vivo (yeast two-hybrid analysis’®’” and immunoprecipitation essay’’) and
in vitro (calorimetry and NMR spectroscopy’®).

In view of the most recent results, a second model was postulated for the maturation of
urease active site (Figure 18B).”° In this scenario, a first interaction between Ni-UreE and UreG
is proposed, forming a complex Ni-(UreEG),. The complex (UreDF), will then interact with Ni-
(UreEG),, competing for the Ni-UreG: binding. Nickel is delivered to the apo-urease by this last
the complex Ni-(UreDFG),.”° A more detailed explanation about this last mechanism is

reported in the next section, with a complete description of UreE, UreG and their complex.
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UreE

Historically, the role of this protein as nickel chaperone during urease maturation was
suggested offer examining the UreE sequences from K. aerogenes and Proteus mirabilis. Both
sequences are, in fact, histidine rich in their C-terminal domains, well known as potential
nickel binding motifs. However, the His-rich terminal region is not an essential prerequisite for
the UreE family, considering that some members from different organisms have been
identified lacking this, such as the one from H. pylori (HpUreE) (Figure 19). Moreover, their
role in the enzyme maturation differs for each organism, from being essential for several

Helicobacter species or substitutable by nickel addition in the growth medium for others.8°

UreE Klebsiella aerogenes 5-6 Ni per dimer (truncated version up to H144* 1-2 Ni per dimer) (PDB:1GMW)

MLYLTQRLET PAAATASVTL PIDVRVKSRV KVTLNDGRDA GLLLPRGLLL RGGDVLSNEE GTEFVQVIAA DEEVSVVRCD
DPFMLAKACY HLGNRHVPLQ IMPGELRYHH DHVLDDMLRQ FGLTIVTFGQL PFEPEAGAYA SESH (GHHHAH HDHHAHSH)

HisB 112

UreE Helicobacter pylori 1 Ni per dimer (PDB:3TI8)

MIIERLVGNL RDLNPLDFSV DHVDLEWFET RKKIARFKTR QGKDIAIRLK DAPKLGL3QG DILFKEEKEI IAVNILDSEV
IHIQAKSVAE VAKICYEIGN RHAALYYGES QFEFKTPFEK PTLALLEKLG VQNRVLSSKL DSKERLTVSM PHSEPNFKVS
LASDFKVVVK

Figure 19. Top part: UreE from K. aerogenes. The full sequence is reported, the brackets show the truncated
version in the case of the mutant H144*. The crystal structure (PDB:1GMW) comes from this truncated version.
Bottom part: UreE from H. pylori. The proteins are both in a dimeric conformation and present a nickel-binding
site at the interface between the two monomers. In the sequences, the histidines are colored in red, the cysteines

in green and the amino acids involved in nickel binding are underlined.
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Due to the high variability of UreE sequences, the number of nickels bound to the protein
varies depending on the organism, going from 1 Ni per dimer for H. pylori to 6 Ni per dimer
for K. aerogenes. In order to understand why this histidine rich region is present only in some
version of UreE and if its role is essential during urease maturation, different mutants have
been produced. The result was that the truncation of the His-region in KaUreE (H144*) does
not completely hinder urease activation. This mutant can, in fact, still bind 1-2 Ni per dimer
and activate the urease in vivo®?, raising even more questions about the role of this double set
of sites.®2 The crystal structure of this truncated version highlighted the presence of a second
binding site in the N-terminal domain in addition to the histidine tail C-terminal domain,
spatially separated by a flexible linker (similar to the N-terminal domain from HpUreE Figure
19). In the case of H. pylori UreE, the histidine rich domain was added to the protein sequence
to check how the urease activation would differ. The constructs shown an increase in the
urease activity level for high nickel concentrations, proving that a possible nickel sequestration

mechanism via the his-tail could help the urease activation.®?

From these results, the presence of two spatially separated sites suggests a possible double
function of UreE. One site could be involved in the interaction with the other maturation

proteins, while the other could be related to a metal transport/storage function.

HpUreE coordinates the Ni(ll) ions at the dimer interface using two histidines from the well-
structured region (one from each His102) and two histidines residues from the more flexible
C-terminal part (His152). This mix between stable and flexible regions could be an indication
of a transient conformation, needed to modulate the nickel binding and release.?* Also in the
case of K. aerogenes, the binding occurs at the dimer interface and involves the conserved
histidine in the structural region (His96).8! Considering its “open” conformation, it was
suggested that the histidine in the C-terminal tail would probably closed up to coordinate
metal (His 102-110), in agreement with the “close” structure found for H. pylori UreE. (see the

comparison of the two structures in Figure 20)

The interaction between UreE and the other accessory proteins responsible for urease
activation has been proven. Considering our interest in the nickel delivery process, only its

interaction with UreG will be presented.
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UreG and nickel delivery

UreG is a GTPase, which couples GTP hydrolysis to allosterically control Ni binding.8> The GTP-
dependent conformational change of UreG is one of the key steps during the urease
maturation. Interestingly, these protein has been identified as intrinsically disordered,
belonging to the class of IDP (Intrinsically Disordered Protein), and with low GTPase activity if
present alone. In order to achieve a good GTPase activity, UreG needs to form a complex with
the other accessory proteins to promote its conformational change.

The UreHFG complex has been recently isolated and crystallized, showing a dimer of
heterotrimers organization (Figure 20).”> The metal-binding site of UreG is located at the
dimer interface, binding one nickel per dimer using the Cys66 and the His68. This motif is
essential to promote the nickel binding and its release is regulated via GTP hydrolysis, which
induces a conformational changes.® This nickel-binding site is interconnected by a tunnel to
the UreH surface passing through UreF, as supported by structural model (Figure 20).74
Focusing on UreG, when UreDFG are associated together”> the binding of GTP on UreG will
cause its dissociation (Figure 21A step 1). Dimeric nickel bound UreE would bind two apo-UreG
monomers, allowing the GTP uptake by UreG in the presence of Mg ions. In the (UreEG),
complex, the nickel will be transfered from UreE; to UreG: (Figure 21A step 2). At this point
the complex (UreDF), competes with UreE, for the Ni-UreG, complex in order to get to the

main complex apo-urease-(UreDFG),-Ni (Figure 21A step 3).

UreD/H UreF UreF UreD/H

Figure 20. Overall structure of Helicobacter pylori UreGFH complex. UreG, UreF, and UreD/H are in green,
magenta and light blue, respectively (PDB: 4HIO). Zoom in region of UreG homodimer structure. The nickel
binding coordinating sidechains of two conserved metal binding residues from each monomer, Cys66 and His68,

shown as sticks.
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GTP hydrolysis will then induce a conformational change in the UreG unit that would cause
the release of nickel to the enzyme, completing the insertion into apo-urease and reversing
the UreG to its GDP-bound state. At this point, the UreDFG-GDP bound complex dissociates
from the holo-enzyme and it is ready for the next activation round (Figure 21A step 4).8%

Interestingly, H. pylori UreE was shown to interact with UreG to form a stable UreE,G, complex
in the presence of Mg(ll) and GTP, transferring the nickel ion from UreE to UreG.?” In this
scenario, the presence of the [NiFe]-hydrogenase accessory proteins is also postulated. In fact,
apo-UreE would acquire the nickel ion from HypA (nickel chaperone for the hydrogenase
maturation 1.2.2) and then transfer it to UreG (Figure 21B). Once again nature shows its
variability, with maturation pathways of two different nickel-containing enzymes able to

“cross-talk” between each other.

A
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actlve GTPase activation
urease by bicarbonate

Ni transfer
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Mgz‘ o 0 apo
GG urease

Figure 21. A) Proposed nickel insertion mechanism on apo-urease. B) Proposed nickel insertion mechanism on

in the case of croos-talk for UreE and HypA in H. pylori. Adapted from % and ¥ respectively.
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1.2.2 [Ni-Fe] hydrogenase maturation

During the [Ni-Fe]-hydrogenase maturation process, the common thought is that Fe(CN).CO
unit is assembled and inserted prior to nickel. Thus, two consecutive events need to occur to
promote the formation of this enzyme catalytic site: iron center biosynthesis and assembly
and nickel delivery.88

In E. coli [Ni-Fe] hydrogenase 3, the large subunit (HycE) requires at least 8 accessory proteins
for its synthesis encoded by the hypABCDEF operon, as well as slyD and hycl genes (Figure 22),
and it is allegedly maturated according to the following steps. At first, HypEF mediates the
formation of the Fe(CN)2(CO) unit in concert with HypDC. This step is followed by the insertion
of this Fe site in the large subunit. The insertion of Ni occurs via a GTP-dependent mechanism
mediated by HypAB + SlyD, followed by the proteolytic cleavage of the C-terminus of HycE by
a specific protease (Hycl). It is presumably this last step that is responsible for the

internalization of the catalytic center, essential to guarantee the enzyme activity (Figure 22).

Considering the scope of this thesis, | am going to focus on the nickel insertion step.

%

o L Srivec |

CN
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CN \
‘o

HypB HypB
HypA *

Figure 22. Over simplified allegedly maturation mechanism for [Ni-Fe]-hydrogenase. Adapted from .
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Nickel delivery

Three different metallochaperones, HypA, HypB and SlyD, are thought to be involved in the
hydrogenase nickel insertion. In E. coli, their cooperative role was suggested considering that
they could be pulled down in a complex with the large subunit (HycE) (see following section).
The impact of their knockout on the enzyme maturation showed that the hydrogenase activity
could be partially restored via nickel addition in the culture media, reinforcing their need to
obtain the maximal enzyme activity. Considering the impossibility to reach the same activity
levels as in the wild type strain, it is evident that they play an important role in the delicate
nickel equilibrium of the cell.®

For H. pylori it has been shown that both the presence of HypA and HypB are needed for the
full activation of both the [Ni-Fe]-hydrogenase and urease in vivo, and in vitro studies also
displayed an interaction between HypB and SlyD, even if the role of SlyD is really not

clear.?0°1,92

HypA

HypA is a ~13 kDa protein required for the activation of [Ni-Fe] hydrogenase 3 in E. coli.

In this organism, a homologous forms of HypA is also present, HybF, responsible for the
maturation of hydrogenase 1and 2. Structures of HypA from H. pyloriand from Thermococcus
kodakarensis have been obtained via NMR and X-ray crystallography, respectively, both in a
Ni-free form. These structures highlighted the elongated shape of the protein and the
presence of two spatially separated domains connected via a linker: an N-terminal nickel-

binding site and a C-terminal structural zinc site (Figure 23).

Concerning the nickel-binding site, deletion or mutation of the residues in the conserved N-
terminal amino acid sequence (MHE) resulted in a loss of both hydrogenase and urease
activities in H. pylori. °* The coordination of this site is not clear and different hypothesis have

been reported.
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HypA Helicobacter pylori (PDB:6G81)

MHEYSVVSSL IALCEEHAKK NQAHKIERVV VGIGERSAMD KSLFVSAFET FREESLVCKD
ATLDIVDEKV ELECKDCSHV FKPNALDYGV CEKCHSKNVI ITQGNEMRLL SLEMLAE

Zinc site

L Cys77
(I
. ®

AP0 Nickel site

HypA Escherichia coli

MHETTLCQRA LELIEQQAAK HGAKRVTGVW LKIGAFSCVE TSSLAFCFDL VCRGSVAEGC
KLHLEEQEAE CWCETCQQYV TLLTQRVRRC PQCHGDMLQT VADDGLQIRR TETIDQE

HypA Thermococcus kodakarensis (PDB:5AUN)

MHEWALADAT VRTVLDYAQR EGASRVKAVR VVLGELQDVA EDIVKFAMEQ LFAGTIAEGA
EIEFVEEEAV FKCRNCNYEW KLKEVKDKFD ERIKEDIHFI PEVVHAFLAC PKCGSHDEFEV
VKGRGVYVAG IKIEKEGGS

Nickel site e

His98

Zinc site

Figure 23. HypA from H. pylori, E. coli and T. kodakarensis. The sequences of the three proteins are reported
highlighting the conserved N-terminal region (MHE) responsible for nickel binding and the CXXC (in orange)
responsible for Zn binding. The NMR structure is reported for H. pylori with the latest proposed coordination
motif for the Ni. The crystal structure of HypA-HypB complex from T. kodakarensis is shown (pink hypB, blue
HypA) with its peculiar nickel binding motif in the zoom. As it is possible to observe, for both structures the Ni-

site is spatially separated from the Zn-site via a flexible linker.
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For HpHypA, a hexacoordinate nickel site has been recently suggested, formed by the N-
terminal amine, His2 and Glu3 amide N atoms, His2 imidazole side chain and the carboxylate
side chains of Glu3 and Asp40 (Figure 23).%3 In TkHypA, a square planar coordination was
unveiled from the structure obtained in complex with TkHypB, which completes the His2-
Glu3-amine coordination with an additional histidine (His98) ligand not conserved in H. pylori
and E. coli (Figure 23). Interestingly, the interaction between TkHypA and TkHypB increases
the affinity of the nickel site from micromolar to nanomolar range and it is a unique feature
for this organism.’* Comprehensively all these results indicates that the nickel transfer

mechanism could be different among different organisms.

The zinc site is associated with two conserved CXXC sequences and is essential to guarantee
the stability of the protein in solution. The affinity for this site is is the nanomolar range for
TkHypA, and it contains most of the residues involved in the TkHypA-TkHypB interaction
(Figure 23). For HpHypA, it was suggested that Zn coordination would change in response to
nickel binding and a pH decrease, switching from a 4Cys coordination to a 2Cys-2His.®>%®
However, this hypothesis did not match the latest results obtained from NMR experiments

on Ni binding to Zn-HpHypA according to the pH, which sees a stable Zn coordination

unperturbed for nickel or pH changes. 3

Considering that from the structural evidence the two sites are far apart, no information could
be determined on how they could cooperate for delivering the metal. Recently, the new NMR
study of HpHypA excludes intercommunication between the nickel and zinc sites and
postulates that Ni, stabilizing the N-terminal region, would facilitate its interaction with the

other partners.”®
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HypB

HypB is a ~30 kDa metal-dependent NTPase®” , presenting a high variability among different
organisms, as we observed for HypA. They all possess at least one metal-binding site and
NTPase activity, while a histidine rich region and a high-affinity N-terminal site are present in
only some homologues. During the [Ni-Fe]-hydrogenase maturation, the NTPase activity is one
of the needed features to insert correctly the nickel. The reason why is not totally understood,
but it is probably related to a conformational change in the protein that results in a better
nickel loading process. From the NTPase activity, the HypB homologues can be divided into
either GTPases or ATPases. The GTP-dependent HypBs have low turnover rate in solution®®%,
whereas the ATP-dependent ones behave differently according to the organism’s origin.
TkHypB accelerates its ATPase activity in the presence of HypA, while this is not the case for

E. coli HypB.8%8

The X-ray structures of HypB from Methanocaldococcus jannaschii, Archaeoglobus fulgidus, T.
kodakarensis and H. pylori have been determined. They all share a homodimeric conformation
with the nucleotide-binding site close to the interface. The dimerization step is triggered by
nickel and/or nucleotide binding on the protein, which accelerates the hydrolysis rate thanks
to the docking of an invariant lysine, one from each monomer, to the bound nucleotide (Figure
24 violet region highlighted on the sequences). This dimer formation step is supposed to be
essential to fully activate the enzyme. However, dimer-preventing mutants shown a partial

hydrogenase activation ability, rising questions on the role of this process.®

Another way to divide the HypB homologues is by the number and the position of the metal-
binding sites (Figure 24). All sequences present a metal binding-NTPase domain (Figure 24
green region), while the his-rich domain (Figure 24 yellow region) and/or the N-terminal

domain (Figure 24 red region) is/are present only in some cases.
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HypB Bradyrhizobium japonicum GTPase 3Ni sites (« high affinity site »; His rich; C-term « low
affinity site »)

MCTVCGCSDG KASIEHAHDH HHDHGHDHDH GHDGHHHHHH GHDQDHHHHH DHAHGDAGLL DCGANPAGQK IAGMSSDRII
QVERDILGKN DRLAADNRAR FRADEVLAFN LVSSPGAGKT SLLVRAVSEL KDSFAIGVIE GDQQTSNDAE RIRATGVPAI
QVNTGKGCHL DAAMVGEAYD RLPWLNGGLL FIENVGNLVC PAAFDLGEAC KIVVFSTTEG EDKPLKYPDM FAASSLMLIN
KIDLASVLDF DLARTIEYAR RVNPKIEVLT LSARTGEGFA AFYAWIRKRM AATTPAAMTA AE

HypB Escherichia coli- GTPase 2Ni sites (N-term « high affinity site »; C-term « low affinity site »)

METTCGCGEG NLYIEGDEHN PHSAFRSAPEF APAARPKMKI TGIKAPEFTP SQTEEGDLHY GHGEAGTHAP GMSQRRMLEV
EIDVLDKNNR LAERNRARFA ARKQLVLNLV SSPGSGKTTL LTETLMRLKD SVPCAVIEGD QQTVNDAARI RATGTPAIQV
NTGKGCHLDA QMIADAAPRL PLDDNGILEFI ENVGNLVCPA SFDLGEKHKV AVLSVTEGED KPLKYPHMFA AASLMLLNKV
DLLPYLNFDV EKCIACAREV NPEIEIILIS ATSGEGMDQW LNWLETQRCA

DFT high affinity site
coordination model

HypB Helicobacter pylori (PDB:4LPS)- GTPase — 1Ni sites (C-term « low affinity site »)

MSEQRQESLQ NNPNLSKKDV KIVEKILSKN DIKAAEMKER YLKEGLYVLN FMSSPGSGKT TMLENLADFK DFKFCVVEGD
LOTNRDADRL RKKGVSAHQI TTGEACHLEA SMIEGAFDLL KDEGALEKSD FLIIENVGNL VCPSSYNLGA AMNIVLLSVP
EGDDKVLKYP TMFMCADAVI TSKADMVEVE NFRVSQVKED MQKLKPEAPT FLMSSKDPKS LEDFKNFLLE KKRENYQSTH
SE
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HypB Methanocaldococcus jannaschii (PDB:2HF8) — 1Ni sites (C-term « low affinity site »)

MHLVGVLDIA KDILKANKRL ADKNRKLLNK HGVVAFDFMG AIGSGKTLLI EKLIDNLKDK YKIACIAGDV IAKFDAERME
KHGAKVVPLN TGKECHLDAH LVGHALEDLN LDEIDLLEFTE NVGNLICPAD FDLGTHKRIV VISTTEGDDT ITEKHPGIMKT
ADLIVINKID LADAVGADIK KMENDAKRIN PDAEVVLLSL KTMEGFDKVL EFIEKSVKEV K

( Cys95

Cys127 °

‘0”Hi59-6-
e

Cys95 Cys127

Figure 24. HypB from B. japonicum, E. coli, H. pylori and M. jannaschii. The sequences of the four proteins are
reported highlighting (when present) in green the conserved “low affinity” site (CH-C), in red the N-term “high
affinity” site, in yellow the histidine rich region and in violet the nucleotide-binding domain. For E. coli HypB the
computational model of the N-term high affinity domain is reported. For H. pylori the crystal structure of the Ni-
bound state shows the coordination of the nickel at the interface of the dimer. Only cysteines are involved in the
coordination. For M. jannaschii, the crystal structure of the Zn-GTP-loaded HypB shows that the coordination
includes the cysteines and one histidine. The histidines are colored in red, the cysteines in green and the amino

acids involved in the nickel binding are underlined.

In Bradyrhizobium japonicum and Rhizobium leguminosarum, HypB possesses a histidine rich
N-terminal region. In E. coli, HypB possesses two distinct nickel-binding sites. The first one is
formed by a CXXCGCG motif at the N-terminus, known as the “high affinity site” due to its
picomolar affinity. XAS and DFT analysis of this site identified three cysteines and the amine
of the first amino acid as potential nickel-binding ligands, coordinating Ni in a square planar
geometry.®” Recently, its ability to bind Zn in a 4-coordinate tetrahedral geometry completed
by 3 cysteines and 1 glutamate oxygen was unveiled via computational modeling and XAS,
thus differing from the nickel one.® Mutations of this high affinity site resulted in a deficient

hydrogenase maturation in vivo and in the loss of nickel binding ability in vitro.

The second site is in the NTPase domain and it is the one conserved among all the homologues.
It consists of one histidine and two cysteines forming the so called “low affinity site”. The

nickel affinity for this site is in the micromolar range, while zinc binds an order of magnitude
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tighter.2 Most probably, the role of this site is linked to NTP hydrolysis modulation, which is
reduced when the metal is bound in E. coli. In the case of H. pylori, it was shown that a
GTP/GDP loaded HypB, which possesses only the “low-affinity” site, causes a decrease in the
nickel ion affinity and no changes for the zinc one. H. pylori HypB is the only structure obtained
with loaded Ni and it displays a square planar geometry coordination constituted by four
cysteines, two from each monomer, at the interface of the HypB dimer, suggesting that the
role of the histidine in the conserved motif is most probably related to zinc binding (Figure
24).100 |nterestingly, the Zn coordination on the nucleotide-bound state differs from the Ni
one and solution studies revealed the His as ligand donor, confirming the previous hypothesis.
This is also reinforced by the structure of Methanocaldococcus jannaschii HypB loaded in Zn-
GTP, which shows two zinc ions coordinated by four cysteines, two from each monomer, and
one histidine (Figure 24). This evidence suggests a metal recognition role for the histidine,
possibly used for a regulatory function.

The variety of HypB protein sequences is emblematic and it seemingly reflects the diversity in
nickel needs for organisms living in different environments and how their protein production

is regulated to fulfil as best the nickel request.

SlyD

SlyD belongs to the FKBP family of the peptide-prolyl isomerases (PPlase).’?! This protein has
been deeply study in E. coli, where its knock out has a low impact on the hydrogenase activity,
in contrast to the results obtained from either HypA or HypB deletion'%?, suggesting a possible
role of SlyD in optimizing the metal transfer to other partners.

Three different domains are identified from its structure: a C-terminal domain (Figure 25 green
region), a PPlase domain (Figure 25 blue region) and an IF domain (Figure 25 red region).'%
The metal chaperone properties of SlyD are mainly attributed to its C-terminal domain,
unusually rich in potential metal-binding residues, such as histidines and cysteines. The E. coli
SlyD C-domain has 15 histidines and 6 cysteines able to coordinate multiple nickel ions. The C-
domain is a transiently disordered region®*, which is structured in the presence of metal. The
metal binding affects the PPlase domain conformation, although PPlase activity has been

shown to be not essential during hydrogenase maturation.
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During the hydrogenase maturation pathway, three main roles are supposed for this protein:
as a nickel source for HypB, as a promoter for the nickel release from HypB after its binding to

this protein or as a direct nickel donor to the hydrogenase 3 in E. coli.*®

SlyD Escherichia coli (PDB: 2KR7) (IF domain ; PPlase domain; C-domain)

MKVAKDLVVS LAYQVRTEDG VLVDESPVSA PLDYLHGHGS LISGLETALE GHEVGDKFEDV
AVGANDAYGQ YDENLVQRVP KDVFMGVDEL QVGMRFLAET DQGPVPVEIT AVEDDHVVVD
GNHMLAGQONI, KFNVEVVAIR EATEEELAHG HVHGAHDHHH DHDHDGCCGG HGHDHGHEHG
GEGCCGGKGN GGCGCH

N-term

C-term
IF domain

PPlase
domain

Figure 25. SlyD from E. coli. The sequence shows the high density of potential metal-binding residues and the
organization of the three different domains, with the C-term (responsible for the nickel binding and that not
present in the crystal structure) in a flexible conformation. The IF domain is highlighted in red, the PPlase domain

in blue and the C-domain in green. In the sequence, the histidines are colored in red and the cysteines in green.
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HypA-HypB-SlyD interaction

As above described, HypA, HypB and SlyD have a substantial role in the nickel ion delivery
during [Ni-Fe]-hydrogenase maturation. Their cooperation is proposed in different models
and a recent study discards the idea of a multi-complex formation, re-orienteering it towards
a “pair-related” scenario with different relative affinities as HypB-SlyD > HypB-HypA > HypA-
SlyD.1% HypB-SlyD interaction results in a decrease of the nickel affinity of the “high affinity
site” of HypB, promoting the metal release. HypB-HypA complex is formed to transfer nickel
from the low affinity-domain site of HypB to HypA, a process that occurs faster in the presence
of GDP than GTP (for E.coli). When HypA receives the metal, it dissociates from HypB. HypA-
SlyD interacts poorly. In addition, the presence of SlyD prevents HypA binding to HypB,
indicating that they most likely bind to a similar region of the protein and highlighting the

central role of HypB during the nickel insertion in the enzyme maturation steps.

In E. coli, two different nickel transfer pathways are proposed, based on the nature of the two

nickel-binding sites of HypB involved (“high-affinity site” vs “low affinity site”) (Figure 26).

HypB-HypA nickel transfer model. In this model, GTP bound HypB would transfer the nickel
from its “low affinity domain” to apo-HypA upon GTP hydrolysis, a factor that induces the
formation of the HypA-HypB complex and decreases the nickel-binding affinity of HypB. At this
point, HypA-Ni loaded will bind to the hydrogenase large subunit and release the metal. The
zinc would play in this context a possible regulatory role, because loaded Zn-HypB does not

interact with HypA. %7

HypB-SlyD nickel transfer model. This second model sees the N-terminal “high affinity” site
of HypB as the nickel donor, in a process facilitated by SlyD. The interaction of these two
proteins occurs between a proline-rich region of HypB, situated between the GTPase domain
and the N-terminal site, and the IF domain of SlyD. The formation of the HypB-SlyD complex
would promote the release of Ni from the high-affinity site towards other acceptors,
considering that HypB does not interact with the hydrogenase large subunit. The role of SlyD

would facilitate the nickel release that will be ultimately delivered to the hydrogenase. Also in
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this case, the interaction between the two proteins blocks the release of zinc, possibly

suggesting a regulatory role of the metal pathway.%® 106

HypB-HypA nickel transfer model

Weak dimerization
No GTP hydrolysis ﬁ'
—_—

Nickel Insertion
into Hydrogenase

L
HypB “Readied State” GDP ‘/{

@ Apo HypB
is Regenerated

GTPase
Activating

Ni bound to
“G-binding domain”

Ni bound to
“high affinity domain”

[N':Fe]‘l-lydrogenase

Figure 26. Two different nickel insertion models in the large subunit of hydrogenase 3 in E. coli. Adapted from

107 and &, respectively.
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1.2.3 [NiFe]-Carbon Monoxide Dehydrogenase maturation

As for the hydrogenase, the maturation step of [NiFe]-CODH is thought to involve two

consecutive steps: an initial Fe/S cluster insertion followed by the nickel delivery.

In our study model R. rubrum the operon cooFSCTJ, present downstream of the hydrogenase
one, encodes for a ferredoxin CooF, the CODH (cooS) and three different nickel accessory
proteins CooC, CooT and Cool (Figure 27).1%° The expression of this operon is regulated by
CooA, a CO-sensing transcriptional activator responsible also for the hydrogenase
expression.'® CooA possesses a DNA-binding domain and two heme domains. The latter are
responsible for CO binding, which induces an allosteric conformational change on CooA that
promotes the interaction with specific target regions, resulting in positive gene regulation.!?
CooF is responsible for the intermolecular electron transfer, from the CODH to its partner
hydrogenase. CooC is the most recognized and distributed accessory protein in the genomes,
while Cool and CooT are trickier to identify.

As for HypA and HypB during hydrogenase maturation, CooC is essential for CODH maturation
in the absence of high nickel concentrations. In fact, in nickel-depleted culture media, CODH
is produced as a deficient-Ni form, suggesting that its accessory proteins are needed for Ni
insertion.''2 As shown in R. rubrum, strain with a deletion or mutation of the cooC gene require
a 1000-fold-higher nickel concentration than the wild type strain to be able to grow in
presence of CO, while a 50-fold-higher concentration was needed to compensate for cooJ

and/or cooT deletions. However, the enzyme has only 50-60% of the native activity, showing

the requirement of the three proteins for the full activation of CODH.

Hydrogenase operon CODH operon

cooM cooK cool cooX cooU cooH cooF coo5 cooC cooT cool cooA

T T T
Ferredoxin CODH Nickel insertion

Figure 27. Hydrogenase (cooMKLXUH) and CODH (cooFSCTJ) operons regulated via transcriptional activator CooA
in R. rubrum.
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1. Fe and Sinsertion 2. Activation

eFeand S e Niinsertion
cluster formation

Isc/Suf machinery? CooCT/J proteins
(FeS cluster biogenesis)

C-cluster

Figure 28. Metal insertion into CODH. (A) Schematic representation of Fe, S and Ni insertion and

metallochaperones.

The precise role of these proteins and their interplay still needs to be elucidated but they are
all required for the optimal biosynthesis of the nickel center (Figure 28).

Concerning the building of the FeS unit in the C-cluster, the involved accessory proteins have
not been identified to date. It is clear, however, that it is not related to the presence of nickel
during the culture growth. In fact, the FeS cluster is correctly inserted in the enzyme nickel-
free form and can be partly re-activated in vitro by addition of nickel salt under reducing
conditions.'3 Trickier is to identify what occurs concerning the mononuclear Fe, site.
Mossbauer studies showed that, if nickel is not present, this site is not detectable and the
spectroscopic properties match those of a classical 4Fe-4S cluster.!'* Under reductive
conditions, the addition of nickel in the presence of CO is sufficient to activate a Ni-free C-
cluster, indicating that this metal insertion might modify the coordination environment of one
of the fourth iron atoms. From the crystal structure, it was evinced that the amino acids that
play a role in the coordination of the C-cluster are His265, Cys300, Cys338, Cys 451, Cys481
and a Cys531 directly coordinating the nickel ion (Figure 29) . Surprisingly, single mutations of
the Cys338, Cys 451, Cys481 and even Cys531 did not affect the nickel binding ability, which
remains 1 nickel atom per cluster.''> However the CODH activity of these mutants was strongly
affected, exhibiting low or no activity, evidence that these amino acids are essential for the

correct C-cluster coordination.
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Ni(OH)x / P
. Cy5531/
Cys481 ) Cys481 p
Cys300 : ’

* His265
Cys338) His265 Cys338 Cys338

Cys300

His265

Figure 29. Proposed model for the mechanism of Ni insertion into Ni free-CODH in R. rubrum under reducing

conditions, adapted from .

Interestingly, the mutation of His265 that coordinates the monocular Fe, ion, showed that this
is the only essential amino acid for nickel binding, as a His265Ala mutant contains only 0.25 Ni
atoms per monomer.''* The mechanism by which this amino acid would influence the
assembly of the cluster is still unknown but a model has been proposed based on these site
directed mutagenesis studies. In this optic, the [3Fe-4S]-subcluster would bind the nickel and
the thiolate group of Cys531 would convert the not active Ni-complex into an active one
(Figure 29).1*> However, this model does not fit the general agreement of the scientific
community, in particular on the holding coordination of the mononuclear iron site, which
would indicate the presence of a distorted and open 4Fe-4S cluster coordination. If this
supposition is incorrect and the cluster has a classical 4Fe-4S cubic coordination, as shown by
spectroscopic studies, it would imply that the nickel insertion would cause a bond breaking.
This could be an index of why the His265 has an impact on the nickel insertion even if it is not

one of its ligands.

Recently a new study on CODH from Desulfovibrio vulgaris showed the plasticity of the C-
cluster, from the capturing of a crystal in the oxidized state.!® Their observations agree with
the “bond breaking” theory due to the fact that they observe a Ni ion bound to the site
formerly occupied by Fe,, coordinated by the equivalent His265 and Cys300 (Figure 30).
However, in their model, the Fe, would not be in a prior [4Fe-4S] cluster but it will form an
open bridge position between the nickel, a sulfur and the remaining [3Fe-3S] cluster and, such

a conformation has never been observed during the spectroscopic studies.

63



Oxidized Reduced

Figure 30. Proposed model for the conversion between oxidized and reduced state for DvCODH. The numbers
indicates: 1-sulfur, 2-Fe, and 3-nickel. As it is possible to see, in the reduced conformation the cluster adopts the
canonical conformation. In the oxidized one, the Fe,, Ni and one of the sulfurs are in a shifted position and the

Cys 301 appears as a new coordinating residue. The arrow and numbers indicate the assumed direction of metal

ion movement between the two states. Adapted from 16

Regardless, this study is an additional proof of the inherent plasticity of the C-cluster.1®

Additional studies are needed in order to shed light on the C-cluster formation and insertion,
but it is nonetheless clear that the key step during the CODH activation is nickel insertion. In
the next paragraphs, the characterization of the three nickel chaperones CooC, CooT and Cool

will be addressed.
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CooC

Similar to UreG and HypB, required respectively for the maturation of urease and
hydrogenase, CooC is an NTPase involved in CODH maturation (Table 1).1*2 As previously
shown, these NTPase play an active role in their respective enzyme maturation pathways,
actively directing or modulating the interaction between the different partners involved in the

nickel delivering process.

Two major groups of CooC have been identified to date, depending on their genomic context

(Figure 31):

e “CooC-like” group, positioned in the monofunctional CODH operons;

e “AcsF-like” group, found in the ACS/CODH operons (or gene clusters).

Interestingly, the ACS/CODH gene clusters can have either one CooC or two CooC homologues,

one belonging to the “CooC-like” group and the other to the “acsF-like” group.'’

All CooC homologues present a strictly conserved CXC motif (red highlighted region Figure 32)
for nickel binding and a conserved GKGGVGKS P-loop nucleotide-binding motif (cyan
highlighted region Figure 32) in the N-terminal part of the sequence, which catalyzes the
hydrolysis of ATP to ADP (Figure 32).

. . ) Molecular . .
Protein Organism P-loop motif mass (kDa) Nucleotide hydrolysis
CooC R. rubrum GKGGVGKS 27.8 ATP Km 24.4 uM
GTP Ky 26.0 uM
UreG M. jannaschii GTPGAGKT 26.2 kcat 0.026 min-t
HypB E. coli SSPGSGKT 31.6 kcat 0.2 min™?
Kw 4-7 uM

Table 1 Comparison between CooC!8, UreG'*® and HypB%.
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Carboxydothermus hydrogenoformans cooC3 (HIC)
Desulfolomacuium carboxydivarans cooC
Clostridium ljungdahlii cooC2 (AIC)

Treponema azotonutricium cooC (A/C) *
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95 95

|Rhodospirillurm rubrum cooC (HIC)|
eobacter bemidjiensis cooC (HIC)
Thermincola potens Jr. cooC3 (HIC) *
Desulfofomaculum carboxydivorans cooC1 (HIC)

T

dnosd a0

_|: Morella thermoacetica cooC2 (AC)
o7 Desvlftobacterium hafmiense cooC2 (AJC)

|Carboxydothermus hydrogenoformans cooC1 (AC)|
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0.2

Arotobacter vinelandi nifH

Figure 31. A phylogenetic tree shows the group division between “C-like” and “AcsF-like” groups of CooC

homologs. The CooC described in this chapter are highlighted in light blue. Adapted from

117

dnoJ |1- 450y

In C. hydrogenoformans, CooC1 is located, together with AcsF (formally CooC2), in the CODH-

[11-ACS gene cluster.*?! Another CooC homologue is present in this organism, ChCooC3, found

in the CODH-I gene cluster. Initially predicted as involved in CODH maturation, ChCooC2 has

been recently shown to be implicated in ACS maturation, forming a stable 2:1 complex with

the enzyme and increasing its activity in the case of heterologous co-expression.’?? Thus,

being a member of the “AcsF-like” group*?3, ChCooC2 has to be correctly named AcsF.

ChCooC1 is part of the “CooC-like” group involved in the CODH maturation process. In vitro

studies, demonstrated that the protein is a monomer in the apo state and it dimerizes upon

binding of metal (Zn or Ni) and ADP/ATP.'?* The nickel coordination, besides triggering the

formation of the dimer, can change upon ATP/ADP binding, providing evidence of a cross-

correlation between the nucleotide and metal sites.
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CooC Rhodospirillum rubrum

MKTAVTGKGG VGKSTIVGMI ARALSDEGWR UMATHADEDA NLASATGVPA ERLSALLPTS KMTGLARERT
GASETTGTHF TLNPRVDDIP EQFCVDHAGT KLLLMGTVNH F\GSG-PFIH ALVRTLLRHT LTKRKECVILI
DMEAGIEHFG RGTIEAVDLL VIVIEPGSRS LQTAAQIEGL ARDLGIKTIC HIANKLASPV DVGFILDRAD
QFDLLGSIPE DSAIQAADQA GLSCYDLSPA CRDKAHALMA ALLERVGPTQ GVS

CooC1 Carboxydothermus hydrogenoformans (poe:3xi)

MKLAVAGKGG VGKTTVAAGL IKIMASDYDK LN 'DS CLGQTLGLSI EEAYAITPLI EMEDEIREKT
GDGGLLILNP KVDGDLDEKYG RYIDDKIFLI EMGEIEKKGGS Q-'{ENS FL GSVVSALFLD KKEAVVMDMG
AGTEHLTRGT AKAVDMMIAV TEPNLNSTKT GLNIEKLAGD LGTEKKVRYVI NEVRNTIKEEK LIKKHLPEDK
ILGTTPYNEL FIELSLKGEE TWQSTNFAFV NLHDIYQKLR LEVG

Figure 32 Sequence similarity between CooC from R. rubrum (accession number: P31897) and CooC1 from C.
hydrogenoformans (accession number: Q3ACS5). The nucleotide-binding site is composed of the P-loop domain
in cyan, switch | domain in blue, switch Il domain in grey and the metal-binding site is highlighted in red. The
overall structure is presented for ChCooC1 homodimer in complex with Zn and ADP (PDB code: 3KIJI). The two
monomers are in green and blue, ADP molecules are depicted as orange sticks and Zn is depicted as a grey sphere.

The metal-binding site at the dimer interface is in the zoom.

Yet, this alteration in coordination does not happen in the presence of Zn, which also hinders
the ChCooC1 ability to bind Ni. In fact, ChCooC1 binds Zn more tightly than Ni, as shown by a
competitive binding experiment where Ni?* was unable to replace the bound Zn?* on the
protein(Kq ni= 0.41 + 0.05 uM, Kqzn, not determined).?* Since it is not clear whether the role
of zinc is physiological or not, these results should not be taken as a proof that ChCooC1 does
not act as a nickel binding or transport protein. Instead, it could be a sign, as it is for HypB,
that the protein could use this Zn/Ni binding to regulate the interaction with other partners

and modulate the release of Ni.

To better decipher the solution results, several crystal structures were collected for ChCooC1
in the presence or absence of ADP and Zn(ll), showing a homodimer that coordinates the

metal at the dimeric interface using the conserved cysteine motif CXC.?!
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Ni-deficient
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Active Ni-CODH
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Figure 33. Proposed model for nickel binding and releasing by ChCooC1. The ADP-bound dimeric state (I) was
described via X-ray crystallography. Considering the impossibility to crystallize the protein with bound Ni, the
Zn/ADP-bound CooCl1 (lla, Ilb, and Ill) is used as a model for the Ni/ADP or ATP-bound dimer. The possible ATP
triggered conformational change is shown in the state (IV), followed by state (V) where ATP hydrolysis releases
Ni. The cysteines in the C-X-C motif are represented in orange, and the signature lysine is shown in blue. Reported

from 21,

The ATPase motif is spatially separated from the metal-binding motif, on which the Zn is
tetrahedrally coordinated by four thiolate groups coming from the two cysteines of each
monomer. Considering the inability to obtain a Ni-bound structure, it has been postulated that
Ni coordinates with a different geometry (probably square-planar), possibly more “open”,

necessary to promote a dynamic cycle between Ni bound state and ATP hydrolysis (Figure 33).

The proposed model for nickel binding and release is the following. Ni(ll) binding induces the
formation of a stable dimeric ChCooC1, in which the P-loop would be in an open conformation.
ATP binding promotes a conformational change (Figure 33 step 1V), allowing the release of the
metal (Figure 33 step V). How this conformational change occurs is not clear, it could be
promoted by the ATP hydrolysis that could also play a role in modulating the interaction of
ChCooC1 with other partners. Taken all together, these data suggest that ChCooC1 cycles
dynamically between an open Ni?* state and a closed ATP-dependent state that drives the

metal release.
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In the case of CooC from R. rubrum, the available information comes from its purification from
the native organism. It is reported to be a homodimer, containing less than 0.1 atom of Ni®*
or Zn** and being able to catalyze the hydrolysis of both ATP and GTP.'® A mutation in its P-
loop domain demonstrated the importance this region (Figure 32 highlighted in cyan). In fact,
the mutant K13Q-RrCooC hinders both the ATP hydrolysis in vitro and nickel insertion in CODH
in vivo, suggesting that RrCooC promotes the nickel insertion into nickel deficient CODH
subsequent to the ATP hydrolysis.'8 This in an additional indication that nickel insertion in the
active site is an energy requiring processes.'*? In fact, as it was postulated for ChCooC1, the
nickel release to the enzyme could depend on an ATP-induced conformational change of
RrCooC. The ability of RrCooC to hydrolyze GTP may lead the reader to suppose a divergence
with ChCooC1 (which shows only ATPase activity). However, when activation tests were
performed on nickel depleted whole cell extracts (thus possessing CooCTJ), an enhanced
activity was observed upon the addition of ATP+Ni?*, whereas GTP+Ni?* addition resulted in a
loss of activity. This suggests that ATP is the physiological substrate of RrCooC, as it is for
ChCooC1.1*® No structural studies are available for this protein. Obtaining the recombinant
RrCooC from heterologous expression in E. coli could be of great help to fully characterize this

protein in vitro.'?!
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Cool

CoolJ is a 12.5 kDa metallochaperone that had only few biochemical data prior to our
studies.'?’ It contains a His-rich domain in the C-terminal region, formed by 16 His and 2 Cys,
reported to be able to bind up to four Ni per monomer with a Kp of 4.3 uM.'?> During its
purification from R. rubrum, the protein co-eluted with the CODH and other proteins,
suggesting the formation of a multi-protein complex between CODH, CooJ and additional
putative partners.

The presence of a histidine-rich cluster (HRC) in nickel-binding proteins involved in Ni-enzyme
maturation, notably in some UreE and HypB homologues, has already been described in the
previous chapters and may be related to nickel storage and/or detoxification actives (Table 2).
Intriguingly, a deletion of the Cool region containing the His-tail was still able to activate the
CODH in vivo, displaying ~41% of wild-type activity but constant and independent from the
nickel concentration in the culture medium.*® This result suggests that the HRC could be
dispensable for the activation process and that it may be involved in another function rather
than only CODH maturation.

The role of histidine rich regions in proteins still needs to be deciphered. It is of great interest
to crosscheck between different organisms if, depending on their Ni-enzyme maturation
pathways, they possess HRC proteins. A common feature among the overall class of nickel
enzymes seems to be the need of both a nucleotide-binding and a histidine rich domain, in

either the same or different proteins, in order to correctly insert the nickel ion in their active

centers.
Molecul
. . olecutar His per binding Nickel bound
Protein Organism mass domain er dimer Kq
(kDa) P
Cool R. rubrum 12.5 16 C-term 4 4.3 uM
UreE K. aerogenes 17 10 N-term 5-6 0.5 uM
2 C-term 1-2 85 uM
HypB  B. japonicum 32 24 8-9 per 2.3 uM
monomer

Table 2 Comparison between CoolJ %, UreE 2° and HypB %°.
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CooT

CooTisa7.1kDa protein characterized, in the group prior to my arrival, as a stable homodimer
in solution able to bind one nickel per dimer with a dissociation constant of 9 + 4 nM measured
via isothermal titration calorimetry.'?’ From its sequence, two amino acids were identified as
potential nickel coordinating residue, Cys2 and His41 (Figure 34). Site-directed mutagenesis
proved that the Cys2 is essential for nickel binding, considering that a mutation of this amino
acid to serine abrogates the nickel binding. In addition, as observed in the structure,
dimerization brings the two cysteines in close proximity, while the histidines 41 are too far

apart to interact with the cysteine to co-coordinate the metal.'?’

The crystal structure of the apo-protein showed that each monomer is composed of seven
strands forming two bent anti-parallel B-sheets (B-sheet | : 6, B7, B and B2, B-sheet Il: B3, 4
and B5), tightly packed on top of each other. According to the CATH classification, CooT
belongs to the “mainly B” class in the “not yet named” superfamily (CATH code: 2.30.30.100).
The two monomeric chains form an anti-parallel homodimer, held together by hydrogen
bonding and hydrophobic interactions of the side chains. All CooT possess an RNA-binding
domain, predicting a role of this protein in RNA metabolism. Morover, it was shown by

electrophoretic mobility shift essay experiments that CooT does not bind RNA.

CooT Rhodospirillum rubrum (PDB: 5N76)

MCMAKVVLTK ADGGRVEIGD VLEVRAEGGA VRVTTLFDEE HAFPGLATIGR VDLRSGVISL IEEQNR

Figure 34. RrCooT sequence, the methionine 1 is highlighted in blue, the cysteine 2 in red, the histidine 41 in
green. The crystal structure of the apo dimer shows the relative spatial position of His41 and Cys2 in the dimer

conformation, while Met1 ins not present in the crystal structure.
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Figure 35 Taxonomic distribution of the 111 CooT homologues. Adapted from 127,

A phylogenetic analysis performed in 2017 showed the existence of 111 CooT homologues in
anaerobic bacteria and archaea. The sequences present a large variability, except for the
strictly conserved cysteine in the second position. In 83 proteomes CooT co-occurs with CooS
and in the remaining 28 proteomes, CooT co-occurs with CooC and ACDS or with CooC and

ACS/CODH in Thermodesulfovibrio yellowstonii and Butyrivibrio proteoclasticus (Figure 35).

72



Proposed maturation process

In R. rubrum, two different models were proposed for the role of CooC during nickel insertion
in the CODH active site. They are both based on the results obtained from the whole cell
extract induced CODH activation upon nickel + ATP exposure and on nickel CODH re-activation
with purified RrCooC and RrCool, in vitro.*'® In the first model, RrCooC works like a nickel
insertase to transfer the nickel from RrCool to CODH using the energy released by the ATP
hydrolysis. In this scenario, RrCool binds the free nickel in the cell but it cannot donate it
directly to the CODH and its interaction with RrCooC would promote the nickel release to the
enzyme.''® In the second model, RrCooC would use the ATP hydrolysis to control the
conformation around nickel center and RrCooJ would be in charge of nickel delivery to the
vacant RrCODH site.'® The role of RrCooT in the mechanism was not considered, due to the
inability to purify this protein from the organism, and it still needs to be clarified. Regardless,
all three chaperones are needed to fully activate the enzyme in R. rubrum. The ability of CODH
to be activated by an excess of nickel salt, but with a lower activity compared to the wild type
protein, is a possible indication that the site is not in the correct conformation in the absence
of the Coo-accessory proteins.'*®

In most of CODH-possessing micro-organisms, CooJ and CooT are absent (or have not yet been
identified). In some micro-organisms, like in the case of C. hydrogenoformans, the different
CODH operons do not have any accessory proteins at all (see chapter 1.3). This could indicate
that either their maturation occurs without the support of any accessory protein or that the

accessory proteins associated with different CODH can interplay between each other.
In addition, as we saw previously in the case of H. pylori, accessory proteins supposed to be

related to a specific maturation system can actually inter-cross and play a role in the

maturation process of different Ni-enzymes.
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General remarks

Overall, 2% of the total prokaryotic genomes encodes a least one Ni-CODH. Recently a new
structural and phylogenetic analysis on Ni-CODHs was performed, which divides them into
seven clades (from A to E Figure 36) that were further classified into 24 structural groups
depending on their sequences and structure predictions (C-cluster motifs and additional
common features).”* Several newly identified CODHs harbor a His-rich extension (clade B),
possibly playing the role of Cool in nickel metabolism. In order to identify the structural and
functional relationships between the different clades, the authors searched for similarities
among the Ni-CODHs, including the associated chaperone proteins. Of interest from our
perspective, it was possible to highlight that the presence of metallochaperone proteins
(including CooC and CooT) is one of the common features for both methanogens and
acetogens, which use the CODH in order to fix the carbon via Wood-Ljugdahl pathway (WLP),
and hydrogenogenic carboxydotrophs that couple the CODH to an energy converting
hydrogenase (ECH). Another interesting point is the presence, for some CODH classes, of an
additional N-terminal Cys motif (Figure 36 novel structural motifs column). This motif could
play a role in the interaction with the accessory proteins or have a metallochaperone role by
itself. Among those, we found the sequence of R. rubrum CooS. The role of these additional

cysteines could be an interesting feature to investigate.

To end this session with an interesting point for the next one, the authors investigated how
the structural features of different Ni-CODHs are related to their biological functions in order
to create a tool to predict the role of each Ni-CODH. Remarkably, only the Ni-CODHs present
in the structural groups of C. hydrogenoformans CooSl (clade E-1, F-1) and R. rubrum CooS
(clade F-2) are close to the [NiFe]-hydrogenase catalytic subunit. This discovery implies that a
way to identify Ni-CODH/ECH coupled enzymes that are probably involved in the WGS reaction

has been found.
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A-3 - H C C C C C H K -
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AS _ H c ¢ c C C H K . motifs between
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B-1 type 1l H C DJE C C C H K - at the N-
terminus
B-2 type Il H C D C c cC H K =
His-rich region
B-3 type 1l H C D C C C H K = at the C-
terminus
B-4 type Il H ¢ ¢ C c cC H K =
ACysx2tod
c-1 type Il H c C C C c Y Q = motif at the N-
terminus
c-2 type Il H ¢ ¢ C c c Y Q =
c-3 -7 H ¢ ¢ C C c v Q -
A Cys = 4 motif
between the
c4 type Il H C C C C c v Q = E——
residues
D-1 type Il H E C C C C Y K =
D-2 type 1l H C C C C C N K =
A Cys = 3 motif
D-3 type 1l H C C C C C Y K = at the N-
terminus
D-4 type Il H Cc ¢ e T c v K =
E-1 type Il H C C C C C H K - — T. Onnuriensis CooS|
E-2 type Il H C C C C C H K = —» D. Vulgaris CooS
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E-3 type Il H cC C C C C H K - motif at the N-
terminus
F1 type Il H ¢ cC C C C H K - —» (. Hydrogenoformans CooS
F-2 I H Cc C C C C H K = AC 2to3
type .ys “e0S R Rubrum CooS
motif at the N-
terminus
G-1 type 1l H T C C C C Y K =

Figure 36. Structural classification of Ni-CODHs. The seven different clades (from A to G) (clade is defined as a
group of organisms with a common ancestor and all its lineal descendants) are divided into 24 structural groups
considering the predicted structural signatures from their sequences. The new motifs identified are reported in

the column “novel structural motifs”. Adapted from 4.
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1.3 Heterologous production of CODH in E. coli

The possibility of heterologous production in the host bacterium E. coli has opened a new way
to study proteins.'?® Especially for the proteins coming from difficult to grow microorganisms
with a final low yield, the capability to overproduce them in large quantities introduces an
alternative possibility for their detailed characterization. The knowledge acquired so far about
E. coli has enabled researchers to master the molecular tools needed to perform, for example,
site-directed mutagenesis in a fast and reproducible way.'?° In addition, the opportunity to
select different expression plasmids, engineered strains, and cultivation strategies provided

the benefits to choosing this “protein factory”.130

For all these reasons, the possibility to produce and purify a recombinant protein is one of the
most coveted scenario for a biochemist, especially if she/he is working with strictly anaerobic
bacteria. Moreover, when the focus is switched to the possible industrial applications, it is
essential to have a stable and reproducible expression system for large amounts of protein.
Nevertheless, it is important to consider that, in particular for metalloproteins, the
establishment of a productive over-expression system has proven to be particularly
challenging due to the complexity of the maturation processes required to build and insert

their active centers.'3!

As you should have guessed at this point, working with CODH from the native organisms is not
an easy nor straightforward task. For this reason, most of the groups handling this enzyme are
trying, and some already succeeded, in correctly expressing, producing and purify it from E.
coli. Hence, | will present the cases where the heterologous expression resulted in active

CODH from different source organisms.
Starting from C. hydrogenoformans, which possesses 5 different CODH as described

previously, a notable success has been achieved in over-producing and purifying RecChCODH-

I, 11, IVand V (Figure 39).
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Carboxydothermus hydrogenoformans CODH-I

CODH-1 CooF hypA CooH CooU CooX Cool CookK CooM cooC3 CooA

Carboxydothermus hydrogenoformans CODH-Il operon

CooA CODH-1I CooF

— ¢ @mgn

Carboxydothermus hydrogenoformans CODH-IIl operon

AcsF

(formaly
cooCl CODH-lll ACS CoFeSP RACo cooc2) CoFeSP MeTr

— I E— — w=) E— ) =) m)

Carboxydothermus hydrogenoformans CODH-IV operon
CooF CODH-Iv  nitR  rbr
Carboxydothermus hydrogenoformans CODH-V operon
CODH-V
Desulfovibrio vulgaris CODH operon
CooA CODH cooC

— ) ey

Rhodospirillum rubrum CODH operon
cooM cooK cool cooX cooU cooH cooF coo0S cooC cooT cool COo0A

— e )

Figure 37. Operons encoding CODH from Carboxydothermus hydrogenoformans(Ch),Desulfovibrio vulgaris(Dv)
and Rhodospirillum rubrum (Rr). In light blue are depicted the genes encoding for the hydrogenase subunits, in

light grey are the genes encoding for unknown proteins.
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Listing from publication year, an efficient protocol for the recombinant production of His-
tagged RecChCODH-II was published in 2007 by Jeoung and Dobbek. They purified it from
anaerobic and nickel supplemented E. coli cultures, obtaining a pure and fully active enzyme
in one purification step (nearly equal to the native one) (Table 3).332 In 2012, Inoue et al.
published the protocol for the production of RecChCODH-II starting from aerobic conditions
prior to switching to anaerobic conditions before IPTG induction, with nickel always present
in the culture medium.

