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Thesis Outline

This dissertation entitled “Unraveling structural features of flavodiiron proteins: a
detailed structural insight for oxygen or nitric oxide reduction” is the result of the
research work done in the Structural Genomics Laboratory, Macromolecular
Crystallography Unit at the Instituto de Tecnologia Quimica e Biolégica Ant6nio Xavier
from Universidade Nova de Lisboa, under the supervision of Dr. Célia Valente Roméo
and Dr. Carlos Frazo.

The work here described focus on the studies of flavodiiron proteins from the
prokaryote Escherichia coli and the cyanobacterium Synechocystis sp. PCC 6803.
This dissertation is divided in five parts: Part |, comprising a general introduction. Part
II, contains the analysis of the crystal structure from E. coli FDP-ARd S262Y mutant
truncated in its rubredoxin domain (Rd) in the as-isolated (oxidized) state. Part lll,
concerns the structural analysis from E. coli FDP-ARd single and double mutants,
D52K, S262Y and D52K/S262Y, in the as-isolated (oxidized) and chemically reduced
states. Part IV, reports the structural analysis from Synechocystis sp. PCC 6803 Flv1-
AFIR truncated from its NAD(P)H:flavin oxidoreductase-like domain (FIR). Part V
comprises a general discussion and concluding remarks that integrates all results

obtained in this work.
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Dissertation abstract

The work presented in this dissertation focuses on Flavodiiron Proteins (FDPs), a
family of enzymes able to reduce oxygen and/or nitric oxide into water or non-toxic
nitrous oxide. FDPs are widespread in prokaryotes and unicellular eukaryotes as well
as in phototrophs, from cyanobacteria and unicellular algae to higher plants.
The FDP minimal structural unit is composed of two domains: a metallo-B-lactamase-
like domain at the N-terminal harbouring a diiron catalytic center and a flavodoxin-like
domain at the C-terminal containing a non-covalently bound flavin mononucleotide
(FMN). The diiron site is where the substrate reduction occurs while the FMN cofactor
shuttles the electrons to this catalytic center. The two redox centers within the same
monomer are too far away (~40 A) to allow an efficient electron transfer between
them. Therefore, the minimal functional unit of FDPs, consists of a homodimer with a
“head-to-tail” arrangement, which brings close together (~6 A) the diiron center of one
monomer and the FMN cofactor of the neighbouring monomer.
FDPs are classified according to the composition and distribution of their structural
domains, and currently eight classes (A-H) have been identified. The Class A family is
the simplest one, since it contains only the flavodiiron core (metallo-B-lactamase and
flavodoxin-like domains). The Classes B and C have extra domains at the C-terminal:
rubredoxin (Rd) and flavin reductases (FIR), respectively. The other classes (D-H)
have other modular structures and are less studied.
This thesis focuses on the study of the flavodiiron core from FDPs, in particular the
single (D52K and S262Y) and double mutants (D52K/S262Y) of the Class B E. coli
FDP. Our aim is to understand the structural determinants that affect the substrate
selectivity (O, or NO) in this family of proteins. Additionally, in this work it is also
reported for the first time, the crystal structure of a Class C flavodiiron core from a
cyanobacterium, Synechocystis sp. PCC 6803 Flv1, which is essential to understand
the function of Class C FDPs in photosynthetic organisms.
In order to unravel the structural determinants that define FDPs substrate selectivity, a
comparison of the crystal structures from FDPs with different substrate affinities was
performed. Differences were observed at the two positions mentioned above (D52 and
S262, NO-reducing E. coli FDP numbering), located in the diiron second coordination
sphere. Kinetic studies previously performed with the O,-reducing Entamoeba
histolytica FDP aimed at showing the role played by the two equivalent residues (K53
Xi



and Y271) in the modulation of FDP substrate selectivity. Single and double variants
(K53D and Y271S and K53D/Y271S) were then generated and showed that Y271
residue was important for the modulation of substrate specificity (O, vs NO) in FDPs.
In the work performed for this PhD, we attempt to convert the NO reductase E. coli
FDP into an O, reductase. With this purpose, the D52K, S262Y and D52K/S262Y site-
directed mutants were produced, crystallized and their crystal structures determined.
The E. coli FDP mutants were produced omitting the Rd domain (FDP-ARd) so as to
allow a comparison with E. histolytica FDP mutants. The structures of these mutants
share a similar overall fold with that of the native E. coli FDP. However, the FDP-ARd
S262Y mutant revealed some structural anomalies in the diiron active site region.
These inconsistencies comprise longer iron coordination distances, negative Fourier
difference densities in some metal ligands and lack of electron density at the side
chains of some metal ligands. Despite the low calculated absorbed dose (1.07 MGy),
the S262Y mutation induced a significant X-ray radiation crystal sensitivity contrary to
the E. coli FDP-ARd D52K and D52K/S262Y mutations. This instability is not due to
the absence of the Rd domain since the native E. coli FDP-ARd shows an active site
region with electron density comparable to that of native FDP, despite its high
calculated absorbed dose (27.26 MGy). These results suggest that the presence of a
tyrosine residue in the diiron second coordination sphere induced an increased
sensitivity to X-ray radiation. However, this feature was not observed in the double
mutant probably resulting from the effect of the other mutation, D52K.

The genome sequences of cyanobacteria and other oxygenic photosynthetic
organisms contain genes encoding Class C FDPs, and form a distinct clade from the
other classes of FDPs. Each sequenced organism has at least two FDP encoding
genes. While one of the FDPs has the canonical Type 1 metal ligands, namely
carboxylate and histidine ligands, the other one shows different residues as putative
ligands (Types 2-17).

The cyanobacterium Synechocystis sp. PCC 6803 genome comprises four FDP
genes: Flvl (sll1521), Flv2 (sll0219), FIv3 (sll0550); and Flv4 (sll0217). Fiv3 and Flv4
contain conserved residues matching the canonical ones known to be involved in iron
coordination (Type 1), while in Flvl and FIv2 these residues are replaced by neutral

and basic ones (Type 2).
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In this PhD work, the Synechocystis sp. PCC 6803 Flvl truncated from its
NAD(P)H:flavin oxidoreductase-like domain (FIR), FIv1-AFIR, was produced,
crystallized and its crystal structure determined. This protein contains the second most
common arrangement of non-canonical basic and neutral residues (Type 2) in the
pseudo diiron site, H108-x-N110-x-N112-R113-x64-H178-x18-K197-x56-H254.
However, a metal site was absent even after several attempts of metal incorporation.
Instead, anionic species were located in the pseudo diiron cavity, which could be due
to the non-canonical basic residues as well as to an excess of basic vs acidic residues
in its neighborhood.

As mentioned above, the minimal functional unit in FDPs is composed of a “head-to-
tail” dimer, essential for an efficient electron transfer between the two redox centers.
However, the FIv1-AFIR crystal structure shows one monomer in the asymmetric unit,
and no oligomerization was suggested by the crystal packing. Nevertheless, we
cannot rule out that the truncated NAD(P)H:flavin oxidoreductase could have a
determinant role in the protein oligomerization.

The present work addresses structural studies in the flavodiiron core of two FDPs that
belong to different classes (B and C) and highlight different oligomerization

arrangements as well as canonical and non-canonical putative metal ligands.
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Resumo da dissertacéo

O trabalho apresentado nesta dissertacdo foca-se no estudo de proteinas
flavodiférricas (FDPs), uma familia de enzimas capazes de reduzir o oxigénio e/ou o
Oxido nitrico a agua e/ou 6xido nitroso nado-téxico. As FDPs estdo presentes em
procariontes e eucariontes unicelulares, assim como em organismos fotossintéticos
produtores de oxigénio, desde cianobactérias e algas unicelulares até plantas
superiores.

A unidade minima estrutural das FDPs é composta por dois dominios: um dominio
tipo metalo-B-lactamase no N-terminal, contendo um centro catalitico diférrico, e um
dominio tipo flavodoxina no C-terminal, contendo um mononucleétido de flavina ndo
covalentemente ligado (FMN). O centro diférrico € onde ocorre a reducdo dos
substratos enquanto o cofactor FMN transfere os electrdes para este centro catalitico.
No mesmo mondmero, os dois centros redox estdo a uma distancia demasiado
elevada (~40 A) para permitir uma transferéncia electronica eficiente. Assim, a
unidade minima funcional das FDPs consiste num homodimero com uma
conformac&o “head-to-tail’, que aproxima (~6 A) o centro diférrico de um monémero
ao cofactor FMN do monémero vizinho.

As sequéncias de aminoacidos das FDPs foram analisadas e classificadas de acordo
com a composicao e distribuicdo dos dominios estruturais, e até ao momento oito
classes (A-H) foram identificadas. A classe A é a mais simples, uma vez que contém
apenas o dominio flavodiférrico (dominios tipo metalo-B-lactamase e flavodoxina). As
classes B e C tém dominios extras no C-terminal: rubredoxina (Rd) e flavina redutase
(FIR), respectivamente. As outras classes (D-H) tém outros médulos estruturais e sao
menos estudadas.

Esta tese tem como foco o estudo do dominio flavodiférrico de FDPs, em particular os
mutantes simples e duplos da FDP de E. coli (D52K , S262Y and D52K/S262Y). O
nosso objectivo é compreender os determinantes estruturais que afectam a
selectividade de substratos (O, ou NO) nesta familia de proteinas. Além disso, neste
trabalho também ¢é relatada pela primeira vez, uma estrutura cristalografica do
dominio flavodiférrico de uma FDP da classe C de uma cianobactéria, FIvl de
Synechocystis sp. PCC 6803, que é essencial para compreender a funcdo das FDPs

desta classe em organismos fotossintéticos.

XV



De modo a elucidar os determinantes estruturais que afectam a selectividade de
substratos nas FDPs, foi realizada uma comparacédo de estruturas cristalograficas de
FDPs com diferentes afinidades para substratos. Foram observadas diferencas em
duas posicdes (D52 e S262, E. coli FDP selectiva para NO) localizadas na segunda
esfera de coordenacéo do centro diférrico. Existem reportados estudos cinéticos para
a FDP selectiva para oxigénio de Entamoeba histolytica com o objectivo de mostrar o
papel desempenhado pelos dois residuos equivalentes (K53 and Y271) na modelagao
de selectividade de substratos. Foram assim gerados os mutantes simples K53D,
Y271S e duplo K53D/Y271S, que mostraram que o residuo Y271 é importante na
modelacao de especificidade de substrato (O, vs NO) nas FDPs.

Neste trabalho, tentAmos converter a redutase de NO de E. coli numa redutase de O,.
Deste modo, as proteinas com as seguintes mutacdes pontuais D52K, S262Y e
D52K/S262Y foram produzidas, cristalizadas e as suas estruturas cristalograficas
determinadas. Os mutantes de FDP de E. coli foram gerados omitindo o dominio Rd
(FDP-ARd) de modo a serem comparados com os mutantes de FDP de E. histolytica.
A estrutura destes mutantes é semelhante a estrutura nativa de FDP. No entanto, o
mutante FDP-ARd S262Y revelou algumas anomalias estruturais na regido do centro
diférrico. Essas inconsisténcias incluem distancias mais longas de coordenacao ao
ferro, densidades negativas de diferencas de Fourier em alguns ligandos e falta de
densidade electronica nas cadeias laterais de alguns ligandos do metal.

Apesar da baixa dose absorvida calculada (1.07 MGy), a mutagédo S262Y induziu uma
sensibilidade significativa a radiacdo de raios-X nos cristais, contrariamente as
mutagdes FDP-ARd D52K e D52K/S262Y de E. coli. Esta instabilidade nédo € devida a
auséncia do dominio Rd, pois a FDP-ARd nativa de E. coli mostra que a regido do
centro activo tem densidade electronica semelhante a da FDP nativa, apesar da
elevada dose absorvida calculada (27.26 MGy). Estes resultados sugerem que a
presenca de uma tirosina na segunda esfera de coordenacdo do centro diférrico
induziu um aumento da sensibilidade da proteina a radiacdo dos raios-X. No entanto,
esta caracteristica ndo foi observada no duplo mutante devido provavelmente a
mutacdo D52K.

As sequéncias do genoma de cianobactérias e de outros organismos fotossintéticos
oxigénicos contém genes que codificam as FDPs de classe C, formando um grupo

distinto das outras classes de FDPs. Todas as FDPs de cianobactérias e de
XVi



organismos fotossintéticos pertencem a classe C e cada organismo sequenciado
possui pelo menos dois genes que codificam FDPs. Enquanto uma dessas FDPs
possui os ligandos do metal candénicos de Tipo 1, nomeadamente carboxilatos e
histidinas, a outra FDP apresenta diferentes residuos como possiveis ligandos (Tipos
2-17).

O genoma da cianobactéria Synechocystis sp. PCC 6803 contém quatro genes que
codificam FDPs: Flvl (sl11521), Flv2 (sll0219), FIv3 (sll0550); e Flv4 (sll0217). A FIv3
e Flv4 contém residuos candnicos envolvidos na coordenacéo do ferro (Tipo 1),
enquanto na Flvl e Flv2 esses residuos sdo substituidos por residuos neutros e
basicos (Tipo 2).

Nesta dissertacdo, a Flvl de Synechocystis sp. PCC6803 truncada do seu dominio
NAD(P)H:flavina oxidoredutase (FIR), FIv1-AFIR, foi produzida, cristalizada e a sua
estrutura cristalografica determinada. Esta proteina contém a segunda combinacao
mais comum de residuos bésicos e neutros ndo canénicos (Tipo 2) no possivel centro
diférrico, H108-x-N110-x-N112-R113-Xgs-H178-x15-K197-x56-H254. No entanto, este
centro ndo contém qualquer metal mesmo ap0s vérias tentativas de incorporacao de
metais. Pelo contrario, espécies anionicas foram localizadas nesta cavidade, o que
podera ser devido aos residuos basicos ndo candnicos, bem como a um excesso de
residuos basicos vs acidos na vizinhanca do possivel centro diférrico.

Como acima mencionado, a unidade minima funcional nas FDPs é composta por um
dimero “head-to-tail”, essencial para uma transferéncia eficiente de electrdes entre os
dois centros redox. No entanto, a estrutura cristalografica de Flv1-AFIR apresenta um
monomero na unidade assimétrica e 0 empacotamento no cristal ndo sugere
nenhuma oligomerizagdo. No entanto, ndo se pode excluir a hipotese de que o
dominio truncado NAD(P)H:flavina oxidoredutase possa ter um papel determinante na
oligomerizacao da proteina.

Este trabalho foca-se em estudos estruturais do dominio flavodiférrico de duas FDPs
que pertencem a diferentes classes (B e C) e evidencia diferentes arranjos

oligoméricos bem como possiveis ligandos de metal, can6nicos e ndo-canonicos.
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Abbreviations

A
a.d.p.
ATP
a.u.
Da
DSF
DWD
EPR
I:420
I:420H2
Fc

Fo
FAD
FDP
Feq
Fep
FIR
FMN

GSH
GSNO
Hmp
Hrb
iINOS
IPTG
LB
[cNOR
MGy
MOPS
MR
NADH
NADPH

Angstrom

Atomic displacement parameter
Adenosine triphosphate

Asymmetric unit

Dalton

Differential scanning fluorimetry
Diffraction-weighted dose metric
Electron Paramagnetic Resonance
7,8-Dimethyl-8-hydroxy-5-deazariboflavin
Reduced 7,8-dimethyl-8-hydroxy-5-deazariboflavin
Calculated structure factors
Observed structure factors

Flavin adenine dinucleotide
Flavodiiron protein

Distal iron

Proximal iron

NAD(P)H:flavin oxidoreductase
Flavin mononucleotide

EPR g-factor

Glutathione

S-nitrosoglutathione
Flavohaemoglobin

High molecular weight rubredoxin
Inducible nitric oxide synthase
Isopropyl-B-D-thiogalactopyranoside
Luria Bertani

Long-chain NOR

Mega gray

3-(N-morpholino) propansulfonic acid
Molecular replacement

Reduced nicotinamide adenine dinucleotide

Reduced nicotinamide adenine dinucleotide phosphate



NOR
OsR
PDB
PEG
PSI

PSII
Rbr

Rd
r.m.s.d.
RNS
ROO
ROS
SAXS
ScNOR
SDS-PAGE
SOD
SOR
TFZ
TPTZ
Tris-HCI

XX

Nitric oxide reductase

Oxygen reductase

Protein Data Bank

Polyethylene glycol

Photosystem |

Photosystem I

Rubrerythrin

Rubredoxin

Root-mean-square distance

Reactive nitrogen species

Rubredoxin:oxygen oxidoreductase

Reactive oxygen species

Small angle X-ray scattering

Short-chain NOR

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Superoxide dismutase

Superoxide reductase

Translation-function Z-score
2,4,6-Tripyridil-1,3,5-triazine
Tris(hydroxymethyl)aminomethane hydrochloride
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I General Introduction

1.1 Enzymatic systems involved in oxygen and reactive oxygen species

detoxification

Molecular oxygen (O,) is converted into water by a four electrons reduction. However,
the sequential one electron reduction may lead to the formation of highly reactive
oxygen species (ROS), namely superoxide anion (O,7), hydrogen peroxide (H,0,)
and the hydroxyl radical (OH) (Fig. 1.1). High intracellular concentration of ROS can
oxidize and damage biologically important macromolecules, such as proteins, lipids
and DNA. Therefore, when the intracellular level of ROS increases, the organism is in
an “oxidative stress” state. In addition to their harmful effect, ROS at lower
concentrations play an important role as regulators of immune responses and cell
signaling (Hancock et al., 2001; Rhee, 1999).

To avoid ROS accumulation and consequent cell damage it is important to remove
these highly reactive species. Therefore, organisms contain antioxidant systems to
protect themselves from cellular damage and death caused by these species. These
systems include enzymatic and non-enzymatic antioxidant mechanisms that have the
function to detoxify ROS by its conversion into nontoxic species.

The non-enzymatic antioxidant systems are low-molecular-mass compounds that can
neutralize ROS by reducing them directly. These systems include a-tocopherol
(vitamin E), B-carotene (vitamin A), ascorbic acid (vitamin C), xanthophylls (yellow
pigments related with carotene), flavonoids (aromatic oxygen heterocyclic compounds
found in higher plants), glutathione (GSH) and small Mn complexes (Culotta and Daly,
2013; Frei, 1994; Lee, 1999; Valentine et al., 1998).

The enzymatic antioxidant systems include superoxide dismutases (SODs),
superoxide reductases (SORs), catalases, peroxidases and flavodiiron proteins
(FDPs) (Fig. 1.1).
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Figure 1.1- Representation of different steps for the reduction of oxygen to water and the
different ROS enzymatic defence systems. Examples of proteins involved in the different steps
are represented in different panels.The crystallographic structure for each protein is showed in
cartoon, with the corresponding PDB code. Figures of structures, were prepared with PyMOL
(DeLano, 2002; Schrodinger, 2010).

Superoxide dismutase (SOD) catalyzes by dismutation the conversion of two
superoxide anions into H,O, and O,. There are five known types of SODs according to
their metal cofactors: Cu-SOD, Cu/Zn-SOD, Fe-SOD, Mn-SOD and Ni-SOD (Abreu
and Cabelli, 2010; Culotta et al., 2006; Miller, 2012; Sheng et al., 2014). The Cu/Zn-
SOD, Mn-SOD and Fe-SOD are found in Archaea, Bacteria and Eukarya while the Ni-
SODs are present in Bacteria and Eukarya (Sheng et al., 2014). The Cu-SOD are
present so far, in Bacteria and Eukarya (Robinett et al., 2018). The active site residues
are highly conserved in all Mn- and Fe-SODs, where the metals are coordinated by
three histidines and an aspartate residue (Abreu and Cabelli, 2010; Sheng et al.,
2014). The same type of coordination for the zinc center in Cu/Zn-SOD is observed,
whereas the copper is coordinated by three histidines (Fig. 1.2 A). A complete
different metal coordination occurs in Ni-SODs in which the metal is coordinated by
two cysteines and one histidine. The Cu-SOD retains the same copper coordination
site of Cu/Zn-SODs.

Superoxide reductases (SORs) are nonhaem iron-containing enzymes which catalyze
the one electron reduction of O, to produce H,O, without the formation of O,, as
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I General Introduction

occurs in SODs (Abreu and Cabelli, 2010; Auchere and Rusnak, 2002; Kurtz, 2004;
Niviere and Fontecave, 2004; Pinto et al., 2010; Sheng et al., 2014). SORs have been
identified in organisms from the three life domains, but so far mostly are anaerobic
and microaerophilic prokaryotes. SORs can be generally classified according to their
number of irons, namely 1Fe-SOR and 2Fe-SOR. Both classes have in common the
catalytic domain, initially named neelaredoxin (NIr), which contains the catalytic Fe
center. The iron is coordinated by four histidines and one cysteine in the reduced
form (Fig. 1.2 B), and can have a sixth glutamate ligand in the oxidized state. The
2Fe-SOR, contains an extra domain at the N-terminal, named desulforedoxin (Dx),
harboring a second iron site.

Catalases and peroxidases catalyze the decomposition of hydrogen peroxide
(Chelikani et al., 2004; Rhee et al., 2005; Veal et al.,, 2007). Catalases dismutate
hydrogen peroxide into water and oxygen, whereas the peroxidases, use several
electron donors, such as glutathione, to transfer electrons to reduce hydrogen
peroxide or organic peroxides to water molecules (Diaz et al., 2012). Haem-containing
catalases and peroxidases are the most abundant group and are spread among
Bacteria, Archaea and Eukarya (Bernroitner et al., 2009; Zamocky et al., 2008). In
catalases, the haem is coordinated by a proximal tyrosine ligand, while in most
peroxidases, this position is occupied by a histidine (Fig. 1.2 C) (Zamocky et al., 1997,
Zamocky and Koller, 1999).

Respiratory oxygen reductases (terminal oxidases) are enzymes part of the end of the
respiratory chains of organisms, reducing O, to water (Borisov et al., 2011). There are
three families of oxygen reductases: haem-copper oxygen reductases, cytochromes
bd and alternative oxidases

FDPs are widespread in the three life domains (Bacteria, Archaea and Eukarya), and
present in both aerobic and anaerobic organisms. This family of proteins is involved in
the reduction of oxygen into water without production of reactive oxygen species.
Recently, it was reported a new function in the FDPs field (Folgosa et al., 2018b),
since a Clostridium difficile FDP, has the ability to also fully reduce H,O,to water.

FDPs will be discussed in more detail in section 1.3.
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I General Introduction

Figure 1.2- Enzymatic defence systems against ROS and their metal catalytic centers. A)
Cu/Zn Superoxide dismutase (PDB 2APS) from Actinobacillus pleuropneumoniae, B)
Superoxide reductase (PDB 4D7P) from Giardia intestinalis, C) Haem catalase (PDB 4CAB)
from Deinococcus radiodurans, D) Flavorubredoxin (PDB 4D02) from Escherichia coli. Cartoon
representation of the overall structure of Cu/Zn SOD, SOR, catalase and FDP are presented in
the left panel; and the corresponding catalytic metal center in the right panel. Bonds are
represented as sticks. The p-hydroxo-bridging oxygen, zinc, iron and copper are represented
as spheres in red, cyan, black and orange, respectively. Ligands and FMN are shown as sticks
with carbon atoms in grey, nitrogen in blue, oxygen in red and phosphorous in orange.

1.2 Enzymatic systems involved in nitric oxide and reactive nitrogen

species detoxification

Nitric oxide (NO) was among the first gases to be discovered, by Joseph Priestley in
1772, two years before he discovered oxygen (O,) (Neville, 1974; Severinghaus,
2003; Smith, 1972). For more than two centuries this colorless and odorless gas was
considered to be highly toxic. However, in the last fourty years, several studies about
the crucial biological role of NO have been reported.