Using the same protocol, this group published in 2014 the purification of RecChCODH-I, which
displayed only 14% of activity compared to the native one. Co-production with its accessory
protein CooC3 resulted in a partial activity recovery, corresponding to 48% of the native one
(Table 3).133 |nterestingly both RecChCODH-I and RecChCODH-I-CooC3 samples are not fully
nickel-reconstituted, presenting 0.1 and 0.33 mol. per monomer, respectively. These values
are low compared to the native one, which has 0.71 mol. per monomer. This could explain the
decreased activity of these recombinant CODHs. According to the authors, “As CODH activity
levels coincided with the concentration of Ni** in the recombinant protein, lower activity of Co-
Rec-CODH-I is attributed to the lower concentration of Ni’* compared to native-CODH-1”.** To
recover the activity of RecChCODH-I, nickel reconstitution in vitro was tried without any
success suggesting that co-expression of CooC3 is necessary to integrate the nickel in the
enzyme. However, the metal in vitro insertion experiment was done without first reducing the
cluster. Another possibility is that additional players, others than CooC3, are necessary for
the nickel activation and they need to be co-expressed in order to match the native CODH’s

activity (Table 3).

CO oxidation activity (U/mg)

CooCin Nickel amount after Recombinant
Name the purlflc'atlon ' CODH CODH + CODH CODH+
(per dimer) Native CooC
operon 0 As- CooC 2mM
. Rec | (70°C) . 2mM
Native = Rec prepared As- nickel ickel
o ) -
CODH | CODH  ~ " (70°C) | prepared | incubation | . -C
ChCODH-I Coo(C3 0.71 0.1 0.3 16.800 2.270 8.060 1.540 x
ChCODH-II x 1 NR x 13.828 12.229 x x x

Table 3. Catalytic properties of CO oxidation for NatChCODH-I'** and NatChCODH-1I°°. The activities are

presented for the native purified enzyme vs the recombinant ones activated with nickel or nickel+CooC.
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Catalytic properties

Presence of

. kcat Km Kcat/KM
CooCin the
=1 -1—1
Name operon (s™) (1Mm) (M™s™)
ChCODH-II x 31000 (70 °C) 18 (70 °C) 1.7 x 10°(70 °C)
RecChCODH-II x 1021 (25 °C) 8 (25 °C) 2.09 x 10%(25-60 °C)
RecChCODH-IV x 14 (25 °C) 0.047 (25 °C) 3 x 10%-10°(25-60 °C)

Table 4. Catalytic properties of CO oxidation for ChCODH-I1°6, RecChCODH-II1>” and RecChCODH-IV*’. The Km
value of ChCODH-II corresponds to the Km value of the RecChCODH-II. (ket turnover number, Ky apparent

binding constants of CO, ket/Kw catalytic efficiency).

From this study, the authors suggested that when CooC is found in the same operon as the
CODH, its co-expression is needed for the full nickel insertion into the recombinant CODH.*33
In support to this theory, RecChCODH-II does not have any dedicated CooC and it is indeed

expressed fully active (Figure 37).

The purification of RecChCODH-IV was published in 2017 °7, resulting in an active enzyme able
to maintain a partial activity even after air exposure. It is worth mentioning that this enzyme
has never been purified native.

In table 4, the comparison of the catalytic properties of ChCODH-II (Nat/Rec) and RecChCODH-
IV is reported. Considering that the expected best catalytic efficiency (kcat/Km) for the enzyme
is around ~108-10° M~%s™' , ChCODH-II displays the highest possible catalytic efficiency with a
Keat/Km=1.7 x 10° M~%s71.23% The kcat/Km of RecChCODH-II is constant in the temperature range
25-60 °C, whereas RecChCODH-IV matches the temperature dependence of CO’s diffusion
coefficient in water.'3> This means that any change in the kcatis compensated by a change in
the Km, making the RecChCODH-IV working constantly at the diffusion limit of CO. In addition,
RecChCODH-IV is more O,-tolerant than RecChCODH-II.>’

Even if not published in a journal, RecChCODH-V was purified and structurally investigated and

the results are presented in the PhD thesis of J. M. Fesseler from Dobbek group in 2015.
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(Biochemische und strukturelle Untersuchungen der Kohlenmonoxid-Dehydrogenasen CODH-
Il und CODH-V aus Carboxydothermus hydrogenoformans. 17.06.2015)

From this study, the crystal structure of ChCODH-V is closely related to the one from ChCODH-
I, presenting the same fold, but with clear deviation in the metal cluster composition, which
is a [4Fe3S20] cluster (hybrid cluster) instead of a C-cluster in the as-isolated state. In addition,
the enzyme does not show neither CO oxidation nor CO; reduction activity; although it has
hydroxylamine reduction activity. This means that CODH-V is more related to the hybrid
cluster proteins (HCP)%, for both catalytic capabilities and active site conformation, than to
the CODHs family. The author of the manuscript proposes that ChCODH-V could be the
connecting link between the HCPs and the CODHs family.

In the case of ChCODH-III, the bi-functional enzyme in complex with ACS, the complex has
been purified from the native C. hydrogenoformans*3¢, while only the ACS subunit has been

heterogeneously produced in E. coli.

Another example concerning mono-functional CODHs comes from the heterologous
production of CODH from Desulfovibrio vulgaris (DvCHODH) in Desulfovibrio
fructosovorans.'®” For this CODH, its operon harbors a cooA and a cooC genes. (Figure 38)
When the RecDvCODH is produced in the absence of its nickel chaperone protein CooC, it
results in an almost inactive form. The activity is recovered by co-expression with CooC,
indicating that this chaperone is needed for inserting the nickel. Considering that this enzyme
has a good homology with ChCODH-I, it could make sense that co-expression with CooC is
required for a better enzyme activation, as shown from Sako’s group for the production of

RecChCODH-1.133

CO oxidation activity (U/mg)

Nickel amount after .
e . Recombinant
Rec purification CODH CODH+ CooC
Name (per dimer) . . CODH+ . Loon Lo
Native CODH CooC" in vitro 2.4 mM in vitro 2.4 mM
CODH CODH + nickel (after 1.2 | nickel (after 1.2
CooC mM NaDT treat) | mM NaDT treat)
160 +
DvCODH 0-0.5 0.8-1.8 x <5 40 4-60 1660

* As-prepared

Table 5. Reported values obtained from the recombinant production of DvcCODH in Desulfovibrio

fructosovorans.
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The RecDvCODH co-produced with CooC can be further activated via incubation with NiCl, and
the reducing agent sodium dithionite (NaDTH) resulting in a total activity of 1660 + 340
units-mg~ !, against the 160 + 40 units:mg™ ! of the expressed CODH without CooC (Table 5).
These results are, to me, in agreement with what has been found for RecChCODH-I, where the
in vitro nickel insertion on the protein did not improve the enzyme activity.*3®> However, the
experimental conditions used during the in vitro nickel insertion were not the same,
considering that in the case of RecChCODH-I the samples were not NaDTH reduced to promote
the nickel insertion.!33

The hypothesis that DvCooC could also play an important role in the correct folding of the
[3Fe-4S-Fe ] active site has been recently excluded from the latest crystallographic studies on
RecDvCODH.16138 From the latest study, CooC is most likely involved in nickel insertion and it
is not required for the C-cluster formation.?*® Moreover, the nickel insertion is impeded in

absence of the D-cluster, suggesting for the latest a redox role rather than a structural role .32
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1.4 Our study model: Rhodospirillium rubrum

Commonly known as a toxic molecule, carbon monoxide (CO) plays a crucial role in many

139 and it can be used as a source of energy or carbon by some

microorganism’s metabolism
CO-utilizing microbes (carboxydotrophs). CO is converted to CO,, with the production of a pair
of reducing equivalents. As already shown in the previous section, the enzyme responsible for
this conversion is CODH and, depending on the aerobic or anaerobic nature of the organism,

it presents different structures and metal cofactors.

Focusing on the anaerobic carboxydotrophs, they couple the electrons derived by the CO/CO-
oxidation, which has a low redox potential of -558 mV, to reduce various molecules. Some
example reactions that exploit these high-energy electrons are: sulfate to sulfide (sulfate-
reducer microorganisms), CO; to acetate (acetogens) or methane (methanogens) and water
to hydrogen (hydrogenogens).*® In the latter case, the produced electrons from the CO
oxidation, catalyzed by the [NiFe]-CODH, are transferred to a [NiFe]-hydrogenase, which uses
them to reduce protons and produce hydrogen. The electron transfer between the two
enzymes is mediated by a ferredoxin, CooF. The global reaction is known as the water gas shift

(WGS) reaction that leads to the production of H, and CO, from CO and water, as follows:

CO+H20 = C02+2e'+2 H* [NiFe]-CODH

2e +2H* = H [NiFe]-Hydrogenase

For the reported reaction, monofunctional CODHs are involved and their expression is
regulated by the presence of environmental CO, detected by the transcriptional regulator

CooA.140

It is among the anaerobic hydrogenogenic carboxydotrophs that we found our study model,

Rhodospirillium rubrum.
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R. rubrum is a purple non-sulfur photosynthetic bacterium. It is a facultative anaerobe, able
to obtain energy through a variety of mechanisms with an extreme metabolic versatility.*! In
fact, R. rubrum is capable of aerobic or anaerobic respiration, anoxygenic photosynthesis and
acid mixed fermentation, depending on the growth conditions. In anaerobic growth, if light is
available, it is capable of photoautotrophic growth, using the produced H; as an electron
donor while carbon fixation occurs through CO, reduction using the the Calvin-Benson-
Bassham cycle (not via acetyl-CoA synthesis). Alternatively, in photoheterotrophic growth it
can use carbon compounds as both carbon source and electron donor.**? During anaerobic
growth in the dark or light, in the presence of CO, it can grow using carbon monoxide as sole
source of energy. Its ability to switch so quickly depending on the external conditions,
constantly maintaining its redox balance, has been of great scientific interest and is one of the

reasons why this organism has been deeply investigated.

In the presence of CO,** the CooA regulatory protein induces the expression of the CO
oxidation/proton reducing systems. Eleven genes, named coo due to their role in CO oxidation,
are organized in two transcript-regulated groups. Six different genes encode for the
hydrogenase subunit and related partner proteins (cooMKLXUH), while the remaining five
genes encode for the CODH subunit (CooS) and its accessory proteins for the nickel storage-

insertion (CooCTJ) and a ferredoxin (CooF).

Other hydrogenases are also present and they are involved in the CO2/H, fermentative growth
on substrates like pyruvate or coupled to nitrogenase to recycle the hydrogen during the

nitrogen-fixing conditions.

Due to this high metabolic versatility, R. rubrum has different potential uses in biotechnology,
such as the in cell accumulation of poly-hydroxy-butric-acid (PHB)***%4> a precursor for
bioplastic production, or as a model system to study the conversion from light energy to
chemical energy. In particular, in our laboratory we are interested in another possibility that

directly involves the use of CODH, the biologically-mediated WGS reaction (Figure 38).
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Figure 38. Biological WGS reaction. Schematic representation of what we would like to achieve in our laboratory.

The WGS reaction, discovered in 1780 by F. Fontana as reversible and exothermic, can be

described as:

CO + H,0 ¢ H; + CO;

The starting feedstock of the WGS reaction is the synthesis gas, called syngas, which is a
mixture of gasses mainly rich in CO and H,. The WGS reaction is used to balance the CO/H,
ratio via a Hy—enrichment process. Nowadays, industry commonly uses this process for either
direct hydrogen production or during the Fischer—Tropsch process to balance the CO/H; ratio
to further produce liquid hydrocarbons and/or commodity products.

Among the possible starting materials to produce syngas, an increasingly popular source is
biomass (Figure 38).14¢ This renewable source can be easily gasified, leading to an eco-friendly

and renewable syngas, which can be further upgraded via the WGS reaction.
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Currently, industries adopt a two stage catalytic process to promote this reaction: a high
temperature step (400-500 °C), using iron oxide stabilized in a chromium oxide-based catalyst,
followed by a low temperature step (200-220 °C), catalyzed by copper-zinc oxide supported
on alumina.*” As you can imagine, this process is not eco-friendly, hindering the concept of
starting from a renewable feedstock as biomass. A possible alternative to these inorganic
catalysts and high temperature industrial processes is the use of bacteria able to perform the
WGS reaction at room temperature and pressure.

It is in this context that R. rubrum is involved. As reported above, this organism is capable of
anaerobic growth using the WGS reaction. Due to its highly variable metabolism, it can also
tolerate small amounts of oxygen (possibly present in the starting syngas), making it a
particularly attractive strain for industrial applications. The various studies performed on R.
rubrum using syngas as a substrate, showed that a mild-light exposure can increase the growth
rate and the hydrogen production at the same time.'?412¢ |In addition to this, it was reported
that an additional carbon source, other than CO, helps the efficient conversion of the latter
molecule. The maximum CO conversion was obtained using acetate.%?

To establish that this organism is capable of directly convert syngas using the WGS reaction,
as a proof of concept, the CO conversion of R. rubrum grown with acetate and syngas as
substrates was evaluated in a stirred bioreactor.?>?%>3 From this study, the global conversion
yield obtained was 87 + 2.4 %, confirming the feasibility of the biological WGS reaction on a
small scale. Considering this encouraging result, the industrial and economical workability of
these outcomes was evaluated in a recent paper, where the eco-exergy concept, centered on
using the maximum useful work possible during a process in a closed environment, seems to
be the most suitable tool for large-scale biohydrogen production using living organisms.>*
Even if at the moment the biological WGSR cannot be economically competitive, the
environmental feedback could be a sufficient incentive for pushing forward this technology.>*

(referee to the review in annex for more information)

With all these considerations, the biological WGS reaction offers a concrete alternative to
conventional chemical metal-based industrial processes. First, the use of room temperature
and pressure catalysis could reduce the industrial costs, re-orienting it towards a green
economy philosophy. In addition, the inorganic materials can be irreversibly poisoned or

fouled, being dependent on the purity of the starting syngas. On the other hand, living
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organisms can easily re-generate themselves, resulting in a longer life spam. Despite these
advantages, many improvements need to be achieved in order to make the biological WGS
reaction industrially competitive. Different areas can be addressed to improve this issue, such
as the bioreactor layout and utilization or the design/selection of new CO-resistant strains
better suited for fast growth and maximal syngas conversion. An interesting alternative could
be represented by the recent discovery of the possible heterologous production of CODH in
the easy-to-grow bacterium E. coli. E. coliis a robust host microorganism, able to grow quickly
and adapt to different environments (aerobic/anaerobic conditions using respiration or
fermentation) and it is widely used in modern biotechnology.3° In addition, more information
are available for this strain, making the E. coli metabolic and protein engineering a more

realistic prospective compared to the one carboxydothrophc bacteria.'>

The biologically promoted WGS reaction is a reality but it is still limited to the laboratory scale.
Nonetheless, the preliminary results and the new possibility opened by recent discoveries
makes it a hopeful option worthy of consideration. Taken together, the combination of
inorganic chemistry, biochemistry, microbiology and synthetic biology could be of great

impact in devising new possibilities to make the biological WGS reaction an industrial reality.
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Statement of purpose

In this manuscript, the results are presented in three main chapters according to the nature

of the studied topic.

Chapter 2 is devoted to the chaperone protein CooT. The results are presented in two papers.
The first one, describing the nickel coordination site of R. rubrum CooT, is entitled “A solvent-
exposed cysteine forms a peculiar Ni(ll)-binding site in the metallochaperone CooT from
Rhodospirillum rubrum” . For the results presented in this part | would like to acknowledge
Giulia Veronesi (LCBM, Grenoble) for her implication in the XAS collections and analysis;
Francesco Musiani (University of Bologna) for the computational calculations and models;
Stefano Ciurli (University of Bologna) for the NMR data collection and analysis; Barbara
Zambelli (University of Bologna) for the ITC data collection and analysis; Luca Signor (IBS,
Grenoble) for the mass spectroscopy. | would also like to thank all of them in general for the
always useful discussions about all the possible CooT coordination sites and the time they all
spent to explain to me the principles of the different techniques and to answer all my
guestions about data analysis and interpretation.

The second one concerns the characterization of the putative C. hydrogenoformans CooT and
it is entitled “Biophysical and structural characterization of the putative nickel chaperone CooT
from Carboxydothermus hydrogenoformans”. For this part, | would like to acknowledge
Patrice Catty (LCBM, Grenoble) and Roger Miras (LCBM, Grenoble) for their help in the
estimation of the ChCooT nickel dissociation constant via equilibrium dialysis and CD

spectroscopy and Julien Perard for the site-direct mutagenesis.

Chapter 3 is dedicated to the chaperoen protein RrCool. The first paper presented the
characterization of RrCool and its mutants, entitled “The CO-dehydrogenase accessory protein
Cool is a histidine-rich multidomain dimer with an unexpected additional Ni(ll)-binding site”.
For making this paper possible, | would like to acknowledge Philippe Carpentier (LCBM,
Grenoble) for his help during X-ray data collection and structure determination; Julien Perard
(LCBM, Grenoble) for the SAXS data collections and interpretations and site-direct

mutagenesis; Christian Basset (LCBM, Grenoble) for his help with in the proteins purifications;
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Serge Crouzy (LCBM, Grenoble) for the molecular dynamics simulations; Barbara Zambelli
(University of Bologna) for the ITC data collection and analysis.

The second paper, regarding the Cool oligomerization induced by nickel addition, is entitled
“Nickel-induced oligomerization of the histidine-rich metallochaperone CooJ from
Rhodospirillum rubrum”. For this paper, | would like to acknowledge Julien Perard (LCBM,

Grenoble) for the TEM samples preparation and images interpretation.

Chapter 4 concerns the results obtained during the last months of my PhD. The protocols for
the purification of recombinant RrCODH in E. coli are presented, as well as the preliminary in
vitro nickel activation experiments. All the data presented in this chapter have to be
considered as preliminary. Umberto Contaldo, started his PhD in 2018 pursuing the
purification of RecRrCODH, working on the project “In vitro biological water-gas shift reaction:
Bio-functionalization of carbon nanotubes with carbon monoxide dehydrogenase (CODH) and

[NiFe]-hydrogenase”.
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CHAPTER 2

CooT

INTRODUCTION

As a quick re-cap from the introduction chapter, RrCooT is a small 7.1 kDa protein thought to
play a role, with RrCoolJ and RrCooC, in nickel delivery to the active site of RrCODH. CooT is
present in solution as a homodimer, able to bind one nickel per dimer, with a high affinity (Kp1
=9 + 4 nM).'?’ From its sequence, two amino acids stand out as potential nickel ligands: the

cysteine in second position and the histidine in position 41 (Figure 1).

Interestingly, even though not experimentally described in the literature, phylogenetic
analysis shown the existence of 91 non-redundant homologues in the proteome databases,
all sharing a strictly conserved cysteine 2.1’ The occurrence of the histidine is, however, more

enigmatic and is the crucial element to identify the nature of the metal coordination.

RrCooT wild type (7096Da)
1 s
2 41

MEMAKVVLTKADGGRVEIGDVLEVRAEGGAVRVTTLFDEEHAFPGLAIGRVDLRSGVISLIEEQNR

2 55
MCEASAFIVNGDKEELFLERVDKLIPTEEGLLLENIFGQRKVIKAKIKRLELVDHRILLERED
@ x

ChCooT wild type (7365Da)

Figure 1. Comparison between the CooT sequences of R. rubrum and C. hydrogenoformans. These are the
representatives of the two possible nickel-binding motifs of the CooT family. The “Cys2” motif, represented by
RrCooT, and the “Cys2-His55” motif, represented by the C. hydrogenoformans. The strictly conserved cysteine 2
is highlighted in red, the histidine, variable or not present in the case of the “Cys2” motif CooT sequences, is

highlighted in green.
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Two distinct nickel-binding motifs can in fact occur in the CooT family. The “Cys2-His55” motif
was identified in the putative C. hydrogenoformans (CHY_RS00800) ChCooT by X-ray
crystallography (see next ChCooT paper), where a conserved histidine in position 55
coordinates the Ni in addition to the cysteine 2 (Figure 1). This case counts for ~70% of the

CooT sequences, mainly bacteria and 16 archaea.

In the “Cys2” motif the histidine is either not present or is in a random position, leaving the
cysteine 2 as principal binding residue. This kind of binding motif matches the remaining ~30

% of the identified sequences, to be exact 7 bacterial and 19 archaeal ones.

In the next pages, these two binding motifs are presented, and these studies led to the
publication of the papers “A solvent-exposed cysteine forms a peculiar Ni(ll)-binding site in the
metallochaperone CooT from Rhodospirillum rubrum” and “Biophysical and structural
characterization of the putative nickel chaperone CooT from Carboxydothermus
hydrogenoformans” . More emphasis is devoted to the description of our study model, the R.

rubrum CooT protein.
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2.1 CooT from Rhodospirillum rubrum

Prior to my arrival, the crystal structure of apo-CooT was solved in the laboratory.

Contrarily to what was expected, histidine41 is not close to cysteine2, considered to be
essential for the metal coordination as shown by the hindered nickel-binding ability of the
Cys2Ser mutant (Figure 2A).22” As we would assume from the previously described binding
motifs, R. rubrum CooT falls in the “Cys2 only” coordination.

From these considerations, the hypothesis we formulated is that the nickel coordination of
RrCooT should be held by its N-terminal motif, certainly involving the thiolate groups of the
two Cysteines 2. However, the coordination cannot be maintained by only two ligands and at
least two additional ones are required to complete the coordination of Ni(ll) in a square-planar
or tetrahedral geometry. From the crystal structure, the best candidates in the proximity of
Cys2 to fulfil this role are either the terminal amines of the first amino acid (Met1) or the

amide groups from Cys2 (Figure 2B).

A.

Cys2 ﬁ z Cys2
. p ; A

His41

1

Hisdl | / “ -
L ARTAY

RrCooT Wild type
12 41
MCMAKVVLTKADGGRVEIGDVLEVRAEGGAVRVTTLFDEEHAFPGLAIGRVDLRSGVISLIEEQNR

Construct 1 RrCooT-Cys1
1 41
CMAKVVLTKADGGRVEIGDVLEVRAEGGAVRVTTLFDEEHAFPGLAIGRVDLRSGVISLIEEQNR

Construct 2 RrCooT-Gly1
12 41
GCMAKVVLTKADGGRVEIGDVLEVRAEGGAVRVTTLFDEEHAFPGLAIGRVDLRSGVISLIEEQNR
Figure 2. A) Crystal structure of the apo dimer in gray. The relative spatial position of Cys2 and His41 from each
monomer is highlighted by colors (green monomer and magenta monomer) and these amino acids are shown in

sticks. B) RrCooT wild type and its constructs sequences. The methionine 1 is highlighted in blue, the cysteine 2

in red, the histidine 41 in green and the mutated glycine in position 1 in orange.
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To verify this, two different approaches have been adopted. The first one was based on site
directed mutagenesis and processing of the Metl, where two different constructs were

produced to verify the impact of the first amino acid on the nickel binding coordination:

e Construct 1 (RrCooT-Cys1): removal of Met1, so cysteine is now in the first position.

e Construct 2 (RrCooT-Gly1): substitution of Met1 with a Gly, in this case the side chain

of the first amino acid is not present anymore.

Once produced and purified, the behavior of the two constructs was compared in vitro to that

of the wild type protein, using different spectroscopical techniques.

The second approach was based on EXAFS and modeling data analysis, in which the use of DTF
simulation was applied to the EXAFS experimental results to determine the best possible

coordinating model.

This multi-methods approach led to the proposition of a square planar nickel coordination
geometry, held by the thiolates and amides of the two facing cysteines 2 brought in spatial

proximity by the protein dimerization. (as shown in the graphical abstract of page 88)

How we got to this suggested model and all the results obtained from the protein
characterization are explained in detail in the paper “A solvent-exposed cysteine forms a novel
Ni(ll)-binding site in the metallochaperone CooT from Rhodospirillum rubrum” reported in the

next pages.

The session that follows the paper is devoted to present the unpublished data, mainly
concerning the unexpected behavior of the metal-binding coordination towards TCEP, the pH
dependence, the assays performed on the holo-CooT protein produced in Ni supplemented

media and the failed attempts to obtain N-terminal amine transamination reaction.
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2.1.1 RrCooT paper

,. I CHEMISTRY
® . ChemPubSoc A European Journal
. Europe DOIl: 10.1002/chem.201903492 Full Paper

I Chaperone Proteins |Hot Paper

A Solvent-Exposed Cysteine Forms a Peculiar Ni"-Binding Site in
the Metallochaperone CooT from Rhodospirillum rubrum

Marila Alfano,” Giulia Veronesi,” Francesco Musiani,™ Barbara Zambelli,™ L. Signor,"
0. Proux,” M. Rovezzi," Stefano Ciurli,*"' and Christine Cavazza*"

» RrCooT binds one nickel per dimer using the conserved N-terminal residue sequence Met;-

Cysa.
» The characterization of the two constructs RrCooT-Cysi and RrCooT-Gly; shown that :
=  RrCooT-Cysi loses the ability to coordinate Ni(ll)
=  RrCooT-Gly; displays characteristics similar to the wild type protein

These results provide the evidence that an amino acid in position one is needed in order to bind

the metal and that the nature of its side chain does not influence the coordination.

» From the CD in the far UV-Vis region and the absorption UV-Vis spectra a square planar
geometry for the Ni(ll) coordination is postulated. The possible ligands are the thiolates of

the cysteine 2 and the terminal amine or the amide group of cysteine 2.

» The NMR studies confirm the involvement of the N-terminal region in nickel binding, which

also increases the protein stability.
» The XANES spectrum confirms a square planar coordination geometry.

» From a combination of density functional theory (DFT) calculation and experimental EXAFS

data, a bis-amidate/bis-thiolate coordination environment is postulated.

» The formation of the dimer promotes the spatial proximity of the two cysteine 2, which are

the main players in the Ni coordination.

» Nickel binding is triggered by the dimer formation and held by the amide main-chain
coordination completed by the side chain of the same amino acid (Cys2), making it a unique

example for this kind of Ni(ll) coordination among the chaperones.



Graphical Abstract
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Nickel (Il) is bound in a square based
geometry coordinated by :

* Thiolate of Cys2;
*  Amidate of Cys2.

Solvent exposed cysteines are not
commonly found in nickel binding
site and, as far as we know, a single
cysteine motif has never been
shown in the literature.
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A solvent-exposed cysteine forms a peculiar Ni(ll)-binding site in
the metallochaperone CooT from Rhodospirillum rubrum

Marila Alfano,® Giulia Veronesi,'? Francesco Musiani, Barbara Zambelli,! L. Signor,© O. Proux, M.

Rovezzi,@ Stefano Ciurli,*™ Christine Cavazza *&!

Abstract: In Rhodospirillum rubrum, the maturation of carbon
monoxide dehydrogenase (CODH) requires three nickel chaperones,
namely RrCooC, RrCooT and RrCoodJ. Recently, the biophysical
characterization of RrCooT homodimer and the X-ray structure of its
apo-form revealed the existence of a solvent exposed Ni(ll)-binding
site at the dimer interface, involving the strictly conserved Cys2. Here,
a multifaceted approach that used NMR and X-ray absorption
spectroscopies, complemented with structural bio-modelling
methodologies, was used to characterise the binding mode of Ni(ll) in
RrCooT. This study suggests that Ni(ll) adopts a square-planar
geometry via a N,S; coordinating environment that comprises the two
thiolate and amidate groups of both Cys2 residues at the dimer
interface. The existence of a diamagnetic mononuclear Ni(ll) centre
with bis-amidate/bis-thiolate ligands, coordinated by a single cysteine
motif, is unprecedented in biology and raises the question of its role
in the activation of CODH, at the molecular level.

Introduction

Despite their low occurrence in nature, the importance of Ni-
dependent enzymes in Archaea, bacteria, fungi, algae and higher
plants has been widely recognized in the last few decades. These
enzymes use a Ni-containing active site to catalyse essential
reactions such as the reduction of anionic superoxide radical, [
urea hydrolysis, @1 methane production, B! or Hy/CO reversible
oxidation. ¥ In the hydrogenogenic carboxydotroph
Rhodospirillum rubrum, the nickel-dependent carbon monoxide
dehydrogenase (RrCODH) is a key enzyme in the energy
metabolism.! Indeed, a characteristic feature of this versatile
photosynthetic bacterium is its capacity to use CO as the sole
energy source under anaerobic conditions, via the water-gas shift
reaction (H,O + CO — CO, + Hy). 1 In this reaction, RrCODH
plays a central role by catalysing the oxidation of CO to CO,,
coupled to the H, production catalysed by an energy-converting
[NiFe]-hydrogenase. ! RrCODH is a homodimer bridged by an
intermolecular [4Fe-4S]-cluster (D-cluster), with each monomer
containing a [4Fe-4S]-cluster (B-cluster) and a peculiar [Ni-4Fe-
48] active site (C-cluster). ® The CO oxidation occurs at the C-
cluster, whereas the B-clusters are involved in the electron
transfer between the active site and its physiological partner, the
ferredoxin CooF. ! Nickel insertion into the active site is the
essential step for the enzyme activation: Ni-deficient CODH,
produced in nickel-depleted growth media, presents a fully
assembled [FesS4] C-cluster that can be partially reactivated in
vitro by Ni(Il) addition under reductive conditions. ['%

A common feature of metalloenzymes is the requirement of
auxiliary proteins, typically involved in the metallo-centre
biosynthesis and assembly. ['"l In the case of RrCODH, the
co0FSCTJ operon contains the cooCTJ genes encoding three
different nickel-binding proteins, CooC, CooT and CooJ, present
downstream the structural cooS gene that encodes CODH. 12
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RrCooC is Ni-dependent ATPase, proposed to provide the energy
required for the maturation process and able to dimerize by
binding Ni(ll) via a CXC motif that is conserved among CooC
homologs. [ RrCooJ is a 25-kDa homodimeric protein containing
two distinct metal-binding sites: a C-terminal histidine tail
composed by sixteen histidines and two cysteines able to bind
four Ni(Il) per dimer, and a strictly conserved HX3HX3H binding
site present in the N-terminal region and binding one Ni(ll) per
dimer. [l Finally, RrCooT is a small homodimeric protein of 66
residues able to bind one Ni(ll) per dimer with a dissociation
constant in the nanomolar range, using Cys2. ['51 Looking at the
amino acid recurrence in proteins, cysteine is one of the least
abundant residues. "1 However, when present, cysteines are
required in essential functional sites, such as structural disulphide
bridges, iron-sulphur cluster coordination or sulphur-rich metal
coordination sites in metalloproteins. ['8! Based on the analysis of
protein structure databases, this residue shows the characteristic
feature of being either highly conserved in buried cysteine clusters,
or poorly conserved when isolated and located at the protein
surface. '8 In RrCooT, Cys2 is the only cysteine in the protein
sequence and the crystal structure of the apo-protein revealed its
solvent exposure. 'S Unexpectedly, while the amino acid
sequences of the 111 CooT homologues identified in anaerobic
archaea and bacteria show a remarkable large variability, Cys2 is
the only strictly conserved residue, [' in this way violating the
general conservation vs. structure pattern. Thus, the evolutionary
conservation of the solvent-exposed cysteine in CooT proteins
suggests its importance to meet a specific and essential functional
role.

By analogy, several well-described nickel proteins possess
Ni-binding sites containing multiple cysteine residues in the
proximity of the N-terminus. They form the well-known Ni-hook
motif “HCX;PCGXY” in the nickel-dependent superoxide
dismutase (NiSOD) ['1 or the high-affinity “MCX,CXC” site in
HypB, [ a GTPase involved in [Ni-Fe]-hydrogenase for which the
Ni(ll)-binding mode is not definitively established. The particularity
of RrCooT is the presence of a Ni-binding site in the N-terminal
region, with a single cysteine motif, raising the question of its
metal-coordination mode. The X-ray structure of apo-RrCooT
revealed that its dimerization brings the two Cys2, and Cys2g
residues (belonging to the two monomers A and B) in close
proximity, likely triggering the formation of a Ni-binding site.
Indeed, mutation of Cys2 to Ser obliterated Ni(ll)-binding to CooT,
revealing the essential role of the Cys-thiolate groups. ['
However, no structural information is yet available for the Ni-
binding site in RrCooT.

In the present study we investigated the structural details of
the Ni(ll)-binding site of RrCooT using a multifaceted approach
that involved NMR and X-ray absorption spectroscopies
complemented with structural bio-modelling methodologies. The
results support the presence of an unprecedented metal-binding
motif that involves a pair of isolated solvent exposed cysteine
bound to a square-planar Ni(ll) ion in a N2S, coordination
environment, with a bis-thiolate/bis-amidate ligation in a trans
configuration.

This article is protected by copyright. All rights reserved.
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Results

Metal-binding motifs in the CooT family

Alignment of 91 non-redundant CooT sequences revealed the
existence of two distinct nickel-binding motifs in the CooT family:
the “Cys2-His55” motif, previously characterized in the putative
CooT from Carboxydothermus hydrogenoformans (ChCooT),['9
is conserved in 64 CooT homologues (corresponding to 70.3% of
all sequences) (Figure S1). It is mainly found in bacteria (48
sequences) and in some Archaea (16 sequences). On the other
hand, the “Cys2” motif is found in 16 archaeal and 7 bacterial
CooT sequences (25.3 % of all sequences) (Figure 1A). In
addition, in three methanogens, a second cysteine is also found
in position 4, forming a putative not characterized “Cys2-Cys4”
motif. RrCooT belongs to the “Cys2” motif group, as shown in
Figure 1A.
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RrCooT-Cysl CMAKVVLTK
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Figure 1. (A) Sequence alignment of CooT homologues possessing the “Cys2”
motif. Cys2 is in red. Rr: Rhodospirillum rubrum ATCC11170, Da: Desulfurivibrio
alkaliphilus AHT2, Ro: Ruminococcus obeum A2-162, Mp1: Methanolobus
psychrophilus1 R15; Mh: Methanomethylovorans hollandica DSM 15978, Mci:
Methanocaldococcus infernus ME, Me: Methanohalobium evestigatum Z-7303,
Mm: Methanohalophilus mahii DSM 5219, Ma: Methanococcus aeolicus
Nankai-3, Mc2: Methanosaeta concili2 GP6, Rsp: Ruminococcus sp, Mbu:
Methanococcoides  burtonii DSM 6242, Mo: Methanothermococcus
okinawensis IH1, Mc1: Methanosaeta concilil GP6, Ds: Desulfocapsa
sulfexigens DSM 10523, Mc: Methanocella conradii HZ254, Mp2: Methanolobus
psychrophilus2 R15, Bp: Butyrivibrio proteoclasticus B316, Mz: Methanosalsum
zhilinae DSM 4017, Mba: Methanosarcina barkeri MS, Mma: Methanosarcina-
mazei S-6, Mt: Methanosaeta thermophila PT, Rp: Rhodopseudomonas
palustris BisB18. Identity percent corresponds to the conserved amino acids
between each sequence and RrCooT sequence. (B) N-terminal sequences of
RrCooT-WT, RrCooT-Cys1 and RrCooT-Gly1.

Modification of the N-terminus of RrCooT and Ni(ll) binding
The thiolate groups of Cys2a and Cys2g provide two potential
coordinating ligands for Ni(ll). However, at least two additional
ligands are required to complete the coordination environment of
Ni(ll) in a square-based, tetrahedral or octahedral geometry.
Considering the position of the metal-binding site at the beginning
of the protein sequence, the N-terminal amino group would be a
logical choice as a Ni donor ligand. However, in all identified
sequences shown in Figure 1A the first residue is a methionine,
which is often processed by methionine amino peptidases
(MetAP), thus raising the question as to whether this residue is
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strictly necessary to complement the thiolate groups of Cys2 for
Ni binding. No information is available about the processing of
Met1 in RrCooT by MetAP in R. rubrum. Therefore, in order to
understand the role of Met1 and the impact of the position of the
conserved Cys residue in the sequence at the N-terminus,
different variants were constructed. Overproduction of RrCooT in
E. coli grown for 16 h in a minimal medium at 25 °C led to a major
Met1-containing form (about 80% of the total protein, as
previously described in ['l), corresponding to RrCooT-WT (Figure
1B). On the other hand, replacement of the minimal medium with
a rich-growth medium, raising the temperature to 37 °C and using
an induction time of 4 h resulted in a form of RrCooT lacking Met1
(RrCooT-Cys1), (Figure 1B). The latter protocol was also used to
express a synthetic gene featuring a Gly residue inserted between
Met1 and Cys2, producing the RrCooT-Gly1 variant also lacking
the Met residue at the N-terminus (Figure 1B). The identity of
these two protein variants was confirmed by ESI-MS (Figure S2).
The ESI-MS spectrum of RrCooT-Gly1 showed the expected
single peak at 7,022.11 Da, confirming the identity and
homogeneity of this mutant.

Considering that N-terminal cysteines are known to be highly
reactive,?” the integrity of the thiol groups in RrCooT-Cys1 was
tested after removal of the reducing agent TCEP and overnight
exposure to air. In the case of RrCooT-Gly1, this treatment led to
the appearance of a major species, with a mass of 14,042.24 Da,
corresponding to a homodimer induced by the formation of a
disulphide bridge between Cys24 and Cys2g with the loss of 2 Da,
due to the oxidation of the two thiol groups (Figure S2). On the
contrary, ESI-MS of several samples of RrCooT-Cys1 revealed a
mixture of two species: the first, at 6,964.93 Da, corresponds to
the Met1-processed monomer, while the second showed an
unknown adduct of 26 Da. This adduct is never observed when
the Met1 is present at the N-terminus of RrCooT. Moreover, the
amount of the second species varied from 50 to 90% depending
on the RrCooT-Cys1 samples. The 26 Da-mass is consistent with
the formation of a S-CN moiety on Cys2 Pl and ESI-MS
experiments showed that its presence hinders the formation of the
disulphide bridge (Figure S2), suggesting that Met1 processing
drastically affects the thiol group reactivity.

Biophysical characterization of RrCooT-Cys1l and RrCooT-
Glyl

The Ni(ll) binding ability of the different constructs was
estimated using UV/vis and circular dichroism (CD) spectroscopy
in the near-UV/vis range (250-700 nm) and by isothermal titration
calorimetry (ITC). UV/vis and CD spectra were recorded under
anaerobic conditions to prevent the formation of disulphide
bridges, while ITC titrations were conducted in the presence of
the reducing agent TCEP. In the UV/vis spectra of RrCooT-WT
and RrCooT-Gly1, transition bands at 345 nm, 427 nm, 475 nm
and 530 nm were observed (Figure 2A, B). Similar UV/vis
signatures have been previously observed for square planar Ni(ll)
coordinated to di-amido/di-thiolato ligands in Ni-containing
superoxide dismutase (NiSOD) model peptides 22 and a NiSOD
mutant, in which the amidate/amine coordination was switched to
a bis-amidate mode by adding an alanine residue to the N-
terminus. ¥ The CD spectrum of RrCooT-Gly1 (Figure 2C) is
similar to the previously published spectrum of RrCooT-WT, [
with ligand-to-metal charge transfer and d-d transitions at 260 nm
(-), 287 nm (+), 310 nm (+), 355 nm (+), ~410 nm (-) and 475 nm
(-)- The presence of CD bands between 400 and 600 nm suggests
the presence of a Ni(ll)-bound amide, rather than amine, nitrogen
binding, as previously observed for Ni(ll)-containing peptides
mimicking NiSOD. 24

A calorimetric Ni(ll) titration of RrCooT-Gly1 showed negative
peaks following Ni(ll) injections, indicative of exothermic events
(Figure 2D). The shape of the binding isotherm obtained from data
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integration indicated the occurrence of two independent binding
events. The first event involves the binding of one Ni(ll) ion to the
protein dimer with a high affinity (Ka1 = 3 + 1 x 107; Kp1 = 50 + 20
nM, AH: =-9.6 + 0.3 kcal mol™'; AS1 = +2.10 kcal mol" K), while
the second binding event shows a lower affinity (Kaz = 3 £ 2 x 105,
Koz =3+ 0.6 uM, AH> = -4.8 + 0.7 kcal mol”', AS; = +13.2 kcal
mol' K'). These data are similar to those previously obtained for
RrCooT-WT,"Tindicating that RrCooT-Gly1 contains a preserved
high affinity Ni(ll) binding site, as well as an additional weaker
metal site, most likely non-physiological. The similar metal binding
behaviour of RrCooT-Gly1 and RrCooT-WT indicates that the
nature of the side chain on the first residue of the sequence does
not influence the Ni(ll) binding properties of the high affinity site
of RrCooT. On the other hand, the RrCooT-Cys1 mutant spectrum
does not show any CD signal upon Ni(ll) addition, indicating the
absence of Ni(Il) binding (Figure 2C). This was confirmed by ITC,
which showed that the binding event is fully abrogated (Figure 2D).
These observations indicate that the position of the conserved
Cys as the second residue in the sequence of RrCooT is essential
for binding, and consequently that Met1 processing by MetAP is
most likely not occurring in R. rubrum.
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Figure 2: (A) UV/vis spectrum of RrCooT-WT (500 uM dimer) in the presence
of one equivalent of Ni(ll), in 50 mM HEPES buffer at pH 7.5, under anaerobic
conditions; 345 = 2254 M~ cm™, £475 = 502 M~' cm™" and 530 = 345 M~ cm™".
(B) UV/vis spectrum of RrCooT-Gly1 (630 pM dimer) in the presence of one
equivalent of Ni(ll), in 50 mM HEPES buffer at pH 7.5; ea45=2134 M~ cm™, e427
=417 M em™, 475 =396 M~ cm™", andesso = 279 M~ cm™". (C) CD spectra for
RrCooT-WT (black line), RrCooT-Cys1 (red line) and RrCooT-Gly1 (blue line)
registred for a 25uM dimer concentration in the presence of one molar
equivalent of Ni(ll). (D) Top panel: representative raw plot of the ITC data of
Ni(ll) (240 pM) injected onto the RrCooT-Gly1 solution (12 pM); bottom panel:
integrated heat data as a function of the metal-to-protein molar ratio for RrCooT-
Gly1 (filled circles) and RrCooT-Cys1 (hollow circles). The continuous line
represents the best fit obtained for RrCooT-Gly1 titration, using a model
involving two independent sets of binding sites for Ni(ll), as described in the text.

The thiol modification appears to be the most likely reason for
RrCooT-Cys1 being unable to bind Ni(ll). However, the removal
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of the Met1 also changed the amide group of Cys2 to a protonated
N-terminal amine, which could also impact Ni(ll) binding. To go
further into the characterization of the Ni-binding site of RrCooT-
WT and the identification of the N donor ligands, NMR
spectroscopy experiments were carried out on the apo- and holo-

forms of the protein.

Assignment of the NMR spectra of apo-RrCooT-WT

Heteronuclear 2D and 3D NMR spectra of dimeric RrCooT-
WT were recorded and analysed, and backbone assignments
were obtained using the scalar connectivities provided by triple
resonance experiments (Table S1). The assigned 'H,"®N HSQC
spectrum recorded at 950 MHz 'H Larmor frequency is shown in
Figure 3. The large spectral dispersion of the signals in the 'H
dimension unambiguously indicates that the protein is well-folded
in solution, while the number of cross-peaks is consistent with the
number of residues in a single subunit, supporting a symmetrical
average orientation of the two monomers. The identification of
amide 'H and "°N peaks was obtained at 950 MHz for 63 out of
the 66 residues following a standard sequential assignment
procedure (Table S2).
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Figure 3. ™H,SN HSQC spectrum of RrCooT-WT at 950 MHz with the
corresponding assignment. The inset shows the overlay between the spectrum
of apo-RrCooT-WT (blue) at 950 MHz and holo-RrCooT-WT (red) at 500 MHz
in the region covering the N-terminus residues.

The Pro44 residue is not observable in the 'H,”>N HSQC
spectrum because it does not have the peptide NH group, while
the N-terminal Met1 is not observable because of fast proton
exchange with water of its NH3* terminal group with water. The
peptide NH signal for the remaining Cys2 residue was also not
observable in the spectrum at 950 MHz probably because its
NMR signal is broadened beyond detection due to conformational
exchange phenomena occurring with rates comparable to the
frequency differences among the different conformers. Attempts
to observe its signal in 'H,">N HSQC spectra taken at 500 MHz
were also unsuccessful, indicating that Cys2, and presumably
even more so Met1, undergoes conformational changes with
correlation times in the sub-microseconds time scale. On the
other hand, the peaks corresponding to Met3 and Ala4, while
visible at 950 MHz, also disappeared in the spectra taken at 500
MHz, consistently with a progressively slower conformation
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exchange rate for residues gradually farther away from the N-
terminus. Additional attempts to observe the peaks corresponding
to Met1 and Cys2 in the 'H,">N HSQC spectra, carried out by
lowering or raising the temperature at all tested fields, were
unsuccessful. However, the Ca/Ha and CR/HR pairs of Cys2 were
observed in the spectra of apo-RrCooT-WT using
HNCO/HN(CA)CO and HNCACB/CBCA(CO)NH triple resonance
spectra (Table S1).

The program TALOS+ 1251 was used to correct the referencing
for Ha, Ca, CR, and CO chemical shifts, through an empirical
correlation.8! Then, the HN, N, Ha, Ca, CB, and CO, chemical
shifts assigned to the residues of apo-RrCooT-WT were used by
TALOS+ to estimate the ¢ and y backbone torsion angles and the
consequent secondary structure (Figure 4) using an artificial
neural network. 2% A negative TALOS+ score indicates a
propensity for a-structure or loop, while a positive TALOS+ score
indicates a propensity for B-structure. Figure 4 shows the good
agreement between the secondary structure determined by NMR
in solution and that obtained by solid-state crystallography of the
apo-protein,'! demonstrating the conservation of the protein
structure independently of its solid or solution state.

Residue Number

Figure 4. (A) Artificial neural network predicted secondary structure (SSP)
for apo-RrCooT-WT, using Ha, N, Ca and CB backbone secondary NMR
chemical shifts obtained at 950 MHz. The blue and red bars indicate beta and
helix/loop secondary structure, respectively. (B) The ribbon scheme of the
crystal structure of the apo-RrCooT monomer (PDB id: 5N76) is shown colored
according to the TALOS+ predicted secondary structure to highlight the
consistency between the solution NMR and the solid-state crystallographic data.

Assignment of the NMR spectra of holo-RrCooT-WT

The analysis of the modifications occurring in the 'H,'*N
HSQC spectrum of apo-RrCooT-WT at 500 MHz and 950 MHz by
subsequent addition of 0.0, 0.5, 1.0 and 2.0 equivalents of Ni(ll)
per protein dimer revealed that the chemical shift and intensity of
most 'H/'>N backbone amide cross-peaks were largely
unperturbed, and that only few residues were affected by
significant chemical shift changes in the slow exchange limit. No
modification was observed between the 1.0 and 2.0 titration steps,
confirming the stoichiometry of 1 Ni(ll) per RrCooT-WT dimer
determined by ITC for the high-affinity site. The lack of signal
disappearance upon Ni(ll) addition indicates that the metal ion is
diamagnetic in holo-RrCooT-WT. The marginally affected cross-
peaks were assigned in the Ni(ll)-bound RrCooT-WT on the basis
of a simple closest-neighbour matching approach. The analysis of
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the HNCACB/CBCA(CO)NH pair of triple resonance experiments
at 500 MHz confirmed this initial assignment and further extended
it to comprise all observable signals in the 'H,">N HSQC spectrum
of holo-RrCooT-WT, with the exception of Met1 and Cys2.
Significantly, the signals corresponding to Met3 and Ala4, not
observable in the 500 MHz spectrum of apo-RrCooT-WT, became
visible again at this magnetic field upon Ni(ll) addition. This
observation implicates the hypothesis that Ni(ll) binding occurring
at the N-terminal region of the protein, causes a significant
decrease of its mobility. Finally, the very large chemical shifts
induced by Ni(ll) binding on Cys2 Ca (from 55.55 ppm to 61.99
ppm) and CR (from 25.56 to 35.59 ppm), and the very small
chemical shifts induced on Met3 Ca (from 52.23 ppm to 52.36
ppm) and CRB (from 31.31 to 31.12 ppm) reveal that Cys2 is part
of the metal coordination environment, and that the protein
structure is negligibly affected by nickel binding beyond this
residue. The Ni(ll)-induced chemical shift perturbation (CSP),
mapped on the protein surface (Figure 5) confirmed that the
region of RrCooT at or near the N-terminal residues is involved in
Ni(Il) binding, with the thiol group of Cys2 being the most likely
candidate for direct metal ion coordination.

A

Ippm

"

Figure 5. (A) Plot of combined chemical shift perturbation Ad.y,, upon
Ni(ll) binding to apo-RrCooT-WT, along the protein sequence. (B) The protein
surface, calculated from the X-ray structure of apo-RrCooT and color-coded
according to the size of A8 ymp (AScomp > 1.0 red; 0.5 < Ad.ymp < 1.0 orange;
AS.omp < 0.5 blue; non-assigned residues M1 and C2 are shown in white).

This hypothesis was confirmed by the observation that no
perturbation in the 'H,"®N HSQC spectrum was induced by
addition of Ni(ll) to a sample of apo-RrCooT-WT stored for several
days in air, a treatment shown by ESI-MS to cause oxidation of
the two Cys2 residues in the dimer (see above), while the typical
spectrum of holo-RrCooT-WT was re-established upon addition
of TCEP, known to reduce disulphide bonds. These NMR
spectroscopic results indicate that Ni(ll) binding in RrCooT
involves the thiolate groups of the two Cys2 residues, yielding a
square-planar or square-pyramidal geometry for a diamagnetic
Ni(ll) ion in holo-RrCooT-WT. In order to further examine the
coordination environment of the Ni(ll) site, X-ray absorption
spectroscopy was applied.

Preliminary X-ray absorption spectroscopy analysis
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Ni K-edge X-ray absorption spectra of RrCooT-WT in complex
with 0.9 Ni(ll) molar equivalent per dimer (Ni-RrCooT) were
acquired under cryogenic conditions. The X-ray Absorption Near
Edge Structure (XANES) spectrum of the holo-protein is shown in
Figure 6A, in which a weak pre-edge peak at ~ 8332 eV
associated to 1s — 3d electronic transitions, and a resolved
maximum at ~8338 eV, are observed. The latter is associated to
1s — 4p, transitions and has been shown to be indicative of
square planar Ni coordination geometry. 271

For comparison with Ni-RrCooT, we measured the spectra of
two Ni(ll) tetra-coordinated square planar compounds exhibiting
different ligand environments (Figure S3) 2 (Figure 6): both N,S,
and S, coordination models give rise to a resolved peak at ~8338
eV as reported in literature, and a 1s — 3d feature of comparable
intensity with respect to that observed for Ni-RrCooT. The area of
Gaussian peaks reproducing the 1s — 3d transition, which
provides information on the coordination geometry at the Ni site,
was calculated for protein and reference samples.

The best-fitting curve for Ni-RrCooT is reported in the inset of
Figure 6A, and the estimated curve parameters in Table S4. The
peak areas fall in the range previously described for a collection
of four-coordinate, square planar Ni compounds (area < 2.9-1072
eV), and differ dramatically from the areas calculated for
tetrahedral and five-coordinated Ni complexes (area > 4.2-1072
eV ). ¥ This analysis, together with the observed resolved 1s —
4p, transition, strongly supports a square planar Ni binding
geometry in Ni-RrCooT, consistently with NMR spectroscopy.