NO can have a harmful biological effect or a protective role, depending on its
intracellular concentration. At lower concentrations (nanomolar range), NO plays a key
role in a wide range of physiological and pathological processes, such as vasodilation,
cellular signaling and immune response (Garthwaite, 1991; Langrehr et al., 1993;
Moncada et al., 1989). However, at higher concentrations (micromolar range), NO can
react with other radicals, such as superoxide, to form highly reactive nitrogen species
(RNS), as well as with metal centers. One of those RNS is peroxynitrite, ONOO", a
strong oxidant that reacts with most biological molecules (e.g. tyrosine nitration)
(Beckman et al., 1990). Nitrogenous products such as nitroxyl (HNO), nitrosonium
cation (NO"), and oxides of nitrogen derived from the reaction of NO with O, and O,
are examples of other RNS (Fang, 2004; Nathan and Shiloh, 2000). Each of these
species has different properties in terms of reactivity, half-life and lipid solubility,
leading to several harmful effects on biological systems, such as oxidation, nitrosation
and nitration (Fig. 1.3) (Wink et al., 1996; Wink and Mitchell, 1998).
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The nitrosation involves the addition of NO* from dinitrogen trioxide (N,O3) to an
amine generating a nitrosamine or S-nitrosothiol in case of thiol. Nitration is

associated with the addition of a NO, group to an aromatic residue.

O, —» o NO——> NO*  R—SH
/ \‘ Nitrosati&
0]
z
— H,0, S—N
ONOO- /
l R
. . OH
Nitration
— OH° j\ ©
Oxidation NO, OH R
R

Figure 1.3- Nitric oxide dependent reactions (oxidation, nitrosation and nitration) involved in
reactive nitrogen species (RNS) formation. The reduction of molecular oxygen (O2) produces
superoxide (O2¢-) which is the precursor of other reactive oxygen species (hydrogen peroxide
(H202), hydroxyl («OH)).

Biologically, NO can be produced by non-enzymatic or enzymatic systems. Abiotic
mild acidification of nitrite is a non-enzymatic system for NO production which have
potent antimicrobial effects against a broad range of potential pathogens (Dykhuizen
et al., 1998; Lundberg et al., 2004; Lundberg et al., 2008; Zweier et al., 1999).

An enzyme was identified in mammals, as part of the immune response against
microbial infection, namely the inducible nitric oxide synthase (iNOS). This enzyme
synthesizes NO and L-citrulline from L-arginine in the presence of O, and NADPH
(Bredt et al., 1991; Griffith and Stuehr, 1995; Marletta, 1994; Marsden et al., 1992;
White and Marletta, 1992). Therefore, host infecting bacteria are challenged by the
presence of NO and RNS, produced by the immune response to control microbial

propagation. Alternative enzymatic systems for NO generation are known, such as
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nitrite reductases that catalyze the nitrite reduction to NO (Meyer, 1973; Payne et al.,
1997; Walters and Taylor, 1965).

In order to detoxify NO and consequently survive to the nitrosative stress, microbes
acquired throughout evolution enzymatic systems, such as, globins, NO reductases
(NORs) and FDPs (Almeida et al., 2006; Figueiredo et al., 2013; Gardner et al., 2002;
Gomes et al., 2002b; Poock et al., 2002; Poole and Hughes, 2000; Wu et al., 2003).
All these proteins are able to reduce NO to nontoxic compounds protecting biological
targets from the cytotoxic effects of NO.

Globins are a family of cytoplasmatic proteins that can be classified in three main

classes: i) single-domain globins, ii) truncated globins and iii) flavohaemoglobins (Frey

and Kallio, 2003). The first bacterial single-domain globin to be identified and
sequenced was the haemoglobin from Vitreoscilla (VHb) (Wakabayashi et al., 1986;
Webster and Hackett, 1966). Nowadays these proteins can be found in bacteria and
protozoa. This single-domain haemoglobin comprises a globin-like domain, with a
three-on-three a-helical fold with a haem b group (Fig. 1.4 A) (Tarricone et al., 1997).
Several functions have been attributed to these proteins beyond its role on NO
detoxification (conversion to nitrate), such as oxygen binding at low concentrations, as
occurs in the VHb (Park et al., 2002; Wu et al., 2003). The single-domain globin from
Campylobacter jejuni, Cjb, was proposed to afford protection against nitrosative
stress, since the cjb knockout mutant was sensitive to nitrosating agents (GSNO) and
a NO-releasing compound (spermine NONOate) (Elvers et al., 2004; Lu et al., 2007b).

The truncated globins are 20-40 amino acid residues smaller than single-domain

globins, being widely distributed in bacteria, cyanobacteria, protozoa and plants
(Jokipii-Lukkari et al., 2009; Wittenberg et al., 2002). The function of truncated
haemoglobins include oxygen scavenging and detoxification of NO by its conversion
to nitrate (Lu et al., 2007a; Milani et al., 2005; Ouellet et al., 2002; Vuletich and
Lecomte, 2006). Flavohaemoglobins, found in many bacterial and lower eukaryotic

species, comprise a globin domain homologous to VHb single-domain globin, fused to
a flavin reductase-like domain that contains an FAD cofactor and oxidises NADH (llari
et al., 2002; Membrillo-Hernandez et al., 1998; Nobre et al., 2008; Poole and Hughes,
2000; Vasudevan et al., 1991). These proteins confer resistance to nitrosative stress
by converting NO into nitrate under aerobic or microaerobic conditions while in
anaerobic conditions, these proteins reduce NO to N,O (Gardner, 2005; Gardner et
al., 1998; Hausladen et al., 2001; Justino et al., 2005; Kim et al., 1999). The first
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flavohaemoglobin to be identified was from E. coli (Vasudevan et al., 1991). This
protein together with FDP is able to protect E. coli against NO in anaerobic conditions
(Justino et al., 2005).

The globin domain is conserved among the different families mentioned above. Until
today, all globins structurally characterized revealed the presence of a highly
conserved histidine residue involved in haem-iron coordination.

As mentioned above, respiratory NO-reductases are another family of proteins able to
reduce NO. NORs are typically found in denitrifying organisms and some can also be
present in pathogenic bacteria, where they may protect against toxic NO produced by
macrophages in the host immune system. These proteins are membrane-bound and
reduce NO to dinitrogen oxide (N,O). They are classified as short-chain group
(scNOR) with ~ 450 amino acids and long-chain group (ICNOR) with ~ 760 amino
acids (Hino et al., 2010).

The scNOR is composed of two subunits, NorB with ~53 kDa and NorC with ~17 kDa.
The subunit NorC is a membrane-bound cytochrome ¢ and its haem-containing region
is oriented to the periplasmic space allowing this protein to interact with a soluble
and/or membrane-associated cytochrome or (pseudo)azurin to provide electrons to
the catalytic subunit, NorB (Thorndycroft et al., 2007; Zumft et al., 1994). This subunit
is transmembranar (Arai et al., 1995; Cramm et al., 1997; de Boer et al., 1996; Zumft
et al., 1994) and its binuclear active site contains a haem b and a nonhaem iron center
(Hendriks et al., 1998). NorB contains another haem b, involved in the reduction of the
active site. This subunit has six conserved histidines and one glutamate coordinating
the two haem groups and the nonhaem iron (Fig. 1.4 B) (Hino et al., 2010).

The IcNOR is a membrane-bound subunit that lacks the cytochrome c¢ subunit,
accepting then electrons from quinol. Its active site comprises one haem b, in addition
to the same binuclear center present in NorB (Hino et al., 2010; Zumft, 2005).

FDPs are also a family of proteins involved in the detoxification of nitric oxide. FDPs
reduce NO to nontoxic nitrous oxide, and will be described in detailed in Section 1.3,
since it is the scope of this thesis.

Overall, the overproduction of ROS/RNS and/or the failure of biological detoxification
systems lead to an increase of oxidative/nitrosative stress. Moreover, both ROS and
RNS are closely related leading to reactive species that can damage key cellular
components, such as amino acids, lipids, metal centers and nucleic acids, thereby

affecting the cellular processes.
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Cytoplasm

Figure 1.4- Enzymatic defence systems against RNS and their metal catalytic centers. A)
Single-domain globin (PDB 1VHB) from Vitreoscilla stercoraria. B) Nitric oxide reductase (PDB
300R) from Pseudomonas aeruginosa. Cartoon representation of the single-domain globin and
nitric oxide reductase is presented in the left panel, and its corresponding metal catalytic center
in the right panel. Bonds are represented as sticks. Iron atoms are represented as black
spheres and ligands are shown as sticks with carbon atoms in grey, nitrogen in blue and oxygen
in red.

1.3 Flavodiiron proteins

FDPs have a key role in oxygen and/or nitric oxide detoxification. This family of
proteins was firstly mentioned as A-type flavoproteins (FprA) (Wasserfallen et al.,
1998) based on its amino acid sequence analysis. This allowed to identify a new
family of flavo(metallo)enzymes, and for the first time, a classification based on their

different domains was proposed (see below) (Wasserfallen et al., 1998). A few years
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latter, these proteins were renamed as flavodiiron proteins (FDPs), which is their
current designation (Silaghi-Dumitrescu et al., 2003).

Nowadays, FDPs can be found in strict or facultative anaerobes among Bacteria,
Archaea as well as in some protozoan pathogens (e.g. (Di Matteo et al., 2008; Gomes
et al.,, 2002b; Saraiva et al., 2004; Vicente et al., 2012; Wasserfallen et al., 1998)).
FDPs have also been identified in some oxygenic photosynthetic bacteria and
eukaryotes (Chaux et al.,, 2017; Gerotto et al., 2016; Goncalves et al., 2011a;
Shimakawa et al., 2017; Vicente et al., 2002; Yamamoto et al., 2016; Zhang et al.,
2009).

In the last twenty years, the increasing knowledge in this family of proteins has been

relevant for a better understanding of their function.

1.3.1 Biochemical characterization

In 1993, it was reported for the first time the characterization of a FDP from
Desulfovibrio gigas, initially named as rubredoxin:oxygen oxidoreductase (ROO)
(Chen et al., 1993b). The D. gigas ROO revealed the ability to reduce oxygen directly
to water without formation of ROS, using electrons donated by a rubredoxin (Rd),
which is reduced by an NADH:rubredoxin oxidoreductase (Chen et al., 1993a; Gomes
et al., 1997).

Based on amino acid sequence analysis, Wasserfallen et al. in 1998 identified forteen
FDPs and performed a characterization in three of them, namely from E. coli,
Rhodobacter capsulatus and Synechocystis (Wasserfallen et al., 1998). Sequence
analysis of E. coli C-terminal extension revealed that it encoded a putative rubredoxin,
with a CxxC-X,9-CxxC motif. In Synechocystis sp. PCC 6803 were identified two
flavins cofactors, namely FAD and FMN in an approximate 1:1 ratio (Wasserfallen et
al., 1998). A flavodoxin-like domain could be involved in FMN binding, however the
presence of FAD was unexpected since there is no clear evidence from the protein
sequence analysis that the C-terminal extension might have a FAD-binding site.
Nevertheless, a few years latter was identified for the first time in Synechocystis sp.
PCC 6803, a NADH:flavin oxidoreductase C-terminal extension that harbors one FMN
or FAD cofactor (Vicente et al., 2002).

In 2000, the determination of the first FDP crystal structure (PDB 1E5D), ROO from D.

gigas (Frazao et al., 2000), allowed to identify a B-lactamase-like fold harbouring a
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non-haem diiron center and a flavodoxin-like domain containing a FMN cofactor non-
covalently bound.