In order to disclose the nature of the Ni ligands in the RrCooT
dimer, the first shell peak of the Fourier-transformed EXAFS
signal was analysed in the range R = 1.0 - 2.2 A. Considering the
results obtained from the biophysical and spectroscopic
characterization of the holo-protein described in previous sections,
we expect the Ni-binding atoms to belong to the amino acids in
position 1 and 2. Therefore, coordination spheres composed of S
and N atoms were considered, given that these atoms can be
provided either by the thiolate side chain of Cys2 or by the protein
backbone, respectively. Four ligands in planar geometry were
considered according to the XANES analysis. The first-shell peak
is best fitted by a N»S, coordination (Figure 6B), whereas a N-only
coordination fails to reproduce the experimental spectra. The
N2S, coordination is also suggested by the similarity in the EXAFS
oscillations between the experimental spectrum of Ni-RrCooT and
of the N.S; reference compound (Figure 6A, dotted lines).
Remarkably, two distinct Ni-N distances had to be considered,
whereas if a common distance was assigned to both Ni-N
scattering paths, the first peak of the FT EXAFS spectrum could
not be reproduced. Removing the degeneracy in the Ni-N
distances resulted in a net improvement of the agreement
between fit and experimental data (R-factor drops from 4.9% to
0.6%), and to the determination of first-shell Debye-Waller factors
that were fitted to unphysical values in case of degenerated Ni-N
distances (see Table 1, fit number 1 vs 2). In order to obtain
reliable structural models for ab initio EXAFS refinement, a well-
established computational approach was adopted. ?°

Modelling of the RrCooT high affinity Ni(ll)-binding site

Two sets of models were generated by considering all the
possible configurations for a square planar Ni(ll) geometry
(Scheme 1). In the first set of models, the Ni(ll) Met1 terminal
amine N atom and the Cys2 thiolate S atom from each monomer
were considered (models Amino-Cis1, Amino-Cis2 and Amino-
Trans hereafter). In the second set, the backbone N atom of Cys2
from each monomer was instead examined (models Amide-Cis1,
Amide-Cis2 and Amide-Trans hereafter). Initial distances were
taken from the fit of the first-shell peak of the Fourier-Transformed
EXAFS signal (Table 1). The constraints used in the modelling
stages are reported in Table S5 and Table S6).
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Figure 6 (A) Ni K-edge XANES spectra of square-planar Ni(ll) reference
compounds (blue) with N2S2 (dotted line) and S4 (solid line) coordination, and of
Ni-RrCooT (black dots). Inset: magnification of the 1s > 3d transition energy
region and fit (red) of the experimental data (black dots). The two components
of the fitting curve are represented as black solid lines. (B) Fourier Transformed
experimental EXAFS spectrum of Ni-RrCooT (black dotted line) and theoretical
curve providing the best fit to the first shell peak (red solid curve). The imaginary
part of both curves is reported in the inset. (C) k3-weighted experimental EXAFS
spectra of Ni-RrCooT (black dashed line) and of a Ni(ll)N2Sz reference
compound (blue dashes). Theoretical spectra (black solid lines) generated from
optimized structures of Ni-CooT varying the N donor (amine N of Met1 or amide
N of Cys2) and the relative arrangements of first-shell ligands (S atoms in trans
or cis position). Best fitting curve (red solid line) for the experimental data
starting from the optimized model “amide-trans®.
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Table 1. Structural and dynamic parameters of the Ni-RrCooT site, extracted
from ab initio fitting of Ni K-edge EXAFS data based on different models (see
text). The 1o standard deviation error relative to the last digit is reported in
parentheses

Fit Ni- R (A) o2 (103 AE, R-factor
number  neighbours A?) (eV) (%)
1 2N 2.07 (4) 50 (10) -10(2) 4.9
2S 213 (3) 3(2)
2 N 1.87 (4) 2(2) -8.2 0.6
N 2.09 (4) 2(2) (5)
28 2.14 (1) 3.0 (6)
3 N 1.86 (2) 2.0 (10) -9.4 5.9
8)
N 2.10(2) 2.0 (10)
28 214 (1) 2.7 (6)
6C 2.90-3.37 7 (5)

In all calculated models, the Ni(ll) ion binds at the dimer interface
that connects the N-terminal portion of each monomer (Figures
S4 and S5). The details of the metal binding regions resulting from
the modelling are reported in Figure 7. The Amino-Cis1 model
(Figure 7A) resulted in a Ni(ll) ion in a nearly ideal square planar
coordination geometry [root mean square deviation from the ideal
geometry (rmsd_ig) = 0.029 A]. The plane formed by the nickel
ligands is perpendicular to the RrCooT dimerization interface,
while the metal binding site is fully exposed to the solvent. In the
Amino-Cis2 model (Figure 7B), the orientation of the metal
binding region appears to be similar to that in the Amino-Cis1
model, but the Ni(ll) coordination geometry is strongly distorted
(rmsd_ig = 0.768 A). Finally, the Amino-Trans model (Figure 7C)
resulted again in nearly ideal square planar metal coordination
geometry (rmsd_ig = 0.040 A), and a different disposition of the
plane formed by the nickel ion and the four ligands. Indeed, in the
Amino-Trans model the plane formed by the Ni ligands is parallel
to the dimer's major axis and the Ni(ll) ion is exposed to the
solvent only on one side. In both Amino-Cis1 and Amino-Cis2
models, the side chains of both Met1, and Met1g are buried inside
the protein, while in the case of model Amino-Trans model, the
Met1 side chain from both monomers is exposed to the solvent.
The Amide-Cis1 model (Figure 7D) resulted in a slightly distorted
square planar metal coordination geometry (rmsd_ig = 0.192 A).
As in all previous Cis models, the plane formed by the nickel ion
and its ligands is perpendicular to the RrCooT dimerization
interface and the metal binding site is fully exposed to the solvent.
Also, in the case of the Amide-Cis2 model (Figure 7E), the metal-
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Figure 7. Detail of the modelled Ni(ll) binding site of RrCoot in the case of model
Amino-Cis1 (A), Amino-Cis2 (B), Amino-Trans (C), Amide-Cis1 (D), Amide-Cis2
(E), and Amide-Trans (F) (see Scheme 1). The ribbons of RrCooT monomers
are colored in blue and light blue, while the Ni(ll) ion is reported as a green
sphere and Met1 and Cys2 from each monomer are depicted as sticks colored
accordingly to the atom type. The metal binding site in panels C and F have
been rotated by 90° degrees around the vertical axis with respect to the
representations in the other panels. See also Figures S4 and S5 for further
details.

binding region is in a similar orientation with respect to the Amide-
Cis1 model, but the Ni(ll) coordination geometry is strongly
distorted (rmsd_ig = 0.509 A) and the metal ion is less exposed
to the solvent. Finally, the Amide-Trans model (Figure 7F)
resulted in a metal binding region oriented in a similar
arrangement with respect to the Amino-Trans model. The plane
defined by the metal ligands is parallel to the dimer’s major axis
and the Ni(ll) ion is exposed to the solvent only on one side. The
coordination geometry is only slightly distorted with respect to the
ideal geometry (rmsd_ig = 0.121 A). As in the previous set of
amino models, in both Amide-Cis1 and Amide-Cis2 models the
side chains of Met1a and Met1g are buried inside the protein, while
in the case of Amide-Trans model the side chain of Met1 from
both monomers lies on the dimer surface. Considering the
distortion of the metal binding geometry achieved in both model
Amino-Cis2 (Figure 7B) and Amide-Cis2 (Figure 7E), these
models were not considered in the following refinement of the
structural parameters extracted from the EXAFS data.

EXAFS structural refinement

Theoretical EXAFS signals were thus simulated for structure-
optimized square planar NiN2S; clusters considering the Amino-
Cis1 (Figure 7A) Amino-Trans (Figure 7C), Amide-Cis1 (Figure
7D) Amide-Trans (Figure 7F) models. For simulations of the
EXAFS spectra, a shell of 4.5 A around the Ni absorber was
considered. This approach resulted in 20-atoms clusters that
included the backbone atoms of Met1 and Cys2, together with the
side chain of Cys2. None of the optimized models showed
asymmetric Ni-N distances for the two N donors, as instead
suggested by the first-shell EXAFS analysis. Consistently, the
corresponding simulated EXAFS spectra (Figure 6C), solid black
lines) did not reproduce the experimental oscillations, and further
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refinement was needed. Thus, each of the theoretical EXAFS
spectra was fitted to the experimental data in the reciprocal space
applying the rigid-body-refinement scheme, i.e. allowing first-shell
distances and DW factors to vary, while constraining outer shell
atoms to move rigidly following the variation in first-shell distances.
Any attempt to assign a single Ni-N distance to the two first-shell
Ni-N paths resulted in a significant overestimation of the Ni-N
Debye-Waller factors (02 > 0.02 A?); therefore, those fits were
rejected, and two distinct Ni-N distances were introduced. Upon
refinement, the theoretical signal generated from the Amide-
Trans model (Figure 7F) provided the best agreement with the
experimental data (fit number 3 in Table 1, red curve in Figure 6C),
whereas the other three models failed to reproduce the data
(either the fit did not converge, or it provided unphysical
parameters).

DISCUSSION

In proteins, the most common nickel-coordinating amino acid
is histidine while the distribution of cysteine is much less important.
B9 However, cysteine is known to be a special case among amino
acids because of its unique properties due to its nucleophilicity,
its high affinity for metals and its ability to form disulphide bridges.
With its tuneable chemical reactivity, this amino acid plays crucial
roles as Ni ligands in active sites of redox Ni enzymes, such as
CODH, ACS or [NiFe]-hydrogenases to lower the potential of the
reducing couple thanks to the high reactivity of its thiol group.
Instead, histidines are preferred to coordinate Ni(ll) ions in non-
redox proteins.['® 291 However, cysteine-rich coordinating motifs,
known to be excellent nickel binders, can be also found in some
nickel chaperones, such as HypB ['® or HspA from H. pylori. B''In
the latter case, histidines are also present, suggesting a mixed
His/Cys nickel-binding pattern. Interestingly, cysteine exhibits
extreme patterns of conservation, being either highly conserved
or completely degenerated. When cysteines are conserved, the
degree of conservation is typically above 90%, highlighting its
essential role. Another feature of cysteine is its tendency to
clustering with other cysteines, which has been highly favoured
during evolution.

The case of RrCooT and its homologues is somehow
intriguing: not only this nickel chaperone possesses neither
cysteine-rich region nor nearby histidines in the sequence, but
also the protein dimerization forms a solvent-exposed nickel-
binding site with two cysteine residues via a single cysteine motif.
In this way, the homo-dimerization allows the clustering of
cysteines from two different peptide chains. Moreover, the
exposure of isolated cysteines is associated with a considerable
increase in its reactivity, which is generally a drawback for
experimental analyses. % In RrCooT, the proximity of the two
Cys2 leads, upon oxygen exposure, to the rapid formation of a
disulphide bridge with the formation of a homogenous covalent
dimer, as shown by ESI-MS. While this phenomenon prevents
Ni(ll) binding, it protects the protein from intermolecular disulphide
bridges formation, multimerization and even precipitation.
Moreover, as shown by NMR, the phenomenon is fully reversible
by addition of TCEP, recovering the ability of RrCooT to bind Ni(ll).
Since RrCooT is involved in anaerobic metabolism, it is likely to
easily bind Ni(ll) ions present in its natural environment.

Focusing on the nature of the RrCooT ligands for Ni(ll), the
present study strongly indicates that this metal ion binds two S
and two N from the two proximal Cys2 side chains and backbones,
respectively. The arrangement of the dimer, as supported by a
combination of experimental and modelling studies, is such that
the two cysteine side chains are in trans position with respect to
the metal ion.
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Although amidate groups are unusual biological ligands, 2
Ni(ll) is able to induce deprotonation and metal ion coordination
of the peptide amide N atoms. 3 Among the Ni(Il)-N,S, moieties
found in proteins, the redox enzyme NiSOD harbours a Ni(ll) ions
coordinated by the two thiolates of Cys2 and Cys6, the terminal
amine and the amide group of Cys2 in its reduced state U'".
Several NiSOD model peptides and complexes have been
synthesized in which the N-donor ligands were varied from the
natural mixed amine/amidate environment to a bis-amidate one,
leading exclusively to catalytically inactive species. One reason
would be that bis-amidate complexes are considered to be more
reactive towards 0,24 However, the effect of bis-amidate vs
mixed amine/amidate environment on the oxygen stability of
NiSOD model peptides and NiN,S, complexes is controversial. 9
A bis-amidate coordination has also been observed in the Ala0-
NiSOD mutant 231, which possesses an Ala N-terminal extension,
resulting in a S — Ni LMCT red-shift transition from 380 nm for
the wild-type enzyme to 457 nm, this reddish color being similar
to the one observed with Ni-RrCooT. In the mutant form, the
terminal amine coordination observed in WT-NiSOD is replaced
by the amide group of His1, resulting in the abolition of the
enzyme activity and an increase in air sensitivity with the
appearance of disulphide and S-oxygenated species over two
weeks.

In biology, the only example of a Ni(ll) centre with a bis-
amidate/bis-thiolate environment has been identified in the active
site of acetyl-coenzyme A synthase. ¢! This enzyme possesses
a dinuclear Ni active site, with one distal nickel (Niq), coordinated
by an unusual Cys-Gly-Cys motif in a square planar geometry
involving the thiolates of both cysteines and the amido N atoms
of a cysteine and a glycine. The same cysteines also coordinate
the proximal nickel (Ni,), which is the catalytic centre of the
enzyme. Nig is postulated not to be involved in redox chemistry
and to remain in the Ni(ll) state. 7! Its role has been proposed
either as a supporting ligand to stabilize the proximal nickel in a
low-valent redox level 22 381 or for the generation of an open site
on the catalytic metal thanks to its hemilabile ring-opening
property. 3839 These hypotheses arise from the investigations on
Ni-N2S, complexes that have been shown to be i) good electron
donors and ii) able to bind as mono- or bidentate ligands, a
property fundamental to hemilability. 3%4% Among the library of
monomeric square planar Ni(ll)-N2S, complexes with either
amino- or amidato N donors, tetra-anionic amido-thiols favor the
reduction of Ni(ll) to Ni(l) at highly negative potentials while
biologically-relevant potentials would stabilize the Ni(ll)/Ni(lll)
couple. B8 All these examples show that the presence of N donors
as well as their nature tune the chemical properties of the metal
centre.

It is worth mentioning that CooT likely works in concert with its
partners, with the ultimate goal of transferring Ni(ll) to CODH.
Moreover, the existence of the two distinct metal-binding motifs,
namely “Cys2” and “Cys2-His55” raises the question of their
physiological role. While the “Cys2” motif in RrCooT allows Ni(ll)
binding with an affinity in the nanomolar range, ChCooT
possessing the predicted “Cys2His55” motif binds Ni(ll) in the
micromolar range, [ possibly hinting to distinct functions in vivo.
In R. rubrum, CooT has been experimentally shown to be involved
in CODH maturation. Therefore, despite a high affinity for Ni(ll),
the metal release is required and could occur via the interaction
with CooJ, CooC or/and CODH. The solvent exposure of the
nickel-binding site in RrCooT makes it possible to consider that
the cooperation with its partner(s) would induce a change in
coordination and affinity, facilitating Ni(ll) release. However, the
precise role of RrCooT has not be fully demonstrated and to date,
no information is available regarding the role of other CooT
homologues.
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To conclude, a single cysteine motif for Ni(ll) makes RrCooT a
unique example among Ni chaperones. The binding of a
mononuclear Ni(ll) ion with a N»S, environment via a bis-
thiolate/bis-amidate coordination is unprecedented and its role
remains to be clarified. It is not fully understood how the NS,
ligands contribute to the physiological role of RrCooT.

Experimental Section

The details of protein production and purification, CD, UV-vis and
NMR spectroscopies as well as ITC experiments are provided as
Supplementary Information.

Molecular Modelling: The Ni(ll) bound form of RrCooT was
generated using Modeller v9.18, !l and the structure of apo-
RrCooT (PDB id: 5N76) as template. [' A single Ni(ll) ion was
included in the model, in agreement with metal content analyses
and ITC experiments previous reported. ' The van der Waals
parameters for Ni(ll) were derived from the Zn(ll) parameters
included in the CHARMM22 force field, 2 implemented in the
Modeller v9.18 package, by applying a scale factor (1.12)
calculated on the basis of the ionic radius of the two divalent ions.
The best structure among the 100 generated models was
selected on the basis of the lowest value of the DOPE score
included in Modeller v9.18, 142 and the analysis performed with
PROCHECK. “3 A loop optimization routine was used to refine
the metal binding region. In all modelling calculations, constraints
were imposed using a Gaussian-shaped energy potential for
distances, angles, and dihedrals in order to correctly position the
Ni(ll) ions with respect to the tested list of ligated atoms (Table
S4). The best model was selected on the basis of the lowest value
of the DOPE score. The molecular graphics, together with
analysis of the Ni(ll) sites, were performed using the UCSF
Chimera package. 44

X-ray Absorption Spectroscopy: Ni K-edge X-ray absorption
spectroscopy (XAS) was performed at the beamline CRG-FAME-
BM30B of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France).*S Apo-RrCooT-WT was concentrated to 1.5
mM and incubated with 0.9 molar eq. of NiSO4 for 10 minutes
before addition of 10 % glycerol as cryoprotectant. Drops of the
solution (~50 pL) were deposited on the @5mm holes of the
sample holder equipped with kapton windows, immediately frozen
in liquid nitrogen, then transferred into the liquid He-cryostat and
measured at 15 K in order to limit radiation damages. Depending
on the Ni concentration, 5 to 10 spectra were acquired for the
same sample, then merged. The position of the beam (size:
205x120 ym?, FWHM) was changed for each acquisition in order
to limit the effects of X-ray irradiation. The Ni K-edge energy
region was scanned in the 8100-9300 eV range with a liquid
nitrogen-cooled Si(220) monochromator. The photon energy was
calibrated using a metallic Ni foil, by defining the first inflection
point of its absorption spectrum at 8333.0 eV. X-ray absorption
spectra were recorded in fluorescence mode with a 30-elements
Ge solid-state detector (Canberra).

XAS data reduction and normalization was performed with
standard methods using the Athena software. 16! Peak fitting in
the XANES region was performed with the Fityk program, using a
Levenberg-Marquardt minimization algorithm. ®71 A detailed
description of the data analysis protocol is reported in the Sl.
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Protein production and purification

RrCooT was produced and purified as previously described.['! Two additional constructs were
produced by exploiting the natural processing of the N-terminal methionine in E. coli. The two
constructs, namely RrCooT-Glyl and RrCooT-Cys1, were produced in Terrific Broth (TB) medium,
supplemented with the appropriate antibiotics, under stirring at 37 °C. The expression was induced
using 0.5 mM of IPTG once the culture reached an ODgoo of 0.5-0.6. The cultures were then left at
37 °C and 180 rpm for 4 hours before harvesting by centrifugation. The pellet was re-suspended in
50 mM Tris-HCI at pH 8.5, containing 1 mM EDTA and a protease inhibitor tablet “complete” by
Roche, and frozen at -80 °C. The production of the single (!’N) and double ('*C,'>N) labeled proteins
used for NMR spectroscopy was achieved using a medium containing 3 g L' Na,HPO4, g L!
KH2PO4, 0.5 g L' NaCl, 1 g L' SN ammonium sulfate, 2 g L' glucose (or '*C-glucose), 2 mg mL"!
thiamine, 0.1 mg mL"! CaCl, and 1 mg mL"!' MgSO4. The cultures were supplemented with the
required antibiotic and grown at 37 °C and 180 rpm until an ODsoo of 0.5-0.6 was obtained. RrcooT-
WT (wild-type) expression was induced by addition of 0.5 mM of IPTG and the cultures were left
overnight at 25 °C and 200 rpm before harvesting by centrifugation. All RrCooT samples were
purified as previously described.[!! The protein size and identity, as well as the presence/absence of

the N-terminal methionine, were determined by electrospray ionization mass spectrometry (ESI-MS).
LC/ESI Mass spectrometry

Liquid Chromatography Electrospray lonization Mass Spectrometry (LC/ESI-MS) was performed on
a 6210 LC/ESI-TOF mass spectrometer interfaced with an HPLC binary pump system (Agilent
Technologies). The mass spectrometer was calibrated with standard calibrants (ESI-L, Low
concentration tuning mix, Agilent Technologies) before measurements and mass spectra were
recorded in the 300-3200 m/z range in the positive ion mode. All solvents used were HPLC grade
(Chromasolv, Sigma-Aldrich), trifluoroacetic acid (TFA) was from Acros Organics (puriss., p.a.).
Solvent A was 0.03% TFA in water, solvent B was 95% acetonitrile-5% water-0.03% TFA. Just
before analysis the protein samples were diluted in acidic denaturing conditions to a final
concentration of 5 uM with solution A (0.03% TFA in water). Samples were thermostated at 10°C in
the autosampler and the analysis was run by injecting 4 pL of each sample. They were first trapped
and desalted on a reverse phase-C8 cartridge (Zorbax 300SB-C8, Spum, 0.3mm IDx5mm, Agilent
Technologies) for 3 minutes at a flow rate of 50 ul/min with 100% solvent A and then eluted with
70% solvent B at flow rate of 50 ul/min for MS detection. The RP-C8 cartridge was then re-

equilibrated for 4 min with 100% solvent A at a flow rate of 50 ul/min. MS spectra were acquired



and the data processed with MassHunter workstation software (v. B.02.00, Agilent Technologies)
and with GPMAW software (v. 7.00b2, Lighthouse Data, Denmark).

CD and UV-visible spectroscopy.

The CD spectra were recorded with a JASCO J-1500 circular dichroism spectrometer (JASCO
Analytical Instruments). The Ni(Il) binding ability of the different constructs was investigated under
anaerobic conditions. The proteins were thawed and diluted to reach the final concentration of 25 uM
dimer in 50 mM HEPES at pH 7.5. NiSO4, previously degassed in glovebox, was added. The spectra
of the proteins with the addition of 1 molar equivalent of NiSO4 were recorded from 250 to 700 nm
using 10 accumulations and a 10-mm cuvette. The UV-visible spectra were recorded on the same

samples, at 500 pM dimer for R#CooT and 630 uM dimer for R»CooT-Glyl.

Isothermal Titration Calorimetry

Ni(II) binding titrations of R¥CooT-Glyl and RrCooT-Cys1 were performed at 25 °C using a high-
sensitivity VP-ITC microcalorimeter (MicroCal, Northampton, MA, USA) according to the protocol
previously described for the wild type protein.[!) The raw data were processed using the NITPIC
software,[?! and the integrated data were fit with the Origin software package (MicroCal) using a
nonlinear least-squares minimization algorithm to theoretical titration curves with different binding
schemes. The values for the enthalpy change of the reaction (4H), the binding affinity constant (K4),
and the number of sites (n) were parameters of the fit. The reaction entropy was calculated using 4G
=-RTInK4 (R = 1.9872 cal mol"! K!, T = 298 K) and 4G = AH - TAS. The values given for AH and
AS are apparent values and include contributions not only from metal binding but also from associated
events such as protonation/deprotonation of the amino acid residues involved in binding and the

consequent change in the buffer ionization state.

NMR spectroscopy data collection and analysis for backbone assignment of apo-RrCooT

All NMR spectra were acquired at 25 °C using a Bruker AVANCE III spectrometer operating at the
"H nominal frequency of 950.20 MHz (22.3 T) and a Bruker DRX spectrometer, operating at the 'H
nominal frequency of 500.13 MHz (11.7 T). The spectrometers were equipped with 5 mm TCI 'H-
3C/1SN/D Z-GRD triple resonance cryoprobes with shielded pulsed field gradients along the z-axis.
A typical sample contained 0.7-1.1 mM of '*C and >N labeled apo-RrCooT dimer in 25 mM HEPES
buffer at pH 7.0, containing 5 mM NaCl and 1 mM TCEP, in 90% H>0 and 10% D;0. kDa), as shown



by light. The experiments used to obtain the sequential backbone resonance assignment of 'H, 13C,
and N nuclei for apo-RrCooT are reported in Table S1. In these pulse schemes, water suppression
is achieved using watergate with pulsed field gradients associated with a flip-back pulse. The spectra
were processed using NMRpipe. 3! Spectra recorded in non-uniform sampling (NUS) mode were
reconstructed using an implementation of a real channel approach to iterative soft thresholding (IST)
routines, using NMRPipe. ¥ Spectral analysis for resonance assignment of apo-RrCooT was
performed using CARA 1.9.1.1 (http://cara.nmr.ch). 5] The assignment for apo- RrCooT is reported
in Table S2.

Apo-RrCooT interaction with Ni(Il) followed by NMR: The binding of apo-RrCooT to Ni(Il) was
investigated at 25 °C by recording 'H,'SN HSQC spectra on samples obtained by adding a NiSO4
solution in buffer A to a 10 mg/mL sample of '"N-labeled apo-RrCooT in the same buffer at 0.00,
0.25, 0.50, 1.00, and 2.00 equivalents of metal ion per RrCooT dimer, at 950 MHz. The assignment
of the backbone nuclei 'H, '’N, C[] and C[| chemical shifts in holo-R#CooT (Table S3) was carried
using a combination of closest neighbor approach with the 950 MHz 'H,">N HSQC spectrum of apo-
RrCooT as reference, together with CBCANH/CBCA(CO)NH triple resonance experiments at 500
MHz.The information about the residue-specific changes within R#CooT, induced by Ni(II) binding,
was obtained by calculating a combined chemical shift perturbation (CSP) index, Adcomb, Which
comprises the information of the HN, N, Ca and CP nuclei each amino acid at position j in the protein

sequence using the formula given below:

Aé‘comb, j=

This method uses the normalized length of a vector £; (Euclidean distance), with its components Ej;
defined by the chemical shift differences Ad;; for the atoms 7 at a specific position j, with a weighting

factor w; that accounts for differences in sensitivity of different resonances in an amino acid:

_ il
[val

Wi
where yi and yu are the magnetogyric ratio of nucleus i and of the proton, respectively. For 'H, >N
and 13C the weighting factors are then 1.000, 0.102, 0.251. [¢]

X-ray Absorption Spectroscopy

A two-components model, entailing an arctangent curve for background subtraction and a Gaussian

curve, was used to reproduce the 1s — 3d transition in the range 8320-8336 eV of normalized XANES



spectra. Six free parameters (three for the arctangent function and three for the Gaussian curve) were
considered. The coefficient of determination R-squared, used to estimate the goodness-of-fit, was

higher than 99.90% for all fits.

Scattering amplitudes and phase shifts for ab initio EXAFS refinement were calculated using the code
FEFF9, " by making use of Self Consistent Field (SCF) calculations. Input clusters for the ab initio
calculations were built starting from optimized model structures that included atoms from the protein
backbone and amino-acid side chains found within 4.5 A from the Ni absorber. This resulted in input
clusters of 20 atoms around the Ni absorber, corresponding to the backbone of Metl and Cys2 as well
as the side chain of Cys2, for both monomers. The amplitude reduction factor So? was calculated by
the FEFF9 program from atomic overlap integrals, and the value of 0.94 was kept constant during the
fit. The fits to the experimental data were performed using the Artemis program, minimizing the R-
factor with Levenberg-Marquardt non-linear least-squares minimization algorithm.®! Firstly, only the
first shell peak of the Fourier transformed signal was fitted in the real space, in the range 1.0-2.2 A,
providing an estimation of first-shell distances and Debye-Waller factors. Secondly, the k"-weighted
data were fitted directly in k-space in the range 2.8 - 11 A", with multiple k-weights (n =1, 2, 3). The
rigid-body-refinement scheme was applied,! in which only first-shell distances were allowed to vary
while outer shell atoms were constrained to move rigidly following the variations in first-shell
distances. The floating parameters were the first-shell distances and the Debye-Waller (DW) factors,
a common DW factor for all second-shell atoms (Ca and CB of Cys2 and carbonyl-C of Metl, for

both monomers), and a common shift in the energy origin (AEy).



Figure S1. Clustal 2.1 Multiple sequence alignment of the 64 cooT homologues possessing the

“Cys2/His55” motif
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Figure S2. ESI-MS of RrCooT-Glyl and RrCooT-Cysl1

RrCooT-Glyl + 1 mM TCEP
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Figure S3

Structures of Ni-CooT complexes (Reference compounds)

Ni(ll)-N2S2 Ni(11)-S4




Figure S4. Ribbon diagrams and solved exposed surface (left and central panels) together with a detail of the
Ni(II) binding site (right panels) of the Ni(II)-bound RrCooT Amino-Cisl, Amino-Cis2 and Amino-Trans
model structures (panels A, B, and C, respectively; see Scheme 1 in the main text). The RrCooT monomers
are colored in blue and light blue, while the Ni(II) ion is reported as a green sphere and Met1 and Cys2 from
each monomer are depicted as sticks colored accordingly to the atom type. The ribbons in the central panels
have been rotated by 90° degrees around the vertical axis with respect to the representations in the left

panels. The orientation reported in the right panel of the Amino-Trans model has been rotated by 90° degrees

around the horizontal axis with respect to the representations in the left panel.




Figure S5. Ribbon diagrams and solved exposed surface (left and central panels) together with a detail of the
Ni(IT) binding site (right panels) of the Ni(II)-bound R*CooT Amide-Cisl, Amide-Cis2 and Amide-Trans
model structures (panels A, B, and C, respectively; see Scheme 1 in the main text). The R#CooT monomers
are colored in blue and light blue, while the Ni(I) ion is reported as a green sphere and Met1 and Cys2 from
each monomer are depicted as sticks colored accordingly to the atom type. The ribbons in the central panels
have been rotated by 90° degrees around the vertical axis with respect to the representations in the left
panels. The orientation reported in the right panel of the Amide-Trans model has been rotated by 90° degrees
around the horizontal axis with respect to the representations in the left panel.




Table S1. NMR experiments carried out on apo-RrCooT

Protein Isotope | NMR Field T | NUS | Bruker Pulse Acquired
Labeling experiment (MHz) (K) sequence points
Ve "H, "N HSQC 950 298 - | hsqcfpf3gpphwg 1280x128
BN, BC "H,"*C HSQC 950 298 | - | hsqcedetgpsisp 1280x256
PN, BC HNCACB 950 298 - nhcacbgpwg3d 1792x48x128
"N, C CBCA(CO)NH 950 298 | - | cbcaconhgpwg3d 1792x48x128
PN, BC HBHANH 950 298 - | hbhanhgpwg3d 1792x48x128
PN, BC HBHA(CO)NH 950 298 - hbhaconhgpwg3d 1792x48x128
PN, C HNCO 950 298 | 40% | hncogpwg3d 1792x64x128
PN, C HN(CA)CO 950 298 | 40% | hncacogpwg3d 1792x64x128
PN, PC HNCA 950 298 | 40% | hncagpwg3d 1792x64x128
PN, PC HN(CO)CA 950 298 | 40% | hncocagpwg3d 1792x64x128
PN, PC "H, "N HSQC 500 298 - | hsqcfpf3gpphwg 1280x128
BN, BC HNCACB 500 298 - | nhcacbgpwg3d 1024x72x108
PN, BC CBCA(CO)NH 500 298 - cbcaconhgp3d 1024x72x108




Table S2. Chemical shifts (ppm) of backbone nuclei of apo-RrCooT
Residue | H N C Ca Cp Ho2 | Ha3 | HB HPB2 | HB3
Metl
Cys2 170.11 | 55.55 | 25.56 | 4.45 281
Met3 826 | 121,53 | 172.15 | 5223 | 3131 | 448 1.91
Ala4 831 | 12335 | 17245 | 47.79 | 18.93 | 477 1.00
Lys5 8.14 | 117.54 | 172.53 | 51.30 | 32.87 | 5.11 1.55
Val6 9.02 | 122.88 | 171.66 | 56.99 | 30.90 | 5.16 1.65
Val7 8.67 | 12351 | 171.44 | 57.04 | 32.03 | 499 1.73
Leu8 870 | 12459 | 171.79 | 5145 | 41.26 | 4.58 136 | 1.19
Thr9 854 | 118.02 | 17171 | 5859 | 66.92 | 4.68 3.8
Lys10 | 8.68 | 125.24 | 175.54 | 52.74 | 30.98 | 4.24 185 | 1.75
Alall__| 892 | 124.84 | 175.63 | 51.98 | 1529 | 3.99 134
Aspl2_ | 7.73 | 11375 | 17423 | 5037 | 36.95 | 4.38 290 | 248
Glyl3 | 8.08 | 108.80 | 17223 | 41.90 4.25 | 345
Glyl4 | 8.44 | 109.86 | 169.36 | 42.47 3.90 [3.62
Argl5 | 839 | 12248 | 17331 | 5236 | 29.67 | 4.96 1.62
Valle | 8.82 | 126.12 | 170.85 | 58.69 | 31.76 | 4.11 1.66
Glul7 | 834 | 124.17 | 172.87 | 5127 | 29.78 | 5.27 1.73
Tle18 927 | 126.04 | 172.11 | 57.50 | 37.67 | 4.10 137
Glyl9 | 844 | 112.87 | 17022 | 40.92 448 | 3.67
Asp20 | 8.53 | 113.96 | 172.04 | 52.43 | 36.65 | 4.20 287 | 2.64
Va2l | 8.14 | 11673 | 17220 | 61.68 | 29.50 | 3.54 1.58
Leu22 | 8.63 | 124.00 | 173.00 | 5234 | 42.18 | 4.50 130
Glu23 | 7.66 | 11731 | 171.14 | 52.13 | 30.69 | 5.16 199 [ 1.84
Val24 | 861 | 12291 | 171.38 | 57.75 | 32.00 | 4.93 1.64
Arg25 | 921 | 125.13 | 17047 | 51.98 | 3141 | 5.08 1.70
Ala26 | 9.00 | 129.10 | 172.97 | 48.08 | 16.53 | 5.16 1.36
Glu27 | 854 | 12254 | 174.15 | 52.81 | 29.62 | 4.49 207 | 1.8
Gly28 | 9.19 | 113.98 | 172.65 | 44.21 | 44.36 | 3.77
Gly29 | 898 | 10855 | 170.77 | 42.52 400 | 373
Ala30 | 7.63 | 12121 | 173.14 | 47.87 | 19.52 | 4.94 1.13
Val3l | 771 | 117.86 | 17221 | 5827 | 30.75 | 4.84 171
Arg32 | 949 | 126.88 | 173.04 | 51.64 | 29.50 | 5.25 168 | 1.54
Val33 | 937 | 12631 | 171.64 | 5838 | 3231 | 4.71 2.14
Thr34 | 920 | 124.46 | 172.68 | 58.84 | 67.51 | 5.26 3.90
Thr35 | 9.02 | 117.93 | 172.62 | 57.10 | 69.56 | 5.17 4.64
Leu36 | 8.56 | 119.02 | 173.42 | 53.82 | 40.60 | 3.82 118
Phe37 | 7.69 | 11492 | 171.91 | 54.04 | 35.01 | 4.65
Asp38 | 7.95 | 115.84 | 17224 | 5241 | 36.57 | 4.27 2.83 | 2.66
Glu39 | 739 [ 117.78 | 17239 | 52.89 | 28.22 | 4.33 1.89 | 1.81
Glud0 | 838 | 122.60 | 172.82 | 52.08 | 29.42 | 5.10 171
His41 | 8.81 | 122.78 | 170.83 | 51.68 | 30.91 | 4.52 2.70
Alad42 | 854 | 126.04 | 17350 | 47.88 | 18.34 | 5.05 1.06
Phed3 | 9.13 [ 119.78 | 170.95 | 51.86 | 38.06 | 4.96 292 | 2.68
Prod4 17551 | 60.25 | 29.47 | 4.56 231 | 1.94
Gly45 | 881 | 110.12 | 170.76 | 43.50 4.04 | 3.78
Leud6 | 6.83 | 117.07 | 171.21 | 50.14 | 40.90 | 5.05 1.50 | 1.33
Alad7 [ 9.03 [ 120.09 | 17323 | 46.99 | 19.40 | 425 1.08
Tle48 872 | 119.73 | 171.93 | 59.63 | 34.46 | 3.80 1.63
Gly49 | 8.84 | 116.00 | 170.56 | 44.04 421 | 352
Args0 | 7.72 [ 119.07 | 171.02 | 52.86 | 30.94 | 4.98 1.80 | 1.66
Val51 | 937 | 12476 | 17039 | 58.58 | 30.82 | 4.20 1.91
Asp52 | 847 | 12624 | 173.78 | 49.83 | 39.00 | 4.99 3.07 | 230
Leu53 | 859 | 124.68 | 175.15 | 52.87 | 35.76 | 4.05 1.87
Arg54 | 853 | 11952 | 17529 | 56.05 | 26.82 | 4.15 2.00 | 1.86
Ser55 | 7.50 | 11028 | 172.97 | 55.03 | 61.49 | 4.34 3.67
Gly56 | 8.03 | 112.06 | 170.74 | 43.95 4.07 | 3.58
Val57 | 7.74 | 118.90 | 172.86 | 59.22 | 30.95 | 4.60 1.74
11e58 931 | 130.95 | 171.59 | 56.98 | 36.87 | 4.85 1.80
Ser59 | 926 | 122.43 | 171.85 | 54.17 | 61.24 | 5.17 3.66
Leu60 | 859 | 123.89 | 173.02 | 50.14 | 39.45 | 5.04 1.64 | 1.8
Tle61 8.69 | 116.63 | 171.35 | 56.14 | 39.60 | 4.63 1.79
Glu62 | 8.61 | 122.14 | 174.03 | 54.16 | 27.34 | 4.22 1.96
Glu63 | 824 | 123.41 | 173.60 | 5438 | 27.24 | 3.97 1.70
GIn64 | 853 | 121.17 | 172.84 | 52.92 | 26.49 | 4.19 197 | 1.83
Asn65 | 845 | 120.11 | 17130 | 50.40 | 35.80 | 4.60 274 | 259
Arg66 | 7.82 | 126.16 | 178.07 | 54.58 | 28.48 | 4.04 172 | 1.60




Table S3. Chemical shifts (ppm) of backbone nuclei of holo-RrCooT

Residue | H N Co CB
Metl
Cys2 61.99 | 35.59

Met3 8.00 | 119.46 | 52.36 | 31.12
Ala4 7.99 | 117.16 | 47.98 | 19.24

Lys5 8.18 | 117.67 | 51.52 | 33.24
Val6 8.82 | 122.36 | 56.99 | 30.94
Val7 8.61 | 123.45 | 57.03 | 32.12
Leu8 8.64 | 124.18 | 51.60 | 41.37
Thr9 8.50 | 117.78 | 58.65 | 67.03

Lys10 8.64 | 125.06 | 52.80 | 31.04
Alall 8.86 | 124.79 | 52.25 | 15.17
Aspl2 7.71 | 113.78 | 50.43 | 37.08
Glyl3 8.05 | 108.81 | 42.00
Gly14 8.40 | 109.82 | 42.51
Argls 8.35 | 122.53 | 52.48 | 29.65
Vall6 8.78 | 126.26 | 58.78 | 31.90
Glul7 8.31 | 124.43 | 51.37 | 29.94
Ile18 9.21 | 126.15 | 57.49 | 37.61
Gly19 8.34 | 112.76 | 41.08
Asp20 8.57 | 114.30 | 52.58 | 36.97
Val21 7.85 | 116.70 | 61.80 | 29.58
Leu22 8.68 | 124.54 | 51.61 | 41.51
Glu23 7.66 | 117.44 | 52.33 | 31.03
Val24 8.56 | 123.11 | 57.87 | 31.58
Arg25 9.22 | 125.17 | 51.92 | 31.60
Ala26 8.95 | 128.80 | 48.24 | 16.54
Glu27 8.50 | 122.47 | 52.84 | 29.71
Gly28 9.16 | 113.90 | 44.35 | 44.36
Gly29 8.98 | 108.55 | 42.65
Ala30 7.59 | 121.22 | 4791 | 19.53
Val31 7.63 | 118.06 | 58.37 | 30.68
Arg32 9.49 | 126.89 | 51.71 | 29.59
Val33 9.37 | 126.38 | 58.36 | 32.35
Thr34 9.11 | 123.88 | 58.75 | 67.55
Thr35 8.96 | 117.51 | 57.16 | 69.72
Leu36 8.59 | 11891 | 54.13 | 41.00
Phe37 7.60 | 115.14 | 53.92 | 35.18
Asp38 7.92 | 115.61 | 52.48 | 36.39
Glu39 7.24 | 117.25 | 52.89 | 28.44
Glu40 8.27 | 122.33 | 52.26 | 29.60
His41 8.86 | 124.07 | 51.65 | 31.44
Ala42 8.46 | 125.51 | 47.92 | 18.47
Phed3 9.10 | 119.71 | 51.89 | 38.17
Pro44 60.25 | 29.47
Gly45 8.79 | 110.27 | 43.50
Leu46 6.82 | 117.23 | 50.28 | 40.93
Ala47 8.99 | 120.10 | 47.01 | 19.48
1le48 8.68 | 119.76 | 59.71 | 34.51
Gly49 8.88 | 116.07 | 44.19
Arg50 7.73 | 119.24 | 52.87 | 31.17
Val51 9.30 | 124.58 | 58.71 | 31.17
Asp52 8.33 | 126.57 | 49.83 | 39.15
Leu53 8.55 | 124.34 | 52.71 | 35.89
Arg54 8.44 | 119.09 | 55.81 | 26.64
Ser55 747 | 11036 | 5534 | 61.57
Gly56 7.95 | 112.17 | 43.99
Val57 7.81 | 119.17 | 59.35 | 31.92
Ile58 9.17 | 131.02 | 56.97 | 36.96
Ser59 9.24 | 122.19 | 5431 | 61.22
Leu60 8.62 | 123.86 | 50.16 | 39.45
Ile61 8.67 | 116.57 | 56.24 | 39.56
Glu62 8.58 | 122.17 | 54.25 | 27.36
Glu63 8.20 | 123.40 | 54.38 | 27.44
Gln64 8.50 | 121.09 | 53.01 | 26.73
Asn65 8.42 | 120.07 | 50.45 | 3593
Arg66 7.77 | 126.18 | 54.65 | 28.59




Table S4. Best-fit parameters of the Gaussian curved used to model the 1s — 3d transition peak

of the Ni K-edge X-ray absorption spectra. The errors relative to the last digit are reported in
parentheses. HWHM: Half Width at Half Maximum.

Center (eV) | High (a.u.) | HWHM (eV) | Area (102 eV)
Ni(IT)N2S2 | 8332.64 (2) | 0.018 (1) 0.66 (3) 2.6
Ni(IDS4 | 8332.78(5) | 0.015(1) 0.75 (8) 2.3
Ni-CooT | 8332.92 (7) | 0.009 (1) 0.70 (8) 1.3




Table SS. Distances, angle and dihedral constraints used to guide the modeling of R#CooT Ni(II)
binding site in the case of the amine models (Amine-Cisl, Amine-Cis2 and Amine-Trans). The
constraints are listed in the form “mean + 16”.

Model Constrained atoms Distance (A)
All amine Ni(ll) - Met1a(N) / Ni(ll) - Met1s(N) 2.00 £0.10
Ni(ll) - Cys2a(Sy) / Ni(ll) - Cys2s(Sy) 2.15+0.05
Angle (degrees)
All amine Ni(ll) - Met1a(N) - Met1a(Car) / Ni(ll) - Met1s(N) - Metls(Car) 109 +5
Ni(ll) - Cys2a(Sy) - Cys2a(CP) / Ni(ll) - Cys2s(Sy) - Cys2s(CP) 109 £5
Amine-Cis1 Met1a(N) - Ni(ll) - Met1s(N) 90+5
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) 90+5
Met1a(N) - Ni(ll) - Cys2a(Sy) 90+5
Met1s(N) - Ni(ll) - Cys2s(Sy) 90+5
Met1a(N) - Ni(ll) - Cys2s(Sy) 180+5
Met1s(N) - Ni(ll) - Cys2a(Sy) 180+5
Amine-Cis2 Met1a(N) - Ni(ll) - Met1g(N) 90+5
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) 90+5
Met1a(N) - Ni(ll) - Cys2a(Sy) 180 +5
Met1s(N) - Ni(ll) - Cys2s(Sy) 180+5
Met1a(N) - Ni(ll) - Cys2s(Sy) 90+5
Met1s(N) - Ni(ll) - Cys2a(Sy) 90+5
Amine-Trans  Met1a(N) - Ni(ll) - Met1s(N) 180+5
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) 180 +5
Met1a(N) - Ni(ll) - Cys2a(Sy) 90+5
Met1s(N) - Ni(ll) - Cys2s(Sy) 90+5
Met1a(N) - Ni(ll) - Cys2s(Sy) 90+5
Met1s(N) - Ni(ll) - Cys2a(Sy) 90+5
Dihedral (degrees)
Amine-Cis1  Met1a(N) - Ni(ll) - Cys2a(Sy) - Cys2s(Sy) 180 + 10
Met1g(N) - Ni(ll) - Met1a(N) - Cys2a(Sy) 180 + 10
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) - Met1s(N) 180+ 10
Cys2s(Sy) - Ni(ll) - Met1s(N) - Met1a(N) 180 + 10
Amine-Cis2 Met1a(N) - Ni(ll) - Met1s(N) - Cys2a(Sy) 180+ 10
Met1s(N) - Ni(ll) - Cys2a(Sy) - Cys2s(Sy) 180 + 10
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) - Met1a(N) 180 + 10
Cys2s(Sy) - Ni(Il) - Met1a(N) - Met1s(N) 180+ 10
Amine-Trans ~ Met1a(N) - Ni(ll) - Cys2s(Sy) - Met1g(N) 180+ 10
Met1g(N) - Ni(ll) - Cys2a(Sy) - Met1a(N) 180 + 10
Cys2a(Sy) - Ni(ll) - Met1a(N) - Cys2s(Sy) 180 + 10

Cys2s(Sy) - Ni(ll) - Met1(N) - Cys2a(Sy) 180 + 10




Table S6. Distances, angle and dihedral constraints used to guide the modeling of R#CooT Ni(II)
binding site in the case of the amide models (Amide-Cisl, Amide-Cis2 and Amide-Trans). The

constraints are listed in the form “mean + 1 standard deviation”.

Model Constrained atoms Distance (A)
All amide Ni(ll) - Cys2a(N) / Ni(ll) - Cys2g(N) 2.00+£0.10
Ni(I1) - Cys2a(Sy) / Ni(ll) - Cys2s(Sy) 2.15+0.05
Angle (degrees)
All amide Ni(ll) - Cys2a(N) - Cys2a(Ca) / Ni(ll) - Cys2s(N) - Cys2g(Car) 120+5
Ni(1l) - Cys2a(N) - Met1a(C) / Ni(ll) - Cys2s(N) - Met1s(C) 120 +5
Ni(ll) - Cys2a(Sy) - Cys2a(CPB) / Ni(ll) - Cys2s(Sy) - Cys2s(CPB) 109+5
Amide-Cis1  Cys2a(N) - Ni(ll) - Cys2s(N) 905
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) 90+5
Cys2a(N) - Ni(ll) - Cys2a(Sy) 90+5
Cys2s(N) - Ni(ll) - Cys2s(Sy) 90+5
Cys2a(N) - Ni(ll) - Cys2s(S) 18045
Cys2s(N) - Ni(ll) - Cys2a(Sy) 180+5
Amide-Cis2 Cys2a(N) - Ni(ll) - Cys2s(N) 90+5
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) 90+5
Cys2a(N) - Ni(l1) - Cys2a(Sy) 180+ 5
Cys2s(N) - Ni(1l) - Cys2s(Sy) 180+ 5
Cys2a(N) - Ni(ll) - Cys2s(S) 90+5
Cys2s(N) - Ni(ll) - Cys2a(Sy) 90t5
Amide-Trans  Cys2a(N) - Ni(Il) - Cys2g(N) 180+5
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) 180+5
Cys2a(N) - Ni(ll) - Cys2a(Sy) 905
Cys2s(N) - Ni(ll) - Cys2s(Sy) 905
Cys2a(N) - Ni(ll) - Cys2s(Sy) 90+5
Cys2s(N) - Ni(ll) - Cys2a(Sy) 90+5
Dihedral (degrees)
All amide Ni(11) - Cys2a(N) - Met1a(C) - Met1a(O) 180 £ 10
Ni(ll) - Cys2s(N) - Met15(C) - Met15(O) 180 + 10
Amide-Cis1 Cys2a(N) - Ni(l1) - Cys2a(Sy) - Cys2s(Sy) 180 £ 10
Cys2g(N) - Ni(l1) - Cys2a(N) - Cys2a(Sy) 180 £ 10
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) - Cys2s(N) 180+ 10
Cys2s(Sy) - Ni(ll) - Cys2s(N) - Cys2a(N) 180 + 10
Amide-Cis2 Cys2a(N) - Ni(Il) - Cys2g(N) - Cys2a(Sy) 180+ 10
Cys2s(N) - Ni(l1) - Cys2a(Sy) - Cys2s(Sy) 180 £ 10
Cys2a(Sy) - Ni(ll) - Cys2s(Sy) - Cys2a(N) 180 £ 10
Cys2s(Sy) - Ni(ll) - Cys2a(N) - Cys2s(N) 180 + 10
Amide-Trans  Cys2a(N) - Ni(ll) - Cys2g(Sy) - Cys2s(N) 180 + 10
Cys2s(N) - Ni(ll) - Cys2a(Sy) - Cys2a(N) 180 + 10
Cys2a(Sy) - Ni(ll) - Cys2a(N) - Cys2s(Sy) 180 + 10

Cys2s(Sy) - Ni(ll) - Cys2s(N) - Cys2a(Sy) 180 + 10
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2.1.2 Unpublished data

2.1.2 Circular Dichroism characterization of CooT WT, CooT-Cys1 and CooT-Gly1l

In the paper, the behavior of CooT-WT is reported and compared to the two different
constructs. The proteins were previously reduced via the addition of 1 mM of TCEP (tris(2-
carboxyethyl)phosphine) to impede the formation of intra- and inter-molecular S-S bridges
and then dialyzed in glovebox overnight to promote its removal prior to the CD data
collections.

Experiments under aerobic conditions in the presence of TCEP were performed in parallel.
The comparison between anaerobic and aerobic conditions brought to light an interesting
feature: the experimental conditions affect the spectral signatures. In fact, the holo samples
(1 eq. of nickel per dimer) present a different CD signal depending on their aerobically
(RrCooT- 0,-TCEP) vs anaerobically (RrCooT-ana) preparation mode (Figure 3).

The main differences between the two experimental conditions are registered in the regions
300-400 nm and 450-500 nm, usually corresponding to a N-Ni LMCT and d-d transitions *°¢,
respectively. In addition, the bands around 320-380 nm, characteristic of a S Ni** charge

transfer transition, differ distinctly between the two collected CD spectra (Figure 3).

A Aerobic (TCEP) B Anaerobic
CD near UV-Vis 250-700 nm CD near UV-Vis 250-700 nm
5§ CooT W MCM:- . CooT WT MCM-
E i P iy e S PR ] CooT Conl CM-
c § * £,
T E 7] — CooT Conl CM- £
e 2 o 2
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© 5
© *
p= - : . : ‘ . . ; : ;
300 400 500 600 700 300 400 500 800 T00
Wavelenght (nm) Wavelenght (nm)
(Protein [ 25 uM [ in Hepes 50 mM pH7 « 1 mM TCEP) (Protein [ 25 uM ] in Hepes 50 mM pH7 )

Figure 3. CD spectra of the proteins (wild type (black), construct 1(red) and construct 2(blue)) in the presence of
one equivalent of nickel per dimer. A) Spectra recorded in aerobic conditions is the presence of TCEP in the

buffered solutions. B) Spectra recorded in anaerobic environments.
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Figure 4. Signal evolution in time upon TCEP addition to the previously anaerobically titrated RrCooT-gly1l. It is
possible to see that the signal modification appears shortly after the TCEP addition. At time 0 the sample presents
the previously observed signals (red curve), which then evolves in a time-dependent manner to give the

previously observed RrCooT-O2-TCEP behavior (green curve) (Figure 3).

To explain the reason why this happens, the aerobic experimental conditions was mimicked
adding 1 equivalent of TCEP to the samples previously prepared in glovebox (RrCooT-ana). The
result is a time dependent signal shape modification shortly after the TCEP addition, which
results in a CD spectrum identical to the one of RrCooT-0,-TCEP after 10 minutes of incubation
(Figure 4). This is a proof that the TCEP is interacting with the holo-protein, allegedly changing
the metal-protein geometry and provoking the difference in signals observed for the two
samples.

The difference between the presence/absence of TCEP is also evinced by the UV-Vis
absorption spectra, with the presence of bands at 427 nm and 534 nm for RrCooT-0,-TCEP
and 345 nm, 427 nm, 475 nm and 530 nm for RrCooT-ana (Figure 5).

This is not the first time that evidence of a nickel-TCEP interaction is observed. In fact it has
been, proven that TCEP can interact with thiol-bound metal ions. In specific, Ni(ll) presents a
particular ability to form such a complex, like in the Ni(ll)-glutathione system.>’

Another interesting feature is the reversibility of the TCEP addition. In fact, TCEP removal by

dialysis restores the original signal observed for the anaerobic samples.
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Figure 5. A) RrCooT-O2-TCEP sample in a 50 mM HEPES pH 7.5 and 1 mM TCEP buffer. The protein concentration
is 0.63 mM dimer, metallated with one equivalent of Ni?*. B) RrCooT-ana in a 50 mM HEPES pH 7.5 buffer. The

protein concentration is 0.63 mM dimer, metallated with one equivalent of Ni?*.

The behavior of the protein with TCEP is intriguing. Considering that the Ni-binding site is
solvent exposed, the possibility of CooT to interact with external molecules or partners is not
farfetched and the TCEP behavior could uncover the presence of this exchangeable low-
affinity position. What if TCEP is playing the role of a possible CooT partner in solution?

TCEP is used as a reducing agent due to free electron pair of the phosphorus, which can break
the S-S bonds forming S-P bonds that are then replaced by a water oxygen to make the
phosphorus-oxygen bond in anirreversible reaction. Thus, in the case of absence of S-S bridges
(remember that the nickel bound to the protein will prevent disulfide bridge formation), can
the free electrons of TCEP play a role of an electron donor mimicking the interaction that CooT
could have with a physiological partner?

In order to investigate this theory, | tried to reproduce the effect of TCEP using other reducing
agents (ammonium acetate, NaH,PO4, NaBr) and | also checked how the protein would behave
in presence of CO. The signal of the anaerobic protein is unaffected for all the tested

chemicals.

The interaction of CooT with a possible additional ligand was also calculated via DFT (Figure
6). The metal binding site of the holo-protein model with the Ni%* in the trans configuration
was used as an input for the quantum mechanical calculations after the addition of the

hydrogen atoms and a portion of TCEP (acetate or Me3P or Me3P=0) or of a water molecule
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or a hydroxide ion. The quantum mechanical calculations were done in the gas phase without
including any solvent molecule around the system. From this simulation, the direct binding of

an additional ligand on the metal axial position is not allowed.

Another other hypothesis is that TCEP could cause a distortion in the Ni geometry, but without
direct binding to the metal center. With this in mind, the Ni-N and Ni-S distances in the models
were checked considering the presence of either a water molecule or different TCEP portions
to see if they would cause some sort of asymmetry in the Ni(ll) coordination. Large variations
in the Ni(ll)-N distances were not obvious inside the same model, however a variation in the
Ni(ll)-SY distances was observed in the case of the model including a molecule of (Me)3P=0

(Table 1).

It is important to keep in mind that this analysis cannot provide a complete answer because
the models are calculated in the gas phase with only one molecule added to the metal binding
site and additional water molecules should be added in the model in order to have a reliable
picture of the protein's metal binding site in solution. In addition, also the whole protein

environment should be considered.

A

Hydroxyde

‘i“’,—g:, 180
\

C

E O=P(CH,),

Acetate
159
156 @

Figure 6 .Optimized geometries of RrCooT Ni-binding site model structures with the inclusion of a water molecule
(A), a hydroxide ion (B), an acetate ion (C), a P(CH3)3 molecule (D), and a O=P(CH3)3 molecule (E). Atoms are

colored accordingly to the atom type, O red, N blue, S yellow, P orange.
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Model Ni(1)- Ni(ll)-  |Ad](N) Ni(l1)- Ni(l)- |Ad|(Sy) RMSD

Cys2(N) Cys2’(N) Cys2(Sy) Cys2’(Sy)
H20 1.90 1.93 0.03 2.27 2.23 0.04 0.088
OH" 1.92 1.93 0.01 2.27 2.24 0.03 0.095
CH3-COO° 1.93 1.92 0.01 2.25 2.26 0.01 0.188
(CHs)sP 1.93 1.94 0.01 2.24 2.26 0.02 0.172
(CH3);P=0 1.95 1.93 0.02 2.33 2.22 0.11 0.241

Table 1. Calculated distances for RrCooT Ni-binding site model structures with the inclusion of a water molecule,

a hydroxide ion, an acetate ion, a P(CH3)3 molecule, and a O=P(CH3)3 molecule .

The hypothesis of a “geometrical distortion” is also suggested from the experimental EXAFS
data of the protein in presence of TCEP. The comparison between the preparations with and
without TCEP show differences in the XANES's relative intensity spectral features at ~8338 eV
and post-edge at ~8350 eV, suggesting a modification of the coordination sphere of Ni. (Figure
7 A) However, the pre-peak analysis of the 1s—=>3d transition, which provides information
about the coordination geometry of the Ni site, results in areas indicative of square planar

158 as the one reported in the paper. (Figure 7 A, Table 2)

coordination for both preparations
The extracted EXAFS spectra do not show any significant difference in terms of oscillation
frequency and amplitude (Figure 7 B), suggesting that the nature of Ni donors is the same in
the two protein preparations. The comparison between the Ni k-edges XANES spectra and the

extracted EXAFS for the two conditions is reported in Figure 7.
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Figure 7. A) Ni K-edge XANES spectra of square-planar Ni(ll) reference compounds (blue) with NS, (solid line)
and S, (dashed line) coordination, RrCooT-O2-TCEP solid black line and RrCooT-ana dashed black line. Inset:
magnification of the 1s = 3d transition energy region and fit (red) of the experimental data (black). The two
components of the fitting curve are represented as red dashed lines. B) Ni K-edge EXAFS spectrum of the RrCooT-

O2-TCEP (solid line) or RrCooT-ana (dashed line).
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Center (eV) High (a.u.) HWHM (eV) Area (102eV)

Ni(I)N2S: 8332.64 (2) 0.018 (1) 0.66 (3) 2.6
Ni(11)Sa 8332.78 (5) 0.015 (1) 0.75 (8) 2.3
Ni-CooT TCEP 8332.74 (10) 0.009 (1) 0.70 (8) 1.4
Ni-CooT anaer.  8332.42 (5) 0.013 (1) 0.70 (8) 1.9

Table 2. Best-fitting parameters of the Gaussian curves used to model the 1s = 3d transition peak of Ni K-edge
X-ray absorption spectra. The errors relative to the last digit are reported in parenthesis. The peak areas fall in
the range described by Colpas et al. for a collection of four-coordinate, square planar Ni compounds (area <
2.9-10% eV).%*® This analysis, together with the observed resolved 1s=>4p, transition, allows us to state that the

Ni binding geometry is square planar in Ni-CooT complexes, regardless of the preparation.

Whatever is the cause of the differences observed in presence or absence of TCEP in the
protein spectra, it still needs to be clarified. From the previous analysis a “solvent induced
distortion” in the Ni coordination sphere is supposed, but without direct binding to the metal.
Notably, another possibility not considered from the computational models the EXAFS
calculations is a possible modification of the nature of the nitrogen ligands from a bisamidate
nature to a mix amine/amidate or amide/amidate or even an influence on the protonation
state of the thiolate groups.

As you may remember from the introduction, the active site of NiSOD is one of the best-known
examples of Ni?* coordination in a bis-thiolate and mixed amine/amidate configuration, in its
reduced state (see section 1.1.5). In order to decipher its peculiar reaction mechanism and
evaluate the role of the N-donors, several NiSOD model peptides have been synthetized and
studied to mimic the His1Cys2xxxCys6 Ni-binding motif. From these analyses it was concluded
that the nucleophilicity nature of the S-donor atoms is strictly related to the coordinating
nature of the N-donors.3? Indeed, the redox-potential of the site increases going from the
bisamine to the mix amine/amide ending with the bis amidate couple.3? In our case, CooT does
not have any redox role but we can use these studies for our assumptions. We could imagine
that the presence of an electron rich reductant species could perturb the S-donor
nucleophilicity inducing them to switch from a bis-amidate coordination towards a more
stable amidate/amide or amidate/amine coordination. This hypothesis is consistent with a the
studies performed by Yuen et al. on the CXC coordination motif, which is supposed to

coordinate the nickel in a square planar geometry via the cysteines thiolates and the amide.2¢
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In fact, when the peptide CGC-NH; (presence of terminal amine) and the protected N-terminus
version Ac-CGC-NH; were characterized via CD and UV-Vis spectroscopy they registered a
similar behavior to our CooT samples (Table 3).26 From the analysis of the transitions of the
NiH-,L species of Ac-CGC-NH; a di-amidato di-thiolato {25,2N’} coordination mode is
proposed (Table 3). When the analysis concerned the NiH-,L species of CGC-NH,, similar
transitions with the protected counterpart were registered but with some distinctions that
induced the writers to propose either a {NHz, 2N°, S’} or a {2S, 2N} binding mode. It is
interesting to find the same behavior in Ni-CooT-ana and Ni-CooT+TCEP cases, allowing the
hypothesis of a switch between bisamidate Ni-CooT-ana coordination towards an amine-
amidate Ni-CooT-TCEP-O,.

Otherwise, could it play a role in the protonation state of the thiolate, influencing the Ni-S
distance as supposed from the EXAFS and computational models? The thiolate protonation is
suggested to be involved in an “oxygen protective role” of the thiolate S atom in the NiSOD
model.3?

Why the presence of the electron rich TCEP should induce this conformational change is
unclear. If this effect can be correlated to a physiological role for the ligand distortion still
needs to be investigated. Could the TCEP mimic the presence of the electron rich CO in the
bacterium? This could maybe suggest a CO-induced nickel release due to a change in the

metal binding coordination that could maybe promote the metal insertion in the CODH active

site.
Ac-CGC-NH,%® CGC-NH,®® CooT-ana CooT-TCEP
UV-Vis CD UV-Vis CD UV-Vis CD UV-Vis CD
536 (-) 548 (+)
547 (-) 530
432 (+) 475 (-) 521 (-)
550 444 (+) 475
333(sh) (+) 416(sh) () 412 ()
431 322 (+) 417 427 427
300 (+) 359 (+) 316 (+)
333 307 (+) 345
267 (-) 308 (+) 280 (-)
266 (-)
238 (+) 280 (+)

Table 3. Comparison of a published CXC peptide vs RrCooT Ni-binding site with and without TCEP.
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2.1.3 pH dependence
With the same spirit, the pH dependent metal binding was studied for both RrCooT-0,-TCEP

and RrCooT-ana.
2.1.3.1 Experimental procedure

For the study at different pH, 50 mM HEPES buffer was prepared in a pH range between 5.4-
10.8 using a 0.2 pH interval (total of 21 points). For the anaerobic experiment, each buffer was
degassed in glovebox overnight and the proteins were incubated with 1 equivalent of nickel
under anaerobic conditions to a final concentration of 14 uM of dimer. The CD spectra were
recorded using a J-1500 circular dichroism spectrometer from JASCO Analytical Instruments
from 190 to 250 nm using a 1 mm cuvette, with six accumulations to increase the signal-to-

noise ratio. The spectra were analyzed using the JASCO spectra manager software (version 2).
2.1.3.2 Results and discussions

Interestingly, for pH lower than 5.9, the protein does not bind nickel and the signal intensity
increased according to the pH values. However, the signal shape presents always the same
main peaks regardless of the chosen conditions, indicating that the binding geometry is not
affected (Figure 8A). As it is possible to see from the data plot (pH values vs CD signal of the
specific peak absorption), the protein does not bind nickel up to pH 6 (Figure 8B). The signal
then increases constantly up to pH 7, from where it remains constant up to 8.2, at which point
it is possible to observe a drop, followed by an additional increase (Figure 8B).

It is interesting to notice that the nickel is stably coordinated throughout the whole 6-10.8 pH
range, while only the peak intensity varies. The first jump in absorption could correspond to
thiol deprotonation. It is worth mentioning that the pka value of exposed cysteines is
supposed to be around the physiological pH (~7,5), lower compared to the expected value for
a buried one (~9).1>%1€ This means that exposed cysteines could be easily affected even by
marginal increases in pH, changing their protonation state and increasing thiolate reactivity,

making it a reactive solvent-accessible group.

Further interpretations about the behavior of the protein at higher pH were not possible due

to the protein denaturation and the difficulty to correctly interpret the pH variations.
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Figure 8. A) CD signals obtained at different pH for RrCooT-ana. B) Plotted pH dependency versus the absorption

values of the peaks registered via CD spectroscopy. C) Example of a recorded CD spectrum showing the peaks

used for the plot of the graph B.
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2.1.4 Crystallization assays for holo-RrCooT

In order to answer to the question “what are the ligands involved in the nickel coordination”
the most straightforward answer would be to crystallize the holo-form of the protein.
However, this statement has proven to be really challenging to achieve and, up to date, we
are still not able to crystallize the protein with its physiological nickel bound. Different
attempts, performed prior to my arrival, were done crystallizing the protein in the glovebox.
Yet, the crystals presented a not explicable nickel coordination, involving the non-
physiological formation of a tetramer. For this reason, these collections have been considered

as artifacts.

Starting from the crystallisation conditions (50 mM sodium acetate at pH 4.6, 100 mM CacCl,
and 16% (v/v) 2-propanol) of the apo-protein different trials were performed, both in a
glovebox and under aerobic conditions, to crystallize the holo-protein without any success.
Considering that the wild type protein is always present in a mixture of +/- Met1, a possibility
for the lack of success was that the inhomogeneity of the sample could cause a preference for
the apo-protein crystallization. This mixture of species does not occur during the production
of the RrCooT-glyl and, considering that we demonstrated (see paper) that this construct
presents the same nickel binding coordination motif as the one of the wild type, we decided

to move forward using this protein for the crystallization of the holo-form.

The holo- RrCooT-glyl protein was sent to the HTXLab crystallization platform (EMBL
Grenoble) to search for other possible crystallization conditions. The result was a clear trend
of the protein to crystallize at low pH (around 4-5). The best promising conditions were
reproduced manually in the laboratory but in all cases the protein kept on crystallizing in the
apo form, as expected from the behavior of the protein at low pH (not binding at pH<6).
Confident to have identified the problem, | focused my efforts on the crystallization conditions
with a pH higher than 6.5. At these pH values the protein crystallizes in a needle cluster form,
which had to be optimized via micro seeding and additive screens before data collection.
However, once again, the crystals were all in the apo form. (The same procedure was also

reproduced in glovebox, with the same discouraging result).

In parallel, | tried to insert the nickel into the apo-crystals by the soaking method.
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In order to understand if the pH could play a role in the insertion of the metal, the crystals
were soaked in different buffer solutions using multiple nickel concentrations and different
soaking times (100 mM NiSO4 for 10 sec, 30 sec, 1 minute; 10 mM NiSQO4 for 30 sec, 1 minute,

3 minutes; 5 mM NiSQO4 for 10 minutes). Once again, this did not give any positive results.

At this point we thought that the nickel insertion could be hindered by the formation of the S-
S bridges on the apo crystals, despite the presence of TCEP in the protein stock. For this
reason, the apo-crystals were first reduced using TCEP and then soaked on the nickel-
containing buffer. This time something happened, the crystals looked like they changed in
color (from transparent to a slightly yellow color, consistent with the registered spectra for
the TCEP-Ni bound protein) but they completely lost the diffraction ability. At the same time,
we started noticing the uncommon behavior of TCEP with our protein (see previous session),

for this reason we decided to abandon this method.

Another approach that | tried was to purify the RrCooT-glyl protein in a holo-form directly
from the over production in E. coli. For the production of this so called “nickel-in vivo” protein,
the same expression protocol reported in the paper was used, except that the TB media was
supplemented with 0.25 mM of NiSOa. In addition, during the purification 1 mM of NiSO4 was
added in all the purification buffers. The resulting protein is a red color protein, in agreement

with what was observed from the UV-vis characterization described in the paper (Figure 9).
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Figure 9. A) UV-Vis absorption spectra for the “nickel in vivo” protein. It does present the same main absorption
bands as the apo-titrated protein in anaerobic condition (see Figure 5B). B) The mass spectrum confirms that the

protein is in a mixture between the species (Met1-Gly2-Cys3) and (Gly1-Cys2).
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This new purified protein was also sent to the HTXLab automatic crystallization platform.
Compared to the in vitro inserted metal, almost the same conditions were found and the
results obtained in a pH range > than 7 were reproduced in the lab. For this pool, the condition
at 0.8 M Tri-sodium citrate, 0.1 M CHES pH 9.5 for a protein concentration of 15 mg/ml gave
the most interesting results. However, once again, the crystals obtained were transparent and

in an apo-form.

A crystal screening of the “nickel in vivo” protein was also started in glovebox without any

interesting conditions obtained.

This could be due to the fact that with in this production method, the protein is present in a
mixture of two different forms (Met1-Gly2-Cys3) and (Gly1-Cys2), which is not the case for the
apo-protein (Figure 9). This point could be interesting, it looks like that the presence of the

metal prevents the metl cleavage.

The inability to crystallize the holo-form is not so surprising. It is important to remember that
the nickel binding site is highly solvent exposed, probably hindering a correct holo-crystal
formation. Similar sites, as for example the exposed N-terminal site of serum albumin, are
known to be difficult to characterize due to the high mobility of the motif that impedes the

crystallization.
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2.1.5 N-terminal amine transamination reaction
The main question about CooT’s coordination site remained whether the amide of the cys2 or
the amine of the first amino acid is the one involved, together with cysteine 2 thiolate, in the

metal binding.

In the paper, we answer to this question considering our best data interpretation, presenting
a model that matches all our different spectroscopic data. However, in order to obtain a
further confirmation, | tried to perform a transamination reaction on the N-terminal amine.
Theoretically, if the amine is not involved in the nickel coordination, this modification should

not affect the CooT’s nickel binding abilities.

After literature research, | found that one of the best promising way to perform such a
reaction, without attacking the close by cysteine or other amino acids, in a protein is via

Pyridoxal 5’-Phosphate (PLP). This reaction has been reported to be specific for the oxidation

of the N-terminal amine to a ketone (Figure 10).16* 162

1 PLP 2. =
10mmM . |

3 e NHy
- o (8]
e

10mmM I

— R —
pH 6.5 pH 6.5
37°c RT
20h 24h

Figure 10. Reaction scheme. (A) In the first step, the protein is incubated with PLP, which transaminates the N-

terminus to form a ketone or an aldehyde.6?

2.1.5.1 Experimental procedure

To a protein concentration of 50 uM protein monomer, final PLP concentrations of 10 mM
and 100 mM are added to a 50 pL volume of 25 mM phosphate buffer at pH 6.5. The reaction
is performed at 37 °C for 20 hours without agitation. A control reaction was started in parallel.
Due to the absorbance of PLP (bright yellow color), it had to be removed and we used the

concentration-dilution method using a vivaspin with a 3 kDa cutoff. At this point, half of the
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protein was incubated with a final concentration of 10 mM benzyloxyamine and left at 25° C

for 20 hours. The samples where then frozen at -80° C before characterization by ESI-MS.
2.1.5.2 Results and discussions

In order to assure that the removal of the amine does not play a role in the nickel binding, a
high reaction yield is required to be confident about any possible observable coordination
differences between the control sample and the transaminated one. In fact, if the protein is
present in a mixture between keto-form and amine form it will not be possible to ensure the
real effect on the nickel binding coordination. For this reason, the efficiency of the reaction
was checked via CD spectroscopy, looking if the protein retains its ability to bind nickel, and

via ESI-MS to ensure the presence of homogeneous species.

In the case of the transamination reaction, the formation of a ketone would caused a loss of -
1 Da coming from the formation of the oxygen double bond. This change in mass will be
probably too small to ensure a correct interpretation via the ESI-MS analysis. For this reason,
it was decided to perform an oxime reaction from the ketone form, which would bring a

theoretical gain of 107 Da (Fig 10 step 2).

All the performed reactions did not work and the protein could not be detected via ESI-MS.
The control was stable, indicating that the incubation time and temperature are not
deleterious for the protein and that the problem is most likely related to the presence of the

PLP.

The experiment was then conducted under a mild conditions, using 10 mM of PLP at room
temperature for 18 hours. Yet, the observed mass between the control and the protein in the

reaction mixture are identical, suggesting that the reaction did not occur (Figure 11).

Considering the discouraging preliminary results and the premise that we are looking for a
reaction yield as high as possible we decided to abandon this idea and to focus on other parts

of the project.
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Figure 11. A) Mass RrCooT-gly1 as purified B) Negative control of RrCooT-gly1 C) RrCooT-gly1 after PLP treatment

(room temperature for 18 hours). No difference in mass is recorded for the three samples.
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2.2 C. hydrogenoformans CooT

Switching now to the C. hydrogenoformans organism, the possibility to heterogeneously
produce CODHs in E. coli has been proven (see introduction 1.3 ). However, it is still enigmatic

to which accessories proteins are needed in order for the enzyme to be fully active.

The studies on heterologous production of ChCODHs in E. coli, showed that the efficiency of
production with the related accessory proteins is mainly dependent on the nature of each
CODH. The ChCODH-I operon possesses a gene that encodes for a CooC homologue (cooCs),
whose co-expression with ChCODH-I is essential to increase the enzyme activity. Yet, even
with the co-expression of CooC3, RecChCODH-I could not reach the native enzyme activity, a
sign that other factors are likely playing an important role during the enzyme activation. In
contrast, an excess of nickel in the culture medium is sufficient to activate RecChCODH-II and

RecChCODH-IV (which do not have CooC in the operon).

Could the absence of another accessory protein be the cause of the partial activity of
RecChCODH-I? It is important to remember that ChCODH-I is the one most closely related to
RrCODH, both catalyzing the WGS reaction. As we observed for the activity variation of CODH
in R. rubrum with cultures missing one of its chaperones (CooCTJ), could the co-production of

a potential accessory protein re-establish the activity of RecChCODH-I?

A possible answer to these questions was provided by the discovery of a putative CooT in the
C. hydrogenoformans proteome. Contrary to RrCODH, this putative ChCooT is not in the

operon with the ChCODH-I gene. Its position is not close to any other CooS and CooC genes.

We then decided to characterize this protein to confirm that it belongs to the CooT family.
Interestingly, the characterization of this protein led us to the formulation of the presence of
two different nickel-binding motifs in the CooT family. In ChCooT, the solved structure reveled
the proximity between the Cys2 and His55, allocating this protein in the “Cys2-His55” motif
subgroup. The production and characterization of this protein resulted in a paper titled
“Biophysical and structural characterization of the putative nickel chaperone CooT from

Carboxydothermus hydrogenoformans” reported in the next pages.
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2.2.1 ChCooT paper

JBIC Journal of Biological Inorganic Chemistry (2018) 23:809-817
https://doi.org/10.1007/500775-018-1576-2

ORIGINAL PAPER

@ CrossMark

Biophysical and structural characterization of the putative nickel
chaperone CooT from Carboxydothermus hydrogenoformans

M. Alfano’ - J. Pérard’ - R. Miras’ - P. Catty’ - C. Cavazza'
Paper highlights
» Carboxydothermus hydrogenoformans possesses a putative CooT.
» ChCooT is in a dimeric conformation in apo-form and it binds one nickel per dimer.

» The structure of ChCooT was solved by X-ray crystallography and even though it has
only 19% identity with R. rubrum CooT, they share an identical protein
conformation. (Seven strands forming two bent antiparallel B-sheets tightly packed

on top of each other).

» Contrary to RrCooT, in ChCooT the localization of the unique histidine residue is in
close proximity to cysteine 2, supporting a possible cooperation of these two amino

acids in the nickel-binding.

» Site-directed mutagenesis of cysteine 2 and histidine 55 revealed the essential role
of both residues in nickel-binding. The mutants ChCooT-C2S and ChCooT-C2S-H55A

were produced and characterized.

» Only the double mutation hinders the protein nickel binding, while ChCooT-C2S is

still able to coordinate the metal, but differently to the WT.

» This putative CooT from C. hydrogenoformans resembles RrCooT, despite a
potentially different nickel-binding motif that allowed us to identify the presence of

a second binding motif in the CooT family.

» Further studies need to be done to in order to certify its involvement in the

maturation of ChCODH.
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Abstract

Carboxydothermus hydrogenoformans is a model microorganism for the study of [NiFe]-CODH, a key enzyme of carbon
cycle in anaerobic microorganisms. The enzyme possesses a unique active site (C-cluster), constituted of a distorted [NiFe;S,]
cubane linked to a mononuclear Fe(Il) center. Both the biogenesis of the C-cluster and the activation of CODH by nickel
insertion remain unclear. Among the three accessory proteins thought to play a role in this latter step (CooC, Cool, and CooT),
CooT is identified as a nickel chaperone involved in CODH maturation in Rhodospirillum rubrum. Here, we structurally and
biophysically characterized a putative CooT protein present in C. hydrogenoformans (pChCooT). Despite the low sequence
homologies between CooT from R. rubrum (RrCooT) and pChCooT (19% sequence identity), the two proteins share several
similarities, such as their overall structure and a solvent-exposed Ni(II)-binding site at the dimer interface. Moreover, the
X-ray structure of pChCooT reveals the proximity between the histidine 55, a potential nickel-coordinating residue, and the
cysteine 2, a highly conserved key residue in Ni(II)-binding.

Keywords Carbon monoxide dehydrogenase - Nickel-binding protein - Enzyme maturation - Multi-metallic active site

Introduction

Several complex metallocluster-containing enzymes, such
as hydrogenase, acetylCoA synthase (ACS), or carbon mon-
oxide dehydrogenase (CODH), are likely to have played a
central role in the emergence of life in an environment where
hot oceans contained high concentrations of transition metal
ions, such as iron or nickel, and the atmosphere was rich
in gases like H,, CO, or CO, [1]. Since H,/CO oxidation
or CO, reduction took place in an anoxic environment, the
oxygen-sensitive metalloenzymes catalyzing these reactions
are generally confined to anaerobic environments such as the
bottoms of lakes or volcanic hot springs. A remarkable fea-
ture of these enzymes is the presence of surprising cofactors,
composed of heteronuclear FeS clusters with metal atoms or

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00775-018-1576-2) contains
supplementary material, which is available to authorized users.

< C. Cavazza
christine.cavazza@cea.fr

! University of Grenoble Alpes, CEA, CNRS, BIG, CBM,
38000 Grenoble, France

diatomic ligands, buried in the protein [2]. Given their com-
plexity, the assembly and insertion of these cofactors into
the target enzyme require specific and elaborated matura-
tion machineries [3]. Understanding the biogenesis of multi-
metallic active sites is quite challenging, since it requires
the identification of the dedicated accessory proteins, the
characterization of the protein complexes involved in metal
and ligand insertion and the sequence of events leading to
the final active enzyme.

Hydrogenogenic carboxydotrophs such as Rhodospirillum
rubrum or Carboxydothermus hydrogenoformans are able to
use CO as a sole energy source thanks to the water—gas shift
reaction (WGSR): CO +H,0 — CO, +H, [4]. The oxidation
of CO to CO,, catalyzed by [NiFe]-CODH, is coupled to
an energy-conserving [NiFe]-hydrogenase catalyzing the
production of H,. Five genes encoding CODH have been
identified in C. hydrogenoformans with different proposed
functions depending on their genomic context [5]: CODH-I,
involved in WGSR; CODH-II, linked to NADH generation;
CODH-III, coupled to ACS in the acetyl CoA pathway, and
CODH-IV potentially related to the oxidative stress response
[6]. No function has been found for CODH-V. In 2001, the
crystal structures of CODH from R. rubrum (RrCODH) [7]
and C. hydrogenoformans (ChCODH-II) [8] were solved
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revealing the unique structure of the active site (named
C-cluster), constituted of a [NiFe;S,] cluster coordinated
to a mononuclear Fe(II) site. While the reaction mechanism
of the enzyme has been extensively studied in the last dec-
ade [4, 9—11], very little information is available concern-
ing the biosynthesis of the C-cluster and its insertion into
apo-CODH. Several studies showed that, when R. rubrum is
grown in an Ni(II)-depleted growth medium, the produced
FeS—CODH form is inactive. The enzyme thus purified can
be partly activated in vitro by addition of Ni(II) salts [12,
13], highlighting nickel insertion as a key step in CODH
activation.

NTPases are recognized to play a central role in the acti-
vation of several Ni enzymes such as the well described
GTPases HypB [14, 15] and UreG [16] involved in
[NiFe]-hydrogenase and urease maturation pathways,
respectively. Their activity depends on their cooperation
with other accessory proteins to form a “nickel-delivery
complex” responsible for nickel insertion into the target
enzyme (HypAHypB =+ SlyD complex for hydrogenase
and Ure(D/H)EFG complex for urease) [17]. In the case of
CODH, despite highly similar overall structures, the matura-
tion pathways of RrCODH, ChCODH-II, and ChCODH-IV
present different characteristics. C. hydrogenoformans con-
tains three ATPases, named CooCl1 [18], CooC2, and CooC3
[5]. CooC1 and CooC2 are located in the same gene cluster
as CODH-III, while CooC3 is co-expressed with CODH-I
(Fig. 1). Recently, CooC2 was purified and characterized
as an AcsF-type enzyme, with a function associated to the

maturation of ACS [19]. Interestingly, the activation of
recombinant ChCODH-II or ChCODH-IV heterologously
produced in E. coli does not require any accessory protein.
For example, supplying an excess of Ni(II) (500 uM) in the
growth medium is sufficient to correctly activate ChCODH-
II, with a specific activity of 12,229 U/mg, comparable to
that of the native ChCODH-II (13,823 U/mg). This does
not, however, exclude the involvement of accessory proteins
under physiological growth conditions, since the high nickel
concentration can compensate for their lack. On the con-
trary, in the case of ChCODH-I heterologously produced
in E. coli, nickel supply is not sufficient to correctly matu-
rate the enzyme. Its co-production with CooC3 led to an
approximately fourfold increase in CO oxidation specific
activity (8060 U/mg), a value half of that described for
native CODH-I (15,756 U/mg) [20]. Among different pos-
sibilities, this could indicate that other accessory proteins
are required for the full activation of CODH-I in vivo in C.
hydrogenoformans. On the other hand, in R. rubrum, the
coo operon encodes five different proteins [21]: a ferredoxin
CooF that transfers electrons from CODH to hydrogenase,
the CODH CooS, CooC [22] and two additional proteins
involved in nickel insertion in vivo [23], the metallochap-
erone Cool and a small protein of 66 residues, CooT. Cool
has only been described in R. rubrum and its exact role in
nickel insertion is yet to be determined [24], we recently
characterized RrCooT biochemically and structurally [25].
This dimeric protein specifically binds Ni(II) with an affin-
ity in the nanomolar range via an N-terminal binding motif

| Thermococcus onnurineus |

CooF CODH

Hydrogenase

TON_1020

RrCooT

10 20 30 40 50 60
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Fig. 1 Genomic organization of Mrp—-Mbh-Codh operon in Ther-
mococcus onnurineus (adapted from 31) and CODH operons in Car-
boxydothermus hydrogenoformans. Sequence alignments of RrCooTl
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involving the two cysteines 2 from both monomers. While
CooT was proposed to be poorly distributed, our phyloge-
netic analysis highlighted the existence of 111 CooT homo-
logues present mainly in anaerobic bacteria but also in some
anaerobic archaea [25]. Cysteine 2, the key residue involved
in nickel binding, is strictly conserved. Among the 111 com-
plete proteomes, 83 of them also contain cooS and cooC
genes. In the remaining 28 proteomes, Cool co-occurs either
with CooC and acetyl-CoA decarbonylase/synthase (cdhA
gene), mainly found in methanogens (22 proteomes), or with
CooC and ACS/CODH in Thermodesulfovibrio yellowstonii
and Butyrivibrio proteoclasticus. The presence of CooT is
not related to the presence of a CODH enzyme and CooC in
only four proteomes. These results point strongly towards
the role of CooT in CODH maturation [25].

We present here the genomic organization of CODH oper-
ons in C. hydrogenoformans, as well as the biophysical and
the structural characterization of the CHY_RS00800 gene
product to investigate deeper the newly discovered CooT
family. Site-directed mutagenesis of cysteine 2 and histidine
55 revealed the essential role of histidine in nickel-binding.
Therefore, we have found that this putative CooT from C.
hydrogenoformans resembles RrCooT, despite a potentially
different nickel-binding motif.

Materials and methods

Site-directed mutagenesis, protein production
and purification

The synthetic CHY_RS00800 gene, coding for the puta-
tive CooT protein from C. hydrogenoformans (pChCooTl),
was codon-optimized for expression in E. coli and cloned
in the pET15b vector by Genscript. pChCooT-C2S, pCh-
CooT-H55A, and pChCooT—-C2S/H55A mutants were
obtained by site-directed mutagenesis. PCR was done in
the presence of appropriate primers (C2SF: 5'-accatgggcte-
cgaagcgage-3'/C2SR: 5'-atatctecttattaaagttaggatccttagtee-3';
H55AF: 5'-actggtggacgetcgtattctge-3'/H55AR: 5'-tcca-
gacgcttgattttc-3") with Phusion polymerase-GC (NEB)
at recommended Tm (60 °C for single mutants and 65 °C
for the double mutant) determined by the AmplifX 1.7.0
software (by Nicolas Jullien; CNRS, Aix-Marseille Univer-
sity). PCR samples were loaded on a 1% agarose gel in TAE
buffer to confirm the amplification before incubation with
a reaction buffer containing 2 pl of Dpnl, 10 ul of T4 DNA
Ligase, | mM ATP, and 2 ul PNK in PNK buffer from NEB
for 15 min at room temperature. Top10 ultracompetent cells
were transformed with the PCR products. Each mutant was
DNA-sequenced (MWG) before expression and purification
as described.

Escherichia coli BL21 (DE3) cells harbouring pCh-
CooT-WT, pChCooT-C2S, pChCooT-H55A, and pCh-
CooT-C2S/H55A were cultured in LB medium, supple-
mented with kanamycin, at 37 °C and 180 rpm. Protein
expression was induced with 0.5 mM IPTG at ODg,,~0.6
and left overnight at 25 °C and 180 rpm before harvest-
ing by centrifugation. Bacterial pellets from 2 L cultures
were thawed on ice and re-suspended in buffer A (50 mM
HEPES pH 7.0, 100 mM NacCl, 1 mM TCEP) containing
one complete Protease Inhibitor cocktail tablet (Roche)
per 100 mL buffer and disrupted by French press cell. The
cell debris were removed by centrifugation at 25,000 rpm
for 20 min at 4 °C. Taking into account the thermophilic
nature of the protein, a temperature precipitation step
was carried out at 65 °C for 5 min, followed by centrifu-
gation at 15,000 rpm for 15 min. The production of the
four proteins was checked by SDS-PAGE, revealing that
the pChCooT-H55A mutant was not correctly produced.
pChCooT-WT, pChCooT-C2S, and pChCooT-C2S/H55A
were purified as follows: the lysate was precipitated by
addition of ammonium sulphate (100% saturation), re-
centrifuged at 20,000 rpm for 15 min and re-suspended in
buffer A. A dialysis step in buffer A was performed. The
cleared lysate was loaded at 0.8 mL min~' onto a Superdex
75 16/600 size-exclusion column (GE Healthcare) equili-
brated in buffer A. The fractions were then collected, ana-
lyzed by SDS-PAGE, and those containing pChCooT-WT,
pChCooT—-C2S, or pChCooT-C2S/H55A were pooled and
concentrated before flash freezing in liquid nitrogen and
stored at — 80 °C.

The protein size and identity were determined by elec-
trospray ionization mass spectrometry (ESI-MS). ICP-AES
was used to verify that the purified protein corresponded to
a metal-free apo-form.

Size-exclusion chromatography and multi-angle
light scattering (SEC-MALLS)

Purified apo-pChCooT, its mutants and pChCooT incubated
with 5 molar equivalent of Ni(II), were manually injected
into an SEC-MALLS system (Wyatt Dawn HELEOS-II
18-angle light-scattering detector and Wyatt Optilab rEX
refractive index monitor linked to a Shimadzu HPLC sys-
tem comprising an LC-20AD pump and SPD20A UV/Vis
detector) using a Superdex 200 10/300 increase size-exclu-
sion column eluted with buffer containing 50 mM HEPES
pH 7.0, 150 mM NaCl and 1 mM TCEP +5 mM EDTA or
1 mM NiSO,. The data were analyzed using the ASTRA
software (version 6) and the molecular masses were calcu-
lated for each sample. Protein concentration in all samples
was determined by integration of the differential refractive
index (dRI) peak after injection of 20 uL of sample.
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Ni(ll) binding in solution using circular dichroism
(CD) spectroscopy and equilibrium dialysis

After thawing, purified apo-pChCooT and its mutants
were diluted to 50 uM (dimer concentration) in CD buffer
(50 mM HEPES pH 7.5, 1 mM fresh TCEP). Stock solu-
tions of NiSO, were prepared at 10 mM concentration
in the same CD buffer. CD spectra were recorded on a
JASCO J-1500 circular dichroism spectrometer (JASCO
Analytical Instruments). To observe metal-ligand charge
transfer bands and d—d transitions of pChCooT, 0, 0.2,
0.4,0.6,0.8,1.0, 1.2, 1.4, 1.6, 2, and 3 molar equivalents
of NiSO, were added to the apo-protein. Spectra were
recorded from 250 to 700 nm, with ten spectra accumula-
tions, using a 10 mm cuvette.

The binding stoichiometry was determined by equilib-
rium dialysis conducted at 4 °C under argon atmosphere
for 21 h. Dialysis cassettes from Thermo Fisher (Slide-
A-Lyzer™ 2 K MWCO) were utilized. In the protein
chamber, the apo-pChCooT was diluted to reach a final
concentration of 50 pM (monomer) in 500 pL of 50 mM
HEPES pH 7.5, 1 mM TCEP and the metal chamber was
filled with 250 mL of the same buffer containing 100 pM
of NiSO,. The amount of Ni(II) bound to the protein was
determined using 4-(2-pyridylazo) resorcinol (PAR), fol-
lowing the absorbance at 495 nm, due to the formation of
the metal-PAR, complex.

Crystallization

Initial crystallization screens were carried out using the
facilities of the HTXLab at EMBL Grenoble. They were
set up on CrystalDirect plates in a sitting-drop vapor diffu-
sion format with 100 nL protein solution &5 molar equiva-
lents of Ni(II) at 18 mg mL~! plus an equal volume of
precipitant. Crystals were optimized manually with 2 pL
protein solution at 18 mg mL~! plus an equal volume of
precipitant in hanging drop format. The best diffract-
ing crystal of apo-form (crystal 1), corresponding to the
monomeric form, was grown with a protein concentration
of 18 mg mL™" in 47% (v/v) 2-methylpentane-2,4-diol,
2% (v/v) 2-methyl-2-propanol. The crystal was frozen
by flash-cooling in liquid nitrogen. The best diffracting
crystal of the Ni form (crystal 2), corresponding to the
dimeric form, was grown aerobically in the presence of
I mM TCEP and 5 molar equivalent of Ni(II), with a
protein concentration of 18 mg mL~! in 15% PEG3350,
250 mM magnesium formate. Microseeding was carried
out, according to Hampton protocol (“seed-bead” kit), to
increase the size of the crystals. Crystal 2 was cryo-pro-
tected in mother liquor containing 25% glycerol before
flash-cooling in liquid nitrogen.

@ Springer

Data collection and X-ray structure solution

Diffraction data of both crystals were collected at the Euro-
pean Synchrotron Radiation Facility (ESRF) on beamline
BM30-A. Two X-ray diffraction data sets were collected at
the following X-ray wavelengths: 15,=0.979,790 A (maxi-
mum f” for selenium) for crystal 1 and Ay;=1.488037 A
(maximum f" for nickel) for crystal 2. Data reduction was
carried out using XDS [26]. Details of data collection, crys-
tallographic data and statistics are summarized in Table S1.
The structure was solved with the data set collected from
crystal 2 (Ni form) by single anomalous dispersion using
AUTOSOL and AUTOBUILD (Phenix) [27]. Three Ni(II)
ions were initially located in the asymmetric unit (AU) and
the automated model building resulted in a nearly com-
plete model with five monomers in the AU. The model was
completed and the protein sequence corrected manually in
COOT [28]. This model was used for molecular replacement
to obtain the apo-form (monomer) structure at a resolution
of 2.0 A. Refinement was performed using CCP4 and PHE-
NIX [27]. The final models were validated using the graphic
software COOT, MolProbity [29] and PDB_redo [30]. The
closest structural homologues to pChCooT were identified
using the PDBeFold server (EMBL-EBI). Subsequent Sec-
ondary Structure Matching (SSM) superposition and calcu-
lation of the overall RMSDs of the respective proteins were
carried out in ccp4.

Results and discussion
Genomic organization of CODH operons

On the basis of their secondary structures, all the 111 CooT
homologues are classified as members of the RNA_bind_2
protein family Pfam 10133 [32], even though, as we previ-
ously showed, RrCooT does not bind nucleic acids and is
likely not involved in RNA metabolism. Moreover, with only
66 amino acids, the ORFs encoding CooT are only rarely
recognized. A recent example is the paper from Adams and
collaborators, who described the 16-gene putative operon
encoding the CO-oxidizing CODH complex in Thermococ-
cus onnurineus. Downstream of CooC, they identified the
TON_1020 gene (annotated as a RNA-binding protein in
the genome) encoding an “unknown protein” potentially
involved in CODH maturation with CooC [31]. Based on
its sequence and presence in the operon, we propose that
the TON_1020 gene product corresponds to a CooT protein
(Fig. 1). Thanks to our phylogenetic analysis, we identified
another hypothetical CooT in C. hydrogenoformans (CHY_
RS00800 gene product or pChCooT). In contrast to R.
rubrum and T. onnurineus, here, the gene is neither present
in operon nor in the vicinity of any CooS or CooC (Fig. 1).
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Nevertheless, despite differences in their primary structures,
the three proteins possess the conserved cysteine 2, which is
the only signature of the CodT family. In addition, both puta-
tive CooT possess a histidine at position 55/56 not present in
RrCooT, where the only histidine is at position 41.

Biophysical characterization of apo-pChCooT and its
mutants

ESI-MS experiments showed that under denaturing condi-
tions, pChCooT, pChCooT-C2S and pChCooT-C2S/H55A
are mostly present as monomers (Fig. S1) in a mixture of two
forms, with a major peak corresponding to the N-terminal
Met-processed protein with molecular masses of 7291.70,
7275.67, and 7209.68 Da, respectively. Circular dichroism
(CD) on pChCooT in the far-UV range shows the typical
signature of a well-folded B-strand protein (Fig. 2a). The oli-
gomerization state of pChCooT and its mutants was revealed
using size-exclusion chromatography coupled to multi-angle

——apo ChCooT

CD (mdeg)
~N
.

T T T
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000 T . : . :
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Fig.2 a CD spectrum of 10 uM pChCooT in the far-UV region.
Spectra of protein solutions were recorded from 190 to 250 nm with
10 accumulations using a 1 mm cuvette. (Buffer: 50 mM HEPES
pH 7.0, 1 mM TCEP). b CD measured in near-UV/visible region of
Ni(II) titration of pChCooT at 50 uM of dimer using a 10 mm cuvette.
¢ Data were fitted using a single ligand-binding model described as
follows: Pj+L; <> PL with P;: free apoChCooT; L;: Ni(Il); and PL:

laser light scattering (SEC-MALLS) in the presence of the
reducing agent TCEP. As RrCooT, apo- and Ni(II)-pCh-
CooT are both dimers in solution (Fig. 3a, b). Moreover,
the single mutation Cys2Ser, as well as the double mutation
Cys2Ser/His55Ala do not affect the dimerization of the pro-
tein (Fig. 3a). For the wild type, the oligomerization state is
only slightly impacted by the addition of an excess of NiSO,
(1 mM) in the running buffer, with the formation of 13% of
tetramer at most (Fig. 3c), revealing that the physiological
form of pChCooT likely corresponds to a dimer.

Nickel-binding properties in solution

With the aim to investigate the ability of pChCooT to bind
metals, circular dichroism (CD) experiments in the near-UV/
visible range were conducted. Upon the addition of Ni(II)
to apo-pChCooT, CD signals appeared at 315 (4), 266 (—),
420 (—), and 535 nm (—) (Fig. 2b). The titration experi-
ment was conducted under both aerobic (in the presence

5 ——apo ChCooT  —— +1.2 Ni*"/dimer
+0.2 Ni**/dimer —— +1.4 Ni**/dimer
+0.4 Ni**/dimer —— +1.6 Ni**/dimer

-10| —— +0.6 Ni*'/dimer +2 Ni**/dimer
+0.8 Ni**/dimer —— +3 Ni*/dimer
+1 Ni**/dimer

154 T T T T 1
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D
10 4
5
5
@ 04 B —
'E N —
a
o -5
104 —— ChCooT+3 eq Ni(ll)
—— ChCooT-C25+3 eq Ni(ll)
—— ChCooT-C25-H55A+3 eq Nill)
-15 1 1

T T T T T
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Wavelenght (nm)

T )
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apo—pChCooT-Ni(II) complex. The concentration of PL ([PL])
is obtained by resolving the following equation where K (appar-
ent dissociation constant) is the adjustable variable: [PL]?—[PL]
(p+1+K)+pl=0. p: total protein concentration; 1: total ligand con-
centration. d CD measured in near-UV/visible region with five accu-
mulations of pChCooT and mutants at 50 uM of dimer after 15 min
incubation with 150 uM NiSO, using a 10 mm cuvette
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of 1 mM TCEP) and anaerobic conditions in a glove box,
resulting in identical spectra and metal saturation. As pre-
viously observed with RrCooT, CD signals were also pre-
sent upon Co(II) addition, but appeared at an approximately
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31 32 33 34 35
Time (min)

tenfold higher Co(II) concentration than those observed with
Ni(Il) (Fig. S2). To deeper characterize the nickel-binding
site of pChCooT, the Ni(Il)-binding stoichiometry was first
determined by equilibrium dialysis: with a value of 0.6 +0.1



JBIC Journal of Biological Inorganic Chemistry (2018) 23:809-817

815

Ni(II) per dimer, pChCooT is assumed to bind 1 Ni(Il) per
dimer. Second, from the signal of the CD-based curves at
315 nm and taking into account the stoichiometry, an appar-
ent binding constant was roughly estimated to be in the
micromolar range (Fig. 2¢). Third, the nickel-binding capa-
bility of the two mutants, bearing mutations on the amino
acids most likely involved in the metal binding, was tested.
In comparison with RrCooT, where the single mutation of
cysteine?2 into serine abolishes totally its capability to bind
Ni(II), the pChCooT—C2S spectrum is only slightly different
to that of the wild type, with a lower intensity and the disap-
pearance of the 420 nm (—) signal (Fig. 2d). In the case of
the pChCooT-C2S/H55A double mutant, the spectrum does
not show any CD signal upon Ni(II) addition, highlighting
the role of histidine 55 in Ni(II) binding.

Crystallographic analyses of pChCooT

Pure pChCooT crystallized in the absence (Crystal 1) and in
the presence of nickel (crystal 2). The structure was solved

B
A X-ray

pChCooT

]

Fig.4 a X-ray structure of apo-pChCool monomer (blue) (PDB
code: 6FAN). b Superposition of monomer and dimer with RrCooT
(PDB code: 5N76) in orange. ¢ Proposed nickel-binding site in pCh-

by single-wavelength anomalous diffraction (SAD) using
data of a single isomorphous Ni-containing crystal (crys-
tal 2) diffracting to 2.7 A. Five molecules are present in
the asymmetric unit. Assembly analyses using PDBePISA
showed that among the 5 molecules, monomers A and B,
monomers C and D, and monomers E and E’ form stable
dimers with an interface surface area of 1640, 1710, and
1730 A2, respectively. The best crystal (crystal 1) diffracted
up to 2.0 A (Table S1, Fig. 4a). Even though the sequence
identity with RrCooT is low, the overall structures of mono-
mers and dimers are similar with root-mean-square deviation
values of 1.589 and 1.852 A, respectively, considering all
Ca-atoms of all structures (Fig. 4b).

Further structure alignment analyses using PDBeFold
showed that the most similar structure of pChCooT mono-
mer is the RrCooT monomer. Both proteins adopt an identi-
cal topology with seven strands forming two bent anti-par-
allel p-sheets made of p6, f7, p1, and B2 (B-sheet 1), and 3,
4, and B5 (B-sheet II), respectively, tightly packed on top of
each other. The pdb secondary structure analysis, using the

D Model
Ton_1020

His56 Cys2

CooTl, d TON_1020 model (green). Cysteine and histidine residues
are in sticks. The structure figures were made with PyMOL (The
PyMOL molecular graphic system, Version 2.0 Schrodinger, LCC)
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DSSP method available in the 2Struc software, gave 72.6%
of B-strand and 27.4% of others. pChCooT displays a Sm-
like B-barrel fold present in Sm-like proteins, with distinct
characteristics also found in RrCooT, namely, the dimeric
architecture and the presence of the strand 6.

The remarkable difference between RrCooT and pCh-
CooT is the localization of the unique histidine residue.
In RrCooT, His41 is present in the 5 strand belonging to
B-sheet II, excluding its implication in Ni(II) coordination
(Fig. 4b). On the contrary, in pChCooT, His55 is present at
the edge of the 7 strand belonging to f-sheet I, at a distance
of about 4.3-4.5 A from Cysteine 2, suggesting a role in
Ni(II)-binding, in agreement with the results obtained by
CD on the pChCooT mutants (Fig. 4c). Unfortunately, the
crystallization of pChCooT in complex with Ni(II) under
anaerobic conditions in glove box did not lead to the forma-
tion of diffracting crystals, despite the use of crystallization
screenings. Under aerobic conditions, the incubation of the
protein with the reducing agent TCEP and Ni(II) prior to
crystallization (Crystal 2) did not prevent the formation of
disulfide bridges, present between Cys2A and Cys2B and
Cys2C and Cys2D. This might not happen in vivo, where the
reducing conditions of the cytoplasm should prevent thiol
oxidation and let them able to coordinate Ni(II). Two Ni(II)
ions are bound between His55A and His55C and His55B
and His55D, forming a non-physiological tetramer in the
structure. It is worth mentioning that the characterization of
solvent-exposed metal-binding sites using protein crystal-
lography is quite challenging. First, the crystallization condi-
tions may destabilize metal binding, and second, the crystal
packing may easily induce non-physiological binding of
metal with amino acids belonging to neighboring molecules.
Using Swiss model, modelling of Ton_1020 was performed
with its amino-acid sequence as target. When the automodel
mode was running, one model was found (Fig. 4d) and the
template chosen was the structure of RrCooT (PDB code:
5N76), suggesting that the product of the TON_1020 gene
could belong to the CooT family.

Conclusions

In this study, we experimentally showed that the CHY _
RS00800 gene product is a nickel-binding protein belonging
to the structural CooT family. In addition, we firmly predict
the TON_1020 gene product to be a CooT homologue. The
presence of a histidine at position 55/56, not conserved in all
CooTl homologues, suggests the existence of different nickel-
binding modes in this protein family. Moreover, functional
studies are necessary to determine the role of CooT as an
active player together with CooC in the CODH maturation
pathway.
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Figure S1: ESI-MS spectra of pChCooT, pChCooT-C2S and pChCooT-C2S/H55A
(Buffer: 50 mM HEPES pH 7.0, 1| mM TCEP)
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Figure S2: CD spectra of in the near-UV visible region of CHY_RS00800 titration with
Co(ll). Spectra of protein solutions were recorded from 250 to 700 nm with 5 accumulations
using a 10 mm cuvette. (Buffer: 50 mM HEPES pH 7.0, 1 mM TCEP).



Supplementary Table

Table S1: Crystallographic data and statistics for the pChCooT crystals. The dimer-crystal
was used for phasing and molecular replacement of the monomer-crystal.

Data collection Crystal 1 Crystal 2

Beamline BM30A (ESRF) BM30A (ESRF)

Wavelength (A) 0.979790 1.488037

Space group P21 C2

Unit cell parameters a=41.2614 a=170.073 A
b=61.35A b=54.136 A
c=81.118 A c=37425A
a=y=90° a=y=90°
3=100.41 3=92.071°

Resolution range (A) 33.85-2.0 [2.1-2.0] 39.07-2.7 [2.8-2.7]

Rsym (%) 3.3[56.6] 13.0 [93.4]

Mean [ /o (1) 13.41 [1.61] 8.6 [1.7]

Completeness (%) 97.6 [96.1] 97.3 [97.6]

Redundancy 1.9 [1.9] 3.75[3.8]

Nmeasured 97738 [13204] 34661 [3596]

Nunique 51640 [6956] 9224 [937]

cC1/2 99.8 [68.5] 99.6 [69.9]

Refinement

R factor/ Riree factor (%) 23.5/27.5 23.4/27.8

No. atoms 3093 2540

No. water molecules 239 15

Average B-factor (A2) 48 63.4

Rmsd bonds (A) 0.0166 0.0108

Rmsd angles (°) 1.951 1.597

Ramachandran plot:

Residues in most favorable 96.35 95.3

region (%)

Residues in disallowed 0.0 0.3

region (%)

PDB CODE 6FAN




2.3 Comparison of CooT with HypC

Interestingly, the N-terminal sequence (Met-Cys-Met-Ala) of RrCooT is similar to the motif
found in the chaperone-like E. coli HypC. In this protein, the cysteine is not involved in Ni-
binding and is needed to form the HypC-HycE complex and maintain the hydrogenase subunit
HycE in a nickel-accessible conformation. Cys2 mutants of HypC could not interact anymore
with HycE and accumulates the nickel-deficient precursor form of hydrogenase.'®® Notably,
the Met1 of HypC is post-translationally cleaved in order to obtain a reactive thiolate, able to
interact with precursor form of the large subunit HycE.'®3 In the case of CooT we show that
the Met1 is strictly needed in order to fully coordinate the metal. This pointis intriguing: what
if CooT acts both as a Ni chaperone and forms a complex with CODH, as observed for HypC?
Could CooT be the possible linker needed to form the CooCTJ-CODH complex in order to fully
activate the enzyme? As a possible proof of this supposition, it was postulated that the lack of
ATP-stimulated activation of apoCODH during incubation with only CooC and Cool could be
related to the absence of CooT. In fact, the wild-type cell extract shows an ATP-enhanced
activation, suggesting that CooT is one of the missing piece in the puzzle.''? (see introduction

on Coo()

However, the crystal structures of two proteins clearly shown that CooT and HypC have a
different conformation and do not belong to the same structural family (Figure 12).164
Moreover they are not phylogenetically related. HypC possesses two separate domains, a N-
terminal B-barrel, similar to CooT, with two additional C-terminal helixes, absent in CooT. This
region is important to guarantee the conformational flexibility, which could facilitate the
association with their target proteins and facilitate the open enzyme conformation needed
for the nickel insertion. Remarkably, in the case of E. coli HypC there is a His51 in close position
to the Cys2, as we reported for the case of C. hydrogenoformas CooT (see ChCooT section).
Cys2 is located is an hydrophobic region, common among the HypC homologues, postulated
to facilitate the protein-protein interaction. The hydrophobic region are highlighted in Figure
12. HypC also interacts with HypD in order to coordinate the Fe(CN),CO cofactor via the HypD-
Cys41 and HypC-Cys2.'®> The HypDCE complex from Thermococcus kodakarensis is held
through hydrophobic interactions, where the C-terminal region of HypC is not involved.%® |t

has been shown recently that HypC C-terminal region is most likely involved in the interaction
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with the large hydrogenase subunit but a mutant with a truncation in this region was still able
to mature hydrogenase 3.7 A truncation in this region brings the CooT and HypC structures

closer together, both presenting a 8-barrel conformation.

The similarity between these two proteins are intriguing and they could provide a possible

clue to understand the CooT role during the CODH maturation process.