The monomer molecular mass (Mm) of FDPs characterized so far, was determined by
SDS-PAGE, being in accordance with the calculated protein sequence Mm (Table
1.1). Class A enzymes composed only by the flavodiiron core (Class A, see Section
1.3.2) have approximately 43-48 kDa. FDPs composed of the flavodiiron core in
addition to the rubredoxin domain have approximately 54 kDa (Class B, see section
1.3.2), and those with the flavodiiron core plus a NADH:flavin oxidoreductase domain
have approximately 63 kDa (Class C, see section 1.3.2) (Table 1.1). The largest FDP
thus far studied has 845 amino acids (Class F, see section 1.3.2), with Mm of 90 KDa.
As can been seen in Table 1.1, the Mm of Thermotoga maritima and Treponema
denticola FDPs has not been experimentally determined. However, from the protein
sequence it can be inferred to be as 45 kDa and 46 kDa, respectively.

The oligomeric state of these proteins (homotetramers or homodimers), has been
determined by native gel electrophoresis or size exclusion chromatography (Table
1.2).

The FDPs cofactors, namely iron and flavin, have been determined by different
experimental methods, such as, the 2,4,6-tripyridyl-1,3,5-triazine method (TPTZ)
(Fischer and Price, 1964) for iron quantification, and acid extraction for flavin
quantification (Susin et al., 1993). The iron content on FDPs has been determined as
approximately two iron atoms per monomer, with the exception of the E. coli and
Clostridium difficile Class F FDPs, that additionally to the flavodiiron core, contain one
more iron atom belonging to the rubredoxin domain (Rd) with a [Fe-Cys,] center.
Therefore, the presence of two or more iron atoms by monomer, is dependent of the
presence of extra C-terminal domains (Classes B, D, F-H, see below).

Currently, several proteins that belong to the FDP family have been characterized
(Table 1.1). These proteins are from several organisms and although the biochemical
properties are quite similar between them, they present different reductase activities

as will be explained in Section 1.3.4.
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Table 1.1- Biochemical properties of FDPs.

Fe by Flavin by
Organism Oligomeric  Mm monomer monomer Reference
state (kDa) Exp. Pred. Exp. Pred.
1993 Desulfovibrio gigas Dimer 43 n.d 20 FMN FMN (Chen etal,
1993b)
Methanothermobacter . (Nolling et al.,
1995 thermoautotrophicum Dimer 45 n.d. 2.0 1.3 1.0 1995)
Methanothermobacter (Wasserfallen
1995 marburgensis Tetramer 43 n.d. 2.0 0.7 1.0 etal, 1995)
Rhodobacter . (Wasserfallen
1998 capsulatus Dimer 48 n.d. 2.0 0.9 1.0 etal, 1998)
o . (Wasserfallen
1998 Escherichia coli Tetramer 54 2.0 3.0 0.6 1.0 etal, 1998)
Synechocystis sp. PCC . FMN (Wasserfallen et
1998 6303 Dimer 64 n.d. 2.0 EAD 2.0 al., 1998)
Synechocystis sp. PCC . FMN (Vicente et al.,
2002 6803 Dimer 63 1.9 2.0 EFAD 2.0 2002)
Silaghi-
Moorella . ( >
2003 thermoacetica Dimer 45 1.9 2.0 0.9 1.0 Dumitrescu et
al., 2003)
Methanobrevibacter (Seedorf et al.,
2004 arboriphilus n.d. 45 2.0 2.0 11 1.0 2004)
(Silaghi-
2005 Desulfovibrio vulgaris Dimer 45 1.8 2.0 0.8 1.0 Dumitrescu et
al., 2005b)
2008 Giardia intestinalis Tetramer 45 15 2.0 0.5 1.0 (Di Matteo et
al., 2008)
. (Le Fourn et
2008 Thermotoga maritima n.d. n.d. 1.7 2.0 0.6 1.0 al., 2008)
Clostridium ) (Hillmann et al.,
2009 acetobutylicum FDP; Dimer 4 20 20 10 1.0 2009)
Clostridium (Hillmann et al.,
2009 acetobutylicum FDP, Tetramer 45 2.0 2.0 1.0 1.0 2009)
2009 Trichomonas vaginalis Dimer 45 15 2.0 0.5 1.0 (Z%E]g)ma etal.,
. . . (Vicente et al.,
2012 Entamoeba histolytica Dimer 45 1.6 2.0 0.9 1.0 2012)
. (Frederick et
2015 Treponema denticola n.d. n.d. 2.0 2.0 1.0 1.0 al., 2015)
2018 Clostridium difficile Dimer 90 14 3.0 18 20 (Folgosa et al.,

630

2018b)

n.d- not determined.
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1.3.2 Modular classification

The FDP minimal structural unit is composed of two domains: metallo-B-lactamase-
like domain and flavodoxin-like domain, in the N-terminal and C-terminal, respectively.
The N-terminal domain harbors a diiron site, where the substrate (O, and/or NO)
reduction occurs, and the C-terminal domain contains a non-covalently bound FMN
cofactor, that donates electrons to the metal center. Therefore, these two domains
constitute the common denominator of this protein family (FDPs). Additionally to the
metallo-B-lactamase and the flavodoxin-like domains, FDPs can have more extra
modular structures, due to the presence of C-terminal extensions. Therefore, as
recently reported, FDPs can be classified into eight different classes, accordingly to
the composition and distribution of the extra domains (Fig. 1.5 A) (Folgosa et al.,
2018a; Saraiva et al., 2004).

Class A FDPs (approx. 400 residues) are the simplest structural arrangement since it
comprehends only the flavodiiron core, being most widespread in Bacteria, although
can also be found in Archaea and Protozoa. This Class A includes the largest number
of FDPs so far studied (Table 1.1 and 1.2) (Di Matteo et al., 2008; Rodrigues et al.,
2006; Seedorf et al., 2004; Silaghi-Dumitrescu et al., 2003; Silaghi-Dumitrescu et al.,
2005b; Smutna et al., 2009; Vicente et al., 2012).

Class B FDPs (approx. 480 residues) have a rubredoxin domain (Rd) in the C-
terminal, with the [Fe-Cysy] binding motif CxxC-x,9-CxxC, being therefore named as
flavorubredoxins (Fig. 1.5 A). The proteins belonging to this class have been found
only in the Proteobacteria phylum (gamma, delta and beta classes). The E. coli FDP is
the only protein from this class that has been characterized (Table 1.1 and 1.2), with
NO reductase activity, and a very low O, reductase activity. This is the only studied
example of an FDP with a clear substrate preference for NO (Gardner et al., 2002;
Gomes et al., 2002b). The Rd domain is the electron entry point of FDPs belonging to
this class, transferring electrons to the diiron center through a kinetically stable flavin
semiquinone (Vicente et al., 2007b; Vicente and Teixeira, 2005).

Class C FDPs (approx. 600 residues) are constituted by an extra C-terminal with a
NAD(P)H:flavin oxidoreductase domain, containing flavin cofactors. The proteins from
this class, can be found in cyanobacteria but also in oxygenic photosynthetic
eukaryotes (Allahverdiyeva et al., 2015a; Chaux et al., 2017; Gerotto et al., 2016;
Gongcalves et al., 2011a; Helman et al., 2003; Yamamoto et al., 2016; Zhang et al.,
2009). Synechocystis sp. PCC 6803 encodes four flavodiiron proteins (Fivl, Flv2,
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FIv3, and Flv4) all belonging to this Class. FIv3 was the only FDP from this class so far
characterized, and presents oxygen reductase activity (Vicente et al., 2002) (Table 1.1
and 1.2).

The modular properties of the new putative Classes D, E, G and H were deduced from
their respective amino acid sequences (Fig. 1.5 A) (Folgosa et al., 2018a; Saraiva et
al., 2004).

The Class D FDPs (approx. 440 residues) was predicted to have one extra domain in
the C-terminal extension, Rdgy, Similar to the rubredoxin domain from rubrerythrins
(Rbr), with a CxxC-X12.14-CxxC metal binding motif. Rubrerythrins, have a non-catalytic
domain with a [Fe-Cys,4] center, with an overall fold similar to rubredoxins, although in
these latter proteins, the two CxxC motifs are separated by 29 amino acids. These
proteins have been found so far only in the Firmicutes phylum (Clostridiales order).
The Class E FDPs (approx. 500 residues) contains in addition to the flavodiiron core,
an extra domain, known as “Divergent 4Fe-4S mono-cluster protein”, that may contain
an [3Fe-4S] or [4Fe-4S] cluster, with a CxHxxxC-x33-CP binding motif. This class has
only been found in Firmicutes phylum (Clostridiales order).

The Class F FDPs (approx. 850 residues) contain two domains in the C-terminal
extension, namely a Rdgy,, and a NADH:rubredoxin oxidoreductase-like domains.
FDPs from this class can be found mainly in Firmicutes phylum (Clostridiales order),
but also in some eukaryotic protozoa, such as Trichomonas vaginalis. Recently, the
Clostridium difficile FDP that belongs to this class was characterized, being so far the
most complex FDP studied (Folgosa et al., 2018b).

The Class G FDPs (approx. 600 residues) contain two domains additionally to the
FDP core, a Rdgy and a NAD(P)H:flavin oxidoreductase-like domains. These proteins
are present in the Firmicutes phylum (Clostridiales, Erysipelotrichiales and
Lactobacillales orders).

The Class H FDPs (approx. 870 residues) besides the flavodiiron core, have three
domains, a Rdgy, @ NAD(P)H:flavin oxidoreductase and a second Rdgy,-like domains.
While writing this thesis, a new class (Class I) of FDPs was identified, containing
besides the FDP core, a desulforedoxin-like domain (Dx) and a neelaredoxin-like
domain (NIr) in the C-terminal extension (Martins et al., 2019).

Most Class A FDPs require the contribution of two redox partners (Fig. 1.5 B), as for
D. gigas ROO, that is reduced by a Rd which in turn receives electrons from a

NADH:rubredoxin oxidoreductase (Chen et al., 1993a). Another case, is the M.
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thermoacetica FDP also from Class A, which uses a high molecular weight rubredoxin
(Hrb) that consists in a rubredoxin domain ( CxxC-X,9-CxxC binding motif), fused to a
NAD(P)H:flavin oxidoreductase domain. This domain was suggested to accept
electrons from NADH, transferring them to the Rd-domain to finally reduce the
flavodiiron protein (Silaghi-Dumitrescu et al., 2003). Moreover, was proposed that the
presence of a NADH:rubredoxin oxidoreductase protein is essential to donate
electrons to a Rd (CxxC-x,9-CxxC binding motif), which thereafter will reduce the T.
maritima FDP (Hayashi et al., 2010). In contrast, the Class A enzymes from M.
marburgensis and M. arboriphilus only require an external redox cofactor, FsoH»>
(abundant in methanogenic organisms) that is used to directly reduce FDPs from
these organisms abolishing the need of other redox proteins (Fig. 1.5 B) (Seedorf et
al., 2004; Seedorf et al., 2007).

The E. coli FDP, belonging to Class B, is dependent on an external redox partner to
be reduced, receiving therefore electrons from an NADH:rubredoxin oxidoreductase
containing a FAD cofactor (Vicente et al., 2007b; Vicente and Teixeira, 2005).

Class C FDPs have an extra C-terminal NAD(P)H:flavin oxidoreductase domain that
directly accepts electrons from NAD(P)H, thus the electron transfer chain is
condensed into a single polypeptide. So far, only the Class C Flv3 from Synechocystis
sp. PCC 6803 has been characterized, being reduced directly by NADH (Vicente et
al., 2002).

Although the physiological extra redox partners of FDPs from Class A and B of many
organisms remain to be identified, their simple structural arrangement does not allow
them to be independent from extra redox partners. The similar domains in Class D
and B FDPs, suggests that similar redox partners may be involved in both classes.
The more complex modular nature of Class C FDPs abolishes the need of an external
redox protein. The presence of an iron-sulfur cluster in Class E FDPs suggests a
different redox partner that needs to be further investigated.

The “standalone” proteins biochemically characterized so far, are the Class C FIv3
from Synechocystis, and the Class F FDP from C. difficile since they can be directly
reduced by NADH without the need for extra electron transfer partners (Folgosa et al.,
2018b; Vicente et al., 2002). Nevertheless, knowledge on the FDPs putative redox

partners is still very limited.
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Figure 1.5- The modular organization of the flavodiiron protein family.

A) FDP classification according to the modular organization based on the proposed domain structure.

B) Scheme of the electron transfer chains comprising the known FDPs redox partners. C) Legend for the different domains. Adapted from (Folgosa
et al., 2018a; Saraiva et al., 2004).
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1.3.3 Spectroscopic properties

Spectroscopic methods such as UV-visible and Electron Paramagnetic Resonance
(EPR) are commonly used to characterize the flavodiiron proteins redox centers.

The visible and near-UV region spectroscopy can be used to characterize flavins,
contrary to the diiron center, since the absorptivity of this center is considerably lower
(~ 3x10° M*cm™ at 300 nm), relatively to the flavin cofactor (~ 12.5x10° M cm™ at
450 nm) (Saraiva et al., 2004).

The typical flavin UV-visible fingerprint of FDPs from Class A is very similar, namely
the band shape and their absorption maxima at approximately 375 nm and 455 nm
(Gomes et al., 2000; Silaghi-Dumitrescu et al., 2003). It was proposed that the
presence of a tryptophan residue, W348 (E. coli FDP numbering), that is coplanar to
the isoaloxazine ring of FMN cofactor, could be responsible for the the lack of
resolution of the absorption band at 455 nm (Saraiva et al., 2004). In FDPs where this
residue is absent (e.g. M. marburgensis FDP, that presents instead a glycine residue),
the band at 455 nm has two shoulders (Wasserfallen et al., 1995).

In Class B FDPs, due to the existence of a rubredoxin domain in the C-terminal
extension, the band at 455 nm is shifted to ca. 470 nm and an extra band appears at
approximately 570 nm due to the [Fe-Cys,4] center (Gomes et al., 2000). Therefore, the
spectra of E. coli flavorubredoxin results from the overlap of the spectral contributions
of the flavin and rubredoxin center [Fe-Cys,].

Also the spectra from Class C FDPs, which contain an FMN cofactor in the flavodoxin-
like domain and a FAD cofactor in the NAD(P)H:flavin oxidoreductase domain, is
dominated by the combination of both flavins (Vicente et al., 2002).

Since the diiron center has a low extinction coefficient, and the UV-visible
spectroscopic features of the flavin are in the same spectral region, it is not possible to
use this method to analyse the diiron center. EPR spectroscopy provides spectral
evidence for the diiron center in FDPs (Vicente et al., 2007a). The first report of FDPs
characterized by EPR was for E. coli, and later for enzymes from other organisms
(Frederick et al., 2015; Smutna et al., 2009; Vicente and Teixeira, 2005; Vicente et al.,
2012). In EPR, the FDP diiron center is silent in the oxidized state, since the two iron
ions are coupled antiferromagnetically (S=0) (Silaghi-Dumitrescu et al., 2003). The
diiron center is only easily detected by perpendicular mode EPR in a mixed-valence
state, i.e, one electron reduced, displaying resonances below g=2.0 (Smutna et al.,
2009; Solomon et al., 2000; Vicente and Teixeira, 2005; Vicente et al., 2012).
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1.3.4 Physiological functions of flavodiiron proteins

The first function reported for a FDP was as oxygen reductase for the strict anaerobic
sulfate reducing bacterium D. gigas, as a defence mechanism against O, deleterious
effects (Eq. 1.1) (Chen et al., 1993a; Chen et al., 1993b). A few years later, a new
function in FDPs was reported, namely NO reductase activity, based on in vivo
(Gardner et al., 2002) and in vitro studies in E. coli (Eg. 1.2) (Gomes et al., 2002b). In
Salmonella enterica serovar Typhimurium, deletion mutants of the FDP gene resulted

in an impaired growth of the cell cultures exposed to NO (Mills et al., 2008).

O, +4e +4H" > 2H,0 (Eq.1.1)

2NO + 2e + 2H" > N,O + H,0  (Eq. 1.2)

Following this finding, in 2003 it was reported the first bifunctional FDP with both O,
and NO reductase activity from M. thermoacetica (Silaghi-Dumitrescu et al., 2003). In
2006 it was also identified that D. gigas ROO, has in vivo protection against NO
stress, although in vitro it has a lower NO reductase activity comparing with its O,
reductase activity (Rodrigues et al., 2006).

Since 1998 until now, FDPs involved in photoprotection of oxygenic photosynthesis
have been explored. The first FDP from a phototrophic organism, namely the
cyanobacterial Synechocystis sp. PCC 6803 FIv3, was characterized by in vitro
studies (Vicente et al., 2002; Wasserfallen et al., 1998). Biochemical and kinetic
studies of FIv3 and its truncated form (NAD(P)H:flavin-reductase-like domain) showed
that this protein is an NAD(P)H:oxygen oxidoreductase, being capable to reduce O, to
H,O, without the production of ROS (Vicente et al., 2002; Wasserfallen et al., 1998).
However, only in 2003 in vivo studies revealed that its function together with Flvl, is
associated with photoprotection of photosystem | (PSl), under specific environmental
conditions through the Mehler reaction (Helman et al., 2003) as referred in Section
1.8.

The FDPs from the methanogenic M. marburgensis and M. arboriphilus have been
described as exclusively O, reductases. These proteins accept electrons from the

coenzyme F40H,, which is present in relatively high concentrations in methanogenic
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archaea (Seedorf et al., 2004; Seedorf et al., 2007). Also FDPs from some pathogenic
protozoa organisms such as G. intestinalis, T. vaginalis and E. histolytica are reported
to have oxygen selective reductase activity (Di Matteo et al., 2008; Smutna et al.,
2009; Vicente et al., 2012) (Table 1.2).

Overall, FDPs can be classified as exclusively oxygen reductases (O,R), or nitric
oxide reductases (NOR); or as bifunctional enzymes having the two reductase
activities, although with different efficiencies. However, recently has been reported a
Class F FDP from C. difficile with a high selectivity for oxygen as substrate, but also
showed affinity for hydrogen peroxide, being so far, the first FDP to be characterized

with peroxidase activity (Folgosa et al., 2018b).
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Table 1.2- General properties of FDPs (n.d. not determined, (a) absent).

Reductase .
Activities Redox potential (mV) Reference
. Quaternary O, NO S EeTe = EP
Organism Class Group S
tructure
. ) ) : (Chen et al., 1993b; Gomes et al.,
D. gigas A Anaerobic Dimer Yes Yes 0/-130 n.d (a) (a) 1997; Rodrigues et al., 2006)
. A Anaerobic Dimer Yes Yes - - (a) (@) (Silaghi-Dumitrescu et al., 2005b)
D. vulgaris
M. thermoacetica A Anaerobic Dimer Yes Yes -117/-220 n.d (a) @) (Silaghi-Dumitrescu et al., 2003)
C. acetobutylicum . (Hillmann et al., 2009; Kawasaki et
FDP, A Anaerobic Tetramer Yes  Yes - - (a) €) al., 2004; Kawasaki et al., 2005)
T. denticola Anaerobic n.d. Yes Yes - - (a) @) (Frederick et al., 2015)
' Tetramer e (Di Matteo et al., 2008; Vicente et
G. intestinalis Anaerobic Yes No 66/-83 +2/+163 (a) €) al., 2009)
- A Anaerobic Dimer Yes No +25/+25 +50/+190 (a) (a) (Smutna et al., 2009)
T. vaginalis
E. histolytica A Anaerobic Dimer Yes No -55/-140 +170/+132 (a) @) (Vicente et al., 2012)
C. acetobutylicum . . (Hillmann et al., 2009; Kawasaki et
FDP, A Anaerobic Dimer Yes  No . - @ (@) al., 2004; Kawasaki et al., 2005)
M. marburgensis A Anaerobic Tetramer Yes No - - (a) @) (Seedorf et al., 2007)
M. arboriphilus A Anaerobic n.d. Yes No - - (a) @) (Seedorf et al., 2004)
T. maritima A Anaerobic Dimer Yes  No . ) @) (@) (Hayashi et al,, 2010)
. . ) (Jouanneau et al., 2000;
R. capsulatus A Anaerobic Dimer Yes No +20 (a) €) Wasserfallen et al., 1998)
Synechocystis . . ) ) ) (Vicente et al., 2002; Wasserfallen et
sp. PCC 6803 C Aerobic Dimer Yes No (a) al., 1998)
Facultative (Gomes et al., 2002b; Vicente and
E. coli B . Tetramer No Yes -40/-130 -20/-90 -123 (a) Teixeira, 2005; Wasserfallen et al.,
anaerobic
1998)
F Anaerobic Dimer Yes No -170/-170 - -110  -250/-250  (Folgosa et al., 2018b)

n C. difficile
(63}
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1.4 Three-dimensional structure of flavodiiron proteins

1.4.1 Deposited FDPs crystal structures

Currently there are a total of fourteen crystallographic structures of FDPs from

different organisms deposited in the Protein Data Bank (Table 1.3). The first FDP

structure (ROO) was reported in 2000, from the sulfate-reducing bacteria D. gigas
(PDB 1E5D) (Frazao et al., 2000), and the most recent one was the E. coli FDP (PDB
4D02) (Romao et al., 2016b).

Table 1.3- Crystallographic structures of FDPs.

Class Redu.cyase Organism PDB Oxidation state Resolution References
activity code A
FDP domain
1VME Oxidized 1.80 Joint Center
o Structural
A O.R T. maritima 4DIK Oxidized 1.75 Genomics,
- (Fang et al.,
4DIL Oxidized 2.00 2012)
20HH Oxidized 1.70
A OzR M. marburgensis ~ 20HI Reduced 2.30 (Seegg(;;()et al.,
20HJ  Inactive oxidized 2.26
. - - (Di Matteo et
A O2R G. intestinalis 2Q9U Oxidized 1.90 al., 2008)
1YCF idi .
C Oxidized 3.00 (Silaghi-
A O,R/NOR M. thermoacetica 1YCG Reduced 2.80 Dumitrescu et
l., 2005
1YCH NO reacted 2.80 a )
A ORINOR D. gigas 1E5D Oxidized 2,50 (Frazao etal.,
2000)
4D02 Oxidized 1.75
B NOR E coli 5LLD Reduced 2.65 (Rorznoe-}]_%g; al.,
5LMC Oxidized with 1.90

[Fe-4S®]cluster

C O2R

C O2R

Anabaena

Anabaena

4FEK

Oxidized

flavodoxin-like domain

3FNI

Oxidized

2.00

2.30

Joint Center
Structural
Genomics

Joint Center
Structural
Genomics
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The available FDPs structures show similar three-dimensional arrangements with
overall Ca r.m.s.d.’s within 1.2-2.1 A (Table 1.4).

These proteins are oxidoreductases, so it is extremely relevant to determine their
structures in different oxidation states (Tabel 1.3). The majority of these structurally
characterized FDPs is oxygen selective or bi-functional and belongs to Class A.

The M. thermoacetica FDP was crystallized in the as-isolated (oxidized) form (PDB
1YCF) and then crystals were reduced (PDB 1YCG) and reoxidized with an NO
releaser (PDB 1YCH) (Silaghi-Dumitrescu et al., 2005a).

The M. marburgensis FDP was crystallized anaerobically in the reduced state (PDB
20HI), and then air-exposed resulting in the active oxidized state (PDB 20HH) and in
an inactive oxidized form (PDB 20HJ) (Seedorf et al., 2007).

The crystallographic structure of E. coli FDP was obtained in the as-isolated (oxidized)
state (PDB 4D02), including the [Fe-4SG] atoms from its Rd domain (PDB 5LMC) and
in the reduced form (PDB 5LLD) (Romao et al., 2016b).

In M. thermoacetica FDP, the structural variations in the different oxidation states are
subtle, with a distance between the two irons of 3.3-3.4 A. The major difference
between the structures is related with the presence of one ethylene glycol molecule
located in the substrate binding site of the diiron site in the reduced form (PDB 1YCG),
while an oxygen or water molecule was found in the as isolated state (PDB 1YCF) and
NO-reoxidized state (PDB 1YCH), respectively.