CooT Rhodospirillum rubrum (PDB:5N76)

MCMAKVVLTK ADGGRVEIGD VLEVRAEGGA VRVTTLFDEE HAFPGLAIGR VDLRSGVISL IEEQNR

HypC Escherichia coli (PDB: 20T2)

MCIGVPGQIR TIDGNQAKVD VCGIQRDVDL TLVGSCDENG QPRVGQWVLV HVGFAMSVIN EAEARDTLDA

LONMFDVEPD VGALLYGEEK

a helix

(orange His51 Cys2 a helix

(orange
region)

a helix
(orange
region)

N-terminal p

barrel N-terminal B

barrel

N-terminal B
barrel

Figure 12. Sequence and crystal structures of CooT from R. rubrum and HypC from E. coli. The conserved
sequence MC is highlighted in red, in orange for HypC is highlited the part eliminated to produce the mutant.
Notably this truncate HypC verision was still able to maturate correctly the hydrogenase. To visualize
hydrophobic and charge contributions to protein interfaces we use the following highlighting scheme at atomic
level using the colors yellow, red, and blue (YRB). In this scheme, all carbon atoms not bound to nitrogen and
oxygen atoms are highlighted in yellow, nitrogen atoms in the side chains of lysine and arginine are blue, oxygen

atoms in the side chains of glutamate and aspartate are red and all remaining atoms white 8,
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CHAPTER 3

RrCool

INTRODUCTION

RrCool is a 12.6kDa protein with a nickel-binding domain containing 16 histidine and 2
cysteines at the C-terminus. As previously described in the introduction chapter, this protein
is supposed to be involved in the R. rubrum CODH’s nickel insertion.'®

When we started working on RrCool, very few biochemical data (one publication in 19982°)
and no structural information were available for this chaperone. One of the reason is because
the protein was purified directly from R. rubrum cultures, a demanding strain to work with,
with low yields (1.4 mg from 20L culture) that makes its characterization more difficult.!? In
addition, RrCool is classified as an intrinsically disordered protein, due to the presence of the

long C-terminal histidine tail, a drawback for structural studies.

To overcome these problems, we first decided to produce RrCool in E. coli. After optimization
of the purification protocol, high yields of pure RrCoolJ (about 25 mg/L of culture) were easily
obtained. With the heterologous expression in E. coli, site-directed mutagenesis was also
more feasible, enabling us to remove the so defined “intrinsically disordered” region and

produce a truncated version of the wild type protein called RrCool-A.

RrCool wild type (12638 Da)

MGTESPERGRKRLGIYLAHFLDHVEGHGEIGVORDALAEDARLGALIDRALADMAVARASLNAY
LRDLDGEAPAPASPEAVHSPFHSHAHSHDHAHGHSHDHAHDHCHCHDHP

|—) Intrinsically disordered region

{psipred prediction)

RrCooJ A (7510 Da)

MGTESPERGRKRLGIYLAHFLDHVEGHGEIGVORDALAEDARLGALIDRALADMAVARASLNAY
LRDL

Figure 1. CooJ wild type and its truncated mutant. The predicted disordered region is boxed in cyan. The
histidines are highlighted in red and it is possible to notice the presence of the preserved His18, 22 and 26 are in

both sequences.
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At this point, considering that 3 histidines are still present in the N-terminal part of CoolJ-A

(Figure 1), we had two main questions that needed to be addressed:

1) In the absence of the histidines tail, will the truncated version maintain its ability to

bind nickel?

2) Considering that the disordered region was truncated, will now this version of the

protein be able to crystallize?

To answer these questions we started the characterization of the RrCooJ-A mutant, comparing
its behavior with the wild type one using in cellulo and in vitro tests. These results led us to
produce several site-directed mutants that are described in the paper related to this part of
the project entitled “The CO-dehydrogenase accessory protein Cool is a histidine-rich

multidomain dimer with an unexpected additional Ni(ll)-binding site” .

In the following sections | will detail only the data not presented in this paper, mainly

concerning the problems encountered during the crystallization of apo-RrCool-A.

The analysis of the RrCool stabilization and oligomerisation induced by nickel enabled us to
publish an additional paper entitled “Nickel-induced oligomerization of the histidine-rich

metallochaperone Cool from Rhodospirillum rubrum”, reported at the end of this chapter.
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3.1 Crystal structure of RrCool-A

When the apo RrCoolJ was correctly produced and purified, we attempted to crystallize the
protein in both the presence and absence of nickel. As expected, we did not obtain any
promising condition from the crystals screening, suggesting that the predicted disordered his-

tail hinders the protein crystallization.

Once the purified apoRrCool-A protein was obtained, we immediately started to investigate if
this construct would crystallize. During my PhD, the CODH project was funded by the iNEXT
consortium (Infrastructure for NMR, EM and X-rays for Translational Research), which enabled
us to benefit from the HTXLab crystallization platform, present at the EMBL of Grenoble. In
this way, multiple crystallization conditions could be automatically screened and imaged
leading to the identification of the best possible working conditions. Once we obtained
promising and satisfying results from the screening, | could reproduce the best crystallizations

conditions in our laboratory.

The most promising condition was found in the classic_suite screen as:
PEG 8K 10%, Ethylene glycol 8% and HEPES 0.1 M pH 7.5.

for a protein concentration of 9.9 mg/ml.

As it is possible to see in Figure 4, the apoRrCool-A protein crystallized in a needle-cluster
fashion, difficult to exploit. Therefore, it was essential to manually optimize this condition to

obtain bigger and improved crystals.

A B C

Figure 4. A) Htxlab best crystallization condition of apo-CoolA. B) Best apo-diffracting crystal after handmade
optimization. A data set was collected at 2.9 A resolution. C) Best diffracting crystal of holo-SelMet CooJA. A data

set was collected at 1.9 A resolution.
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To achieve this, finding the most accurate crystallization condition is the crucial step. The
positive conditions obtained from the platform have to be considered as a preliminary idea of
the promising percentage of the various components (precipitant and buffer) needed for the
protein to crystallize. The first step in the laboratory is to play around with these
concentrations and check how the protein crystallization is impacted. In our case, | checked a
PEG range from 8 to 16%, Ethylene glycol from 6-10 % and HEPES 0.1 M pH 7.5, finding that
the best condition was for PEG 8K 12%, Ethylene glycol 6% and HEPES 0.1 M pH 7.5. The
starting protein concentration could also affect the crystallization process. For this reason, |
also tested different protein concentrations (8.5-7.6-7-6-5 mg/ml) which led to either the

same crystals typology or no crystal at all.

At this point, the crystals were still growing in a ‘needle’ shaped form, thus different methods
were adopted to increase the crystal size. | first started testing the classical procedures for

crystal’s size increase, such as:

e Temperature control growth. The crystal plate is left at 4° C. Theoretically, a lower

temperature should promote a slower crystallization, leading to bigger crystals.

e Micro seeding. An already crystallized protein (in our case needle shaped) is collected and
placed in ‘seed bead’ tube containing a crystal stabilizer solution, composed of a mixture
of protein sample and the crystallization reagent. In this way the crystal would neither
dissolve nor growth. The tube is vortexed in order to crush the crystals and produce a seed
stock that will be used as a nucleation center. Serial dilutions of this seed stock are
prepared and used to make a new crystallization plate using the optimized crystallization
conditions, one part of seed stock and one part of protein. In this way the crystallization is
displaced from the metastable region, thus the protein cannot spontaneously nucleate but

the seeds will grow larger crystals.

The micro seeding technique gave the best results, leading to a suitable crystal that could be
collected at 2.9 A resolution (space group P 62 2 2 2) (Figure 4B).

Unfortunately, it was not possible to solve the structure using this single data set. In fact,
considering that this protein does not have any structural homologues in the pdb, it was not
possible to determine its crystal structure by molecular replacement. The phasing method has

to be employed, for which the collection of the apo crystal is clearly not enough, as explained
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in the methods session (Chapter 6). Soakings with different heavy compounds were tried to
enable the phasing of different collections. However the crystals did not support any kind of
soaking, even with its physiological metal nickel, losing their diffraction ability. For this reason,
the protein was purified following Se-Met labelling. The crystallization conditions were re-
optimized and new crystals were grown and tested. At this point, we realized that we had a

problem: all the data collections performed so far were affected by twinning.

Twinning is an anomaly in the crystal growth, resulting in multiple domains partially sharing
the crystal lattice in a symmetrical way that does not belong to the symmetry operation of the
crystal point group. In other words, this leads to the intergrowth of two separate crystals
sharing a surface in which the lattice points are partially or completely in common. This results
in an overlap of the diffracted intensity during the X-ray diffraction collection that can be
problematic for the space group determination. In order to solve this problem it is essential
to identify the twinning typology and try to decode the related twinning law, related to the
spatial orientation of the different species relative to each other. This twin law classify four

different kinds of twins:

1) Merohedral twin. The lattices of two individual crystals are parallel to each other and
they overlap entirely, hindering the twin identification. An additional symmetry is

present in the crystal system, which is not present in the structure.

2) Pseudo-Merohedral twin. In this case, the crystal lattice of each individual has an extra
element of pseudo-symmetry, which increases the system of the structure. Depending
on the degree of twinning, it will overlap completely or partially with the reciprocal

lattice.

3) Reticular merohedral twin. The lattice of each individual crystal are not parallel but
they coincide in different geometries. The lattice possesses one or more element of

symmetry than the original one.

4) Non-Merohedral twin. In this systems, the twin law does not belong to neither the
crystal class of the structure or to the geometrical symmetry of the unit cell. This leads
to a not complete overlap among the reciprocal lattices, making the data collection

problematic.
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Figure 5. A) Diffraction of apo- RrCool-A crystal indexed as P 6 2 2 (89.1, 89.1, 222.8, 90, 90, 120). B)

Nonspecifically overlapping crystals leading to a non-merohedral twin.

In our case, it resulted in a non-merohedral twin, with warning signs of an unusual large unit
cell (89.17, 89.17, 223.04) and close and split reflections (Figure 5A). We did not manage to
unveil the describing twinning law, needed to further correct and phase the data collection. It
is important to remember that the structure needs to be solved via SAD phasing, making the
twinning an unsolvable problem in this specific case.

At this point, our main option was to try to re-crystallize the protein by forcing its
crystallization in a more “ordered” way. With the notion that a slower crystallization
procedure might guarantee a different crystal packing, resulting in a more ordered crystal, |

tested different techniques expected to promote this phenomena. Notable conditions were:

e Crystallization using mineral oil. The classical hanging-drop method is combined with
the use of a thin layer of mineral oil above the crystallization mother liquid reservoir
(Figure 6A). The oil plays a role in the diffusion rate between the crystallization drop
and the reservoir, slowing down the equilibration and thus reaching the
supersaturation more slowly. In this way, the speed of crystallization is reduced,

allowing the growth of bigger and more reproducible crystals.16°

e Crystallophore induced crystal formation. In this concept, a crystallophore (Tb-xo04 in
Figure 6B) is used as a nucleating agent to improve the crystal nucleation and at the
same time guarantee the possible phasing of the structure by using its anomalous

signal.170
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A Mineral oil B Crystallophore

_—

T T E—

Crystallization
drop

— Low density oil

1 Reservoir

Figure 6. A) Hanging drop set-up containing an oil barrier lying on the reservoir crystallization solution.®° B)
Crystallophore Th-XO4 is used to induce both protein nucleation and structure determination (via phasing using

the anomalous scattering of terbium).t7°

Even though both methods sound promising, they both failed to change the crystal packing of
apo-RrCool-A crystals. It is important to point out that, while these crystallization trials were
performed, the in vitro characterization of the protein was going on in parallel. It was thanks
to this that we realized an important characteristic of the protein. In fact, as you may have
notice in the previous lines, | did not present the possibility of crystallizing the protein starting
from the holo-form. This is due to the fact that the addition of nickel to a concentrated sample,
the protein has to be at 9.9 mg/ml in order to crystallize, would cause immediate protein
precipitation. However, if the metal was added to a diluted sample that is then concentrated,
this process would let the protein remain soluble in solution. The discovery that the truncated
protein binds nickel specifically and with a high affinity, made most of the crystallographic
efforts focus on obtaining RrCool-A crystals with its natural bound metal. The holo- RrCool-A
structure is described in the paper, therefore | will not discuss it, but it was the essential

missing piece to be able to solve the twinned apo structure.

Once the holo- RrCool-A crystal structure was solved, we had a homology model that could
be used to solve the apo-protein data set via molecular replacement, hoping that the two
structures would not be dramatically different. What | did was to identify the real space group
playing on lowering the possible symmetry of the twinned space group, re-scale the data set
and run each of them using SHELX to find a plausible match with the phases of the holo-
structure. Once this space group (we moved from a theoretical P 6,2 2to P 3; 2 1) was found,

the phase could be confidently determined and the structure was solved via molecular
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replacement. The result is a final structure of the apo protein at 3 A resolution with a high B-
factor. Due to the high displacement values, the position of the amino acids in the electron
density cannot be confidently assigned. It is, however, possible to see that the positions of the
nickel binding amino acids (His 18-22-26) are oriented accordingly to the holo structure (Figure
7A). Asitis possible to see from the superimposition of the apo and holo structures, no major
conformational changes are observed for this protein upon nickel addition (Figure 7C-D). This
confirms that RrCool-A presents the same conformation in the presence or absence of nickel

in cristallo.

(An acknowledgment for helping me solving the twinned structure goes to the 2017-CCP4

workshop, in particular to Doc. Andrey Lebedev.)

A Dimer apo B B-factor apo

C Monomer apo-holo D Dimer apo-holo

Figure 7. A) Apo- RrCoolJ-A dimer, the amino acids involved in the nickel binding are depicted as sticks. B) B-factor
representation of the structure (red-to-blue Bmin=20, Bmax=200), it is possible to see the most disordered regions
are the loops and the N and C termini C) Overlay of the apo (blue) and holo (green) monomers. D) Overlay of the

apo (blue) and holo (green) dimers.

170



3.2 The mystery of the 315 nm absorption peak

Another peculiar observation found during the UV-visible characterization of apo RrCool, is
the presence of a 315nm-band, absent in RrCoolJ-A. (Figure 8 A, B) Notably, this peak was also

[.125> when CoolJ was purified from R. rubrum cultures, excluding it as a

observed by Kerby et a
possible artifact due to the heterologous production in E. coli (Figure 8C). In order to remove

and identify the nature of this peak, the protein was treated with the following methods:
e EDTA treatment (100 mM for 72 hours) in a glove box
e Guanidine treatment 6 M pH 7.2 ( O/N dialysis at 4 °C)

e Heat treatment of the guanidine treated samples (35 °C, 40 °C, 45 °C, 50 °C, 55 °C, 60
°C, 65 °C, 80°C, 90°Cx 15 min)

e In glovebox dialysis in order to remove the TCEP from the apo-protein solution.

In addition, RrCooJ was purified under anaerobic conditions, to check a possible effect of the
reducing agents used during the purification (DTT-TCEP) or if the purification in anaerobic
conditions could have an impact. Surprisingly, after all these attempts the 315 nm peak is still
present. Moreover, we did not observe any mass modification during the ESI-MS analysis and
the two cysteines present in the sequence are reduced, excluding the hypothesis of as intra
or inter molecular S-S bridge. The contribution of the cysteines to this signal is, however,
strongly conceivable. In fact, the mutant lacking these cysteines (RrCool-2CS) does not

present this peak in the Uv-vis spectrum.

Interestingly, Zamble et al. observed a similar absorption band at 320 nm in the histidine-rich
protein SlyD from E. coli.*’* Also in their case the band did not cause a mass difference and it

was not removed via EDTA treatment.

Despite several attempts from different research groups to identify it, the nature of this peak

is still unknown and is currently under investigation in our group.
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Figure 8. UV-Vis absorption spectra. A) Apo Cool-WT shows the presence of an unexpected peak at 315 nm. B)
Apo Cool-A shows the expected peak at 278 nm due to the single tyrosine present in the sequence. C) Spectra

for native Cool purified from R. rubrum. 1
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3.3 RrCool papers

3.3.1 Paper |

|BC ARTICLE )

The carbon monoxide dehydrogenase accessory protein
Cool is a histidine-rich multidomain dimer containing an
unexpected Nl(ll) blndlng 5|te
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From the *Laboratory of Chemistry and Biology of Metals, Université Grenoble Alpes, CEA, CNRS, F-38000 Grenoble, France and the
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Paper highlights

» RrCool possesses 16 histidines and 2 cysteines in the C-terminus and it forms a
homodimer in solution possessing a coiled coil with two independent and highly

flexible His-tails.

» RrCool binds several nickel (four) per dimer on the histidine rich motif, with a

dissociation constant of 1.6 uM.

» Surprisingly, a truncated version of the protein, RrCool-A, retains the ability to bind

one nickel per dimer with a dissociation constant of 13 nM.

» The structure of RrCool-A was solved by X-ray crystallography, showing the
additional nickel binding site at the protein interface and unveiling the

H(W/F)X2HX3H motif as the finger print to recognize the CoolJ family .

» 46 RrCool bacterial homologues have been identify thanks to this motif, which is

strictly conserved.

» RrCool possesses two separate nickel-binding sites: one able to bind 4 nickel per
dimer involving the flexible and variable histidine tails and a second one able to bind

1 nickel per dimer using the H(W/F)X2HX3H motif.

» The presence of a double set of sites could indicate a dual function for CooJ, as

nickel chaperone and nickel storage protein.
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Graphical Abstract
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The carbon monoxide dehydrogenase accessory protein
CoolJ is a histidine-rich multidomain dimer containing an

unexpected Ni(ll)-binding site
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Edited by Ruma Banerjee

Activation of nickel enzymes requires specific accessory pro-
teins organized in multiprotein complexes controlling metal
transfer to the active site. Histidine-rich clusters are generally
present in at least one of the metallochaperones involved in
nickel delivery. The maturation of carbon monoxide dehydro-
genase in the proteobacterium Rhodospirillum rubrum requires
three accessory proteins, CooC, CooT, and CooJ, dedicated to
nickel insertion into the active site, a distorted [NiFe;S,] cluster
coordinated to an iron site. Previously, Coo] from R. rubrum
(RrCoo]J) has been described as a nickel chaperone with 16
histidines and 2 cysteines at its C terminus. Here, the X-ray
structure of a truncated version of RrCooJ, combined with
small-angle X-ray scattering data and a modeling study of the
full-length protein, revealed a homodimer comprising a coiled
coil with two independent and highly flexible His tails. Using
isothermal calorimetry, we characterized several metal-binding
sites (four per dimer) involving the His-rich motifs and having
similar metal affinity (K, = 1.6 um). Remarkably, biophysical
approaches, site-directed mutagenesis, and X-ray crystallogra-
phy uncovered an additional nickel-binding site at the dimer
interface, which binds Ni(II) with an affinity of 380 nm.
Although RrCoo] was initially thought to be a unique protein, a
proteome database search identified at least 46 bacterial Coo]
homologs. These homologs all possess two spatially separated
nickel-binding motifs: a variable C-terminal histidine tail and a
strictly conserved H(W/F)X,HX;H motif, identified in this
study, suggesting a dual function for Coo]J both as a nickel chap-
erone and as a nickel storage protein.
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SASBMB

Rhodospirillum rubrum is a purple nonsulfur photosynthetic
bacterium, able to obtain energy through a variety of mecha-
nisms depending on the growth conditions. This versatile bac-
terium is a facultative anaerobe, capable of using CO as a sole
energy source during anaerobic growth in darkness through the
water—gas shift reaction (H,O + CO — H, + CO,) (1). The
biologically mediated water— gas shift reaction is catalyzed
by two nickel-dependent enzymes, namely a monofunctional
[NiFe]-carbon monoxide dehydrogenase (CODH)? coupled to
a CO-tolerant energy-conserving [NiFe]-hydrogenase (2). CO
is oxidized to CO, by CODH, releasing electrons used for the
reduction of two protons to yield H,, the latter reaction being
catalyzed by the hydrogenase. This CO-oxidizing complex con-
tains also CooF, a ferredoxin that transfers electrons from
CODH to hydrogenase. As a result, the implication of these two
essential nickel enzymes in CO metabolism requires a highly
controlled and effective nickel supply to ensure their correct
activation and catalytic efficiency.

The crystal structures of CODH from R. rubrum (RrCODH)
(3) and Carboxydothermus hydrogenoformans (4) were first
reported in 2001, revealing the unique architecture of its
active site, called C-cluster, constituted of a [NiFe,S,] cluster
and a mononuclear Fe(II) site. Previous studies have shown
that the iron/sulfur unit is inserted prior to nickel. Indeed,
when R. rubrum is grown in nickel-depleted medium, the
purified RrCODH corresponds to a stable, but inactive, nick-
el-deficient form (5, 6). The addition of nickel salts to nickel-
free CODH in the presence of CO under reductive condi-
tions is sufficient to convert the nickel-free C-cluster into a
functional C-cluster, proving that nickel insertion is the key
step of CODH activation (7). However, the mechanism of
nickel import, trafficking and accumulation prior to its
insertion into CODH, remains a subject that has been poorly
investigated to date.

In R. rubrum, a CODH operon, named cooFSCTJ (8), is
located downstream the hydrogenase operon, named coo-
MKLXUH (9). Both operons are CO-induced via the CO-sens-

3The abbreviations used are: CODH, carbon monoxide dehydrogenase;
SAXS, small-angle X-ray scattering; SEC, size-exclusion chromatography;
MALLS, multiple-angle laser light scattering; R, refractive index; ITC, iso-
thermal titration calorimetry; NSD, normalized spatial discrepancy; TCEP,
tris(2-carboxyethyl)phosphin; CATH, class (C) architecture (A) topology (T),
and homologous superfamily (H).
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A novel Ni(ll)-binding site in the nickel chaperone CooJ

ing transcriptional activator, CooA, found downstream of the
cooFSCTJ operon (10). The five open-reading frames present in
the CODH operon encode the ferredoxin CooF, CODH (CooS),
and three additional nickel-dependent proteins (CooC, CooT,
and Coo]) shown to function specifically for nickel insertion
into CODH (8). However, the precise role of the latter three
proteins in the maturation pathway, from nickel acquisition to
its transfer into the enzyme, is not well-understood.

CooC (11) is widely distributed in microorganisms possess-
ing a [NiFe]-CODH. The protein is an ATPase, analogous to the
GTPases HypB (12) and UreG (13) required for nickel-pro-
cessing for hydrogenase and urease, respectively. Today,
NTPases are generally recognized as common components of
the maturation processes of nickel enzymes, potentially playing
a regulatory role by affecting protein— interactions in multim-
eric chaperonin complexes and/or modulating nickel ion affin-
ity for intermediate metal-binding sites.

CooT from R. rubrum (RrCooT) was recently shown to be a
homodimer of 14 kDa that specifically binds one Ni(II) per
dimer (14). Initially identified in R. rubrum and Rhodopseu-
domonas palustris genomes, phylogenetic analyses have iden-
tified 111 CooT homologs in anaerobic bacteria and Archaea
(14). In all cases, the presence of CooT is related to an anaerobic
and metal-related metabolism.

RrCoo] is a metallochaperone with only few biochemical
data and no structural information available to date (15).
This 12.5-kDa protein contains a C-terminal nickel-binding
domain with 16 histidines and 2 cysteines in the final 34
amino acids (see Fig. 14). The protein purified directly from
R. rubrum cultures wasreported to bind four Ni(II) per mono-
mer with a K, value of 4.3 um, as shown by equilibrium
dialysis (15). During the purification, RrCoo]J co-eluted with
RrCODH and other additional proteins, suggesting the for-
mation of a multiprotein complex bound to CODH (15).
Interestingly, the histidine-rich region of RrCoo] is partially
dispensable for its physiological function: a truncated ver-
sion of RrCoo] with only six histidines and no cysteine in the
C-terminal part is still able to activate CODH in vivo, sug-
gesting that the His tail could play another role in the bacte-
rium, in addition to CODH maturation (8). Ni(II) transport
occurs in R. rubrum grown either in the presence or in the
absence of CO, excluding a role for CooC, CooT, and Coo]J in
Ni(II) import. However, ®*Ni(II) accumulates more rapidly
in CO-induced cells, essentially because of nickel accumula-
tion in CODH, which is highly dependent on the presence of
CooC, CooT, and CooJ, proving that all three proteins must
be present for in vivo nickel insertion into CODH (16).

Here, we report a detailed characterization of RrCooJ, which
reveals the existence of an unexpected nickel-binding site in the
N-terminal region. Biophysical approaches using the WT pro-
tein and site-directed mutants allowed the determination of
nickel-binding sites in the N-terminal region and in the C-ter-
minal histidine-rich tail. Structural analyses using X-ray crys-
tallography, small-angle X-ray scattering (SAXS), and model-
ing provided detailed information on the structure of RrCoo]
and allowed the characterization of the novel Ni(II)-binding
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site. Based on the presence of two spatially separated Ni(II)-
binding sites, this study suggests a double function for RrCoo]
as a Ni(II) chaperone and a Ni(II) storage protein.

Results
RrCoolJ is an a-helical dimeric protein

WT RrCoo] is a 12,581-Da protein (comprising Metl) pos-
sessing a histidine-rich tail that features 16 histidines and 2
cysteines. The recombinant protein (12,507 Da) (Fig. 1A) was
overproduced in Escherichia coli and purified to homogeneity,
as confirmed by electrospray ionization—MS (Fig. S1). Size-ex-
clusion chromatography coupled with multiple-angle laser
light scattering and refractive index (SEC-MALLS-RI) reveals a
homodimeric state of the apoprotein in solution, with the peak
eluting at ~25 kDa (Fig. 24). The results of secondary structure
prediction using PredictProtein (Fig. 1B), show four a-helical
motifs in the N-terminal region from residues 4 - 68, followed
by a mostly disordered region from residues 69 to 115, as
expected from its high content in histidines. However, a weak
a-helical and B-strand secondary structure propensity is also
expected in the C-terminal portion. The CD spectrum of apo-
RrCoo] in the far-UV region is consistent with this prediction
(Fig. 2B). A truncated form of the protein, lacking the C-ter-
minal region from Asp-69 to Pro-115 (RrCoo]-A; Fig. 14),
was also constructed (Table S1), as confirmed by electros-
pray ionization—MS (Fig. S1B). Similar to RrCoo], RrCoo]-A
behaved as a homodimer in solution, as shown by SEC-
MALLS-RI (Fig. 24) with an eluting peak at ~15 kDa, and it
mainly contains a-helices as revealed by the far-UV CD
spectrum (Fig. 2B).

The nickel-binding properties of RrCooJ and its mutants
in vitro

Inductively coupled plasma atomic emission spectroscopy
measurements showed that purified RrCooJ and its mutants
were devoid of any bound metal ion (Table S2). CD and isother-
mal titration calorimetry (ITC), coupled with site-directed
mutagenesis, were used to investigate the Ni(II)-binding prop-
erties of RrCooJ. CD spectra in the nearly UV-visible range
revealed the appearance of a ligand-to-metal charge transfer
transition at 270 (—) nm, with saturation at ~7 Ni(II) molar
equivalent per dimer upon addition of Ni(II) to RrCooT. A sec-
ond signal at 330 (+) nm appeared when the Ni(II) concentra-
tion reached 4 molar equivalents per dimer and saturated at ~7
molar equivalents per dimer (Fig. 34). The signal at 330 (+) nm
most likely corresponds to a nickel-thiolate ligand-to-metal
charge transfer, because it is not observed in the CD spectrum
of the RrCoo]-C2S mutant (Fig. 3B), in which Cys-109 and Cys-
111 are mutated to serine (Fig. 1A). However, the 270 (=) nm
signal is still present in the CD spectrum of RrCoo]-C2S, even
though at lower intensity (Fig. 3B). This suggests that ~ 4 Ni(II)
ions initially bind to the dimeric RrCoo] via histidine residues,
followed by the binding of additional Ni(Il) ions with the
involvement of the two cysteine residues. The truncation of the
histidine-rich tail in RrCooJ-A, does not completely abolish
Ni(II)-binding, as indicated by the appearance of the CD signal
at 270 (—) nm, saturating at 1 Ni(II) molar equivalent per dimer
upon Ni(II) addition (Fig. 3C). To investigate the role of the
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Figure 1. Amino acid sequences and secondary structure prediction of RrCooJ. A, amino acid sequences of recombinant RrCooJ and mutants.
Histidines are in red. Cys-109 and Cys-111 are in green. In RrCooJ-3HA and RrCooJ-A3HA mutants, His-18, His-22, and His-26 are mutated in Ala (in cyan).
In RrCooJ-C2S mutant, Cys-109 and Cys-111 are mutated in Ser (in blue). B, secondary structure elements of RrCooJ-WT predicted using the Predict-
Protein server (http://www.predictprotein.org).*
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Figure 2. SEC-MALLS-RI and CD in far UV of apoRrCooJ and apoRrCooJ-A. A, SEC-MALLS-RI profile for apoRrCooJ (black) and apoRrCooJ-A (red). Both
proteins are in a dimeric conformation in solution with a mass of 25.7 + 0.2% kDa for apoRrCooJ and 15.7 = 0.2% kDa for apoRrCooJ-A. The SEC-MALLS-RI
spectra were recorded for a protein concentration of 750 um dimer (apoRrCooJ) and 285 um dimer (apoRrCooJ-A) in 50 mm HEPES, pH 7.5, 300 mm NaCl, 1 mm
TCEP. B, the CD spectra in the 190-250-nm range shows the secondary structure composition of the protein in solution. The apoRrCoolJ spectrum (black) was
recorded at 12 um dimer concentration in 8 mm HEPES, pH 7.2, 10 mm NaCl. The apoRrCooJ-A spectrum (red) was recorded at 14 um dimer concentration in 9
mm HEPES, pH 7.2, 10 mm NacCl.

three putative nickel-coordinating residues present in the RrCooJ-A mutant is due to the coordination of a single Ni(II) to
N-terminal part of RrCoo]J, namely His-18, His-22, and His-26, His-18, His-22, and/or His-26.

the triple mutant RrCooJ-A3HA (Fig. 14) was constructed and ITC was applied to measure the Ni(II) binding properties of
purified. This mutant does not show any CD signal (Fig. 3D), RrCoo]J and its variants. In all cases but RrCooJ-A3HA, Ni(II)
demonstrating that the observed transition band in the dimeric  titrations produce negative peaks, indicating the occurrence of
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Figure 3. Binding properties of Ni(ll) to RrCooJ and its variants using CD in the near-UV visible region (250-700 nm). A-D, Ni(ll) titration of RrCooJ at 20
um dimer (A), RrCooJ-C2S at 20 um dimer (B), RrCoolJ-A at 100 um dimer (C), and RrCooJ-A3HA at 50 um dimer (D). The buffer contained 50 mm HEPES, pH 7.5,

300 mm NaCl (with the addition of 1 mm TCEP for spectra; A).

an exothermic binding reaction. A fit of the integrated heat data
for RrCooJ (Fig. 4A and Fig. S2A) using the “one-set-of-sites”
model was not satisfactory (x> = 2.01 kJ* mol?) as the curve
showed two inflection points, suggesting the presence of two
Ni(II)-binding events. Therefore, the “two-sets-of-sites” model
was applied with significantly improved statistics (x2 o+ =
0.453 kJ* mol?). The results of the fit indicate that one Ni(II) ion
binds to the protein dimer with higher affinity (K, v+ = 380 =
30 nm), followed by the interaction of ~ 4 Ni(II) ions with lower
affinity (Kp,wr = 1.60 = 0.02 uMm). Both events are character-
ized by favorable enthalpic values (AH, .+ = —33 = 3kJ mol !
and AH, y = —54.4 = 0.7 k] mol™") and different entropic
contributions (AS;wr+ = +12.9 ] mol™! K™ ! and AS,,,, =
—71.5Jmol ' K™ '). As observed for CD titrations, ITC exper-
iments on RrCooJ-A confirmed that the truncated protein
retains Ni(II)-binding properties. However, differently from
the full-length protein, the integrated heat data show a single
inflection point, indicating the occurrence of a single binding
event (Fig. 4B and Fig. S2B). A fit of the integrated data with
the one-set-of-sites model (x2, = 1.20 kJ*> mol®) shows that a
single Ni(II) ion binds to the protein dimer with K,, = 13 = 2
nM, AH, = —36.3 = 0.4 k] mol™*, AS, = +29.3 ] mol ' K",
The calculated thermodynamic parameters are similar to those
provided for the first binding event in RrCooJ, suggesting that
the latter does not involve the C-terminal tail, whereas the sub-
sequent binding of four Ni(Il) ions, absent in the RrCooJ-A
protein, occurs at the C-terminal His-rich tail. These results are
consistent with the CD-based titrations and provide improved
stoichiometry for the different events, as well as a quantitative
determination of the equilibrium binding constants. The affin-
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ity of the internal site in the truncated protein is one order of
magnitude higher as compared with the same site in the full-
length protein, suggesting that the C-terminal region somehow
decreases the Ni(Il) affinity for the internal binding site, possi-
bly competing for Ni(II) binding. Mutation of the two Cys res-
idues (RrCooJ-C2S mutant) (Fig. 4C and Fig. S2C) led to a
decreased stoichiometry from ~5 to ~4 Ni(Il) ions per protein
dimer. In particular, the thermodynamic parameters obtained
with a fit using a two-sets-of-sites model (x> c,s = 1.72 kJ*
mol?) are K, | cos = 380 = 10 nM, AH, ps = —62 * 2 k] mol *,
AS s = —84.2 T mol ' K™ ! and Kpyeps = 1.07 = 0.01 um,
AHychs = —82 =2k mol ™', AS,cps = —159 Jmol ' K™ *. On
the other hand, mutation of the three internal histidines (His-
18, His-22, and His-26) produces the RrCoo]-3HA variant (Fig.
1A) that lacks the N-terminal binding site and only retains the
ability to bind four Ni(II) per protein dimer (Fig. 4D and Fig.
S2D). Coherently, the binding isotherm shows a single inflec-
tion point and can be fitted with a one-set-of-sites model (x> =
1.01 kJ* mol®) and with K3, = 940 * 40 nm, AH,,,, =
—88.7 = 0.6 kf mol ', AS,;, = —182 ] mol ™' K™ . Finally, as
observed with CD, the triple mutant RrCooJ-A3HA does not
feature any significant heat of binding (Fig. 4E and Fig. S2E),
further confirming that the first binding event involves Ni(II)
coordination to the histidine residues of the folded N-terminal
domain.

To study the impact of Ni(II) on RrCoo] conformation, SEC-
MALLS-RI experiments were conducted. Increasing addition
of Ni(II) from O to 4 Ni(II) molar equivalents per protein dimer
led to elution volume variations, whereas the molecular masses
agree with a dimeric protein, regardless of Ni(II) concentration.

~SASBMB

610T ‘62 AIn[ uo eugojog Ip LIISISAIU() - UNIOIPNIS JAJBA BWY 8 /310°0q[ mmm,//:dny woly pspeojumoq



A novel Ni(ll)-binding site in the nickel chaperone CooJ

A B c
RrCool " RirCool-A RirCool-C28
[i] T T T T T 0 T T T
P ot
0 . . 10
10 .'/'.
-5 / 20 1
T . R | T | 1
= 20 S . = =0
E ” E s | Ew !l
2 2 20 f = 50 -
= = | -
< 40 t <9 35 [ <150 |
.
2 ol -70
-50 | sl [ n.‘n*}‘
M i i 35 LD i i N -80 i i i M
0 5 10 15 20 0 02 04 06 08 1 12 0 2 4 B 8 10 12
Molar ratio Molar ratio Molar ratio
D E F
RrCool-3HA RirCool-A3HA RrCool-A-E29A
T T T O [Favssbogassasssaidssii¥aay T
]
5 F
20 -10
L T st T
=] =] o .
E 40 E 20 | £
2 2. 2
= = X -
Z 50 5% z
-80 35
i i i i ‘40 i i i i
1] 2 4 6 8 10 12 0 0.5 1 1.5 2 2.5 0 0.5 1 15 2
Molar ratio Molar ratio Molar ratio

Figure 4. Binding properties of Ni(ll) to RrCooJ and its variants determined using isothermal titration calorimetry. A, integrated heat data of Ni(ll)
titration over RrCoolJ as a function of metal/protein molar ratio. The continuous line represents the best fit obtained using a two-sets-of-sites model. B,
integrated heat data of Ni(ll) titration over RrCooJ-A as a function of metal/protein molar ratio. The continuous line represents the best fit obtained using a one
sets of site model. C, integrated heat data of Ni(ll) titration over RrCooJ-C2S. The continuous line represents the best fit obtained using a two-sets-of-sites model.
D, integrated heat data of Ni(ll) titration over RrCooJ-3HA. The continuous line represents the best fit obtained using a one-set-of-sites model. £, integrated heat
data of Ni(ll) titration over RrCooJ-A3HA. F, integrated heat data of Ni(ll) titration over RrCooJ-AE29A. The continuous line represents the best fit obtained using

a one-set-of-sites model.

This suggests an effect of metal binding on the protein confor-
mation (Fig. 5A4). Above ~100 um NiSO,, a slight modification
of the total injected protein was observed, suggesting protein
aggregation at high Ni(II) concentrations. Notably, the addition
of 5 mm EDTA to a RrCoo] solution preincubated with 3 molar
equivalents of Ni(Il) led to the recovery of the apoRrCoo]
dimeric elution peak, demonstrating that Ni(II) binding and
nickel-induced conformational change of RrCoo] are reversible
processes (Fig. 5B). In the case of RrCoo]-A, the elution volume
is independent from Ni(II) concentration (Fig. 5C), revealing
that the conformational change of RrCooJ-WT is induced by
Ni(II)-binding to the His-rich tail.

X-ray structure of RrCooJ-A in complex with Ni(ll)

The crystal structure of Ni(lI)-loaded RrCooJ-A (Ni-
RrCooJ-A) was solved at 2.04 A resolution in the space group
P2,. Crystallographic data statistics of the Ni-RrCoo]-A struc-
ture are summarized in Table S3. In the structure, eight mole-
cules are present in the asymmetric unit. Ni-RrCooJ-A forms a
homodimer (Fig. 64) in agreement with the SEC-MALLS-RI
analyses. Each monomer is composed of two a-helices (from
Glu-3 to Ala-36 and from Leu-43 to Leu-68) connected by a
short turn (from Leu-37 to Arg-42). The homodimer adopts a
coiled-coil architecture comprising four helices, with the two
monomers arranged antiparallel to each other, indicating that
the two histidine tails of the full-length protein are expected to
be top-to-tail. The degree of mobility (B-factor) varies along the
helix bundle with a central more rigid region and two flexible
edges (Fig. 6B). Remarkably, four methionine residues (Met-
27 o,5 and Met-54, ,;;) form a methionine-rich cluster (Fig. 64).

SASBMB

This kind of cluster was previously observed in helix-bundle
structures (17, 18) and plays a role in helix—helix packing pat-
terns. According to the CATH protein structure classification
database (structural classification UCL), the RrCooJ-A mono-
mer belongs to the “mainly «” class, with a helix hairpin topol-
ogy (CATH code 1.10.287). RrCoo]J-A shares structural simi-
larities with the “helix hairpin bin” superfamily, although no
function can be deduced from it. Moreover, the investigation
of the function of RrCoo] from its sequence revealed that the
protein does not belong to any CATH functional family and
that no homolog domain was found in the PFAM database.
Assembly analyses using PDBePISA (19) showed that the
8-amino acid chains present in the asymmetric unit form
four stable dimers, with interface surface areas of ~7000 A2,
One Ni(II) ion is bound to each dimer. In addition, two
BCEG-Ni, and ADFH-NI, tetramers, predicted to be unsta-
ble in solution, were suggested.

Structural characterization of the novel nickel-binding site
The X-ray structure of Ni-RrCooJ-A allowed the identifica-
tion and the characterization of the Ni(II)-binding site, found in
a largely solvent-exposed site. One peak attributed to nickel is
present in the X-ray fluorescence spectrum (Fig. S3), corre-
sponding to four peaks with Ni(II) at 100% occupancy in the
anomalous difference electron density map, at the surface of the
four dimers. For clarity, only the BC dimer will be discussed
here. The Ni(Il) ion is hexacoordinated and adopts an octahe-
dral coordination. The metal is bound to the dimer via the four
Ne of imidazole groups of His-225, His-265, His-18, and His-
22.. The two additional solvent-exposed coordination sites are
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Figure 5. Ni(ll) impact on RrCooJ and RrCooJ-A conformation using SEC-MALLS-RI. A, chromatogram of SEC-MALLS-RI analysis of RrCooJ in the presence
of Ni(ll) (from 0 to 4 molar eq). 20 ul of protein samples were injected at 45 um of dimer in a Superdex 200 increase equilibrated in 50 mm HEPES, pH 7.5, 300 mm
NaCl, T mm TCEP. The lines show Apo RrCooJ alone (blue) or in the presence of 22.5 um of Ni(ll) (0.5 eq) (violet), 45 um of Ni(ll) (1 eq) (green), 90 um of Ni(ll) (2 eq)
(yellow), 135 um of Ni(ll) (3 eq) (orange), and 180 um of Ni(ll) (4 eq) (red). The final protein concentration in the dimeric form was determined by the ASTRA 6
program and found equal to 44 um dimer (100% of injected protein) for the apo RrCooJ, and RrCooJ preincubated with 0.5 eq Ni(ll) or 1 eq Ni(ll), 36 um (82% of
injected protein) for RrCooJ preincubated with 2 eq Ni(ll) and RrCooJ preincubated with 3 eq Ni(ll) and 28 um (64% of injected protein) for preincubated with
4 eq Ni(ll). B, chromatogram of SEC-MALLS-RI analysis of apo RrCoolJ (blue), in the presence of 3 eq Ni(ll) (orange) and 3 eq of Ni(ll) + 5 mm EDTA (magenta).
Samples were injected at 50 um dimer. C, chromatogram of SEC-MALLS-RI analysis of RrCooJ-A at 100 um dimer in the absence (black) or preincubated with 5

molar eq of Ni(ll) (red).

A

Figure 6. X-ray structure of Ni-RrCooJ-A homodimer. A, the two monomers are in magenta and cyan. Ni(ll) is depicted as a green sphere. B, B-factor diagram
of Ni-RrCooJ-A dimer by the B-factor putty program in PyMOL. The B-factors are illustrated by color, ranging from low (blue, B-factor = 20) to high (red,

B-factor = 60).

filled by the bidentate carboxylate group of Glu-29, (Fig. 7,
A-C). Thus, in the X-ray structure, a tetramer BCEG is
formed via the interaction of Glu-29, with the Ni(II) ion
bound to the dimer BC. In addition, a m-stacking between
His-18; and His-18; is also observed (Fig. 7A). However,
these interactions are insufficient to stabilize the tetrameric
conformation in solution, as proven by SEC-MALLS-RI and
should be regarded as a solid-state effect. This conclusion is
reinforced by ITC experiments on the RrCooJ-AE29A
mutant, which indicate that mutation of Glu-29 to Ala does
not affect Ni(II) binding in solution (Fig. 4F and Fig. S2F).
Indeed, the fit of the binding isotherm (X2 sgs94 = 0.325 kJ*
mol?) shows that one Ni(II) ion binds per protein dimer with
thermodynamic parameters similar to those of RrCooJ-A
(Kp apson = 18 + 2 nM, AH pyor = —37.6 = 0.3 kJ mol %,
ASppron = 22.4 T mol 1K),

Unexpectedly, Coo] homologs are present in five different
bacterial phyla, with size varying from 70 to 117 residues: they
were identified in the phyla Proteobacteria, Planctomycetes,
Lentisphaerae, Chloroflexi, and Nitrospirae and in groundwater
and marine sediment metagenomes. In proteobacteria, they are
found in alphaproteobacteria (R. rubrum, R. palustris, Pleo-
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morphomonas sp., Telmatospirillum siberiense), in unclassified
Deltaproteobacteria and in sulfate-reducing deltaproteobacte-
ria (unclassified Desulfobulbaceae, unclassified Desulfobactera-
les, Desulfofustis glycolicus, Desulforhopalus singaporensis, Des-
ulforivibrio alkaliphilus, Desulfobulbus sp., Desulfotalea sp.,
Desulfopila aestuarii, Desulfocapsa sulfexigens). In planctomy-
cetes, they are found in unclassified Planctomycetes and in
Candidatus scalindua. In Lentisphaerae, Chloroflexi, and
Nitrospirae, they were identified in unclassified bacteria. The
Ni(II)-binding residues His-18, His-22, and His-26 in the
R. rubrum sequence are strictly conserved among at least 46
putative Coo] sequences (Fig. S4).

Moreover, an acidic residue (Asp or Glu) is also conserved (in
position 29 in R. rubrum). The new H(W/F)X,HX;H Ni(II)-
binding motif is revealed by the present study as a signature
of the Coo] family. This result highlights the importance of
the newly characterized Ni(II)-binding site in RrCoo]. The
alignment of their amino acid sequences by Clustal W further
shows that they all possess a histidine-rich motif in the
C-terminal part, although their lengths are variable, contain-
ing from 3 to 18 histidines, whereas cysteines are rarely pres-
ent (Fig. 7D).

~SASBMB
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Figure 7. The novel Ni(ll) binding site in RrCooJ. A, tetrameric conformation of Ni-RrCooJ-A, composed of the two homodimers BC (in magenta and cyan) and
GE (in gray and red). B, structure of the Ni(ll)-binding site. Ni(ll) is depicted as a green sphere, and coordinating residues are shown as sticks. C, In gray is the
2F, — F_.map contoured at 2.0 o, and in green is the difference anomalous map contoured at 3.0 ¢. D, logo showing the conservation of the 46 CooJ homologs
identified by pBlast. For clarity, nonconserved residues forming gaps in ClustalW alignment were removed. The logo of CooJ homologs was generated using

the WebLogo tool (50).

Analysis of apoRrCooJ-A and apoRrCooJ by SAXS

As expected, the presence of a large disordered region in the
C-terminal part of RrCoo] hindered its crystallization. To get
information on the conformation of the full-length protein in
solution, SAXS experiments were performed. The final scatter-
ing curves of apoRrCoo] and apoRrCoo]J-A are shown in Fig. 8A.
The linearity of the Guinier plots at several protein concentra-
tions confirms that both proteins are monodisperse in solution
(Fig. 8B). The radius of gyration (R,) for apoRrCoo] (R, 3.05 =
0.12 nm) and apoRrCooJ-A (R, 1.99 = 0.05 nm) were mea-
sured. Moreover, the calculated molecular mass determined by
1(0) is in good agreement with SEC-MALLS-RI data (MMg,xg =

SASBMB

26 * 0.5 kDa for apoRrCooJ and MMg s x5 = 14.9 = 0.1 kDa for
apoRrCooJ-A). The pair distance distribution patterns of both
proteins indicate that apoRrCoo], witha D, of 12 = 1 nm, is
more elongated than apoRrCooJ-A, which displays a D, ., of
6.5 * 0.4 nm (Fig. 8C). The flexibility of each protein was inves-
tigated with the analysis of the Kratky plots (s*I(s) versus s). The
bell-shaped curves of the plots indicate that both proteins are
partially folded (Fig. 8D). However, apoRrCoo] shows a decay to
zero with a Q,,,, of 0.7 nm, indicating the presence of more
flexible parts compared with apoRrCooJ-A witha Q,,,, of 1 nm.
In addition, the lower intensity of the plateau phase of apo-
RrCoo]-A compared with that of apoRrCoo] strongly suggests
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Figure 8. Study of apoRrCooJ and apoRrCooJ-A by SAXS. A, scattering curves of experimental data of apoRrCool in cyan and apoRrCoolJ-A in black in
solution. B, linear dependence of In[I(Q)] versus Q* determined by Guinier plot at several concentrations: O, 56 um; A, 112 um; [J, 240 um dimer for apoRrCoo)
(cyan); and O, 34 um; A, 190 um; [, 340 um dimer for apoRrCool-A (black), with standard Ry limits (0.3 to 1.0), indicating the absence of aggregation for both
proteins. C, pair distribution function p(R) in arbitrary units (arb.u) versus r (nm) determined by GNOM of apoRrCoolJ (cyan) with a D,,, of 12 nm and
apoRrCool-A (black) with a D,,,,, of 6.5 nm. D, Kratky plots of apoRrCool (cyan) and apoRrCool-A (black). E, final ab initio model of apoRrCooJ-A generated with
DAMMIF and merged with DAMAVER (NSD < 0.7). F, final ab initio model of apoRrCooJ generated with DAMMIF and merged with DAMAVER (NSD = 0.8-1.5).
G, superimposition of the X-ray structure of Ni-RrCooJ-A on ab initio model of apoRrCooJ-A (done with the SUPCOMB software). Fit of the SAXS experimental
scattering curve of apoRrCooJ-A (black) with the theoretical scattering curve from the crystal structure generated by CRYSOL (red).

the presence of additional flexible regions in the full-length pro-  of the full-length protein were generated using the same proce-
tein. Taken together, these data revealed that apoRrCooJ isless dure. In this case, a heterogeneous solution was obtained, with
structured that apoRrCooJ-A. the presence of several clusters with NSD values varying from

To determine the three-dimensional model of apoRrCooJ in 0.8 and 1.5, in favor of the existence of flexible regions in
solution, ab initio models were generated without any con- apoRrCoo] (Fig. 8F). Taking advantage of the X-ray structure of
straint in slow mode. First, ab initio models of apoRrCooJ-A  Ni-RrCoo]-A, the SAXS experimental scattering curve of apo-
were built. A solution model was selected by DAMAVER (21), RrCooJ-A was fitted with the theoretical scattering curve from
with normalized spatial discrepancy (NSD) values < 0.7, corre-  the crystal structure generated by CRYSOL, giving a x* of 1.8
sponding to a homogenous solution in agreement with a com-  (Fig. 8F). Moreover, the Ni-RrCooJ-A X-ray structure was
pactand folded protein (Fig. 8E). To go further, ab initio models  superimposed with the best ab initio model of apoRrCooJ-A
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Figure 9. In silico modeling of apoRrCooJ using EOM2.0 and CHARMM. A, distribution (D,,.,) of end-to-end distances computed from pools containing
10,000 RrCooJ structural models generated by EOM2.0 in gray. The five selected models are depicted in red. Freq, frequency. B, fit of experimental data in black
compared with final combination model of RrCooJ generated by EOM with a x? of 0.8. C, superposition of the five final models of RrCooJ: coiled-coil domains
arein red. For the flexible regions, each color corresponds to an individual model. D, modeling of apoRrCooJ. Superposition of the minimum energy models of
apoRrCool in each of the nine clusters obtained after replica-exchanging self-guided Langevin dynamics simulation with CHARMM. Each model is represented

in a different color. The figure was drawn with VMD (51).

using SUPCOMB (Fig. 8G). Our data show that the truncated
protein shares the same conformation in solution and in the
crystalline state.

Molecular modeling of apoRrCooJ

To better characterize the apoRrCoo] dimer in solution, a
hybrid approach was adopted combining both the Ni-RrCoo]-A
X-ray structure and the SAXS data using the Ensemble Optimi-
zation Method (EOM 2.0) (20). From our SAXS analyses, the
X-ray structure of the truncated holo-protein can be confi-
dently used to model the N-terminal region of the full-length
protein. EOM 2.0 was thus used to generate a pool of 10,000
conformers using both random chains for the C-terminal part
and the atomic coordinates of the Ni-RrCooJ-A crystal struc-
ture. The Gaussian statistics of the data set resulted in a best
final ensemble of five independent models (a x> = 0.82) in a
highly variable range of D, ., from 8.3 to 13.1 nm, describing
the scattering properties of inherently dynamic macromole-
cules (Fig. 9, A and B). This result indicates that the apoRrCoo]
dimer contains two highly flexible regions corresponding to the
two C-terminal histidine rich clusters modeled as polyaspar-
agine by EOM 2.0 (Fig. 9C). The anti-parallel spatial arrange-
ment of the two monomers, observed in the X-ray structure of
Ni-RrCoo]-A dimer, is confirmed for the full-length protein in
solution.

To obtain more detailed information on the flexible histi-
dine-rich C-terminal tails, a pool of individual models of
apoRrCooJ was built using the CHARMM force field and the
RrCoo] amino acid sequence, with the atomic coordinates
of Ni-RrCooJ-A structure and the biophysical parameters

SASBMB

(Ry D,y,,x) from SAXS data. To generate individual models, the
central ordered domain of RrCoo] dimer was considered simi-
lar to the RrCooJ-A dimer. Each model was treated using
dynamic replica exchange (RXGLD) between 300 and 400 K
covering 8 ns. The last 3 ns of RXGLD dynamics (3000 frames
recorded every ps) were analyzed. The calculated average R,
was 3.14 * 0.04 nm compatible with the 3.12-nm target deter-
mined by SAXS, meaning that the modeled trajectory yields a
correct representation of the flexibility of the C-terminal
region. Frames were grouped into nine clusters correspond-
ing to coordinate root-mean-square deviation larger than 6.0
A. The minimum energy models of each cluster are shown
superimposed in Fig. 9D, indicating the appearance of tran-
sient a-helix and -sheet motifs in the C-terminal region. In
particular, a-helices appear between His-92 and Cys-109,
whereas transient B-sheets are found in the Leu-68 —Asp-69,
Pro-84 —Phe-85, His-96-Gly-99, His-104—-Asp-107, and
His-110-Asp-113 regions.

Discussion

Nickel is an important trace element for many prokaryotic
microorganisms, where it participates to a variety of cellular
processes, being part of the active site of essential enzymes.
Because the free metal ion is toxic in the intracellular environ-
ment, the cells control its availability with transporters, storage
proteins, and metalloregulators, working in concert with acces-
sory proteins to deliver the metal ion to its specific target sites.
In R. rubrum, two key enzymes involved in CO metabolism,
namely hydrogenase and CODH, require nickel for their activ-
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ity. Among the specific accessory proteins expressed by this
bacterium, RrCoo] is an active player in nickel homeostasis and,
more specifically, in CODH maturation. In this work, the use of
a multidisciplinary approach provided a detailed characteriza-
tion of the nickel chaperone RrCoo].

RrCoo] forms a multidomain dimeric protein, with a coiled
coil and two flexible regions. A combination of X-ray crystallo-
graphic and SAXS data revealed that the two histidine-rich tails
at the C termini are independent to each other. The role of
histidine-rich regions in proteins is generally proposed to be
related to nickel storage and/or detoxification, because of
their ability to quickly bind and release nickel ions. When
present, histidine-rich clusters are located either at the
C-terminal position as in Coo] for CODH maturation, in
UreE for urease maturation (21), and in SlyD for hydrogen-
ase maturation (22) or at the N-terminal region as in HypB
for hydrogenase maturation (23), in UreG for urease matu-
ration (24), and in LarC for lactate racemase maturation (25).
Differently, Helicobacter pylori expresses two unique pro-
teins, Hpn and Hpn-2, composed by histidines and cysteines
for half of the total amino acid sequence. The two proteins
play a central role in controlling the intracellular nickel traf-
ficking and participate in a common pathway to the matura-
tion of urease, a virulence factor (26). Altogether, these stud-
ies suggest that histidine-rich motifs might satisfy a nickel
storage role for the bacteria rather than being part of the
mechanism of metal insertion into enzymes.

SAXS and modeling experiments showed that the C-termi-
nal region of RrCooJ, initially predicted from the sequence as
intrinsically disordered, is partly and transiently structured
even in the absence of nickel. This region appears to be highly
flexible and linked to a more rigid N-terminal domain corre-
sponding to the coiled coil. The two His-rich regions are able to
bind four Ni(II) ions per dimer with dissociation constants in
the micromolar range. The effect of Ni(II) binding to the C
terminus tail onto the protein structure is difficult to evaluate
because of the presence of several metal-binding sites with sim-
ilar affinity and the tendency of the protein to aggregate at high
nickel concentrations.

In addition to the characterization of Ni(II) binding to the
His-rich tail of RrCoo], an unexpected Ni(II)-binding site was
detected with a dissociation constant in the nanomolar range.
This site involves conserved histidines located at the dimer
interface of the protein. In most nickel-dependent accessory
proteins, an exposed nickel-binding site is found, compatibly
with fast metal transfer to the physiological partner(s). The
Ni(II) ion is coordinated by four histidines, two from each mono-
mer, with two additional ligands from a bidentate Glu-29 of the
neighboring dimer completing an octahedral coordination
geometry. With a solvent exposed Ni(Il)-binding site, water
molecules can easily replace the glutamate residue and com-
plete the coordination sphere in solution, with a nitrogen/oxy-
gen ligand environment.

With two independent types of Ni(Il)-binding sites, RrCoo]
thus resembles the known behavior of HypB and UreE nickel-
chaperones. Indeed, in addition to the nonconserved histidine-
rich cluster, two metal-binding sites have been identified in
HypB: a conserved low-affinity Ni(II)/Zn(Il) binding site, pro-
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posed to be responsible for the direct Ni(Il) transfer to its phys-
iological partner HypA (27), and a nonconserved high affinity
Ni(II)-binding site at the N terminus (28). Similarly, the dimeric
UreE presents a conserved metal-binding site at the dimer
interface, involving a conserved His residue from each mono-
mer located in the C-terminal domains, as well as a second His
residue in the disordered C-terminal tail, in addition to other
metal-binding sites located in the histidine-rich segment, found
in some UreE homologs (29).

Using the ever continuously updating of genome databases,
several CooJ homologs were identified in recently sequenced
genomes. They all present a histidine-rich tail, featuring highly
variable size and composition, whereas the strict conservation
of the N-terminal binding site reinforces its essential role in
nickel metabolism. Although its role was predicted to be minor
and restricted to R. rubrum, the occurrence of CooJ in various
bacteria also raises the question of its implication in the overall
maturation pathway of CODH.

Altogether, this study has provided a structural and biophys-
ical characterization of RrCoo] having more general implica-
tions in the field of nickel trafficking by metallochaperones con-
taining His-rich regions. On the basis of the knowledge
acquired on nickel chaperones, a double function can be pro-
posed for Coo], in both CODH maturation and nickel storage.
Further studies, required to clarify the molecular details of
protein—protein interactions involving CooJ, CooT, and CooC
leading to Ni(II) transfer and CODH activation, are underway
in our laboratories.

Experimental procedures

RrCooJ and its mutants (Table S1) were produced in E. coli
and purified. Cell pellets from 2 L of E. coli culture overex-
pressing RrCooJ, RrCoo]-3HA, or selenomethionine-labeled
RrCooJ-A were thawed and resuspended in buffer QA (50 mm
Tris-HCI, pH 8.5, containing 1 mMm EDTA and 5 mm DTT)
complemented with one complete Protease Inhibitor mixture
tablet (Roche) per 50 ml of buffer, and lysed by sonication. The
cell debris were removed by centrifugation at 40,000 rpm for 30
min at 4 °C. The supernatant was loaded at 0.7 ml min™~ ' onto a
Q-Sepharose HP 16/10 column (GE Healthcare) equilibrated
with buffer QA. After loading, the column was washed with QA
buffer until the baseline was reached, and the protein was
eluted with a linear gradient (0 —50% in six column volumes) of
buffer QB (50 mm Tris-HCI, pH 8.5, 1 M NaCl, 1 mm EDTA, 5
mM DTT). The fractions of the main elution peak were analyzed
by SDS-PAGE, and those containing RrCoo] proteins were
pooled and concentrated. The protein was then loaded onto a
Superdex75 16/600 size-exclusion column (GE Healthcare)
equilibrated in buffer S (50 mm HEPES, pH 7.5, containing 300
mMm NaCl,1 mm TCEP). Fractions were collected and analyzed
by SDS-PAGE. The fractions containing RrCoo] were pooled
and concentrated up to 10.0 mg ml™! before flash freezing in
liquid nitrogen and stored at —80°C. RrCooJ-A, RrCoo]-
A3HA, RrCo0J-2CS, and RrCooJ-A-E29A were purified using
the same protocol except that DTT and TCEP were excluded
from buffers QA, QB, and S, respectively. Experimental extinc-
tion coefficient at 280 nm was calculated from the concentra-
tions determined by SEC-MALLS-RI on three independent sam-
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ples for apoRrCoo] (4.62 mM™ “cm™ ') and apoRrCooJ-A (1.52
mM tem Y.

Inductively coupled plasma atomic emission spectroscopy
(Shimadzu ICP 9000 instrument with Mini plasma Torch in
axial reading mode) was used to measure the metal content.
The samples were incubated in 65% HNO, overnight at 95 °C
before measurement (30). Secondary structure elements of
RrCoo] were predicted using the PredictProtein program
(http://www.predictprotein.org) (52),* an automatic server that
searches up-to-date public sequence databases, creates align-
ments, and predicts aspects of protein structure and function.

Purified and frozen RrCooJ and RrCooJ-A were thawed,
diluted to ~50 um (dimer), and incubated in the absence and
presence of NiSO, (0.5, 1.0, 2.0, 3.0, or 4.0 molar equivalents per
dimer) for 15 min at room temperature prior to injection onto
the SEC-MALLS-RI system (Wyatt Dawn HELEOS-II 18-angle
light scattering detector and Wyatt Optilab rEX refractive
index monitor linked to a Shimadzu HPLC system comprising a
LC-20AD pump, a SPD20A UV-visible detector, and a Super-
dex 200 10/300 column (GE Healthcare)). Injections were car-
ried out using a 20-ul loop. The size-exclusion column was
equilibrated using a 50 mm HEPES, pH 7.5, 300 mm NaCl, and 1
mMm TCEP. Protein concentration in all samples was deter-
mined by integration of the differential refractive index peak. It
is important to note that all used samples are coming from the
same stock dilution; thus a modification on the final protein
concentration can be attributed to protein aggregation. The
data were analyzed using ASTRA software (version 6).

CD spectra were recorded using a J-1500 CD spectrometer
from JASCO Analytical Instruments. A stock solution of 10 mm
NiSO, was used to monitor metal-ligand charge transfer and
d-d transitions of RrCooJ and its mutants upon Ni(Il) titration
(from O to 10 molar equivalents of NiSO,). Spectra were
recorded from 250 to 700 nm using a 10-mm cuvette, with five
accumulations to increase the signal-to-noise ratio. Proteins
were thawed and diluted to 20 -100 uMm dimer in CD buffer (50
mwm HEPES, pH 7.5, 300 mm NaCl, 1 mm TCEP). CD spectra
were also recorded using a 1-mm cuvette in the 190 -250-nm
range to determine the secondary structure content of apoR-
rCoo] and apoRrCooJ-A, with 10 accumulations on samples
containing 7.5 uM protein dimer in CD buffer (8 mm HEPES,
pH 7.2, 10 mMm NaCl, and 1 mm TCEP). The spectra were ana-
lyzed using the JASCO spectra manager software (version 2).

RrCooJ and its variant (7—10 uM dimer) and RrCoo]J-A and its
variants (12—17 uMm dimer) diluted in 50 mm HEPES, pH 7.2, 300
mM NaCl, were titrated with NiSO, (100-500 uMm) diluted in
the same buffer. The data were analyzed using the MicroCal
PEAQ-ITC analysis software to provide the isotherm of binding
and to derive the thermodynamic parameters. Integrated data
obtained for each titration were fitted using a nonlinear least-
squares minimization algorithm to a theoretical titration curve,
with either the one set of sites model or the two-sets-of-sites
model. N (stoichiometry of binding), AH (reaction enthalpy
change, cal mol™"), and K, (binding constant, M~ ') were the
thermodynamic fitting parameters. The reaction entropy was

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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calculated using the relationships AG = —RTInK,, (r = 1.9872
calmol ' K™, T =298 K) and AG = AH — TAS. The reliability
of the obtained fits was evaluated using the reduced x* (x?)
parameter.

Initial crystallization screens were carried out using the
HTXLab facilities at EMBL Grenoble set up using a sitting-drop
vapor diffusion 1:1 ratio format with 100 nl of protein solu-
tion = 1 molar eq of Ni(II) at 400 um dimer. Crystals were
optimized manually in the laboratory by the hanging-drop
method, using 2 ul of holo-protein solutions at 400 um dimer
added with an equal volume of precipitant. The best diffracting
crystal of Ni-RrCooJ-A was obtained with a protein concentra-
tion of 400 uMm dimer in the presence of one equivalent of Ni(II)
per dimer, in 16% (v/v) PEG3350 and 0.2 M calcium chloride.
Micro-seeding was carried out, according to the Hampton pro-
tocol (“seed-bead” kit), to increase the size of the crystals. A
cryo-protection solution was made starting from the mother
liquor composition by addition of 25% glycerol before flash-
cooling in liquid nitrogen.

Diffraction data were collected on the ID30B Beamline at the
European Synchrotron (ESRF, Grenoble, France) (31). Fluores-
cence spectra were recorded to confirm the presence of sele-
nium and nickel atoms in the crystals. The best crystal dif-
fracted at 2.04 A resolution, and a single anomalous diffraction
data set was recorded above the selenium edge (A = 0.9786 A)
to benefit from the anomalous contributions of both selenium
and nickel atoms (f” = ~3.8 and 2e~, respectively). The data
were integrated in the P21 space group using XDS and scaled/
merged using XSCALE (32). The asymmetric unit was esti-
mated to contain eight RrCooJ-A molecules (68 residues/mol-
ecule) based on the Matthews coefficient using the CCP4 suite
(33). The structure was solved by the SAD method using the
SHELX suite (34). The whole heavy atoms substructure, includ-
ing 16 selenium and 4 nickel atoms, was solved using SHELXD.
The experimental phases were calculated and further improved
by alternating density-modification and auto-tracing using
SHELXE. Then Phenix—Autobuilt (35) was able to automati-
cally build 78% of the model (422 of 544 residues located, with
R o = 28% and Ry... = 32%). The model was subsequently
rebuilt and corrected manually using COOT (36) and finally
refined using Phenix Refine (37), resulting in a final model
with R, = 20.0% and R, = 25.9% (refinement statistics
in Table S3).

ApoRrCoo] and apoRrCooJ-A were filtered extemporane-
ously before each experiment, using size-exclusion chromatog-
raphy with a Superdex 200 increase column (GE Healthcare)
equilibrated in 50 mm HEPES, pH 7.5, 300 mm NaCl, 1 mm
TCEP. Protein concentration were 33—240 uM of dimer. SAXS
data were collected at the European Synchrotron Radiation
Facility (Grenoble, France) on the BM29 Beamline at BioSAXS.
The data were processed using standard procedures with the
ATSAS v2.8.3 suite of programs (38). The ab initio determina-
tion of the molecular shape of the proteins was done as previ-
ously described, using DAMMIF (39). Radius of gyration (R,)
and forward intensity at zero angle (/(0)) were determined with
the programs PRIMUS (40) by using the Guinier approxima-
tion at low Q value, in a Q'R, range < 1.5.
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2

Rs
In (Q) = Inl(0) — 3

(Eq. 1)

Porod volumes and Kratky plot were determined using the
Guinier approximation and the PRIMUS programs (40). The
radius of gyration and the pairwise distance distribution func-
tion P(r) were calculated by indirect Fourier transform with the
program GNOM (41). The maximum dimension (D,,,) value
was adjusted so that the R, value obtained from GNOM agreed
with that obtained from Guinier analysis.

To build ab initio models, several independent DAMMIF
(39) models were calculated in slow mode with pseudo chain
option and merged using the program DAMAVER (42). The
program CRYSOL (43) was used to generate the theoretical
scattering curves from the Protein Data Bank coordinates of
Ni-RrCooJ-A.

The program suite EOM 2.0 (20) was used to get informa-
tion on the predicted intrinsically disordered region: an
ensemble of 10,000 conformers was generated using genetic
algorithms to study the flexibility of the C-terminal domain
of RrCoo]. A starting model, containing the atomic coordi-
nates of Ni-RrCoo]J-A structure and a polyasparagine mim-
icking the C-terminal region, was generated as input to the
EOM program. The genetic algorithm compared the aver-
aged theoretical scattering intensity from N independent
ensembles of conformations against the scattering data of
RrCoo]. The ensemble that best fitted the experimental
SAXS data were selected with a maximum number of 10
individual models.

To study the flexibility of the C-terminal part of the protein
in relation with SAXS data, molecular dynamics simulations
were run using the molecular dynamics program CHARMM
(44). A dimer of RrCooJ was modeled with the all-atom force
field all22 for proteins (45, 46). Initial coordinates were taken
from the X-ray structure of the Ni-RrCooJ-A dimer solved from
Glu-3 to Leu-68 for chain A and Pro-5 to Leu-68 for chain B. All
missing atom coordinates were built with CHARMM using
internal coordinates, and the structure was energy-minimized
down to a gradient of 0.1 kcal/mol/A. With 100 residues unre-
solved in the dimer, the resulting initial model needed a pow-
erful algorithm able to sample the conformational space of
the protein like replica-exchanging self-guided Langevin
dynamics (47). Self-guided Langevin dynamics enhances con-
formational search efficiency through acceleration of low fre-
quency motions in a molecular system (48). Different types of
restraints were applied on the protein to maintain the position
of backbone atoms resolved in the X-ray structure and prevent
fraying of a-helices at their N and C terminus during high tem-
perature dynamics. Finally, the radius of gyration of the sol-
vated proteins were estimated to 19.8 and 34 A, respectively, for
RrCooJ-A and RrCoo] dimer by SAXS. The corresponding
radius of gyration calculated by CHARMM for the RrCooJ-A
unsolvated system being 17 A, the radius of gyration of the
RrCoo] unsolvated dimer was estimated to be 34 + 2.8 = 31.2
A. To reproduce the experimental observations, a radius of
gyration restraint (RGYR) of 2 kcal/mol/A? calculated on
a-carbon atoms, was thus introduced in the simulations. A
restraining radius of 32.6 A was chosen. (This value was shown

7612 J Biol. Chem. (2019) 294(19) 7601-7614

in test simulations to best approach the 31.2 A target). The
Screened Coulomb potentials implicit solvent model (49) was
used in this work involving 16 replicas. Additional details are
provided in the supporting information.

Data deposition

The atomic coordinates for Ni-CooJ-A have been deposited
in the Protein Data Bank under accession code 6HK5.
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Cloning and expression of RrCooJ and its mutants

The Rhodospirillum rubrum CooJ gene (RrcooJ) was ordered from DNA 2.0 in pET15b as
codon-optimized gene for expression in E. coli. A previously described protocol (1) was used with
the primers described in Table S1 for generation of the different mutants: the truncated protein
lacking the C-terminal disordered region from Asp69 to Proll5 containing the histidine tail
(RrCoolJ-A), the triple HI8A/H22A/H26A mutants (RrCooJ-3HA & RrCoolJ-A3HA), and the
RrCooJ-A-E29A mutant. All protein sequences contain an additional glycine at the N-terminus
from the cloning procedure.

PCR was carried out in the presence of the appropriate primers using Phusion polymerase-GC
(NEB) at the recommended TM. PCR samples were incubated with a reaction buffer containing
2UI of Dpnl, 10 UI of T4 DNA Ligase, ImM of ATP and 2 UI PNK in PNK buffer from NEB for
15 min at RT before transformation in Topl0 ultra competent cells. Each mutant was DNA-
sequenced (MWQG).

E. coli BL21 (DE3) cells harboring RrCooJ or its mutants were cultured in LB medium,
supplemented with appropriate antibiotics, at 37 °C and 180 rpm. The gene expression was induced
with 0.5 mM IPTG at ODeoo ~0.6 and left overnight at 16 °C and 180 rpm before cell harvest by
centrifugation. The cell pellets were resuspended in 50 mM Tris-HCI pH 8.5 contanining 1 mM
EDTA, and frozen at -80 °C.

For the production of selenomethionine-labeled RrCooJ-A, E. coli BL21 (DE3) cells harboring
RrCooJ-A were cultured in M9 medium, supplemented with appropriate antibiotics, at 37 °C and
180 rpm. When the ODsoo reached ~0.6, 100 mg/L of phenylalanine, lysine and threonine and 50
mg/L of leucine, isoleucine, valine and selenomethionine were added to the culture. After 30
minutes at 37 °C and 180 rpm, the gene expression was induced with 0.5 mM IPTG and left
overnight at 18 °C and 180 rpm before cell harvest by centrifugation.

Molecular Dynamics simulations details

A dimer of RrCooJ was modelled from Gly1(NH3") to Prol115(COQO") with the all-atom force field
all22 for proteins (2)(3). All histidines were protonated on their No atom, whereas aspartate and
glutamate residues were kept unprotonated (negative charge). All arginine and lysine residues
were positively charged. Initial coordinates were taken from the X-ray structure of the Ni-RrCool-
A dimer solved from E3 to L68 for chain A and PS5 to L68 for chain B. All missing atom coordinates
were built with CHARMM using internal coordinates and the structure was energy minimized

down to a gradient of 0.1 kcal/mol/A with the ABNR algorithm and subject to harmonic restraints



on heavy atoms resolved in the X-ray structure with force constant of 5 kcal/mol/A®. For
RXSGLD, temperatures of replicas and their self-guiding temperatures were exponentially spaced
from 300 to 400 K and from 300 to 600K, respectively. The guiding factor increment was set to
0.2 and exchange was attempted every 50 steps (4).Coordinates of backbone atoms resolved in the
X-ray structure were subject to harmonic restraints with force constant of 5 kcal/mol/A®
Additionally, NOE-type distance restraints using a bi-harmonic potential between 1.8 and 2.2 A
with a force constant of 80 kcal/mol/A? were applied between atoms O of residue i and H of residue
i+4 (i=4 to 6 and 60 to 62) for both chains, to prevent fraying of a-helices at their N- and C-
terminal during high temperature dynamics. The Screened Coulomb Potentials Implicit Solvent
Model (SCPISM) (5), a continuum model of solvation with implicit waters was used in this work
in conjunction with the all-atom force field all22 for proteins. 16 replicas were created and

RXGLD simulations were run for 8 ns with a time step of 1 fs on 16 processors.



Table S1. Primers sequence used to generate RrCooJ mutants.

Name Sequence (5’ —3’)

CoolJ-AF TAAGGATCCGGCTGCTAAC

CooJ-AR CAGATCGCGCAGAACGGC

HI18AF GGTCGAGGGTGCGATGGGCGAGATCGGTGTT
HI8AR GCGTCCAGAAAGTGTGCCAAATAAATACCCAAACG
H22AF TGTCGAGGGTGCGATGGGCGAGATCGGTGTT
H22AR TGGTCCAGAAACGCTGCCAAATAAATACCCAAACG
H26AF GGTCGAGGGTCACATGGGCGAGATCGGTGTT
H26AR GCGTCCAGAAACGCTGCCAAATAAATACCCAAACG
E29AF TCACATGGGCgctATCGGTGTTC

E29AR CCCTCGACATGGTCCAGA




Table S2: Elements detected by ICP-AES in RrCooJ and mutants samples.

Sample name Element concentration in pg/L
Sodium (Na) | Sulphur (S) | Calcium (Ca) | Magnesium (Mg) | Phosphorus (P)

apoRrCool 13 2.3 4.4 3.3 13
apoRrCooJ-A 6.9 2.0 3.8 3.2 14
apoRrCooJ C2S 11 2.1 4.0 2.7 11
apoRrCooJ 3HA 11 2.2 2.4 2.9 15
apoRrCooJ-A 3HA 7.2 2.1 2.3 2.9 10
apoRrCooJ-A E29A 7.0 2.1 2.4 2.6 14

Protein concentration is 0.41uM dimer for each sample. This table reports the detected elements
by ICP AES after the standard mineralization procedure with HNOs. The other elements are
undetectable under the experimental conditions because they are below the ICP AES detection
limit.



Table S3: Data collection and refinement statistics for the data set used to solve the Ni-

RrCooJ-A structure.

Data collection Ni-RrCooJ-A
Beamline ID30B (ESRF)
Wavelength (A) 0.9786
Space group P21
Unit cell parameters a= 46.80A
b= 74.28 A
c= 70.64 A
o=y=90°
R= 92.74°
Resolution range (A) 46.75-2.04 [2.16-2.04]
Rsym (%) 14 [88.3]
Mean I/c (1) 9.4 [1.6]
Completeness (%) 99.2 [96]
Redundancy 6.4 [6.2]
Nmeasured 198360 [29572]
Nunique 30586 [4749]
CC1/2 (%) 99.7 [69.1]
Refinement
R factor/ Rsree factor (%) 20.0/25.9
No. atoms 4161
No. water molecules 300
No. Nickel ions [Ni®*] 4
No. SeMet 16
Wilson B-factor (A2?) 31.4
Rmsd bonds (A) 0.007
Rmsd angles (°) 1.0
Ramachandran plot (%)
Favored 98.2
Outliers 0.2
Allowed 1.6

Other ions and ligands

Cl,Ca%*, PEG, oxidized TCEP

PDB DEPOSITION CODE

6HK5

Values in brackets are for the highest resolution shell.




Figure S1. ESI-MS spectra of RrCooJ and mutants.
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Figure S2. Raw titration data representing the heat relased upon Ni(Il) injection over
RrCooJ and its variants, determined using I'TC.
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Figure S3. X-ray fluorescence spectrum at the nickel edge of Ni-RrCooJ-A crystal.
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Figure S4: Alignment of 46 putative CooJ sequences using ClustalW 2.1.
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Alignement of 46 CoolJ homologues. Each sequence is identified by its UniProtKB ID. ID
sequence is colored according to its phylum: Proteobacteria (red), Planctomycetes (green),
Lentisphaerae (blue), Chloroflexi (orange) and Nitrospirae (purple). Other CooJ homologues are
unclassified sequences found in metagenomes.
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Paper highlights

» Nickel binding to RrCool increases its stability, as demonstrated via chemical

denaturation and secondary structural studies of apo vs holo proteins.

» RrCoolJ forms dynamic and reversible higher-ordered oligomers through the

histidine tail interaction with nickel.

» The ability to form higher-ordered oligomers was proven in vitro via MALLS and the

presence of homogeneous particles was observed via TEM microscopy.

» In cellulo the overproduction of both RrCooJ and RrCool-A protects E. coli from

increasing amount of nickel in the culture media.

» RrCool has a tendency to precipitate in the presence of high nickel concentrations

both in vitro and in cellulo.

» The precipitation process is fully reversible upon addition of EDTA.
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Abstract: [NiFe]-carbon monoxide dehydrogenase reversibly catalyzes the oxidation of CO to
CO,. Its active site is a unique NiFe4S, cluster, known as C-cluster. In Rhodospirillum rubrum,
three nickel-dependent proteins, CooC, CooT and Coo] are required for Ni insertion into the active
site. Among them, CooJ is a histidine-rich protein, containing two distinct and spatially separated
Ni(II)-binding sites: a strictly conserved N-terminal site and a variable histidine tail at the C-terminus.
Here, using biophysical techniques, we study the behavior of the protein upon Ni(II) addition.
Using circular dichroism and chemical denaturation, we show that the binding of Ni(II) to the protein
increases its stability. Moreover, high-order oligomers are formed through nickel-histidine tail
interactions, both in vitro and in cellulo, via a dynamical and reversible process.

Keywords: histidine-rich protein; carbon monoxide dehydrogenase; nickel chaperone; nickel-induced
oligomerization

1. Introduction

Monofunctional nickel-dependent carbon monoxide dehydrogenases (CODH) reversibly catalyzes
the oxidation of CO to CO; [1]. CODH'’s active site, called C-cluster, is a NiFe4S, cluster, unique in
biology, whose atypical nature was revealed by X-ray crystallography [2,3]. In the hydrogenogenic
carboxydotroph Rhodospirillum rubrum, CODH plays an essential role in the energy metabolism when
CO is the sole energy source [4]. In this bacterium, the structural gene of CODH, called co0S, is found
in the cooFSCT] operon [5]. Three of the proteins encoded by the coo operon, namely CooC, CooT and
Coo0], are nickel chaperones dedicated to nickel insertion into CODH, while CooF is a ferredoxin [6].
In vivo studies have shown that the ATPase CooC and the Ni(Il)-binding proteins CooT and Coo] play
a significant role in the maturation pathway leading to a fully active enzyme. Moreover, Ni insertion
is a key step in the enzyme activation process [5,7]. Among these chaperones, Coo] from R. rubrum
(RrCo0]) is a histidine-rich protein, with a histidine tail comprising 16 histidines and 2 cysteines
at its C-terminus [8]. Initially thought to be only present in R. rubrum, our recent study revealed
the existence of at least 46 Coo] homologues in bacteria [9]. In solution, RrCoo] forms a 25-kDa
homodimer with a central coiled coil and two independent C-terminal his-tails and possesses several
Ni(II) binding sites. The first one is present in the N-terminal region and binds one Ni(Il) per dimer
via a “H-X3-H-X3-H” motif, strictly conserved in the CooJ family. In addition, the two Histidine-rich
regions bind at least 2 Ni(II) ions each (Figure 1), via both histidine and cysteine residues, as shown by
site-directed mutagenesis of cysteines 109 and 111 that led to decreased stoichiometry [9].

Inorganics 2019, 7, 84; doi:10.3390/inorganics7070084 www.mdpi.com/journal/inorganics
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Coiled coil (1-68)
——
Flexible histidine tail (69-115)

2 Ni(IT)/tail (Kd = 1.6 pM)
1 Ni(II)/dimer (Kd = 0.38 nM)

RrCool (recombinant)
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RrCoolJ-A
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GTESPERGRK RLGIYLAHFL DHVEGHMGEI GVORDALAED ARLGALIDRA LADMAVARAS LNAVLRDL
Figure 1. Schematic representation of RrCoo]J and its amino acid sequence. Ni(II) ions are depicted as
green spheres. Histidine residues are depicted in magenta and cysteines 109 and 111 are in blue.

Histidine-rich proteins, such as histatin 5 or afs peptides [10], are predicted to be intrinsically
disordered with a tendency to form oligomers driven either by self-association or through interaction
with multivalent ions. In nickel chaperones, the presence of histidine-rich regions is often proposed
to be related to nickel storage, and/or detoxification, due to their ability to quickly bind and release
nickel ions. Among them, one remarkable example is Hpn from Helicobacter pylori, a small protein of
7 kDa composed of histidines for about half of the total amino-acid sequence, which is expected to
form high-order oligomers, with 20-mers as predominant species, even in the absence of metal [11].

Here, we report the behavior of RrCoo] towards nickel in vitro and in cellulo, using a combination
of biophysical techniques. RrCoo] exists as an equilibrium of oligomeric states in solution in the
presence of Ni(Il) ions, while the apo-protein forms a stable dimer. We reveal that the His-rich region
is responsible for the oligomeric process.

2. Results

Recently, we showed that the two histidine tails present in RrCoo] are highly flexible and
predicted to be partly disordered [9]. Moreover, Ni addition to the apo-dimer led to its conformational
change, as observed by size-exclusion chromatography coupled to multi-angle laser light scattering
(SEC-MALLS) experiments. Here we used circular dichroism (CD) in the far UV region (190-250 nm)
and chemical denaturation of RrCoo], either in its apo- or holo-form (Ni-RrCooJ), to get more
information about the impact of Ni(II) ions on R7Coo] conformation. The CD spectrum of apo-RrCoo]
is characterized by a positive peak at 193 nm and two negative peaks at 220 nm and 208 nm, attributed
to the presence of a high «-helix content in its secondary structures. Upon the addition of Ni(II) ions
to the apo-protein solution, the negative peaks increased gradually, as an index of a conformational
change (Figure 2a). Quantitative analysis, performed using the web server BeStSel [12], showed
that the increase in ellipticity was correlated to a slight increase in the helical content (from 83% for
apo-RrCoo] to 85% for Ni-RrCoo]) and a decrease in the turns content (from 6% for apo-RrCoo] to
0.4% for Ni-RrCoo]). Interestingly, the CD signal at 208 nm saturated when the Ni(II) concentration
reached 20 uM, corresponding to 5 molar eq. of Ni(ll) per dimer, the same stoichiometry as the
one previously determined by ITC (Figure 2b). Considering the predominance of x-helices in the
protein, the ©22008 ratio, which increases if the protein gains in stability [13], can be used to get
information about RrCoo]’s behavior towards nickel. For a Ni(II) concentration greater than 12 uM
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(corresponding to 3 molar eq. of Ni(Il)), the ratio is >1, reflecting an increase in the x-helix content and
likely the stabilization of the protein. To further investigate the difference in stability between the apo-
and the holo-forms, chemical denaturation using guanidine hydrochloride (GuCl) was performed.
Their stability was compared by monitoring the variation of the 222 nm CD ellipticity signal after
the addition of increasing concentrations of GuCl. Interestingly, at 1.2 M of GuCl, Ni-RrCoo] was
still perfectly folded, whereas apo-RrCoo] started to denaturate, as shown by an ellipticity fractional
change of 0.09 vs. 0.4, respectively. The midpoint GuCl concentration was determined to be 1.6 M for
apo-RrCooJ and 2.0 M for Ni-RrCoo]. This result reveals a higher stability induced by Ni(II)-binding to
the protein (Figure 2c).
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Figure 2. Far-UV circular dichroism (CD) and chemical denaturation of RrCoo]J at 4 uM of dimer upon
Ni(II) addition. (a) Evolution of far-UV signal upon the addition of increasing Ni(II) concentrations.
(b) Fractional values of the ellipticity registered at 208 nm plotted versus Ni(II) molar equivalents.
(c) Chemical denaturation of apo-RrCoo] (blue) and Ni-RrCoo] (red) using different concentrations of
GuCl at room temperature.

SEC-MALLS experiments were conducted to investigate the oligomeric state of R7Coo] in the
presence of Ni(Il). We previously showed that a truncated version of RrCooJ (RrCoo0]J-A), lacking the
histidine tail (Figure 1), is a stable dimer even in the presence of an excess of nickel [9]. Here, the column
was equilibrated with a buffer supplemented with 10 uM of NiSOy, corresponding to a concentration
about six times higher than the affinity of the His tails for Ni(II) (Kd = 1.6 uM). The injection of 50 uM of
RrCoo] dimer pre-incubated with 5 molar eq. of Ni(Il) led to the appearance of a mixture of oligomeric
forms ranging from dimers to high-order oligomers (Figure 3a).

To characterize these high-order oligomers, single particle analysis was performed using
Transmission Electron Microscopy (TEM). In order to separate the different oligomeric states,
size exclusion chromatography was used. Apo-RrCoo] dimer pre-incubated with 5 molar eq. of Ni(II)
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was injected onto the column and a series of fractions was selected, based on the SEC-MALLS results.
Four samples were collected at different elution volumes (9, 10.5, 13 and 14.5 mL) and subsequently
analyzed, revealing the existence of high-order oligomers with sizes ranging from 11 + 2 nm to
28 + 5 nm in the three first peaks. In the latter one, corresponding to the elution of R¥Coo] tetramers as
shown by SEC-MALLS, high-order oligomers could not be detected as expected. Neither aggregation
nor fibrils were observed under any of the tested conditions (Figure 3b). The size of high-order
oligomers decreased along the elution with an optimum distribution of particles at an elution peak of
13 mL corresponding to a homogenous particle size of about 11 nm.

The oligomerization process is both protein and Ni(II) concentration dependent. Indeed,
for a protein concentration of 50 uM of dimer, RrCoo] started to form insoluble aggregates when the
Ni(II) concentration reached 500 uM. Moreover, the incubation of 100 uM RrCoo] dimer with 10 molar
eq. of NiSO4 (1.0 mM) led to its complete precipitation. However, the addition of 10 mM EDTA
can fully redissolve the precipitate within seconds (as shown by protein assay) revealing the easy
reversibility of the metal-dependent oligomerization process.
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Figure 3. Nickel-dependent oligomerization of RrCoo] by Size Exclusion Chromatography and Multi
Angle Laser Light Scattering (SEC-MALLS) and TEM. (a) 50 uM of apo-RrCoo] (red) were injected
onto a column equilibrated with buffer A (96% of dimer); The injection of 50 uM of RrCooJ dimer
preincubated with 250 uM of NiSOj (blue) in buffer A supplement with 10 uM of NiSO4 shows multiple
peaks corresponding to a mixture of oligomers: dimer (35%), tetramer (16%), hexamer (10%), octamer
(6.2%) and high-order oligomers (32.8%). (b) Nickel-dependent oligomerization analysis of RrCoo] by
negative stain after size exclusion chromatography. Image of negatively stained particles (23,000x and
30,000x of magnification) of high-order oligomers of Ni-RrCoo] with highlights of particles measured
for the following elution volumes: 9 mL (28 + 3 nm), 10.5 mL (15 + 2 nm), 13 mL (11 + 2 nm) and
14.5 mL (below 5 nm). Oligomer size was determined after merging 20 independents particles by
“Image] v 1.51” software. Vol: Elution volume.

In order to study their in-cell Ni(Il)-binding capability and behavior, RrCoo] and its truncated
version RrCooJ-A were overproduced in E. coli in growth medium supplemented with a range of Ni(II)
concentrations from 0 to 2.5 mM NiSOjy. As a control, the impact of nickel was evaluated on a strain of
E. coli transformed with an empty vector. The growth of the control culture was strongly affected by
nickel, decreasing remarkably between 0.5 mM and 1.5 mM, and stopping for concentrations higher
than 1.5 mM. The presence of RrCooJ or RrCoo]J-A increases the nickel resistance of E. coli, resulting in
a constant growth even at high concentration of metal (Figure 4a). Although RrCoo] and RrCoo]J-A
are both able to bind Ni(Il) in-cell, we observed that R¥Coo] tends to form insoluble oligomers upon
addition of increasing concentrations of Ni(Il) in the growth medium. At 1.0 mM of NiSOy, despite
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a bacterial growth rate similar to the one in the absence of nickel, the overproduced RrCoo] was mainly
found in the insoluble fraction, as shown by SDS gel (Figure 4b). This behavior was not observed
with the overproduced RrCooJ-A, mainly found in the soluble fractions independently on the nickel
concentration (Figure 4b). This is a strong indication that the His-tail triggers the oligomerization
process of RrCoo] in the presence of nickel, in agreement with the in vitro studies, without drastically
affecting the bacterial growth.
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Figure 4. Growth response to nickel content in E. coli strains overproducing RrCoo] or RrCooJ-A.
(a) The resistance towards nickel for the control (orange), RrCoo] (yellow) and RrCoo]-A (green) cultures
is plotted for each different nickel concentration after 16 h from the induction. The resistance is reported
as percentile deviation of the ODgnp measured at 16 h considering as maximum value the ODggg-16n
measured for the cultures at 0 mM NiSOy versus the ones measured for the culures at different nickel

3
concentrations. The deviation is calculated using the formula }; (
n=1

using the ODgo-161, measured for each different nickel concentration (x mM = 0.5, 1.0, 1.5, 2.0, 2.5 mM
NiSOy). (b) SDS-PAGE of soluble and insoluble extracts of E. coli cultures overproducing RrCoo] or
RrCooJ-A in the presence of Ni(II) in the growth media (0 to 1.0 mM NiSOy).
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3. Materials and Methods

Recombinant R*Coo] and RrCooJ-A were overproduced in E. Coli and purified as previously
described [9]. Protein concentration was determined either by SEC-MALLS or by Rose Bengal protein
assay to determine the protein concentration for the EDTA solubilization experiment.

3.1. Circular Dichroism (CD) Spectroscopy

CD spectra were recorded using a J-1500 circular dichroism spectrometer (JASCO Analytical
Instruments, Easton, PA, USA). A stock solution of 10 mM NiSO, was used to monitor metal-dependent
secondary structure content upon Ni(II) titration (from 0 to 7 molar equivalents of NiSOy). Spectra were
recorded from 190 to 250 nm using a 1 mm cuvette, with ten accumulations to increase the signal-to-noise
ratio. Proteins were thawed and diluted to 4 uM dimer in CD buffer (5 mM potassium phosphate pH
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7.0, containing 0.5 mM TCEP). For the determination of the secondary structure elements, the spectra
were analyzed using the BeStSel online software [12]. The guanidine hydrochloride denaturation
experiments were performed via additions of different concentrations of GuCl on 4 uM dimer samples
(apo- and Ni-RrCoo]), followed by 2 h of incubation. The Ni-RrCoo] sample was prepared by adding
5 molar equivalents of Ni(Il) per protein dimer (20 uM final concentration) and incubated for 30 min
prior to its denaturation. The fractional change in ellipticity at 222 nm was used to determine the
variation of the secondary structure elements due to the denaturation of the protein. Empiric fit was
done via a sigmoidal equation.

3.2. Size Exclusion Chromatography and Multi Angle Laser Light Scattering (SEC-MALLS)

Purified and frozen RrCooJ was thawed and diluted to 50 uM of dimer in 50 mM HEPES pH 7.5,
150 mM NaCl, 1 mM TCEP (buffer A). Ni-RrCoo] was incubated in the presence of 250 uM NiSO; for
30 min at room temperature prior to injection onto the SEC-MALLS system (Wyatt Dawn HELEOS-II
18-angle light scattering detector and Wyatt Optilab rEX refractive index monitor linked to a Shimadzu
HPLC system comprising a LC-20AD pump, a SPD20A UV/Vis detector, and a Superdex 200 10/300
increase column (GE Healthcare Life Sciences, Pittsburg, KS, USA). Injections were carried out using
a 20 pL loop. The size exclusion column was equilibrated using buffer A + 10 uM NiSO,. Protein
concentration in all samples was determined by integration of the differential refractive index (dRI)
peak (dn/dc = 0.185). It is important to note that all used samples came from the same stock protein.
The data were analyzed using the ASTRA software (version 6) (WYATT Technology Corporation,
Santa Barbara, CA, USA).

3.3. Electron Microscopy

100 pL of Ni-RrCoo] dimer at 50 uM were injected onto a Superdex 200 10/300 column (GE
Healthcare) equilibrated with buffer A + 10 uM NiSOy. 200 pL-fractions were collected and 4 fractions
corresponding to elution volumes of 9, 10.5, 13 and 14.5 mL were selected. The negative stain
Mica-carbon Flotation Technique (MFT) was used to prepare the samples. Briefly, 3-5 uL of protein
sample (0.1 to 0.01 mg/mL) were applied to a clean side of a carbon layer (between a carbon and a mica
layer). The carbon was then floated on stain (2% w/v uranyl acetate (AcU) pH 4.5) and covered by
a copper grid. The images were captured under low-dose conditions (<10 e~ A~2) at a magnification of
23Kx and 30Kx with defocus values between 1.2 and 2.5 pm on a Tecnai 12 LaB6 electron microscope at
120 kV accelerating voltage using a CCD Camera Gatan Orius 1000 (Gatan, Inc., Pleasanton, CA, USA).

3.4. Growth Response to Nickel in E. coli Strains Overproducing RrCoof or RrCooJ-A

E. coli BL21 (DE3) strain was transformed with pET15b, pET15b-RrCoo] or pET15b-RrCoo]J-A.
The three different cultures (100 mL each) were grown in LB medium, with the appropriate antibiotic,
at 25 °C and 180 rpm to an ODgq of ~0.6 and induced with 0.25 mM IPTG. At this point, each culture
was divided into five 50 mL-Falcon tubes (10 mL-culture each) and a range of NiSO, concentrations
was added to the culture medium (0, 0.5, 1.0, 1.5, 2.0 and 2.5 mM). The cells were grown overnight
at 25 °C and 180 rpm, and the ODgy was measured after 16 h for all the cultures. The cultures
were done in triplicate for each different condition. The effect of the overproduction of RrCoo]J or
RrCoo]J-A according to the amount of Ni(II) was evaluated by normalizing the culture optical densities,
measured at the different nickel concentrations, with the values obtained from the control. To study
the solubility of RrCoo] in the presence of Ni(II) in-cell, E. coli BL21 (DE3) strain transformed with
either pET15b-RrCoo] or pET15b-RrCoo]J-A were grown as described above, except that 25 mL-cultures
were grown in 50 mL-flasks with 0, 0.2, 0.5 and 1.0 mM NiSO,; concentration. After overnight
growth, the ODgpp was measured (5.5 + 0.2 for BL21(DE3)/pET15b-RrCoo]-A cultures and 5.8 + 0.3
for BL21(DE3)/pET15b-RrCoo] cultures). The cell pellets were collected by centrifugation and then
resuspended in 4 mL of 50 mM Tris-HCI, pH 8.0 containing a complete Protease Inhibitor cocktail tablet
(Roche Life Science, Indianapolis, IN, USA). After three freeze-thaw cycles, the cultures were sonicated
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and centrifuged at 14,000 rpm for 20 min. The 16 pellets were resuspended in 50 mM Tris-HCI pH 8.0,
containing 4 M urea and 0.1% SDS. Ten microliters of each sample were examined using SDS-PAGE
(Bio-Rad Corporate, Hercules, CA, USA).

4. Conclusions

Recently, structural studies of apo-RrCoo] revealed its atypical topology with two independent
histidine tails flanking a central coiled coil region. Here, we focused our attention on the histidine-rich
region behavior. Two phenomena were observed upon nickel addition. Firstly, Ni(II)-binding directly
impacts the secondary structure content of the protein, with a gain in «-helices related to higher
stability. Secondly, nickel induces a dynamic and reversible oligomerization process in vitro, leading to
the protein precipitation observed both in vitro and in cellulo, in the presence of elevated Ni(II) levels.
Further studies are necessary to investigate the functional role of R¥Coo]J oligomerisation in nickel
homeostasis under physiological conditions.
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CHAPTER 4

Heterologous production of CODH in E. coli

The heterologous expression of RrCODH has never been reported in literature, so far. From
the growth of native RrCODH in a nickel-depleted medium, Spangler et al. proved that the
enzyme can be purified in a “Ni-deficient” state, still possessing the 4Fe-4S clusters.17%113,173,174
Bonam et al. demonstrated that this form could be partially re-activated upon nickel
incubation under reducing conditions.’>'1® Within the framework of my project, the
characterization of how the nickel insertion activates the enzyme and how this enzyme
interacts with its nickel accessory proteins are some of the final aims. The possibility to obtain
high amount of enzyme, to co-express it with the partners, to use different growth conditions
(such as nickel-depleted medium), are all reasons why the RrCODH heterologous expression

in E. coli is advocated.

Hence | report the results obtained during the last months of my PhD, showing reliable and
reproducible protocols for the overproduction of recombinant RrCODH in E. coli. The
purification, characterization of the nickel-deficient RrCODH and the in vitro nickel insertion
and re-activation are presented. The results obtained by its co-expression with the nickel
chaperone protein Cool will also be discussed, please consider them as preliminary data that

may be used in the future to go further with this project.

(Experimental procedures reported in the annex session)
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4.1 RESULTS AND DISCUSSIONS

4.1.1 Heterologous expression and purification

The RrcooS gene was cloned in the prsF vector (with or without the TEV cleavable his-tag) and
was expressed in E. coli BL21(DE3). Firstly, an expression protocol similar to the one published
for the production of RecChCODH-II was tested to see whether it could be also applied for the
recombinant product of RrCODH. Following this as a guideline, the cells were grown in TB
medium supplemented with metals under anaerobic conditions. The protein expression, after
IPTG induction, was checked using an SDS-PAGE gel and resulted in a band that corresponds
to the calculated molecular weight of RrCODH monomer (~68 KDa). Confident of this result |
then proceeded with the purification, which presented however an inconvenience. In fact,
after cell lysis and centrifugation, the protein was mainly insoluble and thus present in the
pellet, as it has been previously observed with the native enzyme purification.'’> To check if
the expression in different growth media would increase the protein solubility, the cells were
cultured at the same time in TB, LB and M9ZB, always supplemented with the metal mixture
(described in annex). The protein production did not succeed in M9ZB and it worked for TB
and LB, nevertheless the CODH was still present in the insoluble fraction.

At this point, to control whether the protein solubilisation could be obtained from the pellet,
different detergents were tried on both the pellets from the LB and TB cultures. The choice
was based on the ones used to solubilize the native enzyme when purified from R. rubrum
cultures. It is worth mentioning that even if CODH is not a membrane associated protein, it
needs a solubilisation step in order to be released into the soluble fraction. Different
detergents were chosen to maximize the likelihood of success, covering the three main groups
identified by the type of hydrophilic group that they contain: Triton, a non-ionic detergent (no
charge); sodium deoxycholate and sodium lauroyl sarcosinate, both ionic (stable charge);
CHAPS, a zwitterionic detergent (positive and negative charges but the net charge is equal to
zero). (Procedure described in annex) The results obtained from the LB and TB cultures are

shown in Figure 1.
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Figure 1. SDS-PAGE gel on the detergent solubility analysis of RrCODH grown in LB medium (A) and in TB medium
(B).The results obtained after sonication are checked against the sodium deoxycholate (DCA) treatment, sodium
lauroyl sarcosinate (sarkosyl) treatment and Triton exposure for both the pellet (P) and supernatant (S). As it is
possible to see, the best results are obtained from the DCA and sarkosyl treatment. A small part of the enzyme

is also soluble after sonication. (T=total before lysis and R=molecular weight reference)

From the testing of the different detergents, it is evident that the use of ionic ones helps the
protein solubilisation, resulting in a complete solubilisation in the case of sodium lauroyl
sarcosinate. Considering that the CODH is better over-produced in TB (Figure 1 B), it was
decided to perform the purification from this culture, using sodium lauroyl sarcosinate as
detergent to solubilize the protein. However, the protein started to behave differently during
the purification and its color shifted from a typical brownish observed for [4Fe4S]-containing
proteins to green. Worried that the change in color could be related to the presence of the
detergent with a possible denaturation effect on the metal-clusters, it was decided to step

back and try to improve the solubilisation via a different culture method.

The auto-induction medium was then tested under aerobic condition, giving positive results
concerning the protein production but still the same solubility problem was encountered.
Considering that a higher amount of cells extract was now available (10 gr per L vs the 2 gr per
L obtained withTB under anaerobic conditions) it was decided to purify the soluble CODH

fraction released after the sonication.

As a proof of concept, it was decided to purify the Nickel-deficient RrCODH-HisTag protein
produced in auto-induction medium. The protein was purified on a cobalt column, to avoid
the interaction of the enzyme with nickel. The His-tag was then removed by adding a TEV
protease and recovering the cleaved CODH. The SDS-PAGE highlighted the presence of minor
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contaminants, thus it was passed through a size exclusion column and the purest fractions
were recovered.The quality of the purified enzyme was eximined via ESI-MS, confirming the
nature of the enzyme and the cleavage of the tag (Figure 2). The metal content was checked
via ICP, the nickel was not present (as expected) and a value of 9.9 Fe (out of 10 theoretically
for a monomer) was found. The ratio 420/280 nm, supposed to be 0.4 native, was 0.38 thus
in good agreement. Itis possible to conclude that heterologous expression in aerobically auto
induced medium is feasible and that the addition of Fe salts and Lcys as S donor is sufficient
to correctly insert the Fe and S atoms, most probably thanks to the Isc machinery naturally

presentin E. coli.
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Figure 2. SDS-gel of RrCODH-TEV purification. A) Imidazole elution gradient (20, 40, 60, 100 and 200 mM) the
chosen fractions for TEV cleavage are shown in the green box. B) Pure protein after the Superdex75. C) ESI-Mass
of the purified protein. D) Uv-Vis spectra of RrCODH showing the 420 nm absorption band for the iron-sulfur
cluster. E) SEC-MALLS profiles for RrCODH. The protein is a dimer at 140 kDa.
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4.1.2 In cellulo activity of RrCODH vs RrCODH-CooJ vs RrCODH-CooJA

Starting from the consideration that native Cool co-purified with CODH!?> and that two
independent Ni-binding sites are present in this chaperone, we decided to evaluate the
putative role of CooJ in the CODH maturation, with a closer look to its high-affinity site N-
terminal site. In fact, as you may remember from chapter 3, our theory for the presence of a
double nickel-binding site on Cool is a possible double function for this chaperone. On one
hand, the his-rich tails could serve as a nickel storage site, while on the other hand the N-
terminal site could insert the nickel and activate the CODH. Thus, our idea relies on the
concept that if the co-production of RrCODH and CoolJ or RrCODH and CoolJA present at least
the same activity between each other we could actually have a good starting point to
investigate further this theory.

To evaluate if the co-production with CooJ or CoolJA in the recombinant system would affect
the CODH activity, preliminary experiments were performed: different cultures were grown
co-expressing cool or cooJ-Agenes with the cooS gene. In addition, we also wanted to evaluate
if the nickel concentration supplied during the bacterial growth could have an impact on the
enzyme activity. For this reason, three different nickel concentrations (1, 10 and 100 uM
NiSO4) were tested (Figure 5). The activity tests were performed on the whole cell-extracts
and the general trend was evaluated crossing the date one against each other.

CODH +

CoolA

[ i

CODH

Figure 5. Expression gel to check the presence of RrCODH, RrCODH+CooJ and RrCODH+CooJA. The gel was
performed on the cell pellets and soluble fractions. As it is possible to see Cool is mainly present in the insoluble
fraction with the CODH, whereas CooJA is present in the soluble one. This result is in agreement with the
hypothesis that the his-tail triggers the formation of insoluble CooJ high-oligomers in the presence of nickel.
Instead, CooA, lacking the his-tail, is always present in the soluble fraction. These cultures where grown with

100 uM of nickel in the growth medium.
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From this test, it seems that the CODH co-expression with the CooJ/CoolJA chaperones does
not influence its activity (Table 1). Different reasons could be found to justify this result; the
first one is that the other chaperones, CooT and CooC, are actually needed to increase the
activity of the enzyme. It is not surprising that, if they actively cooperate for the delivery of
the metal in the active site, the simultaneous co-expression of the full operon is required to

restore the native activity.

An interesting point is the possibility to re-activate the inactive cellular extract (obtained with
1 uM NiSQa) via overnight nickel exposure (1 mM NiSOQ4, 5 mM MV) even if RecRrCODH is
mainly present in the insoluble fraction after the sonication, which in my opinion could have
been a major obstacle for the correct nickel insertion in the active site (Table 1).

In the previous section we described the feasibility of in vitro nickel insertion in a purified
enzyme, here the possibility to insert nickel in vitro directly in cell extracts by addition of Ni

salts is an encouraging news for the use of RrCODH in future applications.

| would like to underline one more time that all the data presented for RecRrCODH are

preliminary and cannot be considered as a final proof.

Whole cell 1 uM NiSO4 10 uM NiSO4 100 pM NiSOs  Reactivation *
extracts U/ml U/ml U/ml U/ml
RrCODH No activity 28 229.41 5900

RrCODH + Cool No activity 110.2 163.2 551.47
RrCODH + CooJA = No activity 112.41 79.41 694.85

*the inactive 1 uM NiSO4 samples are re-activated via O/N incubation with 1 mM NiSOg4, 5 mM MV.

Table 1. CO oxidation activity (umole CO min ml?) on the cell extract. Please note that it’s an activity per ml
(umole CO min* ml? solution) and not a specific activity calculated per mg of protein (umole CO mint mg?

protein).
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CHAPTER 5

Conclusions and perspectives for further research

To sum up our contribution to the community working on deciphering the maturation of
CODH, the biochemical, structural and biophysical characterization of the two chaperone

proteins CooT and CoolJ has been added to the scientific knowledge.

In the CooT family, two distinct nickel-binding coordination modes are present: the “Cys2”only
motif and the mixed “Cys2—His55” one. The representative of the first class is CooT from R.
rubrum, which coordinates the Ni?* involving the two cys2, brought close in space by the dimer
formation. The metal is coordinated in a square-planar geometry, hold by the 2-amidates and
the 2-thiolates of both cys2. Concerning the second motif, we found and characterized a
putative CooT from C. hydrogenoformans, which will coordinate the Ni?* using the cys2 and
the his55, also in this case closed-by in space due to the dimer formation. For both CooTs, the
nickel site is solvent exposed, probably to facilitate its physiological role as a nickel chaperone.
Interestingly, the nickel binding affinity differs from motif to motif, going from the nanomolar
range for RrCooT to the micromolar one for ChCooT, suggesting their possible different role in

vivo.