In the M. marburgensis FDP crystal structures, higher differences among the different
crystal forms were observed. These structural changes are related with the diiron
center and with a “switch-loop” that comprises the region P148-P153 (Seedorf et al.,
2007). In the reduced state (PDB 20HI), the diiron site retains its metal ligands and
the “switch-loop” is in a closed conformation. However, in the inactive oxidized state
(PDB 20HJ), while the distal iron (iron far from FMN cofactor, Fey) maintains its
ligands coordination, the proximal iron (iron close to the FMN cofactor, Fep) is
displaced away from its original location (~ 7 A from Fey), disrupting then the diiron
center. Moreover, a third iron center appears close to the solvent exposed molecular
surface although far from Fey (~ 20 A). Here, the “switch-loop” is in an open
conformation. Finally, in the active oxidized state (PDB 20HH), the diiron site is
maintained but the “switch-loop” is in a mixed conformation with an occupancy of 0.6
in a closed conformation (as in reduced state) and an occupancy of 0.4 in an open

conformation (as in inactive oxidized state).
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Table 1.4- Comparison of FDPs overall fold. The Ca r.m.s.d.’s (A) for E. coli FDP (PDB 4D02, 5LLD and 5LMC), T. maritima FDP (PDB
1VME, 4DIK, 4DIL), M. thermoacetica FDP (PDB 1YCF. 1YCG, 1YCH), M. marburgensis FDP (PDB 20HH, 20HI, 20HJ), D. gigas ROO
(PDB 1E5D) and G. intestinalis FDP (PDB 2Q9U) are presented above the diagonal (grey region). In the cases where more than one
crystallographic structure is known, a range of Ca r.m.s.d.’s (A) is represented. Sequence identities percentages (%) are shown in the rows
below the diagonal. For each crystal structure is presented the corresponding resolution (A).

E. coli FDP

oxidized (1.75 A); T. maritima FDP M. thermoacetica FDP M. marburgensis FDP

reduced (2.65 A) oxidized (1.80 A); oxidized (3.00 A); oxidized (1.70 A); D. gigas G. intestinalis
oxidized with '[Fe_ 4'36] H90A (1.75 A); reduced (2.80 A); NO reduced (2.30 A); ROO (2.50 A) FDP (1.90 A)
cluster (1.90 A) HI0N (2.00 A) reacted (2.80 A) inactive oxidized (2.26 A)
E. coli 0.14-0.27 1.94-2.06 1.46-1.51 1.56-1.69 1.39-1.42 1.61-1.65
T. maritima 23.8 0.52-0.61 1.94-2.09 1.96-2.05 1.74-1.81 2.01-2.06
M. thermoacetica 41.9 26.5 0.09-0.24 1.35-1.44 1.16-1.18 1.46-1.53
M. marburgensis 37.8 29.5 41.6 0.52-0.69 1.38-1.41 1.29-1.33
D. gigas 349 25.9 41.4 31.9 -- 1.41

G. intestinalis 31.6 24.1 37.8 311 31.8 =
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Recently, it was reported by the first time the structure of a FDP with exclusive nitric
oxide reductase activity and belonging to Class B, thus composed of an extra C-
terminal Rd domain, namely E. coli FDP (Romao et al., 2016b). The crystallographic
structures were obtained for the as-isolated (oxidized) form (PDB 4D02, 5LMC) and
upon chemical reduction (PDB 5LLD). The major differences between these two forms
consist in: i) a loss upon reduction of the y-OH™ moiety bridging the two irons in the
catalytic center, ii) a shorter Fe,-Feq distance in the reduced form and iii) the presence
of a phosphate anion in the active site pocket in the as-isolated (oxidized) form, while
in the reduced form it is present an oxygen molecule.

The E. coli FDP as-isolated (oxidized) form (PDB 5LMC) showed in its solvent region
a well-defined tetrahedral electron density with ca. 3.9 A long edges, suggesting that
could correspond to the Fe-S4 center from the rubredoxin domain. This indicates a
disordered localization of the C-terminal Rd domain that is connected to the flavodiiron
core by a flexible coil with ~ 20 amino acids. This is in agreement with previous
reported Small-angle X-ray scattering (SAXS) studies of this protein in solution
(Petoukhov et al., 2008). A representative model of the E. coli FDP Rd domain
structure obtained by NMR (PDB 2MS3) was tentatively positioned in the asymmetric
unit (a.u.) by fitting its [Fe—4S®] moiety into the tetrahedron shaped electron density
found in the solvent region of E. coli FDP. This approach allowed to relate the extra
density of the heavier atoms from its [Fe-Cys,] center, with the highly disordered Rd
domain (Fig. 1.6).

The crystal structure of a Class C FDP, composed of the flavodiiron core plus the
extra C-terminal NAD(P)H:flavin oxidoreductase, remains to be determined. However,
structures of the truncated B-lactamase and flavodoxin-like domains are available.
One of these structures is the metallo-B-lactamase-like domain of Anabaena sp. PCC
7120 (PDB 4FEK), although revealing the absence of a diiron center. The flavodoxin-
like domain structure of Anabaena sp. PCC 7120 (PDB 3FNI) was also determined,
being however deflavinated. The FDP core domain (B-lactamase and flavodoxin-like
domains) of Flvl from Synechocystis sp. PCC 6803, was determined in the scope of
this thesis (Chapter 1V).
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Figure 1.6- Monomeric structure of E. coli FDP and its rubredoxin domain. Cartoon
representation of the crystallographic structure of E. coli FDP (PDB 4D02) monomer (f3-
lactamase and flavodoxin-like domains are colored as orange and light brown, respectively),
and localization of the Rd domain (blue) determined by NMR (PDB 2MS3) in one of the
possible orientations. Iron atoms are represented as black spheres, and FMN and residues as
sticks. Carbon is colored as grey, nitrogen in blue, sulfur in yellow, oxygen in red and
phosphorous in orange.

1.4.2 Minimal functional unit

The FDP core is defined by two structural domains: a metallo-B-lactamase and a
flavodoxin-like folds (Section 1.3.2) (Fig. 1.7 A).

The first three dimensional structure of an FDP (Frazao et al., 2000), revealed the
presence of a minimal functional unit that results from a “head-to-tail” arrangement of
two monomers (Fig. 1.7 B). This dimeric arrangement has been observed in other
FDPs structurally characterized so far (Table 1.3). Since the iron atoms and the FMN
cofactor of the same monomer are located at ca. 40 A apart, the “head-to-tail”
dimerization will allow an efficient electron transport from the FMN cofactor of one
monomer to the diiron center of the opposing monomer since it brings these two
cofactors to a shorter distance (~6 A) (Frazao et al., 2000; Romao et al., 2016a;
Seedorf et al., 2007).

Flavodiiron proteins have been isolated as functional homodimers or homotetramers
(dimer of dimers) (Di Matteo et al., 2008; Frazao et al., 2000; Romao et al., 2016b;
Seedorf et al., 2007; Silaghi-Dumitrescu et al., 2005a) (Table 1.1 and Fig. 1.7 C, D).
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Figure 1.7- Overall structure of E. coli FDP. A) Cartoon representation of the crystallographic
structure of E. coli FDP (PDB 4D02) monomer, with the N-terminal metallo B-lactamase-like
domain colored in orange and the C-terminal flavodoxin-like domain in light brown. B) Cartoon
representation of the dimeric “head-to-tail” configuration with molecular surface of one of the
monomers colored as referred in A) while the other monomer has the B-lactamase-like domain
colored as red and the flavodoxin-like domain as brown. Distances between the diiron and the
FMN cofactor from the same monomer or by the “head-to-tail” related monomer are
represented. C) Cartoon representation of the tetramer conformation with molecular surface of
one of the monomers. The “head-to-tail” dimer in the back view is colored as grey. D)
Molecular surface representation of the tetramer conformation colored as in C). Iron atoms are
represented as black spheres and FMN as sticks with carbon in grey, nitrogen in blue, and
oxygen in red.

1.4.3 Metallo-B-lactamase-like domain

FDPs monomers contain a metallo-B-lactamase-like domain (~250 residues) in the N-
terminal. In spite of the low amino acid sequence identity (11-20%) between the B-
lactamase-like domain of FDPs and other metallo-B-lactamase proteins, they have a

very similar fold, a aBBa sandwich fold where the two inner B-sheets are surrounded
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by two sets of solvent exposed a-helices (Fig. 1.8 A and B) (Cameron et al., 1999;
Carfi et al., 1995; Garau et al., 2005; Gomes et al., 2002a; Romao et al., 2016b). The
structural comparison of metallo-B-lactamases and metallo-B-lactamase-like domain in
FDPs, shows Ca r.m.s.d.’s within 2.1-2.7 A for 3.5 A Ca distances cutoff (Table 1.5).

The B-lactamases-like proteins catalyze redox or hydrolytic reactions, and may
harbour mononuclear or binuclear metal centers with single or mixed metals such as
iron, zinc or manganese (Fig. 1.8 C) (Bebrone, 2007; Liu et al., 2005; Paul-Soto et al.,
1998; Schilling et al., 2005; Sharma et al., 2006; Yu et al.,, 2009). Persulfide
dioxygenases and FDPs are proteins involved in redox reactions. While persulfide
dioxygenases catalyses the oxidation of glutathione persulfide (GSSH) to glutathione
and persulfite, the FDPs are involved in the direct reduction of dioxygen and/or nitric
oxide to water and nitrous oxide. The hydrolytic reactions are performed by methyl
parathion hydrolase, glyoxalase Il, metallo-B3-lactamases, N-acyl homoserine lactone
hydrolase and alkylsulfatase (Bebrone, 2007; Cameron et al., 1999; Carfi et al., 1995;
Dong et al., 2005; Garau et al., 2005; Garces et al., 2010; Hagelueken et al., 2006;
Kabil and Banerjee, 2012; Liu et al., 2005). For example, the glyoxalase Il is part of a
glyoxalase system that catalyzes the conversion of toxic 2-oxoaldehydes to the
corresponding 2-hydroxycarboxylic acids using glutathione as a coenzyme. The
metallo-B-lactamases hydrolyze 3-lactams, while alkylsulfatases have the ability to

hydrolyze long-chain alkyl esters such as the detergent sodium dodecyl sulfate (SDS).
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Table 1.5- Comparison of FDPs N-terminal domain with the B-lactamases proteins. The Ca r.m.s.d.’s (A) are presented above the
diagonal (grey region). FDP codes: E. coli FDP (PDB 4D02), T. maritima FDP (PDB 1VME), M. thermoacetica FDP (PDB 1YCF), M.
marburgensis FDP (PDB 20HH), D. gigas ROO (PDB 1E5D), G. intestinalis FDP (PDB 2Q9U). The B-lactamases proteins codes: H.
sapiens glyoxalase Il (PDB 1QH5), H. sapiens persulfide dioxygenase (PDB 4CHL) and P. aeruginosa alkylsulfatase (PDB 2CFU).
Sequence identities percentages (%) are shown in the rows below the diagonal.

E. coli T M. . M. . .D‘ . G . H. sapiens %é?sal?llf?dn; aerugi.nosa

maritima  thermoacetica  marburgensis  gigas intestinalis  glyoxalase dioxygenase alkylsulfatase
E. coli - 1.28 1.07 1.30 1.23 1.45 2.50 2.38 2.15
T. maritima 34.2 -- 1.42 1.64 1.25 1.54 2.61 2.47 2.07
M. thermoacetica 41.1 329 - 1.03 1.30 1.41 2.57 2.38 2.31
M. marburgensis 38.3 35.6 42.6 - 1.03 1.47 2.51 2.57 2.19
D. gigas 43.6 32.9 45.6 36.9 - 1.33 2.56 2.54 2.14
G. intestinalis 39.6 30.2 43.0 36.2 38.3 - 2.67 2.64 2.25
H. sapiens glyoxalase 121 114 135 17.4 13.9 18.1 - 1.95 2.40
z'i'o iigf:assgersu'ﬂde 20.1 12.8 14.4 195 16.8 143 25.5 - 2.48
P. aeruginosa alkylsulfatase 195 18.8 18.1 19.5 20.1 13.1 16.1 16.8 --
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The enzymes within the metallo-B-lactamase superfamily require several different
metals. The glyoxalase Il enzymes contain a binuclear metal center that can bind zinc,
iron, or even mixed metals (Wenzel et al., 2004; Zang et al., 2001). Metallo-B3-
lactamases are zinc-dependent enzymes, containing a mono- or di-zinc center, and
alkylsulfatases have a binuclear zinc center (Fig. 1.8 C) (Hagelueken et al., 2006).
Persulfide dioxygenases have the ability to bind an iron (Pettinati et al., 2015) and
FDPs contain a diiron center as referred on Section 1.4.3.1. The main ligands involved
in metal coordination in these enzymes are the imidazole groups of histidine, and the

acidic side chains of aspartate and glutamate residues.