Cool in its apo-form is a dimer, created by the close proximity of the structured coiled coil N-
terminal regions, which are arranged antiparallel to each other causing the independence of
the two histidine tails. It possesses two spatially separated nickel binding sites: one is a “high-
affinity site” in the N-terminal part and a second one in the histidine-rich region. Based on the
comparison with other described nickel chaperones, a double function for this protein can be
envisioned as: the his-tail region is needed for the nickel storage, while the N-terminal site is
devoted to the CODH maturation. The in vitro studies showed that the nickel exposure triggers
Cool’s stabilization and the nickel-binding induces a dynamical reversible oligomerisation. The
tendency to form high-order oligomers in the presence of increasing amount of nickel could

be related to a possible physiological function in nickel-homeostasis.
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We demonstrated for the first time the ability to overproduce and purify the recombinant R.
rubrum CODH in E. coli. The ability to activate the nickel-deficient enzyme has been
demonstrated via in vitro nickel reconstitution.

The capability to heterogeneously produce high amounts of RrCODH was one of the steps
needed in order to study the maturation mechanism, and in our particular case gain more

information about the nickel insertion and activation of this enzyme.

For what concerns the study of CODH maturation, specifically for the nickel ion insertion and
C-cluster activation, the following reported perspectives are most likely achievable in the

imminent future (months/years).

Considering that we succeeded in purifying large quantities of RrCooT, RrCooJ and RrCODH (in
both nickel bound and nickel depleted states), an evaluation of the possible interactions
between these different partners (CooT-Cool, CooT-CODH, CooJ-CODH) will be the first aim.
Recently the laboratory acquired a system for direct protein-protein interaction, (BLItz system
for direct binding assays on a biosensor), which has been installed in a glove-box allowing for
the study of anaerobic systems. Other biochemical techniques are going to be employed, as

well as co-crystallization assays.

In addition, remember that we are missing one of main players of the R. rubrum CODH nickel-
maturation story: RrCooC. Its purification is crucial to verify the interactions among the three-
nickel chaperones and the enzyme, and to study how the nickel insertion occurs and activates

the C-cluster.

Further steps could also be made towards the in cellulo co-production of the enzyme with
different partners (CooFCTJ) to see if and how the final activity can be modulated directly in
the whole cell extracts. The preliminary tests presented in Chapter 4 suggest that the co-
production of CODH with only CoolJ/Cool-A is not sufficient to enhance the enzyme activity
compared to the enzyme by itself in E. coli. In particular, | would personally be interested to
check if the co-production CoolJ-A with the other partners (CooC and CooT) is sufficient to

enhance the enzyme activity.
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Diverting now from the perspective strictly related to the enzyme maturation, from the
introduction, | hope that | managed to persuade you that the possibility of using this biological
system for the production of biofuels and chemicals is one of the reasons why the community
is interested in our field. The biological water gas shift (WGS) reaction promoted by the two
enzymes CODH and hydrogenase has an appealing industrial outlook. However, major
limitations are imposed by the lack of knowledge of this biological system. Taking advantage
of the expertise that we are acquiring about CODH purification and maturation, the next idea
would be to focus the effort towards the purification of the R. rubrum CODH enzyme in

complex with its physiological partners, the ferredoxin CooF and hydrogenase (Figure 1).

nH*

CO, + 2H* nH*

Figure 1. The biological WGSR is catalyzed by a multiprotein complex constituted of a monofunctional NiFe-CODH
(CODH), a ferredoxin CooF (Fd) and a CO-induced energy-conserving NiFe-H2ase (Ech). CO is oxidized by CODH,
releasing electrons used for the reduction of two protons into dihydrogen, catalysed by the hydrogenase. CooF

transfers electrons from CODH to hydrogenase.

The feasibility of this idea has already been proven by purification of the whole

176 supporting our assumption

CODH:CooF:Hydrogenase complex from C. hydrogenoformans,
of a tight link between the three partners also in R. rubrum. Achieving this goal, we could have
the chance to study to a molecular level how the complete WGS reaction occurs, determine
the limiting parameters and predict the possible implementable factors to increase the system
performances. From the study of the purified complex, we can now think about two different

approaches to develop a full performing biological WGSR, either in vivo by the direct use of

the living microorganism or in vitro by combining nature and nanotechnology.
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Linked to this last possibility, the feasibility of an in vitro enzyme-promoted system is currently
under evaluation in another branch of this CODH project. The idea is to use already purified
enzymes grafted on an inorganic-electrode support, substituting in this way the role of the
ferredoxin in the electron transfer. U. Contaldo, in the context of his PhD thesis, is working on
the grafting of purified CODH and [NiFeSe]-hydrogenase using nanotubes as electron carriers.
However, the use of purified fragile enzymes can be a challenging point during the
experimental applications.’” To overcome this problem, our prediction is that the substitution
of the in solution enzyme by the use of cross-linked enzyme crystals (CLEC) technology would
increase the robustness of the system. The CLEC approach, mastered in the laboratory,
provides the enzyme stabilization over a vast range of temperatures, pH and solvents thanks
to the direct cross-linking of the proteins inside the crystal. The CLEC can be then immobilized
on the electrode surface and their performances can be compared to the in solution grafted
enzymes. Both approaches would be implemented in a fluidic cell, to gain a better control of
the gas fluxes and the system temperature and pressure, in order to maximize the biological-

WGSR efficiency (Figure 2).

CODH

CNTs
[NiFe]-hydrogenase

Fluidic cell

Figure 2. Development of water gas shift reaction in a fluidic cell system using the grafting of either the purified
enzymes on a nanotube surface (CNTs) or the cross-linked CLEC crystals. The feasibility of the WGS reaction will

be evaluated for both approaches.

Looking now at the concept of a bacterial in vivo water gas shift reaction, their use to replace

the current industrial inorganic catalyst has proven valid and small-scale bioreactors already
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shown. However, the employed bacteria were the ones that naturally perform the bio-WGS
reaction for survival, thereby requiring restrictive growth conditions (anaerobic atmosphere,
specific media, temperature etc.). The possibility opened from the utilization of the
heterologous expression in E. coli is creating new industrial perspectives. This microorganism,
widely used in current biotechnology, has already proven to be a robust and reliable
bacterium, able to support different growth conditions in different culture media and with
known tools for its metabolic engineering. Ideally, the heterologous expression of the
CcoOFSCTJ operon in E. coli could create an easy to grow bacterium, able to reduce the CO,
transfer the electrons to its natural hydrogenases thanks to the ferredoxin CooF and produce
in this way bio-hydrogen (Figure 3). The success of the eventual CODH coupling with the
naturally E. coli Hydrogenase 3 is going to be evaluated by monitoring the culture hydrogen
production via gas chromatography technique, correlating it the volume of the supplied CO

(Figure 3).

With this idea in mind, | tried some primary tests to see if we could co-express the cooFSCTJ
gene in an ideal growth condition for the expression of E. coli Hydrogenase 3 (anaerobic
fermentation®3%%%). Additional experiments are going to be done after the writing of this

manuscript, but the preliminary once shown the ability to express the CODH (CO oxidation

activity tested).

)
e
N

T
rj Injector
port
|_ a Detector

/ Waste

Computer/
Carrier gas Data analysis
/ Gas chromatography

CO+H,0=CO,+H,

ot Bioreactor

Figure 3. Development of water gas shift reaction in E. coli via heterologous production of CODH. The idea behind
this strategy is that the protons and the electrons produced from the CODH’s CO oxidation will be directly

reduced by native E. coli hydrogenase. The produced hydrogen will be quantified via gas chromatography.
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As a final reflection, nowadays one of the major concerns about the industrialization of
microorganisms-based systems is the unpredictability related to the used of living systems.
Most of the time, these technologies are developed using a consortium of microorganisms
naturally present in specific niches (such as wastewater plants) and different experimental
conditions are tried only evaluating the final effects on the energy efficiency of the working
systems and not the metabolic impact caused on the microorganisms. This implies an
enormous variability of the inner nature of these kind of technologies, an unappealing factor
for the economical industrial applications. The ability to control and engineer a well-
characterized bacterial strain, modulating its metabolism and supervising its lifetime growth,
may be a valid option to address this problem. In this context, the used of modified E. coli to
perform a complete WGS reaction in vivo becomes a valuable alternative to overcome all the

drawbacks of the microorganisms that employ it naturally.

For this reason, | believe that a better scientific dialogue is required between fundamental and
applied sciences. Just like the cross-talk between different nickel-insertion pathways could be
the key to achieving a more efficient enzyme activation, so a better communication between
our most specialized experts can be the catalyst to reach our full potential. Great ideas and

solutions often result from the encounter of different knowledge fields.
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CHAPTER 6

Methods

The study of metal-dependent macromolecules is a special subject requiring the use of specific
methods in order to achieve it. Among the techniques used during my PhD, | will introduce
the basis of the physical properties that govern their functioning in order to understand why

and how some specific methods are used at the detriment of others.

The first main factor used to differentiate between differentiate techniques is the physical
state of the sample required during the experimental data collection, which split them in
“solution-state” analyses, such as UV-Visible spectroscopy, Circular Dichroism (CD), Nuclear
Magnetic Resonance (NMR), Isothermal titration calorimetry (ITC), Multi-Angle Laser Light
Scattering (MALLS), Extended X-Ray Absorption Fine Structure (EXAFS) and Small-Angle X-ray

Scattering (SAXS) and “solid-state” analysis, such as X-ray crystallography.

6.1 X-Ray Crystallography

In protein crystallography, an ordered crystalline protein sample is used to investigate its
three-dimensional structure using X-rays. This radiation is chosen due to its wavelength, which
ranges between 1 A to 10 nm (the same order of magnitude of an interatomic bond) and thus
designates X-rays as the proper tool to unveil structure’s atomic resolution. The physical
principle behind is based on the concept that a crystal exposed to the x-ray radiation will
diffract, producing a diffraction pattern which contains information about the structure of the
molecule. In order to achieve this condition, mainly two things need to occur: the protein
needs to crystallize in a perfect ordered crystal and the X-ray needs to be monochromatic

(single wavelength). 178

6.1.1 Crystallization
In order to obtain a perfectly ordered protein crystal, the first step is to produce a
homogenous, high quality and concentrated protein. Once the purified protein is obtained,
the focus is shifted in finding the best protein crystallization condition, the most important
and delicate step in order to gain a diffracting crystal, and for which different protocols are
available to screen multiple crystallization options. The principle of crystallization relays on
finding the nucleation phase, achieved by the correct balance between the protein
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concentration and the different precipitant conditions used (as pH, precipitant nature, buffer,
concentrations etc.). As depicted in figure 1A, if the protein is in the unsaturated region (light
orange session), neither crystal nor precipitant is formed and the drop will appear clear. In
order to form a crystal, the protein needs to be in the nucleation zone (dark blue), a specific
portion of the supersaturated region. Once the crystal nuclei are formed, the crystallization
growth will occur in the metastable zone (light blue), lowering the protein concentration until
the protein in solution will reach the solubility limit.1”° It is thus clear that many different
conditions can lead to the protein crystallization and to screen all of then the vapor diffusion
method is generally used (Figure 1B). When and if a promising condition is found, it is the
possible to increase the crystal quality and size using multiple techniques, such as manual
optimization, micro-seeding, additive screens and temperature dependent growth. It is crucial
to favor a regular periodic crystal lattice, any anomaly introduced during the crystal nucleation
and growth will have a negative impact during the diffraction collections (see CooJ-twinning

problem chapter).

Itis important to remember that not all the proteins are able to crystallize. Generally speaking,
highly flexible proteins or proteins with highly disordered regions represent a main challenge

for the crystallographer community.

Precipitant
formation

Crystals
formation

e s

Protein concentration

Undersaturated zone Phase. .
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Adjustable parametér

Figure 1. A) Crystallization diagram phase. B) Hanging drop vapor diffusion method is prepared using a drop
composed of a mixture of protein and crystallizing solution suspended over a reservoir. As the drop contains a
lower concentration of crystallizing solution, the vapor pressure of the drop solution is bigger than the one of

the reservoir. This creates an overall gradient that leads to a water loss from the drop towards the reservoir,
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increasing the protein and precipitant concentrations in the drop until supersaturation, allowing nucleation and

crystal growth.

6.1.2 Synchrotron radiation
Briefly, X-ray radiation is generated by accelerating electrons in a synchrotron ring. A single
wavelength is selected using a monochromator, focused on a beam and collimate to ensure
its parallelism. The crystal is mounted on a goniometer and its position is adjusted to ensure
a perfect beam-sample alignment. The collision between X-rays on the sample will cause the
scattering of some of the X-ray in various directions. The collection of the diffracting X-rays
arriving on the detector gives a diffraction pattern, which is related to the atoms spatial
position accordingly to the Bragg’s Law as:
2dhi SiNB=n*\

where d is the distance between two electron regions of the electron density, B is the angle
of diffraction and A is the wavelength of the diffracted X-ray. Considering that different angles
of diffraction @ are going to be present at the same time, the diffracted X-rays will be recorded
at different intensities, which are related to the atomic 3D arrangement of the electrons in
the crystal’s atoms (d). These information will later allow the re-construction of the protein

structure.

6.1.3 Data Analysis
The collected images are the diffraction pattern, pictured as spots with different intensities.
The data analysis aim is to convert these 2D pictures on a 3D electron density map. In order
to do this, a Fourier Transformation is applied to the geometrical spatial arrangement
detected (diffraction spots on the images) to obtain the spatial frequency of the atoms in the
crystal (electron density). The electron density will allow the model building of the

macromolecule in the crystal (see pipeline Figure 2).

Nowadays, many software and program suits are available to process almost automatically
the diffraction data, which is a difficult mathematical task. Here | will present the main steps

that need to be understood by a neophyte in the domain of data analysis.

1) Determination of crystal space group and unit cell dimension.
Each space group is defined by a specific set of symmetry operations. A good choice of

the space group is essential in order to correctly predict where the diffraction spots
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will appear according to the symmetry law imposed. The registered images are
indexed, meaning that to each spot three spatial coordinates (h,k,/) will be assigned. A
scale factor is donated to correlate the intensity of all the images of the full data set.
The result of this process is a scaled file that contains the index of each spot and its
relative intensity. During this process, in order to assess the quality of the diffraction
data, the residual Rmerge (Or Rsym, Rmeas is similar but more elaborated version) is used
to compare the intensities of all symmetrical related equivalent reflections. If a
reflection does not match the identified unique symmetrical once, it is defined as an
outlier and rejected. A high-quality data set should have a Rmerge lower than 4-5% but
a possible solution can be found with values as high as 20%. Where to cut the data
without losing information is usually decided considering the resolution limit, which is
generally reached when the value of I/o(l) (average ratio of intensity reflection over its
estimated error) drops below 2.0. However, this cutoff is arbitrary and recently a new
indicator for data accuracy has been introduced as CCy/;, the correlation between the
reflection intensity of two half of a data set randomly split and defined as insignificant
data <0.15. The completeness of the data set, defined as the coverage of all the
possible unique reflections within the data set, should be around 100% in all resolution

shells in the best possible scenario.!8° 181

2) Amplitudes determination from the intensity.

As mentioned above, the spots will have a different intensity depending on the angle
(related to phase) and the amplitude (related to intensity) of the diffracted X-rays.
Theoretically, from the knowledge of the amplitude and the phase angle between the
diffracted ways is possible to determine the structure factors that describe the atom
positions in the unit cell. The determination of the structure amplitude |F| is relatively
easy considering its relation to the square root of the intensity, the main problem

concerns the determination of the phase.

3) Phase problem.
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The phase information is lost during the data collection, which means that indirect
ways need to be used to be able to determine it. The most used methods are by
molecular replacement and anomalous diffraction. In molecular replacement, the
atomic coordinates of a protein homolog already solved is needed. In this case, the

phase are “stolen” from the already solved homolog, placed in the new data set and



used to calculate the relative structure factor. In order to use these phases, the model
structure needs to be place correctly in the unit cell. The phases can be used just after
this step to calculate a new set of structure factors that are going to be refine in the
final model. If a structural homolog is not present, anomalous diffraction is the way to
go. In order to achieve this, the crystal needs to be either soaked with heavy metals or
the protein can be purified using seleno-methionine enrichment (as in our case for
RrCoolJ). The wavelength will then be tuned to match the external added metal. The
position of these heavy atoms can be easily recognized in the diffraction patterns, and
thus it can be used as spatial reference in order to determine the phases.
4) Electron density map.
Knowing the phase and the amplitude, the structure factors can be calculated, which
gives the electron density map of our structure. Higher is the collection resolution,
more defined is going to be this map, which is needed to place our model.
5) Model building and refinement.

When the electron density reaches a sufficient quality, the placement of the amino
acids can start. The model is checked and refined in the electron density to reach a
good match among the observed structure factors (Fobs) and the calculated once (Fcal)
using the formula 2Fqbs- Fcal. These maps are calculated with statistically weighted
coefficient (o), which is the root-mean-square deviations (rmsd) of the mean electron
density level. Usually the 2Fqobs- Fcal map should be countered at 10, where else the
difference map (Fobs- Feal) around 2.5-3c. Lowering these contours level results in
highlighting phantoms features, which is always contro-productive.

To guarantee a correct match between the model and the electron density map, the
well-known ‘R factors’ are used to evaluate the structure quality based on individual
residues. They measure the global relative discrepancy between the experimental
obtained structure factor amplitude (Fobs) and the calculated structure factor
amplitude obtained from the model (Fca) as ), |Fobs — Fcal|/ Y, Fobs. A good matching
R-value is typical around 20 %. Rfree is the analogues of R-factor but considering just
1000 random reflections that did not entered in the model refinement. It is an
important factor to avoiding data over-interpretation caused by possible inclusion of
superfluous data in the model during the refinement cycles. It should not be higher

than 7 % compared to the R-factor, a likely indication of data over fitting or in general
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some problem with the model. Another quality criteria is the root-mean-square
deviations (Rmsd) is an index of the reliability of the model compared to the typical
geometrical parameters based on chemical knowledge. Different structural
parameters can be considered but, generally, the bond length is the most used. For a
good quality model, the rmsd(bond) is around 0.02 A (values >0.03 A are index of a
problematic model). The Ramachandran plot is graphical way to visualize the torsion
angles of the backbone versus the expected contour and shows if the individual

residues fall in the allowed regions. 8°
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Figure 2. Pipeline for crystal structure data processing.!®?
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6.2 Circular Dichroism

Circular dichroism (CD) uses circular polarized light and registers how a molecule differs in left-
and right-handed light absorption.'® Polarization is an intrinsic property of all transverse
waves, of which the main exponent is the well-known electromagnetic wave light, and it
specify the geometrical orientation of the oscillation. Electromagnetic waves are synchronized
oscillation of perpendicular electric and magnetic fields and the polarization always refers to
the direction of the oscillating electric field. In circular polarization, the electric field has a
constant magnitude while it rotates always perpendicular to the wave’s direction. This

rotation can have two possible verses:

e Right hand sense (RHC) with the respect to the traveling wave direction, named right
circular polarization;

e Left hand sense (LHC) named left circular polarization.

When this polarized light hits a molecule that contains a chiral light-absorbing group, the
result is a difference in the absorption of the right and left polarization light (AL # Ag), which
affects the extent to which they are absorbed (e #€g). The circular dichroism is define as this
difference Ae = g- g, which is measured over a range of wavelengths. The CD measurement
are usually carried out in the visible (700-250 nm) and in the ultra-violet region (250-190 nm)
and a chiral chromophore is needed in order to have a signal different form 0, due to a
measurable imbalance between €. and €r. The signal registered can be either positive (+) or
negative (-) depending if the LHC is absorbed to a greater extend compare to the RHC or vice
versa. In proteins, all amino acids are left hand chiral, which makes them the perfect object of
study for CD spectroscopy (with the exception of the achiral glycine residue, silent in a CD

measurement).

In order to gain as much information as possible, the CD can be used to study macromolecules

in two different wavelength ranges: the ultra-violet and the visible regions.

In the far ultra-violet region (190-250 nm), it is possible to investigate the protein secondary
structural elements (such as a-helix and B-sheet) and predict their possible percentage
composition in the final structure, normalized by amino acids composition and protein
concentration. Generally, a-helical proteins are characterized by negative bands at 222 nm

and 208 nm and a positive band at 193 nm, B-sheet proteins have a negative bands at 218 nm
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and a positive one at 195 nm, while a random coil have really low values above 210 nm and a
negative band near 195 nm (Figure 3).18* These standard values are used by the secondary
structure prediction software to determine the secondary structure composition of the

registered spectrum.!®

In the near UV-visible region (250-700 nm), it is possible to investigate the tertiary structure
and the absorptions of aromatic groups. Moreover, it can be used to determine how a metal
is interacting with a protein. In fact, a free metal ion in solution will not give a CD signal,
meaning that only the ions bound to the protein are going to be detected. The CD
spectroscopy can resolve individual electronic d-d transitions, usually not fully resolved in
absorption spectra. In the case of a transition metal, this optical activity is mainly attributed
to the configuration effect, caused by the asymmetrical distribution of the coordinating donor
atoms towards the metal. Thus, it is possible to have an insight into the geometrical

disposition of the protein bound metal.
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Figure 3. Monochromatised light passes through a modulator, which converts it into left (LHC) and right (RCH)
handed polarized light. The two polarizations are differently absorbed from a chiral center, and the difference in

LHC-RHC absorption is detected.
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Metal titration on the protein can be performed to obtain a preliminary idea of the
stoichiometry. Based on the knowledge that the metal-protein CD signal will evolve depending
on the amount of added metal, an invariable CD signal indicates the saturation of the protein-

binding site and the possible number of bound ions.

Analysis of CD spectra as a function of temperature can be used to determine the midpoint of
the unfolding transition (Twm) of a protein and its related structural stability. Another technique
is to use a chemical denaturant agent, as guanidine hydrochloride, and check the evolution of

the a-helix signature to detect its folding stability (see RrCooJ chapter).*®

CD by itself gives information about structure folding, metal binding geometry, affinity and
stoichiometry but it has less resolution power than other techniques that are going to be
described later on (as NMR and X-ray crystallography, and ITC). However, it is a fast
spectroscopic analysis (one spectra can be collected in less than a minute), it can be performed
in different solvents, temperature, protein concentration, pH and in presence of different co-
factors. It is, also, a perfect method to verify the quality of the protein sample before

proceeding with more time demanding and consuming techniques.

A series of papers tackling CD spectroscopy as a concreate tool to investigate protein structure

and metal interactions can be find here 1877190,

6.3 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is used to determine the thermodynamic parameters of
biomolecules interactions in solution, like association (Ks) and dissociation constants (Kg),
enthalpy (AH) and entropy (AS) changes and binding stoichiometry (N).%°* A typical experiment
is performed via the addition of a reactant in the cell containing the reagent, which is
constantly compared to a reference one to register the resulting modifications in
temperatures. The chemical reaction created by the injection of the reagent in the reactant
can releases (exothermic) or absorbs (endothermic) a defined amount of heat (q) which is

proportional to the amount of bound ligand to the protein.

inAHXUXALi
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With v volume of the injected ligand, AL;related to the ligand concentration and AH linked
to the characteristic binding enthalpy. The working principle of the instrument is to maintain
constant the temperature between the reference cell and the sample cell. This amount of
temperature is recorded and converted in the heat (q) after each injection using the area of
the peak (ucal/s) vs time (Figure 4). The heat will decrease proportionally to the binding
accessibility of the protein until the saturation is achieved. The final formula used to analyses
the data depends by the number of binding events happening and it differs substantially
between ‘one set of sites’ and ‘two set of sites’ (see RrCooJ chaper). From this measure the

Gibbs free energy (AG) and the entropy (AS) can be derived as:

AG = —RTInK = AH — TAS.
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Figure 4. ITCinstrument. The resulting spectra is used to integrate the area of each peak (q), resulting
in a new plot versus the molar ratio of ligand to protein. The resulting isotherm can be fitted to a
binding model from which the affinity (Kp) is derived. The molar ratio at the center of the binding
isotherm give us the reaction stoichiometry. The plot shown below is an example of a 1:1 binding

reaction. [Adapted from https://2bind.com/itc]

Also for this technique is possible to easily modulate the protein and ligand concentrations
and the set up buffers and the temperatures, considering that we are working in solution. A
measurement does not need a high protein concentration (~5-10 uM), making this analysis

particularly interesting when we are working with difficult to purify proteins.
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Concerning the protein-metal binding study, the binding stoichiometry and dissociation
constant can be confidently determined, conferring to this approach a commonly recognized

“queen” role in Kp and stoichiometry determination.

Problems may arise in the data interpretation when multiple binding sites are present; a

careful and pondered data interpretation is always advocated.

6.4 Multi angle laser light scattering

Multi-angle laser light scattering (MALLS) experiment allows the determination of some key
features of proteins in solution, as protein oligomeric state, concentration and molecular
weight. The main concept to keep in mind is that the detection of light scattered from a sample
at several angles can be used to determine its absolute molecular weight (related to the
scattering at 0° scattering angle) and the sample concentration at the same time. In a MALLS
set up a laser source is used to illuminate a sample holder and the scattering light is collected
in each different detector (this system is usually combined to a size-exclusion chromatography
(SEC) in order to be confidently sure about the sample state and to isolate single species from
a mixture (Figure 5). The scattering is produced when a photon collides with a molecule and
it is remitted at a certain energy as light. This phenomena can be analyzed with different
theory and in the simplest case of elastic scattering approximation (object << than the incident
wavelength) the Rayleigh scattering theory can be used. In this approximation, the scattered
light intensity will be proportional to the number of molecule in each elution volume, thus the

molecular weight (Mw), and the molecular size of the sample.

KC —( 1
R(Q,C) Mw

1
0

With Ry defined as the Rayleigh ratio, C the sample concentration, 8 the measured angle, Mw
the molecular weight, Py the form factor, A as the second virial coefficient and C as coefficients
dependent by the system. K an optical constant, related to the refractive index increment
dn/dc, which is plotted versus the concentration to the molecular weight of the samples (K =
(2n"2n"2)/(A"4 N) * (dn/dc)"2).

243



In the case of small molecules, the scattered light is going to be independent from the
scattering angle (isotropic scatter), where else for big molecules the scattered light will reach
the detectors with different phases and for this reason we need to register it at different
angles (anisotropic scatter). At 8 = 0 the form factor is going to be equal to 1 (Py = 1), thus
independent by the interference. Multiple collection angles are registered and
extrapolated back to 0°, in order to eliminate the phase problem. In addition, the size of the
molecules can be determine, as radius of gyration Rg, giving an idea about the sample

conformation.

MALLS is a powerful technique to determine protein conformational changes as oligomers or
aggregates formation, size and shape modification in native solution conditions. It requires a
low amount of protein in order to make measurements (20 pL at least 1 mg/ml) and it does

not required the use of calibrating samples during the experiments.
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Figure 5. Schematic representation of SEC-MALLS set up.
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6.5 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectroscopy is currently the only technique capable of
determining the 3D atomic resolution structures of macromolecules in solution, combined to
the possibility of studying time dependent phenomena such as protein folding and interaction.
The physical principle behind this technique is based on the interaction between the atomic
nuclei and a magnetic field, which would cause a splitting in the spin energy levels of the
atomic nuclei spin resulting in at least two separate states as in the case of spin +1/2 (Figure

6).

This phenomenon rises from the fact that atomic nuclei possess a non-zero spin (s) associated
to a non-zero magnetic moment (d), which can interact with an external magnetic field
orienting itself accordingly. (For this reason, nuclei with an even number of protons and
neutrons (spin(S)=0) do not have NMR signal because they have a zero magnetic moment,
which would not be perturbed by the applied magnetic field.) This interaction splits the
nuclear spin levels in parallel and antiparallel polarization due to the presence of a constant
magnetic field (Bo), defined as alignment. The time dependent perturbation of this alighment
via a perpendicular magnetic field (B1) generates the wanted NMR signals when the system

goes back to the equilibrium.

mg = - 1/2
)
o AE=E-1/2-Eas2
(nN]
mg =+ 1/2
By=0 By #0 Magnetic Field

No magnetic field=the two
spin states have the same
probability to be occupied

Applied magnetic field=the two spin
states have not the same energy now

Figure 6. Interaction of nuclei s=+/- 1/2 with an external magnetic field. The splitting of nuclei energy
correspond to the applied magnetic field and can be parallel to it m=1/2, the most stable level, or
antiparallel m=-1/2. During an NMR experiment, an oscillating magnetic field (B;) is applied
perpendicular to Bowith a frequency equal to the energy-splitting AE. In this way a promotion from the

state ms=+1/2 to ms=-1/2 is induced and the resulting relaxation is recorded.
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The precise resonant frequency is strictly dependent by the nature of the nucleus and by its
surrounding shells of electron, which cause the ‘shielding’ effect. In fact, the electrons are also
polarized by the applied magnetic field, producing an opposite magnetic field that lowers the
nucleus one as a reflection of its chemical environment. This shift, proportional to the electron
density distribution, shields the local magnetic nuclear resonance and results in a chemical

shift that can by analyzed compared to a reference frequency.

In 1D experiments, the proton chemical shifts are investigated and it is largely used in
chemistry. From a “protein point of view” this spectra gives information about the nature of
the proton (HV, H¥P"2 aromatic etc..) but also about the secondary structure folding. However,
1D spectra are too complex to determine the protein structure and another dimension is
needed for this purpose. 2D spectra can either detect the same isotope at two different
frequency (homonuclear experiment) or use the same frequency but different isotopes
(heteronuclear). This method works well for the determination of small macromolecule,
however for the determination of large protein (>20 kDa) an additional dimension is once
again required in order to spatially resolve the signals. For the 3D spectra, the proteins are
isotopically double labelled (N*> and C'3) and the resonance of these nuclei is correlated and
solved in a single experiment. In this case, the spectra overlap is reduced and the information
raises from the transfer magnetization over the peptide bond and the connectivity among the
amino acid side chains. It is essential to assign each chemical shift to each atom in order to
have the resonance assignment of the protein.

From the experimental point of view, in the case of a 3D spectra, the sample needs to be
prepared in a double labelled fashion using N'> and C*3 (**NH4Cl and *3C-Glucose in minimal
medium) during the protein production, an expensive procedure if many liters of medium are
needed. Once the protein is purified, it will be placed in a magnetic field and the detected
resonant frequency will be proportional to the chosen instrument magnetic field. It is
important to remember that the solvent protons are going to contribute to the proton signals
of the protein; therefore the use of a deuterated water is essential in order to distinguish it
from the protein signature. The duration of the spectra acquisition depends by the signal-to-
noise ratio and different acquisitions are needed in order to obtain a define spectra (a range
that goes from a 10 min to a couple of hours for a double labeled protein). In all these time

laps, the protein needs to be stable in solution at high concentration (average protein
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concentration of 1 mM) and stable at the experimental temperature (generally 20-25°C),
conditions that can be challenging for proteins in solution. Protein size is another limitation
for this technique and usually proteins smaller than 40 kDa are the best candidates for NMR
structure resolution due to the fact that the peaks attribution is still mainly done by hand. On
the other side, NMR does not present the limitations encountered for the x-ray structure
determination, as the need to have the protein in crystal state, and also intrinsically
unstructured proteins can be investigated. Moreover, the interaction of proteins with co-
factors in solution can be studied, giving response about the conformational dynamics and

flexibility of different protein portions (as RrCooT in our case).

6.6 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a powerful method to determine the local geometry
and the electronic structure of a specific element. As for X-ray crystallography, this technique
needs x-rays that are generally produced by a synchrotron. The goal is to analyze the
modulations (i.e. the fine structure) of the X-ray absorption coefficient around the absorption
energy of the core electron of a selected element (photoelectric effect), which are related to
the coordination geometry and electronic properties of the absorber. In order to do so, the
core electrons are excited using monochromatic energetic photons that scan a region of about
800-1000 eV around the core electron’s ionization energy. The x-ray absorption phenomenon

is described by the Beer’s law as:
It = Ioe_ux

Where I, is the incoming x-ray intensity, u is the absorption coefficient of the element, xis
the sample thickness andl, is the transmitted intensity. We are particularly interested in the
absorption coefficient u, because it is proportional to the photoelectric cross section, i.e. the
probability of absorption of a photon at a given energy. For a given element the absorption

coefficient u can be written as:
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When the x-ray has an energy equal to the binding energy of a core-level electron in the
sample, a drop in the transmitted x-ray intensity appears corresponding to its absorption. This
is call absorption edge and it is specific for each element. What we do in a XAS experiment is
to register the absorption coefficient, in our case of Nickel, near and above its absorption

edge. (Figure 7).1%2

XANES EXAFS

photoelectron
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1.4879A
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Figure 7. A) Representation of the photoelectric effect, in which an x-ray is absorbed and a core level

electron is promoted to a vacant level. The electron binding energies for nickel (our selected element)
are reported. B) An example of Ni K-edge spectrum is shown highlighting two main XAS regions with

the relative energies.!®
The two main regions in a XAS experiment are:

- X-ray absorption near edge structure (XANES). From some eV before the edge to ~
50-100 eV above. It is due to transitions of the excited 1s electron to bound and
guasi-bound states within the atomic potential. It shows in general pre-edge
features that are indicative of the coordination geometry of the absorber. For a 3d

transition metal, the 1s electron is promoted to 3d and 4p states.

- Extended X-ray Absorption Fine Structure (EXAFS), from ~50-100 eV above the
edge. The photoelectron is promoted to the continuum and is backscattered by the
neighboring atoms. This phenomenon produces an interference of the outgoing

photoelectron wave with the backscattered wave, which is correlated to the
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geometrical configuration around the absorbing atom. Thus, this region provides
information about interatomic distances, coordination number and nature of
neighboring atoms of the absorber. The oscillatory portion of the spectrum can be

extracted and Fourier transformed to determine these structural parameters.

Concerning the advantages of this technique, it is a powerful tool to determine the
coordination and the geometrical environments of a metal binding protein in solution, since
it does not require crystallization. The measurements are performed at liquid nitrogen
temperature and the sample can be fully recovered after its analysis. On the other hand, the
computational analyses behind the spectra interpretation is challenging and not
straightforward. The comparison of the spectrum of a metalloprotein with reference spectra

of compounds with known geometry is desirable to drive the analysis.

6.7 Biological small-angle scattering (SAXS)

The small-angle scattering of x-rays (SAXS) is used to investigate macromolecules in solution,
differing in this way from x-ray crystallography. In this technique, the sample is exposed to a
small angle x-ray beam at 12.5 KeV and the resulting scattered radiation is registered on a
detector. The small-angle scattering is generated by the coherent secondary wave scattered
by a single molecule’s atoms, resulting in an isotropic intensity distribution due to the random
positions and orientations of the particles in solution. The intensity of the resulting x-ray
scattering curve (I (s)) is plotted against the scattering angle (s) and it can be used to create a
low-resolution model of the protein in solution (blue region Figure 8) but it is not suitable for

reaching the atomic resolution.94-1%
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Figure 8. X-ray computed scattering curves for 25 different proteins. It is clear that at low angles (blue
region ) the curves are really different between each other, while above this region it is-difficult to
distinguish the curves between each other. The atomic resolution cannot be resolved considering that

all the curves basically match in the same spot. Adapted from %7

In order to extrapolate the highest amount of information form this curve, the particles need
to be considered as mono-disperse and non-interacting with each other. With this
approximation, the signal is going to be considered as the scattering of a single spherical
particle averaged on all the possible orientations. In order to apply this approximation, the
starting region of the scattering curve (s=0, lp) needs to follow the Guinier approximation in
order to be considered not aggregated (Figure 9 Guiner plot). Considering this step, it is clear
that the sample preparation has a critical and essential role for the success of the experiment.
The Fourier transformation of the scattering profile (I(q)) is what is generally used to define
the interatomic distances (P(r)) in the the real space. This is term is the one used to described
the space and the volume occupied by a macromolecule, the final envelope of the protein

sample (Figure 9).
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I(q) (Arbitrary units)

Infl{g)]

P(r) (Arbitrary units)

The goal of a SAXS experiment is thus to determine a pool of 3D structural models starting

from a 1D scattering plot. In order to achieve this, ab initio models are generated from the

scattering curve and the best solution able to confidently match the experimental data is

chosen and used as the macromolecule envelope in solution (remember that we are always

in sphere approximation).

Considering the approximations required during the data analysis, a valuable data

interpretation, as for most of the techniques, needs to be supported on other analysis

methods as x-ray crystallography and NMR analysis (see RrCooJ proposed structural model

data analysis). Compared to other techniques, SAXS is a powerful tool an evaluation of shape

determination, flexibility and oligomer mixture of the proteins in solution.
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Figure 9. Essential steps required for data interpretation. Adapted from *¥’.
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Annex

MATERIALS AND METHODS OF CHAPTER 4

Heterologous gene expression

The plasmids harboring the RrcooS gene (prsF and prsF-TEV) were transformed into E. coli
BL21(DE3). From this transformation, a colony was picked and grown in 3 mL LB medium
supplied with the right antibiotic at 37 °C for 8 h under agitation. One mL of this culture is then
used to inoculate the 100 mL O/N pre-culture grown at 37 °C under agitation. Using this pre-
culture, different growth media and protocols were performed. In the case of the anaerobic
growth, the pre-culture was added to 1L of either TB or LB or M9 supplied with 8.7 mL glycerol,
0.1 mM NazS, 0.5 mM NiSQ4, 0.1 mM FeSOsand 1% glucose to reach an optical density at 600
nm around 0.1 and left at 30 °C under agitation until ODeoo reached aprox. 0.5. In the case of
“defficient-Nickel” enzyme production NiSOs was not added. At this point, the cultures were
introduced in the glovebox and left to degas for 30 minutes before their induction with 0.2
mM IPTG. Harvesting took place 20-23 hours after induction. The cultures were centrifuged
for 30 minutes under anaerobic conditions. To recover the cell’s pellet, the centrifugation pot
was re-entered in the glovebox, the supernatant was removed and the cells pellet was stored
at -80 °C until purification. The CODH activity of the cultures was checked before purification.
Concerning the aerobic growth, auto-induction medium has been chosen: 15 mL of O/N pre-
culture was used to inoculate 1 L of 5 gr yeast extract, 10 gr casamino acid, 20 mL 5052, 50 mL
NPS and 1 mL MgSO0,, left at 37 °C at 180 rpm. After 3 hours, 1 mM of FeSOsand 2 mM of L-
cysteine were added and the temperature was switched to 15 °C at 180 rpm. After 21 hours,
the cells were harvested, centrifuged and the pellet was recovered under argon and stored at

-80 °C until purification.

Purification

The purifications were carried out in the glovebox at room temperature. For the RrCODH-TEV,
frozen pellet was re-suspended in buffer A (0.05 M Tris-HCl pH 8.5, 2 mM DTH, 1 mM TCEP,
0.150 M NaCl) and one complete Protease Inhibitor cocktail tablet (Roche) per 50 mL buffer.

The cell suspension was sonicated 8 minutes using a cycle of 50 sec OFF/10 sec ON with 50%
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amplitude at 4 °C. The lysate was then centrifuged for 20 minutes at 40,000 rom. The 50 mL
of supernatant were loaded on 20 mL of HisPur Cobalt Resin, previously equilibrated with
buffer A, and left under stirring for 1 hour. After washing the column with 4 column volumes
of buffer A, the protein was eluted with a step gradient of 20 mM, 40 mM, 60 mM, 100 mM,
200 mM imidazole in the same buffer (2x10 mL each elution). The fractions containing the
enzyme were checked via SDS-PAGE, pulled together for a total volume of 50 mL and
concentrated to 3 mL via amicon cell 30 kDa cutoff. The his-tag was cleaved via incubation
with His-taggedTEV protease, which was added to a sample left in dialysis in 500 mL of buffer
A O/N. The next day, the protein solution was passed through the HisPur Cobalt resin column,
the not cleaved portion and the His-tagged TEV remained on the resin. A. The flow-through
was collected, concentrated, and loaded on a Superdex75 16/600 column equilibrated in
buffer A. Fractions corresponding to RrCODH were pooled, concentrated via amicon cell
30kDa cutoff, frozen in liquid nitrogen and stored at -80 °C.

For RrCODH, the lysis procedure was carried out as described above in a buffer A’ (0.1 M Tris-
HCl pH 8.5,2 mM DTH, 2 mM DTT) and one complete Protease Inhibitor cocktail tablet (Roche)
per 50 mL buffer. The supernatant was then loaded at 0.5 mL min™ onto a Q-sepharose HP
16/10 column (GE Healthcare) equilibrated with buffer A’. After loading, the column was
washed with buffer A’ and the protein was eluted with a linear gradient (0-50% in six column
volumes, 50-100% in six column volumes) of buffer B (0.1 M Tris-HCl pH 8.5, 2 mM DT, 2 mM
DTT,1 M NaCl). The fractions of the main elution peak were analyzed by SDS-PAGE and those
containing RrCODH were pooled and concentrated via vivaspin 100 kDa cutoff to reach a final
volume of 0.5 mL. The protein was then loaded onto a Superdex75 16/600 size exclusion
column (GE Healthcare) equilibrated in buffer C (50 mM HEPES pH 7.5, 300 mM NaCl,1 mM
TCEP). The fractions containing RrCODH were pooled and concentrated before flash freezing

in liquid nitrogen and stored at -80 °C.

Solubilisation assay of RrCODH

The pellets coming from the 50 mL cultures were re-suspended in 15 mL of 0.1 M TRIS pH 8.0,
10 % sucrose, 2 mM DTT, 0.1 gr lysozyme and one complete Protease Inhibitor cocktail tablet
(Roche) per 50 mL buffer. These 15 mL are then split in 3 falcon tube of 5 mL each and to each
separate volume were added 1% sodium deoxycholate (DCA), 1% Triton or 0.1% sodium

lauroyl sarcosinate (Sarkosyl). The samples were then sonicated for 2min30sec 2 sec ON/4 sec
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OFF with an amplitude of 30%. The sonicated cells were stirred in the cold room for 30 min.
From each volume, 1 mL wascentrifuged at 170000g for 30 min. The supernatantwas

separated from the pellet, which was re-suspended before SDS-PAGE .

Activity tests

The CO-oxidation activities of CODH was performed by monitoring the reduction of methyl
viologen (MV) over time at 604 nm (g = 13.6 mM~t-cm™). Activity tests were done in a buffer
made of 0.1 mM MOPS pH 7.5, 1 mM TCEP and 5 mM MV. 800 uL of this mixture were injected
in a 1 mL quartz cuvette, which was then sealed with a septum to be pressure and airtight.
200 pL of saturated CO solution were added prior to start the reaction The reaction was
initiated by injecting the enzyme using a Hamilton syringe. Specific activities are expressed as

umol of CO oxidized per min per mg enzyme (units-mg™).

Metal content analysis

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Shimadzu ICP 9000
instrument with Mini plasma Torch in axial reading mode) was used to determine the metal
content. Samples were incubated in 65% HNO3 overnight at 95°C before measurement.The

samples were then diluted to 1% HNO3

In cellulo activity of RrCODH vs RrCODH-CooJ vs RrCODH-CoolJA

Concerning the co-expression experiments with cooJ and cooJA, the pet15bcool/coolA and
prsFRrcooS plasmids were co-transformed into E. coli BL21(DE3). From these transformations,
three different colonies were picked for each one and grown in three different falcon supplied
with 3 mL LB medium plus the right antibiotics at 37 °C for 8 h under agitation. One mL of
these cultures was then used to inoculate the 100 mL O/N pre-culture grown at 37 °C under
agitation. 1 mL of these pre-cultures were added to 45 mL of TB medium supplied with 8.7 mL
glycerol, 0.1 mM NazS, 1-10-100 uM NiSQO4, 0.1 mM FeSO4 and 1% glucose and left at 37 °C
under agitation until the optical density reached aprox. 0.5. These cultures are done in 50 mL
falcon tubes. At this point, all the falcon tubes are sealed and left for 30 minutes on the bench
before their induction with 0.2 mM IPTG. Harvesting took place 20 hours after induction. The

cultures were centrifuged for 30 min in anaerobic conditions, the supernatant was removed,
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and the cells pellets were fluxed under argon and stored at -80 °C. To check their activity, the
pellets are entered in the glovebox and 6 mL of previously degassed buffer (0.1 M MOPS pH
7.5,200 mM NaCl, 2 mM DTT, 3 Mm DT and a one complete Protease Inhibitor cocktail tablet
(Roche) per 50 mL buffer) are added to each. The solubilized cultures are then sonicated for 4
minutes with a cycle 20 sec ON/40 sec OFF 40% amplitude. The activity of the total lysate is
checked injecting 50 pL in the activity buffer (0.1 mM MOPS pH 7.5, 200 mM NaCl, 2 mM DTT

and 10 mM MV) using the same method reported in point 4.2.3.
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Table 1 Nickel enzymes comparison

Enzyme Active site Reaction
o
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CODH: Carbon Monoxide Dehydrogenase
DTH: Sodium hydrosulfite

DTT: Dithiothreitol

EDTA: Ethylenediaminetetraacetic acid
EXAFS: Extended X-ray Absorption Fine Structure
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HRC : Histidine rich cluster

ITC: Isothermal titration calorimetry

LarA: Lactate racemase

LB: Lysogeny broth

MCR: Methyl Coenzyme M Reductase

NMR: Nuclear magnetic resonance

SAXS: Small-angle X-ray scattering

SOD: Superoxide Dismutase

TB: Terrific Broth

TCEP: Tris(2-carboxyethyl)phosphine

TEM: Transition Electron Microscopy

TRIS: Tris(hydroxymethyl)aminomethane
UV/vis : Ultraviolet—visible spectroscopy
WGSR : Water Gas Shift reaction

XANES: X-ray Absorption Near-Edge Structure

XAS: X-ray absorption spectroscopy
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Among the possible renewable energies sources, biomass gasification has been considered one promising
alternative to meet the daily growing energy demand. The outcome of this process is a synthetic gas
(syngas) mainly composed of carbon monoxide and hydrogen. Syngas can be upgraded by a group of
anaerobic micro-organisms, thanks to the biologically mediated water—gas shift (WGS) reaction. In this

process, the conversion of CO and H,O into CO, and H, is catalyzed by two enzymes: carbon
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a cost effective and environmentally friendly technology, it is fundamental to deeply understand how this

DOI: 10.1039/c85e00085a process occurs. In this review paper, an overview on the possible biotechnological uses of the WGS
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1. Introduction

The intense exploitation of fossil fuels, continuous demo-
graphic growth, expanding industrialization and living stan-
dard improvements require new sustainable strategies to meet
the future demand for commodity products and energy sources.
For example, the demand for n-butanol is expected to reach 5.61
Mton per year by 2030 in the manufacture of pharmaceuticals
and plastics." In the energy sector, liquid, gaseous or solid
biofuels hold great promise to deliver an increasing share of the
energy required to power a new global green economy. Among
them, dihydrogen is an attractive fuel since it can be converted
to energy without the production of CO,. Nowadays, its
production comes mainly from fossil fuels, with an annual
production of more than 60 million metric tons worldwide.”
Biohydrogen production processes through an economically
acceptable method are therefore promising alternatives for
a possible future H,-based economy.

Among available renewable sources, biomass conversion
from organic waste is becoming increasingly popular. It is also
likely to evolve into the main source of primary energy feedstock
for developing countries. Besides bioconversion processes to
transform biomass into biofuel or different valuable chemicals,
an interesting alternative is the thermal conversion (gasifica-
tion) of poorly degradable biomass sources like straw and
wood.? Biomass gasification occurs through a combination of
complex reactions, including drying, pyrolysis, combustion and

Univ. Grenoble Alpes, CEA, CNRS, BIG, CBM, F-38000 Grenoble, France. E-mail:
christine.cavazza@cea.fr

This journal is © The Royal Society of Chemistry 2018

reaction is presented, focusing mainly on the fundamental characterization of the CODH enzyme.

reduction, resulting in the production of synthesis gas (syngas).
Syngas is mainly composed of a mixture of H,, CO and CO, and
minor amounts of other gasses. It is an inexpensive and versa-
tile substrate generated from any hydrocarbon feedstock, from
fossil fuels to biomass. Therefore, a wider application of routes
starting from syngas is more appealing since it enables
a gradual transition to more sustainable energy. Biomass gasi-
fication to provide motor fuel has been in use since the early
1930s. Over the decades, syngas was successfully used in the
USA and Europe for heat, electricity and the synthesis of higher
alcohols (Fig. 1). This has also prompted the utilization of new
isolates and some known anaerobic microorganisms capable of
growing with CO and H, as substrates. CO can be metabolized
by four main trophic groups of microorganisms: methanogenic
archaea, hydrogenogenic bacteria, sulfate-reducing bacteria
and acetogenic bacteria.* Among the latter group, some
Clostridia produce, besides acetate, significant amounts of
ethanol, butyrate and butanol.”> Specifically, syngas fermenta-
tion to ethanol and isobutanol using Clostridium ljungdahlii is
exploited on a relatively small scale by companies like Lanza-
Tech or INEOS Bio. Hydrogenogenic carboxydotrophs directly
produce H, from CO, according to the reaction CO + H,O — H,
+ CO, known as the water-gas shift (WGS) reaction. The
conversion of CO into H, and CO, involves two key enzymes,
a [NiFe]-CO dehydrogenase (CODH), which oxidizes CO to CO,,
and an energy-conserving [NiFe]-hydrogenase, which produces
dihydrogen.® Nowadays, the water-gas shift reaction plays
a significant role in industrial applications to balance H,/CO
ratios of syngas, via a H,-enrichment process.” The discovery of
bacteria capable of growth employing a biological analogue of

Sustainable Energy Fuels, 2018, 2, 1653-1670 | 1653
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the WGS reaction holds promise for the design of a biological
alternative to this chemical material. In this review, we first
discuss the industrial applications of the WGS reaction. In the
second part, we describe at the molecular level [NiFe]-CODH,
a key enzyme of the WGS reaction.

2. Industrial applications: water—gas
shift reaction & Fischer—Tropsch
process

Since the beginning of the 20th century, the development and
exploitation of the water-gas shift (WGS) reaction have followed
the increasing industrial demands for hydrogen.® This has
being achieved progressively, evolving the feedstock and the
materials used to meet the production requirement for either
pure hydrogen or CO to H, ratio modulation, the latter being
required in the Fischer-Tropsch process or the synthesis of
platform molecules such as methanol.”® For this reason, WGS
facilities can present major differences in the equipment and
materials employed and are strongly bounded to the feedstock
used for the syngas production, for both economical and
practical purposes. In the next paragraphs the different
requirements will be described.*®

2.1 The water-gas shift reaction

The WGS reaction, discovered in 1780 by F. Fontana, is a revers-
ible exothermic reaction, described as:

CO + H,O < CO, + H,

AH%s = —41.09 kJ mol !

In this reaction, the equilibrium constant decreases with
increasing temperature. Carbon monoxide and hydrogen
conversions are favoured at low temperature but the reaction is
kinetically favoured at high temperature.® Concretely, we face

1654 | Sustainable Energy Fuels, 2018, 2, 1653-1670

a trade-off between the speed and purity of the products. In this
framework, catalysts, specifically their composition and
working temperatures, play a predominant role.

When hydrogen production is the main goal, industries
traditionally rely on the use of two stage catalytic steps." The first
step, carried out at high temperatures (HT), between 400 and
500 °C, uses iron oxide stabilized in chromium oxide as a catalyst
(Fe,03-Cr,03)."”* This high temperature reaction is generally
extremely fast, but it has the drawback of being thermodynami-
cally limited, resulting in an incomplete CO conversion of the
initial syngas composition (almost 90% conversion). To refine the
final product, a slower low temperature (LT) step is required,
typically between 200 and 220 °C, in order to move the equilib-
rium towards the hydrogen product. Copper-zinc oxide sup-
ported on alumina (Cu-ZnO/Al,O3) catalysts,"* characteristic of
this reaction, are able to finally generate the desiderated product,
lowering the CO content to less than 1% in the final mixture.*>>**
The combination of two steps is also necessary since LT catalysts
can easily suffer from sulphate poisoning, a substance commonly
present in pre-high-temperature mixtures.

Currently, the methods commonly available to perform the
WGS reaction are distinguished on the basis of the specific type
of reactor used: the traditional reactor, the membrane reactor
and the photocatalytic reactor. Concerning the traditional
reactor, the WGS reaction can be conducted in a homogeneous
state (catalyst and reactant are in the same state) or a hetero-
geneous state (catalyst and reactant in different states).® This
latter method is by far the most commonly used due to the
scarcity of gaseous catalysts. A membrane reactor is able to
selectively remove one of the products of a given reaction
through a porous membrane."'® This allows for a modulation
of the outlet gas composition, achieving a complete CO
conversion and H,/CO, separation. In photo-catalytic reactors,
Pt/TiO,-based catalysts are irradiated and activated by visible or
UV-light.'”** Although this technology allows for processes to
occur at room temperature, its industrialization has been
impeded by its many disadvantages for the commercialization.

This journal is © The Royal Society of Chemistry 2018
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Comprehensively, in WGS reaction facilities, their
construction and their operation are tightly dependent on the
syngas: a more controlled syngas composition, having for
example CO and H, as predominant gases, leads to strong
advantages in the catalytic process. In addition, the syngas
composition strongly depends on the feedstock source and
gasification process, resulting in a mixture of gases in which the
percentage of each component is strongly variable (Table 1). As
mentioned above, the presence of contaminant species, such as
sulfur and nitrate compounds, in the inlet gas can lead to
catalyst poisoning and a decrease in the global process effi-
ciency. Another important limitation for the HT shift reaction is
the H,/CO ratio, which needs to be relatively high to avoid side
reactions, such as the formation of metallic iron, methanation,
carbon deposition and Fischer-Tropsch reactions, due to the
over reduction of the iron oxide.” In some cases the products of
these side reactions can be the real objective, conferring to the
WGS reaction a contradistinctive role.

2.2 The use of the WGS reaction in the Fischer-Tropsch
process

The Fischer-Tropsch (FT) process is an assembly of different
reactions with the aim of converting a CO and H, mixture into
liquid hydrocarbons, using the general reactions shown in
Table 2. The process uses syngas as the main source converting
it catalytically with a particular inorganic catalyst, working in
a range of temperature between 150 and 300 °C and depending
upon the syngas nature and desired product.*®*

In the FT synthesis the overall process from syngas is
commonly named XTL (X-to-liquid), with X depending on the
carbon source. Four main classes of carbon sources are the
most popular: coal (CTL), natural gas (GTL), biomass (BTL) and
waste (WST) (Fig. 2).*°

The synthesis is, therefore, intrinsically different for the
specific carbon sources and an appropriate selection of syngas
feed conditions is essential to obtain optimal activity, stability
and selectivity in industrial reactors. In general, the H,/CO ratio
most suitable for a FT synthesis is 2:1, which changes
according to the desired product (Table 2). In a GTL process, the
syngas is characterised by a high optimal H,/CO (1.9-2.2)
whereas in the CTL and BTL processes, the syngas is charac-
terised by a lower H,/CO (0.6-1.7), which therefore needs to be
adjusted.' This highlights one of the problems that the

View Article Online
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Table 2 Main reactions used during Fischer—Tropsch process*®

H,/CO ratio

Main reactions

Alkanes nCo + (2n + 1)H, — (2n +1)/n
CpHapio + nHO

Alkenes nCO + 2nH, — C,H,, + nH,O 2

Water-gas CO + H,O — CO, + H, —_

shift reaction

Side reactions

Alcohols nCo + 2nH, — H(-CH,-)OH + 2
(n — 1)H,0

Boudouard reaction 2CO — CO, +C —_

industry is currently facing: syngas obtained from wood and
straw, which is becoming more and more popular due to the low
economic and environmental costs, has a H,/CO ratio which is
often too low (0.7) for optimal industrial use.?* This is also
related to the most currently used industrial catalysts, iron
unsupported metal and cobalt deposited on an inert oxide
support, which need a specific H,/CO ratio in order to perform
efficiently.” In recent years, new catalysts have been designed to
work with a lower H,/CO ratio.** However, the practicality of this
approach is limited by its different drawbacks, which arise from
the materials used (working temperatures, fouling, etc.).**
Today, the main route followed is to exploit the WGS reaction
that, used to balance the H,/CO ratio, can actively modulate
hydrogen concentration at the expense of carbon monoxide
reaching the desired feed ratio.” The employment of such
a strategy on an industrial scale is extremely interesting, and its
versatility is expanded by the possibility of microbial processes,
where the use of inorganic catalysts is set apart in favour of
more bio-compatible alternatives.

3. The biologically mediated water—
gas shift reaction

An alternative to these inorganic industrial processes is the use
of bacteria able to perform the WGS reaction at room temper-
ature and pressure. This biological process has the promise to
become a favourable and cost-effective technology for bio-

Table 1 Composition of synthesis gas derived from various carbon sources

Composition (vol%)

Source H, CcO CO, N, CH, Other Ref.
Natural gas steam reforming by air 56-57 10-15 7-12 22-23 0.2-0.3 — 22
Water gas 31.7 30 3.4 13.1 12.2 9.6 24
Coal gasification 29.4 59.4 10 0.6 — 0.6 24
Coke oven gas 55.4 5.6 1.4 4.3 28.4 4.9 24
Charcoal 29 48 — — 48 — 20
Grass straw 2.6 12.9 17.4 64.2 2.1 0.8 37
Demolition wood/paper residue 6.1 9.2 16.1 63.2 2.8 2.6 37

This journal is © The Royal Society of Chemistry 2018
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Fig.2 General scheme for describing the XTL process, starting from different carbon sources. X = gas, coal, biomass, and waste (adapted from

ref. 10).

hydrogen production and H,-enriched syngas for the Fischer-
Tropsch process.”** The key for both these applications is the
existence of microorganisms able to convert CO to worthwhile
compounds. Among them, anaerobic hydrogenogenic carboxy-
dotrophs use CO as the sole energy source thanks to the bio-
logical water-gas shift reaction, fundamental for their
growth.”*** In the following pages, we will focus on hydro-
genogenic CO metabolism.

In the biologically mediated WGS reaction, the overall reac-
tion is catalyzed by two different metalloenzymes, a monofunc-
tional [NiFe]-carbon monoxide dehydrogenase ([NiFe]-CODH)
and an energy-conserving [NiFe]-hydrogenase,® according to:

CO + H,0 — 2e~ + 2H" + CO, (CODH)

2e” +2H" — H, (hydrogenase)

CO is oxidized by CODH, releasing electrons used for the
reduction of two protons into bio-hydrogen, catalyzed by an
energy-conserving hydrogenase (Fig. 3). CO has a strong
tendency to inhibit hydrogenase activity by binding to the Ni ion

090000000

00000000000000

nH*

ad
d
©
©
-0
©
2l

CO, + 2H*

Fig.3 Schematic representation of CO oxidation, electron transfer, H,
production and proton translocation in hydrogenogenic carboxydo-
trophs. CODH: CO dehydrogenase; Fd: ferredoxin (CooF); ECH:
energy-conserving hydrogenase.

1656 | Sustainable Energy Fuels, 2018, 2, 1653-1670

present in the active site.”® Therefore, the hydrogenase coupled
with CODH needs to present a high CO tolerance in order to
avoid being inactivated along the catalytic cycle.

Among hydrogenogenic carboxydotrophs, we find thermo-
philic and mesophilic species (Table 3). Thermophilic species
seem to be more abundant than the mesophilic ones, suggest-
ing that high temperature might help hydrogenogenic CO
metabolism, by increasing gas diffusion rates.”® The physiology
and the utilization for biotechnological applications of two
model organisms, Rhodospirillum rubrum and Carboxy-
dothermus hydrogenoformans, are detailed below.

3.1 Rhodospirillum rubrum

R. rubrum is a purple non-sulfur photosynthetic mesophilic
bacterium.?® It is a versatile facultative anaerobe, able to obtain
energy through a variety of mechanisms. R. rubrum is capable of
aerobic or anaerobic respiration, photosynthesis and acid-
mixed fermentation, depending on the growth conditions.”
Moreover, it can use CO as the sole energy source during
anaerobic growth in the dark, via the WGS reaction.”® It has
a higher rate of CO uptake and conversion yield than other
similar organisms and can tolerate a small amount of oxygen in
the culture medium, making it a particularly attractive strain to
investigate for the biohydrogen production from syngas.”**®

Focusing on the growth studies made for R. rubrum under
syngas, it has been demonstrated that mild-light exposure
(1000 m cd) has a slight positive effect on the growth rate and
hydrogen production.*® R. rubrum also requires an additional
carbon source to maintain constant cell growth and efficiently
convert CO.***> Najafpour et al* investigated hydrogen
production using different carbon sources, such as malate,
formate and acetate, showing that not all the substrates are
suitable for hydrogen production. The maximum CO conver-
sion was reached using acetate, resulting in a maximum
hydrogen yield of 98% from a syngas composed of 55% CO, 10%
CO,, 20% H, and 15% Ar.>®

R. rubrum is thus capable to directly convert syngas into
biohydrogen catalysing the WGS reaction. As a proof of concept,
Younesi et al.** studied R. rurbum growth using acetate under

This journal is © The Royal Society of Chemistry 2018
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a continuous syngas flow in a stirred bioreactor. The study
demonstrated a hydrogen production rate of 16 mmol per g of
substrate per cell per h and a global conversion yield of 87 +
2.4%, confirming the practicality of the WGS reaction on a small
scale. The feasibility of this method from a more industrial and
economical point of view was described by Dadak et al.,** who
studied the photobiological hydrogen production from syngas
in industrial continuous bioreactors. The effect of acetate
concentration on CO consumption as well as H, and CO,
production was evaluated, based on both conventional exergy
and eco-exergy concepts. This work showed that the eco-exergy
concept seems more suitable as a tool for large-scale bio-
hydrogen production using living organisms, highlighting the
environmental feedback which could be a sufficient incentive
for pushing forward this technology. Concerning the produc-
tion of high value added products, R. rubrum has shown the
ability to produce biopolymers such as polyhydroxyalkanoates
(PHA) via syngas fermentation. Revelles et al** demonstrated
that in the presence of acetate as a carbon source, PHA accu-
mulation in the bacteria was almost 30% of the dried cell
weight. As previously described, syngas cannot be used as a sole
carbon source for R. rubrum. Moreover, the Calvin-Benson-
Bassham cycle plays a minor role in carbon assimilation during
syngas fermentation. Instead, CO, produced from CO via CODH
is assimilated into biomass and PHA via carboxylases such as
crotonyl-coA carboxylase or pyruvate synthase. This study shed
light on the effective utilization of R. rubrum for the production
of bioplastics from syngas.

3.2 Carboxydothermus hydrogenoformans

Considering that biomass gasification results in high tempera-
ture gas, strictly anaerobic thermophilic bacteria could be better
suited for syngas industrial applications.”” Among them,
C. hydrogenoformans, isolated from a hot spring on the volcanic
island of Kunashir, is a strictly anaerobic gram-positive ther-
mophilic bacterium capable of CO-growth at an optimum
temperature of 70 °C.* It grows fast (doubling time 2 h) in the
dark using CO as the sole carbon and energy source by catalysing
the WGS reaction, making it an extremely interesting candidate
to test as a possible bio-hydrogen production source from
syngas.*® However, no data have been published on the ability of
this bacterium to convert CO into H, from syngas, all the studies
considering only the conversion from pure CO gas.*” Due to the
low aqueous solubility of CO at 70 °C, an optimum substrate/
biomass ratio must be used to avoid gas-liquid mass transfer
limitation.** C. hydrogenoformans displays a maximal specific
activity of 3.5 mol per CO per g VSS (volatile suspended solid) per
day at 0.55 mM CO, which compares favourably with those of
other hydrogenogenic bacteria. For comparison, the WGS
activity of Rubrivivax gelatinosus is optimal at a dissolved CO
concentration of 90-100 uM and starts to be inhibited at
concentrations greater than 150 uM.* Considering this
remarkable stability, Zhao et al.** built a working setup using
a hollow fibre membrane bioreactor for bio-hydrogen produc-
tion from CO. C. hydrogenoformans was grown for four months
with a hydrogen yield of 92%. Despite the high efficiency, major

1658 | Sustainable Energy Fuels, 2018, 2, 1653-1670
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problems arise from the system used (membrane fouling and
low CO transfer rate), which limit the prospective long-term use.
Haddad et al.** obtained a production yield of 95% using a gas-
lift reactor with a continuous supply of gas for three months and
addition of bacto-peptone in the medium, leading to a remark-
able increase of growth, yield and conversion rate regarding CO
conversion. However, the cell density remained low, probably
due to some deficiency in essential minerals, which restricts the
CO feeding-rate and overall CO conversion performance.
Another complementary application is the use of a biological
WGS reaction to reduce the CO level in outlet gases, which
remains the limiting step for some technologies due to catalyst
CO poisoning. Henstra et al.** proved that C. hydrogenoformans
can reach levels lower than 2 ppm of CO in outlet gas, making
the H, suitable for CO-sensitive low temperature fuel cells.

Besides the use of bioreactors, an alternative consists of the
utilization of the two key enzymes involved in the WGSR, i.e.,
CODH and hydrogenase. Armstrong and collaborators*
successfully co-attached hydrogenase 2 from E. coli and CODH
from C. hydrogenoformans to graphite platelets to produce
a heterogeneous catalyst. They showed that the amount of H,
produced is equal to the amount of CO consumed and that the
enzymes constituting their catalyst react in concert with an
efficiency as high as that of the industrial WGS reaction.
However, the utilization of this catalyst in applied technology is
hindered at the moment because of the difficulty to obtain large
amounts of stable active enzymes, which are therefore not
competitive with robust synthetic catalysts.

3.3 Prospects of the biologically mediated WGS reaction

The production of hydrogen and chemicals from syngas via the
biological WGS reaction and Fischer-Tropsch process offers
different advantages compared to conventional chemical metal-
based catalysis.* As already mentioned, biological processes
occur at ambient temperature and pressure, lowering energy
requirements and costs. In contrast to inorganic catalysts,
which can easily be irreversibly poisoned or fouled during
utilization, living microorganisms can automatically regenerate
via newly replicated cells, leading to a longer lifetime.
Furthermore, biological wastes are considered as by-products
that can be treated to produce fuel and/or other organic
compounds.* Concerning the potential development for the
commercialization of this technology, one of the areas of
improvement is bioreactor design and utilization,** through the
optimization of culture media, metabolic or promoter engi-
neering and biodiversity screening. However, several drawbacks
need to be overcome for the implement of industrial-scale
bioreactors. First, bacterial activity potential is limited by the
CO availability to the microorganisms. It is thus necessary to
optimize the CO concentration in the feedstock, the gas to
liquid mass transfer and the concentration and distribution of
bacteria. Important modifications have been done in order to
enhance the syngas mass transfer from the gas phase to the
liquid phase. Without mass transfer limitation, the biochemical
reaction rate should be close to the maximal intrinsic reaction
rate. Pressure and mixing conditions also play a role: high

This journal is © The Royal Society of Chemistry 2018
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pressure (1 MPa) increases mass transfer rates and thus the rate
of CO conversion. Second, CO toxicity towards bacteria is
another important limiting step. Indeed, CO is a potent inhib-
itor of growth and catabolic activity due to its high affinity for
metalloenzymes, even if intact cells may offer more resistance
than purified CO-sensitive enzymes. A better understanding of
syngas metabolism would help the design or the selection of
CO-resistant strains.* Finally, the scientific community has not
yet established appropriate tools to genetically modify ther-
mophilic carboxydothrophs.>” Despite the latest advances in
bio-hydrogen making, the production is still limited to the
laboratory scale and improvements in system productivity and
hydrogen yield are needed.

An alternative consists in the “in vitro” utilization of the two
isolated key enzymes involved in the WGS reaction, i.e., CODH
and hydrogenase.

4. CO-induced energy-conserving
[NiFe]-hydrogenase

Hydrogenases have been classified into three phylogenetically
unrelated classes, based on the metal composition of their
active site: [Fe]-, [FeFe]- and [NiFe]-hydrogenases. Among them,
the two latter types catalyze the reversible oxidation of molec-
ular hydrogen to protons and electrons.*® [NiFe]-hydrogenases,
found in bacteria and archaea, have been classified in four
main groups. Membrane-associated H, uptake hydrogenases
belong to group 1. Group 2 contains soluble uptake hydroge-
nases and sensory hydrogenases; group 3 contains hetero-
multimeric cytoplasmic hydrogenases harbouring a reducible
cofactor (F420 or NAD(P)) and group 4, energy-converting
hydrogenases.”” CO-induced hydrogenases involved in the
WGS reaction belong to the latter group with the Ech hydroge-
nase from Methanosarcina barkeri and hydrogenase 3 from
E. coli (Fig. 4). In E. coli, hydrogenase 3 is part of the formate
hydrogen-lyase (FHL) complex and its expression is formate-
induced.*®

Standard [NiFe]-hydrogenases are heterodimers of 60- and
30-kDa subunits. The dinuclear [NiFe| active site contains
additional ligands (1 CO and 2 CN") terminally bound to the
iron ion and is buried in the large subunit, while the small
subunit harbors three FeS clusters (named proximal, medial and
distal clusters) forming the electron transport chain. Depending
on the different groups, additional subunits are present.

View Article Online

Sustainable Energy & Fuels

In hydrogenogenic carboxydotrophs, the CO-induced hydrog-
enase is encoded by the cooMKLXUH operon, identified by Ludden
and collaborators in R. rubrum,” present upstream the CODH
operon. These membrane-bound hydrogenases contain six
subunits: two integral membrane-bound proteins, CooM and
CooK corresponding to HycC and HycD in E. coli hydrogenase 3,
and four hydrophilic subunits cooLXUH. CooU in R. rubrum has
no homologue in E. coli hydrogenase 3. CooX has been postulated
to be an Fe,S, cluster-containing ferredoxin-like protein. CooH
and CoolL, corresponding to HycE and HycG in E. coli hydrogenase
3, are related to the large and small subunits of standard [NiFe]-
hydrogenases, respectively. However, the small subunit is
considerably smaller and contains only the cysteine ligands for the
proximal FeS cluster. The two subunits are more closely related to
the energy-conserving NADH:quinone oxidoreductase (complex I)
found in the respiratory chain in mitochondria and aerobic
bacteria, and the sequence similarity is also valid for the hydro-
phobic subunits and CooU.*

Most of the members of this hydrogenase family have been
found to be too labile to be purified intact, except the Ech
enzyme from M. barkeri which was purified to homogeneity in
a high yield.*® However, the characterization of the partly puri-
fied R. rubrum hydrogenase highlighted its unique resistance
towards CO as well as a very high ratio of H, evolution to H,
uptake activity.”® In 2002 Hedderich and collaborators
successfully purified the whole “CO-oxidizing:H, evolving”
complex from C. hydrogenoformans, containing the monofunc-
tional CODH, the ferredoxin CooF and the CO-induced
hydrogenase. They showed that the three partners form
a tight complex, accessible to further biochemical studies.>

5. Monofunctional [NiFe]-CODH:
structure and mechanism

Ni-dependent CODHs reversibly catalyze the oxidation of CO to
CO,, playing a central role in the global carbon cycle in anaerobic
microorganisms.® CODH can form either a monofunctional
enzyme, as in the case of R. rubrum, or a bifunctional complex
with acetyl-CoA synthase (ACS) such as the one involved in the
Wood-Ljungdahl pathway used by acetogens. In this case, the
CODH catalyzes the production of CO from CO, to form acetyl-
CoA at the ACS's active site.”® The most commonly described
CODHs are the CODH/ACS complex from Moorella thermoacetica
(MtCODH/ACS)* and the monofunctional CODHs from

Ech hydrogenase

EchA EchB EchC EchD EchE e
=T [ CO-induced hydrogenase
SooM Cook Coal @ g0l | CooHl R. Rubrum, C. hydrogenoformans
HycA HycB | HycC HycD HycE  [Hyck| Hyce Hyc =~ HYdrogenase3

Fig. 4 Comparison of the subunits encoded by the cooMKLXUH operon from R. rubrum or C. hydrogenoformans, the Ech operon from
Methanosarcina barkeri and the hyc operon from E. coli. Proteins without sequence similarity are shown in white (adapted from ref. 104).
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Rhodospirillum rubrum and Carboxydothermus hydrogenoformans.
In this chapter, we will focus on monofunctional CODHs. Five
genes encoding CODHs have been identified in C. hydrogenofor-
mans with different proposed functions, depending on their
genomic context: CODH-I, involved in the WGS reaction; CODH-
11, linked to NADH generation; CODH-III, coupled to ACS in the
acetyl CoA pathway; and CODH-IV supposed to play a role in the
oxidative stress response.” No function has been found for
CODH-V. On the other hand, R. rubrum possesses one CODH
involved in the WGS reaction.*® Recently, the monofunctional
CODH from Desulfovibrio vulgaris (DvCODH) was described,
although its physiological function has not been -clearly
identified.”

5.1 Biochemical, structural and spectroscopic
characterization

Ni-dependent CODHs are extremely oxygen-sensitive and their
purification and manipulation require strictly anaerobic
conditions in glove boxes. RrCODH was purified for the first
time in 1984, followed by the 1st purification of CACODH-I
and ChCODH-II in 2001.*> RrCODH and ChCODH-II represent
today the best-studied monofunctional enzymes. The three
enzymes are membrane-associated proteins that became solu-
bilized upon cell disruption. The two ChCODHs are described
as homodimeric NiFeS proteins in solution, with one atom of Ni
per molecule of monomer. All described monofunctional
CODHs share high specific activity for CO oxidation and high
affinity for CO (Table 4). Three X-ray structures of monofunc-
tional CODHs are available in the literature. RrCODH and
ChCODH-II structures were solved in 2001 at 2.8 A (ref. 60) and
1.63 A (ref. 61) resolution, respectively, while the CACODH-IV
structure was determined at 2.52 A resolution in 2017.* The
three enzymes display highly similar overall structures (root-
mean-square deviation values of 1.16 A for the CRCODH-IV/
RrCODH dimer, considering Ca-atoms of 1206 residues, and
0.82 for the ChCODH-II/RrCODH monomer, considering Ca-
atoms of 602 residues) with two identical intertwined subunits
covalently bound (Fig. 5A). Each monomer comprises three
domains: an N-terminal helical domain, and a middle and a C-
terminal o/B (Rossmann-like) domains (Fig. 5B). Despite gel
filtration experiments suggesting that RrCODH is a monomer,*

Table 4 Catalytic properties of monofunctional CODH*
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structural analyses evidenced that the enzyme is a homodimer,
comparable to ChCODH (Fig. 5C). With an a, conformation,
monofunctional CODHs are considered as prototypes and good
models for B, CODH subunits of the CODH/ACS («.B), tetramer
found in acetogens. In 2001, the two structures revealed the
unique nature of the active site (called the C-cluster), consti-
tuted of a [NiFe;S,] cluster, coordinated to a mononuclear Fe(u)
site (Fe1) (Fig. 5D). The X-ray structures highlighted that the Ni
ion is an integral constituent of the C-cluster. Initially,
a [NiFe;S;] state was observed in the ChtCODH-II structure®* but
is no longer thought to be physiologically relevant.® Additional
Fe,S, clusters are present to mediate electron transfer, gener-
ated during CO oxidation, from the C-cluster to the protein
surface and subsequently to its electron transfer partner. In the
WGS reaction, the electrons are mediated to a ferredoxin, CooF,
which transfers electrons to the [NiFe]-hydrogenase. A total of
five FeS clusters per dimer are present in CODH. In addition to
the two C-clusters, the dimer harbors two other types of FeS
clusters: two [Fe,—S,] clusters (B-clusters) and a [Fe,-S,] cluster
bridging the two subunits (D-cluster) (Fig. 5C). The B-cluster
position is in agreement with a role in electron transfer from
the C-cluster to the protein surface, towards CooF. In contrast,
the role of the D-cluster has not been well established: this
cluster is not reducible at potentials as low as —530 mV and may
play a structural or oxygen-protective role.*®

Before the identification of the C-cluster revealed by the first
crystal structures of CODH in 2001, extensive spectroscopic
studies have been conducted on this enzyme.*>*"*” The pres-
ence of five metal centers in the protein dimer rendered the EPR
analysis not straightforward. In RrCODH, the B-clusters have
usual properties of the [4Fe-4S]*"** cluster with midpoint
potential close to —400 mV and g,, ~ 1.94. For the C-cluster,
four different oxidation states have been proposed: a catalyti-
cally inactive and EPR-silent C,, state; a one-electron reduced
Creq1 state, which binds CO and has an EPR signal with g-values
at 2.03, 1.88, and 1.71; a two-electron-reduced EPR-silent C;,
state; and a three-electron-reduced form, C,.q,, which binds
CO, and has a distinct EPR signature with g-values of 1.97, 1.87,
and 1.75.°® The electronic structure of these redox states is not
clear yet; however, the majority of unpaired electron spin
density is localized on Fe in both C,eq; and Ci.q,, which exhibit
large *’Fe and small ®'Ni hyperfine values.®

Molecular Specific activity
weight, kDa (CO oxidation), U mg ™"

Km (CO), uM ke (CO), 571

Keat CO, reduction
K, (CO),M~"s™" activity, Umg™"  Ref.

ChCODH-I native 62.5 15 756(70 °C), 1300(20 °C)
ChCODH-I recombinant 8060(70 °C)

ChCODH-II native 64.5 13 828(70 °C), 1000(20 °C)
ChCODH-II recombinant 9600/12 229(70 °C)
ChCODH-IV recombinant 68.2 NR

RrCODH native 63.5 7700(25 °C)

DvCODH recombinant 67 1660(37 °C)

“ NR = non-reported, 1 U: 1 umol of CO oxidized per min.

1660 | Sustainable Energy Fuels, 2018, 2, 1653-1670

30(70 °C) 3900070 °C) 1.3 x 10°(70°C) NR 59
NR NR NR NR 83
18(70 °C) 3100070 °C) 1.7 x 10°(70°C) NR 59
NR NR NR 16, 9(25 °C) 120
0.047(25 °C)  14(25 °C) 3 x 10° (25 °C) NR 55
32(25 °C) 8000 2.5 x 10° 30, 1 121
NR NR NR 1, 4 57
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C-cluster

Fig. 5 Crystal structures of monofunctional CODHs. (A) Superposition of the crystal structures of RrCODH (PDB code: 1JQK) in orange and
ChCODH-IV (PDB code: 6ELQ) in blue; (B) ribbon drawing of the RrCODH monomer: the N-terminal domain is in pale cyan, and the Rossman
domains are in blue and brown; (C) homodimer of RrCODH: the two monomers are in blue and cyan, and the Fe,S, clusters (1 B-cluster per
monomer and 1 intermolecular D-cluster) and C-clusters are depicted in orange; (D) C-cluster: nickel is depicted in green, iron in red and sulfur

in yellow.

5.2 Reaction mechanism

The reaction mechanism of CODH has been extensively studied
in the past decade, thanks to a combination of kinetic, theo-
retical and spectroscopic approaches. Great support was also
given by the determination of several X-ray structures of
ChCODH-II,”*”* MtCODH/ACS™ and the CODH component
of acetyl-CoA decarbonylase/synthase (ACDS)” from Meth-
anosarcina barkeri (MbCODH), in complex with substrates (CO
or CO,) and inhibitors or analogues (CN~ and NCO™). They
permitted to propose a basic mechanistic model as follows.
Several reaction intermediates have been described, postulating
that CO binds to nickel and H,O binds to Fel. After deproto-
nation of water, a nucleophilic attack of OH™ on CO gives a Fel-
Ni-bridging COOH intermediate. A second deprotonation yields
an Fe1-Ni-bridging COO™ species, before the release of CO, and
the reduction of the cluster by two electrons.® Electrons are then
transferred to an external ferredoxin via Fe,S, clusters. CODHSs
are mostly inactive at redox potentials higher than —300 mvV.
The Cox/Creqr redox couple is —200 mV and the Cieq1/Cred, redox
couple potential was reported to be —530 mV and matches well
with the CO/CO, redox potential. C,.q; (one-electron reduced),
competent for CO oxidation, and Ci.q, (three-electron reduced)
for CO, reduction are the two catalytically important oxidation
states of the C-cluster (Fig. 6). However, some important
mechanistic details remain unclear. The inhibitor study showed
that CN™ inhibits CO oxidation by binding to C,eq1, but not CO,
reduction and that NCO™ inhibits CO, reduction by binding to

This journal is © The Royal Society of Chemistry 2018

Creds, but not CO oxidation. The structure of CO™ bound C-
cluster showed that it binds Ni with bent geometry,
completing a distorted tetrahedral geometry, and that the C
atom is too far away from water-bound Fel. Therefore,
a “carbon shift” may occur to bring CO close to the Fel-bound
hydroxy group to allow the nucleophilic attack step.® Moreover,
the nature of the CO, ligand bridged between Ni and Fe1l, a key
intermediate of the catalysis has not been yet clearly identified.
In 2014, Ragsdale and collaborators published a thorough
description of the reaction mechanism of CODH.* Therefore, in
this review, we detail only recently published data. In 2015, the
determination of CtCODH-II structures in complex with CO, or
its analogue, NCO ™, at atomic resolution gave new insights into
the reaction mechanism.” The improvement of the resolution
to the atomic level permitted the description of molecular
details of the C-cluster and structural analyses with unbiased
determination of geometric parameters. To obtain the crystal
structures of reduced CO, and NCO™ -bound states, ChCODH-
II crystals were anaerobically poised to a redox potential of
—600 mV (equivalent to the C,.q, state) by 5 mM titanium(im)
citrate soaking, in the presence of NaHCO; or KNCO, respec-
tively. The 1.03 A structure of CO,-bound and the 1.09 A struc-
ture of NCO -bound ChCODH-II showed a similar u,, 1’
coordination for CO, and NCO™ as bent bridging ligands
between Ni and Fel. CO, is stabilized in the protein pocket by H
bonding with His93 and Lys563. The geometry analysis of CO,
binding showed unexpected elongated and identical C-O bond
lengths of 1.32 A (bridging O atom) and 1.30 A, while in p,, n*
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Fig. 6 Proposed reaction mechanism of [NiFe]-CODH (adapted from ref. 6).

complexes, CO, has generally one shorter and one longer C-O
bond. The major breakthrough in this study was the observa-
tion of a change in the position of the C atom involving a change
in the O-C-O angle, 15° smaller than the one previously re-
ported at 130°. The 117° angle suggests a more reduced state of
CO,, corresponding to a two-electron, rather than a one-
electron, reduced state. Moreover, a short Ni-C bond of 1.81 A
was observed, indicating an unusual electronic structure, likely
due to its integration in an FeS scaffold. It also indicates that the
CO, ligand is not protonated. The reaction intermediate trap-
ped in the X-ray structure was then proposed to correspond to
a two-electron reduced carboxylate, waiting to be protonated.
From a bifunctional attack of a nucleophilic Ni center and an
electrophilic Fe center, a flow of electrons from the C-cluster to
CO, occurs, favoring a two-electron transfer process. However,
the existence of a transient anionic radical CO, " intermediate
along the catalysis, reported previously, cannot be ruled out
(Fig. 6).” NCO™ also undergoes a 2-electron reduction to yield
a carbamoyl fragment (H,NCO"). A shift by 1.36 A of His93 was
observed, compared to free or CO,-bound enzymes, giving the
required space for the two hydrogen atoms bound to the N
atom, suggesting a protonation coupled with reduction process.
However, further reaction of the bound carbamoyl did not occur
in cristallo, while the reduction of cyanate to cyanide by
ChCODH-II was evidenced in solution, using IR spectroscopy
and isotopically labeled N**CO™. The same experiment per-
formed on a single ChCODH-II crystal did not yield any signal
corresponding to the CN-bound enzyme, showing that
the reaction is impaired in the crystalline state.” These
unprecedented detailed studies are highly challenging in the
field of complex multimetallic oxygen-sensitive enzymes and
highlight the necessity of combining “in solution” and in cris-
tallo approaches to unravel reaction mechanisms.

1662 | Sustainable Energy Fuels, 2018, 2, 1653-1670

5.3 Oxygen inhibition

Iron and sulfur were used in the formation of FeS clusters
within ancient proteins when the environment was anaerobic.
Today, most of the FeS-containing proteins are recognized to be
oxygen-sensitive by the formation of unstable forms of FeS
clusters that quickly decompose upon oxygen exposure. In the
case of enzymes containing several multimetallic cofactors, the
understanding of their oxygen-sensitivity is often complex
which may arise for a number of reasons. For example, B- and D-
clusters of [NiFe]-CODHs could be directly oxygen-damaged, but
the buried active site is also a potential target, since O, can
diffuse through the enzyme, via internal channels dedicated to
substrates and product trafficking.

The nature of the reactivity of DvCODH, CACODH-II and
ChCODH-IV with dioxygen has been investigated by protein film
voltammetry (PFV).>>”” Previous studies have shown that only 10
s-exposure to air is sufficient to inactivate RrCODH and half-
lives of 20 min and 60 min were measured for C:CODH-I and
ChCODH-II exposed to air, respectively.® The most O,-resistant
enzyme described is ChCODH-IV that retains between 25 and
50% of its original activity after air-exposure. However, while
DvCODH and ChCODH-II can be reactivated upon reduction,
ChCODH-1V is irreversibly inactivated. Although the mecha-
nism of reactivity of the enzyme towards dioxygen is unknown,
three distinct inactive species have been identified thanks to
PFV experiments by using a range of O, concentration at
different potentials: one that reactivates spontaneously once
oxygen is removed, one that reactivates at reductive potential
and one that is irreversibly inactivated.” Thus, the sensitivity of
CODH to O, is not common to all enzymes: DvCODH reacts
more slowly with O, than CACODH-II and can be fully reac-
tivated by reduction, unlike C:CODH-II that is partly reactivated
and ChCODH-IV that is not reactivated. Moreover, the use of an
inhibitor in CO oxidation, which binds the active site, slows
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down the inhibitory effect of O,, demonstrating that the
C-cluster is directly attacked.

6. CODH's active site biosynthesis

Understanding the biosynthesis of complex enzyme-bound
heteronuclear metalloclusters, such as those found in nitroge-
nases, hydrogenases, ACS or CODH, evolved as one of the most
challenging topics in the field of metalloenzymology. Given
their complexity, the assembly and insertion of the active sites
into the target enzyme require specific and elaborated matura-
tion machineries. In the case of CODH, the identification of the
dedicated accessory proteins, the characterization of the
protein complexes involved in metal insertion and the sequence
of the different events leading to the final active enzyme remain
unclear. However, the development of the high-level production
of fully active CODH for biotechnological applications requires
a better understanding of the biosynthesis of the C-cluster.

6.1 In vivo activation of CODH

Maintaining the appropriate intracellular concentration of
essential metals while avoiding toxicity caused by overload is
absolutely critical for cells. If the concentration becomes too
low, the cell will suffer from the inactivation of essential met-
alloenzymes. However, non-physiological high intracellular
concentrations of metals can either replace the native metals in
essential enzymes, causing their inactivation, or catalyze the
formation of highly toxic reactive oxygen species. Transporters,
storage proteins and metalloregulators control the intracellular
availability of nickel ions and protect cells against free toxic
nickel. They work in concert with accessory proteins and met-
allochaperones that guide nickel to their specific target sites
into enzymes. The study of nickel enzyme maturation systems,
such as those of urease and hydrogenase, showed that a “nickel
delivery complex”, involving the cooperation of several nickel-
chaperones, is responsible for nickel insertion into the
enzyme's active site.” In R. rubrum, an operon named cooFSCT]J
has been described downstream the hydrogenase operon. The
coo operon contains five genes encoding the ferredoxin CooF
(mentioned above), CooS, the structural gene of CODH, and
three additional nickel proteins, CooC, CooJ and CooT.” Both
operons are regulated by a CO-sensing transcriptional activator,
CooA, present downstream of the coo operon.*” CooA co-occurs
with CODH operons in most of the CO-oxidizing bacteria. This
homodimeric heme protein is a member of the cAMP receptor
protein (CRP) family. CooA consists of two heme containing
regulatory domains where CO binds and a DNA-binding
domain.** CO binding induces an allosteric conformational
change allowing binding to specific target regions resulting in
positive gene regulation. Phylogenetic analyses showed that
CooC is widely distributed in microorganisms possessing
a [NiFe]-CODH, generally in operons with CooS. In contrast,
CooT and CooJ are more difficult to identify in genomes. When
present, CooC has been shown to be essential for CODH
maturation in the absence of high nickel concentration. For
example, in R. rubrum, strains containing mutations in the cooC
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gene displayed minimal CODH activity and required an
approximately 1000-fold higher extracellular Ni(u) concentra-
tion than the wild-type to restore anaerobic growth under CO
and a partial CODH activity.*” Although not essential, CooJ and
CooT are nevertheless relevant for nickel delivery to CODH
since strains bearing polar insertions in the cooJ gene and polar
or non-polar insertions in the cooT gene required 10-fold-higher
Ni levels to grow, resulting in a reduced CODH activity. The
activation of recombinant ChCODH-II or ChCODH-IV heterol-
ogously produced in E. coli does not require CooC: the supply of
an excess of Ni(u) (500 uM) in the growth medium is sufficient to
correctly activate CODH (Table 4).°>”* However, it does not
exclude the involvement of accessory proteins under physio-
logical growth conditions, since the high nickel concentration
can compensate for the lack of accessory proteins, as previously
shown for other Ni-enzymes. In contrast, when ChCODH-I was
heterologously produced in Escherichia coli, its co-production
with CooC3 is required and leads to an approximately 4-fold
increase in CO oxidation activity. However, with a specific
activity of 8060 U mg ™", this value is approximately half the one
described for native ChCODH-I which is equal to 15 756 Umg "
(Table 4).** This could suggest the requirement of other acces-
sory proteins to produce a fully active enzyme. The role of CooC
in Ni insertion was also demonstrated in DvCODH, heterolo-
gously produced in Desulfovibrio fructosovorans.”” Interestingly,
despite similar overall structures, active sites and FeS-cluster
organization, the maturation pathways of the different mono-
functional CODHs diverge at the molecular level. The respective
role of CooC, CooT and Coo] in bacteria needs to be determined
(Fig. 7A). Concerning Fe and S insertion into the C-cluster, the
co-production of ChCODH-], II and IV with ISC machinery® in
E. coli leads to an active CODH with the expected 20 Fe and 20 S
per dimer. No accessory protein dedicated to the building of the
FeS unit of the C-cluster has been identified yet and the classical
machinery involved in FeS biogenesis (ISC and/or SUF) seems to
participate in the biosynthesis and insertion of the active site
(Fig. 7A).

6.2 Maturation process

Previous studies showed that the “Fe/S unit” is inserted prior to
nickel. Indeed, when RrCODH is produced in R. rubrum in
nickel-depleted media, the purified enzyme corresponds to
a nickel-free inactive form.®® EPR spectroscopy showed that the
redox properties of B-clusters are similar in holo- and nickel-
deficient enzymes.®® As expected, the presence of nickel
dramatically impacts the midpoint potential of the C-cluster.
Mossbauer studies showed that the mononuclear Fe site (Fel)
is not observed if nickel is not present and the spectroscopic
properties of the Ni-free C-cluster would be consistent with
those of tetracoordinated iron atoms. The addition of nickel
salts in the presence of CO under reductive conditions to nickel-
deficient CODH is sufficient to convert the Ni-free C-cluster into
an active C-cluster. Therefore, nickel incorporation into the C-
cluster likely alters the coordination environment of one iron
atom. Site-directed mutagenesis of residues coordinating the C-
cluster highlighted that the only critical residue required for Ni
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Fig. 7 Metal insertion into CODH. (A) Schematic representation of Fe, S and Ni insertion and metallochaperones; (B) proposed model for the
mechanism of Ni insertion into Ni free-CODH in R. rubrum, adapted from ref. 85.

binding is His265 since the His265Val variant contains 0.24 Ni
atoms per monomer.*” Surprisingly, all cysteine mutants, even
the Cys531Ala variant affecting the residue directly involved in
Ni coordination, contain one Ni per monomer.*® Therefore,
cysteine ligands are crucial for CODH activity, but not for C-
cluster formation. A model for nickel insertion into the C-
cluster has been proposed in the literature but has not been
experimentally validated yet (Fig. 7B). This model raised several
questions: is an open distorted Fe,S, cluster (with one iron
atom linked with only one inorganic sulfur atom) a real inter-
mediate of the maturation process? How does His265 direct the
assembly of the C-cluster? If the present model is wrong with
a classical cubic Fe,S, cluster, nickel atom insertion implicates
bond breaking. Whatever the mechanism, nickel insertion is
the key step in CODH activation although actual data are
insufficient to unravel the molecular mechanism of C-cluster
formation, and further deep studies are required.

7. Nickel chaperones involved in
CODH maturation

7.1 CooC

CooC proteins belong to the SIMIBI-class of NTPases, which
also contains UreG®*® and HypB,* involved in urease and [NiFe]-
hydrogenase maturation, respectively. Today, NTPases are
recognized as common components of maturation pathways of
nickel enzymes.” They potentially play a regulatory role by
affecting the interaction of partners in protein complexes or
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nickel ion affinity, as recently observed in archaea, where the
ATPase HypB is described as a metallochaperone enhancer,
increasing the affinity of HypA for Ni(u) from 4 pM to 7 nM.*
The CooC family can be divided in two main groups: the “CooC-
type” cluster, regrouping proteins involved in monofunctional
CODH maturation and the “AcsF-type” cluster, postulated to be
involved in either ACS/CODH or CODH activation.® Three cooC
genes were identified in C. hydrogenoformans: cooC1, cooC2 and
c00C3. CooC1 and CooC2 are located in the same gene cluster as
CODH-III and ACS, while CooC3 is co-expressed with CODH-I.
Recently, CooC2 was purified and characterized as an AcsF-
type enzyme, with a function associated with the maturation
of ACS.** CooCl1 is a nickel-binding enzyme with a stoichiometry
of one Ni(u) per dimer, coordinated by two cysteines per dimer
within a conserved CXC motif present in all CooC homologues
(Fig. 8A). Several X-ray structures of CooC1 were described in the
presence or absence of ADP and/or Zn(u) (Fig. 8B).>* Apo-CooC1
is a monomer and dimerizes upon ADP and metal binding. The
metal-binding site is located at the dimer interface (Fig. 8C). As
observed for HypB, an intricate link between nucleotide and
metal binding, metal-induced dimerization of the protein, and
the presence of a mixture of monomeric and dimeric states of
the NDP-bound form were observed. The only other CooC
described in the literature is CooC from R. rubrum (RrCooC).
RrCooC was purified directly from R. rubrum cultures.”* The
protein is a homodimer in solution and was reported to asso-
ciate with the membrane. Thus, its purification required a first
step of solubilization from the membrane. However, RrCooC is
not an integral protein and once released, the protein does not

This journal is © The Royal Society of Chemistry 2018
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’DSCLGQTLGLSIEEAYAITPLIEMKDEIRE
PDANLGTALGFPTEVLEKLTAISEDKELIKE

EHALVRTLLREILTKRKECVLI
SFLGSVVSALFLDKKEAVVM
ESVLLKELLRHLVLKADETVIV

DMEAG: ___'I EHFGRGTIEAVDLLVIVIEPGSRSLOTAAQIEGLARDLGIKTICHIANKLASPVDVGFILDRADQFDLL

m:mmuuwu IVVVEPGKRSFQTARAVVILARDLGVTKIFAVANKVR-PGDEEIIRKELNFLPIL

GSIPFDSAIQAADQAGLSCYDLS PACRDKAHALMARLLERVGPTQGVS
ChCooCl GIIPYNELFIELSLKGEEIWQSTNPAFVNLHEDIYQKLRLEVG-~~===
ChCooC3 GFIPYDPTLILADLSGVSVFEQAPEIVAIGHSIKERLLEEVKRQNC-~

Fig. 8 The NTPase CooC. (A) Sequence alignment of RrCooC (accession number: P31897), ChCooC1l (accession number: Q3ACS5) and
ChCooC3 (accession number: Q3AB30). The nucleotide-binding site is highlighted in cyan, and the metal-binding site is highlighted in green; (B)
overall structure of the ChCool homodimer (PDB code: 3KJI). The two monomers are in green and blue, ADP molecules are depicted as orange
sticks and Zn is depicted as a grey sphere; (C) metal-binding site at the dimer interface.

require the presence of detergent to be stable. The protein is an
ATPase and its function is directly linked to nickel insertion
into CODH.

7.2 CooJ

Coo] is a metallochaperone with only a very few biochemical
data and no structural information available.”> This 12.5 kDa-
protein contains a C-terminal nickel-binding domain with 16
histidines and 2 cysteines in the final 34 amino acids (Fig. 9).
The protein was reported to bind four Ni(u) per monomer with
a kp value of 4.3 uM, as shown by equilibrium dialysis. When
CooJ was purified directly from R. rubrum cultures, the protein
co-eluted with CODH, as shown by immunoblotting with an
anti-CODH antibody, in association with other proteins, sug-
gesting the formation of a multiprotein complex bound to
CODH. Interestingly, Kerby et al. were able to show the RrCoo]'s
nickel-binding domain to be partially dispensable for its phys-
iological function: a truncated version of CooJ with only 6
histidines and no cysteine in the C-terminal part is still able to
activate CODH in vivo, suggesting that the His-tail could play
another role in the bacterium, in addition to CODH maturation.
Although not widely distributed, Coo] possesses common
features with other nickel chaperones involved in Ni-enzyme
maturation (Fig. 9). Some HypB and UreE® (urease matura-
tion) homologues possess a histidine-rich motif proposed to be
involved in nickel storage, conferring them a second function in

This journal is © The Royal Society of Chemistry 2018

addition to their role in enzyme maturation. As for CooJ, the
role of histidines in SlyD** (hydrogenase maturation) and LarC®
(lactate racemase maturation) remains to be determined. The
two unique proteins Hpn and Hpn-2 that contribute to nickel
storage are also related to urease maturation in Helicobacter
pylori. Both required and essential for H. pylori colonization,
phylogenetic analyses revealed that they are restricted to gastric
strains of Helicobacter.*®

7.3 CooT

RrCooT is a homodimeric all-B protein of 14 kDa with seven
strands forming two bent anti-parallel B-sheets made of p6, B7,
B1 and B2 (B-sheetI), and B3, B4 and B5 (B-sheet II), respectively,
tightly packed on top of each other (Fig. 10A).”” The protein
binds specifically one Ni(u) per dimer with a high affinity in the
nanomolar range. In its amino acid sequence, two potential
Ni(n)-binding residues are present, a cysteine in position 2 and
a histidine in position 41 (Fig. 10B). Site-directed mutagenesis
showed that the replacement of cysteine 2 by serine prevents
Ni(u)-binding to CooT. Concerning Histidine 41, the X-ray
structure of apo-RrCooT revealed that the residue is too far
away from cysteine 2 to contribute together to a common nickel-
binding motif (Fig. 10A). Moreover a conformational change in
the B-sheet RrCooT's structure upon Ni(n) binding, to bring
His41 close to Cys2, is highly unlikely. In turn, the two cysteines
A and B from each monomer are very close to each other,
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RrCoo]
MTESPERGRKRLGIYLAHFLDHVEGHMGEIGVQRDALAEDARLGALIDRALADMAVARASLN
AVLRDLDGEAPAPASPEAVHSPFSHAHSHDHDHAHGHSHDHAHDHCHCHDHP

RrHypB

MCETCGCAGTGPHHVHGDHAHSHSHGDGHTHDHAHDHGHGHSHDHDHDHGHGHSHSHDHDHG
HSHSHGSASEGTRTVIVLEDLLAKNDHQAAHVRAHFDARGILAVNLMSSPGSGKTSLLEATI
QALPAGVRVAVIEGDLETENDAERIRRHGVPAVQITTGTACHLDAHMIHDALHHLDLDGIDI
VFIENVGNLVCPATFDIGQHRNVVLLSVTEGDDKPAKYPVIMRAADRVLITKADLLPHIEEF

DVERARASIAGVAGPVPVCVVSSKRGPGMDDWIGWLMAEHAARKPAVA

KaUreE
MLYLTQRLEIPAAATASVTLPIDVRVKSRVKVILNDGRDAGLLLPRGLLLRGGDVLSNEE
GTEFVQVIAADEEVSVVRCDDPFMLAKACYHLGNRHVPLQIMPGELRYHHDHVLDDMLRQ
FGLTVTFGQLPFEPEAGAYASESHGHHHAHHDHHAHSH

EcSlyD
MKVAKDLVVSLAYQVRTEDGVLVDESPVSAPLDYLHGHGSLISGLETALEGHEVGDKFDVAV
GANDAYGQYDENLVQRVPKDVFMGVDELQVGMRFLAETDQGPVPVEITAVEDDHVVVDGNHM
LAGQNLKFNVEVVAIREATEEELAHGHVHGAHDHHHDHDHDGCCGGHGHDHGHEHGGEGCCG
GKGNGGCGCH

LfLarC

MAYLYLDPFSGLSGNMMLGVLFDLGLDFDQFQAELEKLNVSGYHLTLEKTTRSAIGGQLFGV
VLDDAHHHADESLTAQEVEAHDHHHHDDDQLAEHDHHHDHLAEHDHHHDDLAATLHEHHHEH
GRNLQEIETIINNSNLSQSVKIQALGVFNEIAQAEAHVHQLSLDEIHFHEVGALDSIVDIVG
FFVGLEMMGIDGIISGTLVDGSGTIEVAHGTMPVPVPAVMKMRONSEVPVRQRTDIHTELVT
PTGFAIAKLAFDSFGPIPDDMQVQKVGYGFGTRDTGHLNGLRGLLLTPMASQKEVHSTSDEL
VEIHANVDDQSGEGLGYAIERLMTAGAYDAYFTPIFMKKNRPAYQVTVITTSAKLQAMVDLL
MTHTTTFGVRWANMKRATLPRTFKTVITAFGEVILKIGTFNGQQKVIVEYDSAAALADSHHV
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SLDAVRRAALLAYDKEDGMN

HpHpn

MAHHEEQHGGHHHHHHHTHHHHYHGGEHHHHHHS SHHEEGCCSTSDSHHQEEGCCHGHHE

HpHpn-2

MAHHEQQQQOAQQOQQQQQANSQHHHHHHAHHHHYYGGEHHHENAEQHAEQQAEQQAQQQQAHQ

QQOQKAQQONQQY

Fig. 9 Histidine-rich proteins related to Ni-enzyme maturation. Histidines and cysteines are depicted in green and blue, respectively. Histidine-
rich motifs are underlined. UniprotKB accession numbers: RrCooJ: P72321, RrHypB: Q2RXNS, UreE from Klebsiella aerogenes: P18317, SlyD from
Escherichia coli: POA9KS, LarC from Lactobacillus fermentum: V4XLJ5, Hpn from Helicobacter pylori: POAOV6, and Hpn-2 from Helicobacter

pylori: A3RDS2.

suggesting the presence of a nickel-binding site formed by the
two N-termini of the homodimer. In addition to cysteine 2, the
amino terminal and/or the backbone amide group of close
residues, such as Met3, are the putative ligands to complete the
coordination of Ni(u) in a square-planar geometry, as shown by
spectroscopic characterization.

Initially, CooT was only identified in R. rubrum and Rho-
dopseudomonas palustris. However, the analysis of 2775
complete prokaryotic proteomes performed in 2017 allowed the
identification of 111 CooT homologues, mainly present in

1666 | Sustainable Energy Fuels, 2018, 2, 1653-1670

anaerobic bacteria, but also in anaerobic archaea such as
methanogens and hyperthermophilic species.”” In 83 pro-
teomes, CooT co-occurs with CooS, suggesting that CooT
should be considered as a potential actor with CooC in the
maturation pathway of monofunctional CODHs. Moreover, it is
worth mentioning that in the remaining 28 proteomes, CooT co-
occurs with CooC and ACDS, mainly found in methanogens (22
proteomes), or with CooC and ACS/CODH in Thermodesulfovi-
brio yellowstonii and Butyrivibrio proteoclasticus. In the four
remaining proteomes, the role of CooT needs to be elucidated

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 The nickel-binding protein CooT. (A) Crystal structure of the RrCooT homodimer; (B) amino-acid sequence of RrCooT; (C) occurrence

of CooT in anaerobic archaea and bacteria.

(Fig. 10C). In any case, the presence of CooT is related to an
anaerobic life style and to nickel metabolism. Based on their
amino acid sequences, all CooT homologues harbor a single
conserved RNA_bind_2 domain, predicting a role in RNA
metabolism. However, electrophoretic mobility shift assay
experiments with nucleic acids purified from R. rubrum showed
that RrCooT could bind to neither RNA nor DNA, refuting this
hypothesis.

In all CooT homologues, cysteine 2, a key residue in Ni(u)-
binding, is strictly conserved, highlighting the existence of an
novel Ni(u)-binding protein family linked to anaerobic metab-
olism in bacteria and archaea.

8. Summary and prospects

The development of next generation biofuel and bio-based
chemical technologies, respecting green chemistry's princi-
ples, is a real challenge. In this field, synthetic biology has the
potential to shift biology from a research field centered on the
observation of nature to a discipline that highlights the design
and construction of novel biological systems and organisms.
In this review, we focused on the biologically mediated WGS
reaction, involving two amazing enzymes, CODH and hydroge-
nase, containing remarkable active sites. These enzymes are
involved in energy conversion processes and are often the most
highly active and selective catalysts operating under mild
conditions with small molecules that are known to be difficult
to activate (such as H, or CO,). Interest in hydrogenases and
CODH has dramatically increased in recent years due to the
hydrogen fuel initiatives and the development of new methods
for CO, sequestration. In the field of hydrogenases, these
concerns led to the profusion in the literature of deep studies on
the deciphering of their reaction mechanism, the synthesis of
bio-inspired catalysts, and the assembly of their active site in

This journal is © The Royal Society of Chemistry 2018

the protein scaffold. The combination of all these approaches
has been really successful in recent years with the development
of new bio-inspired processes, including combining accessory
proteins with active site synthetic analogues.®®

In the case of CODH, the mechanism, the structure and the
biosynthesis of its active site, unique in biological systems,
intrigue both chemists and biologists. The major difficulties are
related to the complexity of its multimetallic cofactor, and the
attempts to synthesize bio-inspired models of CODH have
failed. However, since CODH catalyzes reversibly the oxidation
of CO, the full understanding of the C-cluster synthetic pathway
would open new prospects for the synthesis of metal catalysts
for both syngas upgrading and CO, valorization. Today, the
most active catalysts described are based on palladium phos-
phine complexes®*® and there is still a need to explore bio-
inspired metallic catalysts to efficiently and economically
reduce CO,.

Besides the use of inorganic catalysts, the optimization of
microorganisms capable of performing the WGS reaction and
the engineering of CODH to enhance its activity will represent
a great opportunity for biotechnological applications. However,
bacteria that naturally produce CODH require complex growth
conditions (temperature, strict anaerobic conditions, high CO
concentrations, defined growth media, etc), limiting their use in
bioreactors on an industrial scale. On the other hand, heterol-
ogous production of complex metalloenzymes is often limited
because of the requirement of specific maturation machinery.
However, recent advances highlighted the possibility to produce
several fully active CODH in the easy-to-grow bacterium
Escherichia coli. E. coli is a robust microorganism,'** able to grow
easily and quickly, under aerobic or anaerobic conditions (using
aerobic/anaerobic respirations or fermentation'’?), with a wide
variety of energy sources, and is widely used in modern
biotechnology. Therefore, the use of optimized genetically
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modified E. coli strains to perform a biological WGS reaction
becomes worth considering.

To conclude, the combination of inorganic chemistry,
biochemistry and microbiology would have great impacts on the
design of new methods to optimize biological WGS reaction
efficiency and its integration into biomass gasification devices.
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