D58 H56

Figure 1.8- Structural comparison of the metallo-B-lactamase-like domains. A) Topology
diagram of the monomers with the afpa lactamase-like fold for the H. sapiens glyoxalase I
(PDB 1QH5, coloured in blue), P. aeruginosa alkylsulfatase (PDB 2CFU, pink), H. sapiens
persulfide dioxygenase (PDB 4CHL, green) and E .coli FDP (PDB 4D02, orange). Circles and
triangles represent a-helices and B-chains, respectively. B) Cartoon representation of the
monomers color coded as in A). C) Stick representation of the metals active site for the same
proteins as referred in A). The oxygen, zinc and iron ions are represented as red, grey and
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black spheres, respectively. Ligands are shown as sticks with carbon atoms in grey, nitrogen in
blue and oxygen in red.

1.4.3.1 Diiron center

The catalytic center of FDPs is a diiron site, where reduction of O, (to H,O) and/or NO
(to N2O) occurs (Kurtz, 2007; Romao et al., 2016a). This center is located within a
groove at the interface between the two inner B-sheets of the B-lactamase-like fold. It
is surrounded by ap loops and B-hairpins, being in the vicinity and limited by the C-
terminal domain of the opposing monomer. In the metallo-B-lactamases superfamily,
there is a large pocket for the bulky substrates binding, while in FDPs the metal site is
covered by a unique two-stranded [(-sheet which hinders the access of large
substrates, namely B-lactams, to be hydrolyzed. Neverthless, it allows the acess of
small molecules, such as oxygen and nitric oxide to the active active center (Fig. 1.9)
(Romao et al., 2016a).

Figure 1.9- Molecular-surface comparasion of the cavity adjacent to the catalytic metal center
in glyoxalase and FDPs. A) Molecular surface for glyoxalase Il (PDB 1QHS5) from Homo
sapiens. B) Molecular surface for FDP (PDB 4D02) from E. coli. The molecular-surface
representations in panels A and B are in the same orientation. The cavity is coloured in green
and its calculation was performed using the CASTp server (Dundas et al., 2006).

The ligands that coordinate FDPs diiron center, are almost strictly conserved
(canonical FDPs) with the exception of some FDPs from oxygenic photosynthetic
organisms that contains a high variety of possible metal ligands (non-canonical FDPSs),
namely positively charged or neutral residues. This led to the classification of 17

different subtypes of Class C FDPs as explained in the Discussion section.
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The conserved ligands present in canonical FDPs are composed of four histidines,
two aspartates and one glutamate residues, from a highly conserved motif: H79-x-
E81-x-D83-H84-Xxg,-H147-X15-D166-X50-H227 (E. coli FDP numbering).

The proximal iron (Fep), which is the iron closest to the FMN, is coordinated by
H147"%2 H79"%? and E81°F!, whereas the distal iron (Feg), which is the iron further to
the FMN, is coordinated by D83°%? H84"®? H227"% and D166°°"°™ bridges the two
irons (Fig. 1.10 and 1.11 A). Additionally, one p-hydroxo bridge can coordinate both
irons.

In D. gigas ROO (PDB 1E5D), the H84 side chain is displaced from the diiron center
being replaced by a water molecule (Fig. 1.11 B). This residue establishes hydrogen
bonds with D225°°*°%? D49°"! and Q78" (D. gigas ROO numbering). While D49 is
conserved among all FDPs with known structures, the residue D225 is substituted by
a serine in M. marburgensis, E. coli and M. thermoacetica FDPs, or by an alanine in
G. intestinalis FDP, and Q78 is substituted by an asparagine residue in all others
FDPs (Fig. 1.10). Therefore, the unique H84 conformation observed in D. gigas ROO,
could be related with the presence of D225 and Q78. In order to understand the role of
this H84 (D. gigas ROO), the corresponding histidine residue from T. maritima FDP
was mutated to an alanine (H90A) or an asparagine (H90N) (Fang et al., 2012). While
in the crystal structure of T. maritima FDP H90N (PDB 4DIL), the mutated asparagine
is coordinating Fey, in H90A (PDB 4DIK), a solvent molecule coordinates this iron.
However, steady-state activities and pre-steady-state kinetics were not significantly
affected by these mutations, remaining the oxygen reductase activity higher than the
nitric oxide reductase one, as verified in wild-type T. maritima FDP. This suggests that
H84 (D. gigas ROO numbering) is not related with substrate specificity (Fang et al.,
2012) (Section 1.5).

36



LE

Tm FDP|. . .. ... ... ... MGSDK IHHHHHHMPK IWTER | FDDPEIYVLRIDDDRIRYFEAVWE | PE[®I SYNNAYLVKLNGANVLLID. . . .. GWKGNYAKEF IDALS
Eh FDP [. . . . . . . MKALEVVKDLYWVGVFDKELR.VEDI IMTTPY[ETSYINSFLLKSEKGNVILFE . . . .. TCKENFAGECLERIE
A Mm_FDP|. . . . . . . . MKAAAKRISDGVYWTGVLDWDLRNYHG. . .YTLQIETTYINAYLVCGDEGVAL IDNSYPGTFDELMAR. .VEDAL
Mt_FDP |. . . . . . . MSQPVA . I TDGIYWVGAVDWN IRYFHGPAFSTHRIETTYIJAYL IV .DDKTALVD. .. .. TVYEPFKEEL I AKLK
Dg FDP |. . . . MQATK/I IDGFHLVGA IDWNSRDFHG.YTLSPMETTYWNNJAYLVE .DEKTTLFD. .. .. TVKAEYKGELLCGIA
Gi FDP |. . . .. ... .. ... MSSKPKYVQDQEMIPGVYWVGIVDWMVR I FHG. . YHTDE[ISSYlNSYFID.DECPTVID. .. .. SVKYPFAEEWLSRIA
BIEC_ FIRd|. . . . .. ... .. ... MSIVVK. . . NNIHWVGQRDWEVRDFHGTEYKTLRIESSYlNNSYL IR.EEKNVLID. .. .. TVDHKFESREFVQNLR
Flvi MG I HAKLETVQLPLLVSCLFPPLTMPAKDVQICPIAVDTTVFRSRTWDRL .KFEIEYGLQRETTARNSYL IS . ADKIALFD. .. .. PPGESFTDNFVGTL |
CFI\/Z .MISPIGGLSQALHSPSDSIFVASLPRDIQVAEIAPQTKVLRSRLWDRL .KFEVEYGRRR[ETTSINSYL IQ.ADHTALID. .. .. PPGESFCDLYLAELP
Fv3 | MFTTPLPP . . ... QKRLSTQTEAIAKNITAIRSLDWDRD .RFDIEFGLQONETTYNNSYL IQ.ADKVALVD. .. .. SSHEKFRQLYLDLLQ
Flvd [ .o MVTLIDSPTSAAVQPRLTLQTADIAAHTTAIRCLDWDRD .RFDIEFELRHETTYINSFLIR.GEKTALID. .. .. TSHRKFEAVYLQLLQ
DICK FDP [. . . . . . . . . MNALE IKKDIYWVGALDPDLR. IEDI IMNTPYRTTYINSYV IKGSEKTAVFE . .. .. TAKERFFDEFLERLN
E[Sw FDPI. . . . . . . . ... MQSVKIKENIYWVGVQDPDLR.VFDI| IMRTEK[GSSYINAYL I KGSEKTALVE . . . .. TVKDEFFEEY I|EKLQ
FIPA_FDP |. . . . . . .. . MSLKSLKIKENLYWVGSLDPDLR.VFDI IMYTPYETTYNJSYVLKGTEKTVLFE . .. .. TVKDKHFDNY I ERLN
GIE FDP_[. . . . . . . .. MNDK I TDSIVYVGVNDYD ID.LFEGHYVVPE[EIMAYINSYV IL .DQKVAVMD . .. .. TVDQRKTSEWLQNVY
H|Sw FDPZ. . . . .. .. ... ... .... MAENYSKGGMLVKALEIKENVFYVGVQDYDLR .VFDIVMRTEY[ETSYNAYLVKGREKTVLVE . . . .. TVKDKEFDEY I KDLQ
Tm_FDP K| . VDPKE I THI IVNRI TEPDHSGSLPATLKTIGHDVE I IASNFGKRLLEGFYGIK. . .DVTVVKDG. .EERE I[§. GKKFKFVMTPWLHWMZED TMVTYLDG .
Eh FDP [DV IGKEGKLDY IVLNTEPDHSGSLVHILEKY .PEATVIGTMAALNNIKY IGHIK. . ENTKTLNSGK IKTLDL[]. NYHLKFL |QPFLHWMZDTMMTV |EEM
AMmiFDPQQ.VGMERVDYI | ON[g]lVEKDHSGVLVELHRRF .PEAPIYCTEVAVKGLLKHYPSLREAEFMTVKTG. .DVLDL[Y. GKTLTFLETPLLHWMEDSMFTLLDED
Mt_FDP |Q | . KDPVKLDYLVVNRTESDHAGAFPAIMELC .PDAHVLCTQRAFDSLKAHYSHI .DFNYTIVKTG. . TSVSL[§. KRSLTFIEAPMLHMZDSMFTYVPEE
Dg_FDP |SV . IDPKKIDYLV IQLELDHAGALPALIEAC.QPEKIFTSSLGQKAMESHFHYK .DWPVQVVKHG. .ETLSL[]. KRTVTFYETRMLHWMZDSMVSWFADE
Gi FDP |AC . CPLDKIKYVVMNEIAEGDHASSLKDHYHKF . TNATFVCTKKCQEHLKILYGME .KATWL IVDDK . .YTLK I[¢. KRTLKFIPVPLLHWZDSTFTYCPED
BlEc FIRA INE . IDLADIDY I VINBGIAEEDHAGALTELMAQ!I .PDTPIYCTANAIDS INGHHHHP .EWNFNVVKTG. .DTLD I[INGKQL | FVETPMLHWZDSMMTY L TGD
Flvi QR .LDLNSLDYV I LGREIVNANRAHTLKLLLSLA . PQATI ICSNPAAQNLEKLLADAEVNNP IQVMKGN .DHLDLERGHELTFIPTPSPRY[HGQLCTYDPRT
CFI\/Z KY .LDLAQLDY IVASEIVNPNRMVTLEQLLRRA . TKAKLICSRPAAKVLKATFPHWEER. .FQTVRSQ .DMLDL[ERGHKLQLMTLPTPRWEDGLCAYDAGS
FIv3 GL . IDPQRIDYL IVSEITEPDHSGLVKDILQLN.PRITVVATKVALQFLDNFVHQPFER. .. IQVKSG.DRLDL[GOQGHDLEFVSAPNLHWMHED TMLTYDPAT
Flv4 DL.VDLRSLDYL IVNETEPDHSGL IPDLLELA .PQVTVVGSKVAIQFLEKLVHRPFES.. . QIVKSG.HSLDL[JOGHELQFISAPNLHWMZDTILTYDSGT
D|Ck FDP [SANVD IKNIDY | VVDRITEPDHSGS | AKLLDLS .PNAKLVGSAAAIRFMKAISNKK..FDSIVVKDG. .DTLDL[]. NKTLQFISAPFLHWMZDS|YTYVPED
E|Sw FDPIE | . IKLED IDYL IMNITEPDHSGS | ARLLEKA .PGITVVGSSNTIEFLRE I INKD..FDARIVGQG. .SNLNLfe. DKSLHFIGATLLHWZDSIYSYLPED
F|Pd_FDP DLNIDFEKIDY IVVS[EITEPDHAGSVEKLLDLA . KNAKVVASETAIKYLKEIVNKD..FEYVAVTDG. .DTLSIf¢. DKTLEFFSVPMLHWZEDTIYTY | KED
G[E_ FDP_[CV . LQGRRPDYLVVQRVEPDHSAS IQAFLNTY .PETTVVGNSKIFQMIHQFFPELTLKNKLEVGDG. .DTLRLf®. THELTFVFAPMVHWMHZEVMVTYDAAD
H|Sw FDPJE | . VKLSE IDYL IMNETEPDHSGSVEKLLEL | .PGLTILGSQTAIRFLKEISNKN..FSSRELNHG. . DELDL[§.GKTLRFISAPFLHWEDSMYSYLPED

* * k%

*

82
65
68
66
64
70
64
93

7
82
65
65
67
63
76

174
161
163
160
158
164
159
190
186
171
176
159
158
161
158
169
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B-lactamase-like domain

. IMFSCDVGEGYLLP .EILDDSNESVVERYLPHVTKY IVTVIGHYKNY ILEGAEKLS . ... .. SLKIKALLPGEREL IWKKD . . PQRLLNH|
KV[MVSCDV/F[GHYADERV/IEFNDQMMER | KDMDDAYKHYFDC/I FGPFKNYV | KGILDM I ETQMGFPSDELKAICCSEIEPVLRTH. . IKENIER
G I[AFSNDAF[§QHLCCPQRLDREIP . .EYILMDAARKFYANL I TPLSKLVLKKFDEVKE . .LGLLERIQMIAPSEKEQ IWTD. . .PMKI IEA
A LML PNDA F[§JQH I ATSVRFDDQVD . . AGL IMDEAAKYYANITLMPFSNL I TKKLDE I ... .QKINLAIKTIAPS[EKEI IWRKD..PGRI |EA|
KV[M1 SND | F[§QN I AASERFSDQIP. .VHTLERAMREYYANIVNPYAPQTLKAIETL ... .VGAGVAPEFICPDIEV | FRGADQCTFAVQK
K I[MFSNDGF[QHYATSRRWADECD . . VSHVMHLFKEYTAN | LIGL FSAQMRKA[LEVAS . . . . .. TVEIKY ILSARKEV SWRGD . AMGLA | AE
AVIQFSNDA F[§QHYCDEHLFENDEVD . .QTELFEQCQRYYANILTPFSRLVTPKITEI ... .LGFNLPVDMIATS[ZK§VVWRDN. .PTQIVEL
E/I[AF TDK L F[AHVCGDQVFDEGWT. ... | YQEDRRYYFDCLLAPAAAQVSAALLNKLE . .. ... AYPAQTYAPS[EKEPLVRYG. . LRELTRN|
QI[dFSDKLF[§THVCGDA | FDEDWR. .. . QLGGDRRFYFDCLHAPQTRQVETALDQFD. . . . .. PLTLKMIAPG[REP LVRFS . . LSRLYSD|
EI[MFTCDV F[MHYCSDAVFDIDLG. .. .KIAPDYQFYYDCLMGPNARSVLAAKRMDN . . .. .. LGTISTVANGRIEPLLRHN . . VGELLHR]
QV[RY TCDV F[gMHYCDDSLFDETPE. .. .RLEPDFQYYYNCLMGSNARSVLMALKRIA . .. ... PLQVVLVATGEKEP LLQHH . . ISHWLG
NI[¥I TCDSF[JAHYCSSKVFENDLN . TDETGYMDALKYYFDGIMGPFKPYVLEAIDKIK. ..... DLK[IDI[IcCPGIEPVLRKD . .PLRIVNL
RI[AFTCDSF[SHYASDK | FDDL | . . .EEDFSQEYKYYFDV IMGPFKPYVLRALLERIK . .. ... GLDIDIICPGEIEP | LRSN. . ITHY IDL
KTV TCDS F[§SHYSNDK IVNTLDENEEKDYLDALRYYYDCIMGPFKPSMVTAITEK K. .. ... DLDIDTVCPG[gR&PVLTEN. .PRK I IDL
RVIAFSADGF[§K FGSRDAGG . . . . . . . .. DWACEARRYYFGIVGKYGEQVQNLLKKAAG. . . ... LDIAMICP LgKEPVLTEN. . LGYYLGL
K I[@F TCDSF[§SHYADEKVIENDL | .. .DFDFTDAYKYYFDMIMGPFKPYVLEALEKIK. .. ... DLEFDVICPGEIEPVLRQN . .LDYY IEL
* *
Flavodoxin-like domain
. .DPKKGKVTVIYDSMYGFVENVMKKA IDSLKEKGFTPVVYKFSDEERPAISEILKDIPDSEAL | FGVSTYEAE IHPLMRFTLLE I IDKANY .. .EKPVL
. IALKNKVV IAYGSAYGYTQKMAEQISEGIKSTG. . .VEVKMFNIVESSVGDVLKEFEDAKIGLLLGTPTLVNDTIPPIMQIACSLNPTIHC...NRFVQ
.MVDERVTVIYDTMHGSTRKMAHA IAEGAMSEG. . .VDVRVYCLHEDDRSE IVKD/ILESGAIALGAPTIYDEPYPSVGDLLMYLRGLKFNRTLTRKAL
. .QGKAKAV IAYDTMWLSTEKMAHALMDGLVAGG. . .CEVKLFKLSVSDRNDV IKE|LDARAVLVGSPTINNDILPVVSPLLDDLVGLRPK. . .NKVGL
. .KPTNKVV I FYDSMWHSTEKMARVLAESFRDEG. . .CTVKLMWCKACHHSQIMSEISDAGAV IVGSPTHNNGILPYVAGTLQY IKGLRPQ. . .NKIGG
. .HCQKKVTVVLDSMYGTTHRMALALLDGARSTG.. .CETVLLEMTSSDITKVALHTYDSGAVAFASPTLNNTMMPSVAAALNYVRGLTLIK..GKPAF
. .YQEDRITIFYDTMSNNTRMMADA IAQGIAETDPR.VAVKIFNVARSDKNEILTNVFRSKGVLVGTSTMNNVMMPK IAGLVEEMTGLRFR. . .NKRAS
.QQAQALNVAL IYASAYGNTSTLAQAIARGITKAG. . .VAVTAINAETSNAEEIKEAIGKSAGFI|IFGSPTLGGHAPTPIQTALGITLANASK...TQLCG
.QPSQTLKVALIYASAYGNTATMARAIAQGLVKAG. . .VAVETINCEIAEPNEIVEAIQACDGFIVGSPTLGSHAPVQIQTALGIVLSSATK...TKLAG
.QSKAEKTVVVFYVADYGYGDRLSQAIAKGITKTG...VGVDMVDLSSADPQEIQELVGHASGVVLGMPPLQAN. .ADLSTNFGAVLAAMQP .. .KQVFG
.QVKAETFVALFYVDGYGVSDRLVQTIADGISKTG. . .VAIELVDLSVADTHEVRTLAQCAAGLVVGMPPQSSTS . TTLDPLLGTILAAVHP .. .KQVIG
AKPGSKKY IVIPYVSAYGYTESLANRI IEGIRAYGD. .FEIKSYNVIYSDMNEILENIGKANGILFGSPTINGDALKPILDILISLNPIVHG...GKVAA
AESDPRPK I VMAYASAYGYTRMLAES | IEGLNKSGF . .FNLKEFDLVEASTEEVLLELENARGFL IGSPTINKDCVPPVWNLLSSMSP | IHE...AMVAA
EQIKLEKEVTICYVSAHGYTKIMAEAIKAY IEKNSN. .YKVNLFDVIEHKQEDILAKIAVSQGVLFGTPTILGDALKPIWDILISLNPVLHG. . .GKVAS
. .PEDDGVCICYTSVYGHTKKAAEMLCTELQDKGVP . .EVVLHDLARSDISECVEDAFRLDKLVLATTTFNSEIFPFMREFIDHLVERNYQ...KRTVA
AEGEKKPS IVLAYVTAYGYTEMIADSLLEGISMMGD . . FDIKRYNLVEGGLEEVLQS/IDQADGLLVGSPTINGDALPPIWDLITRLSPITHS...DKVAL
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Figure 1.10- Amino acid sequence alignment of FDPs from classes A-H. The sequence alignment was obtained with ClustalX (Larkin et al., 2007)
using Thermotoga maritima FDP (Tm_FDP), Entamoeba histolytica FDP (Eh_FDP), Methanothermobacter marburgensis FDP (Mm_FDP),
Moorella thermoacetica FDP (Mt_FDP), Desulfovibrio gigas ROO (Dg_FDP), Giardia intestinalis FDP (Gi_FDP), Escherichia coli FDP (Ec_FDP),
Synechocystis FDPs (FIvl, Fiv2, Flv3 and Flv4), Clostridium kluyveri FDP (Ck_FDP), Syntrophomonas wolfei FDP (Sw_FDP1), Peptoclostridium
difficile FDP (Pd_FDP), Eubacterium FDP (E_FDP), Syntrophomonas wolfei FDP (Sw_FDP2). The C-terminal extensions from classes B-H were
not included. Black boxes correspond to strictly conserved residues and the grey boxes represent the mostly conserved residues. The metal

Tm_FDP [VIFGV HGWAP .
Eh FDP [CFGSFGWSG .
Mm_FDP|V FGSMGGNG .
Mt_FDP |[AFGAYGWGG .
Dg_FDP |[AFGSFGWSG .
Gi_FDP |AFGAFGWSNRAVPDIVAELRDGCKADVYDEKGITFKFNYTEELILEQAYNAGVDLGKRAIAYCEKNAPKQ
AFGSHGWSG .
FIVL VIFGS FGWSG .
Fiv2 VIFGSYGWSG .
Fiva LYESYGGDD .
Flva LIFESGGGQD .
Ck_FDP |AFGS YGWSG .
Sw_FDPIAFGAYGWSG .
| VIFGSYGWSG .
E FDP_|L | ENGSWAP .
Sw_FDPJAIFGA YGWSG .

Flavodoxin-like domain
SAERTAGELLKETKFRILSFTE IKGSNMDERK IEEAISLLKKELE . . . . ... .......
EGVKNLSARIVQLKVHQPVEP .LSIKFQPNSNE[LQTCFEWGKKFAEALKA . .. ... ...
GATGTMKELLLAEAGFDVACE . .EEVYYVPTGDELDACFEAGRKLAAEIRR. . ... ....
GAQK I LEERLKAAKIELIAEPGPTVQWVPRGEDLQRCYELGRKIAARIAD. . ... ....
ESTKVLAEWLTGMGFDMPATP . VKVKNVPTHADYEQLKTMAQT IARALKAKLAA . . . ..

GAVDRLSTRLQDAGFEMSLS . . LKAKWRPDQDALKLCREHGRE I ARQWALAPLPQSTVN
EAIDMLENKFRDAGFSFGFDT. IRVKFKPTDQTLKMCEEAGTDFAQALKKAEKRRQPKS
EAIDLIENKLKDGGYRFGFEA . IRIQFSPNLDALDVCTTSGANFARQLRTHKRQRIARQ
EPIDPLRTKFLDLGLREAFKV . IKVKDTPSESTYQLCDESGTDLGQNL IQAAKIKQLKS
EPIYPLRNRFQELGLQEAFEP . ILLKTEPTAATDQLCREAGTDLGQYLTQKQSQQANTD
EAVKNIEARLQQLKMNLLTPG.LRINFKPSEDELNSAYEFGKSFAE . ... ... ......
EAVPNMQKRLRMLRMNVLPG. .LRIRFQPSREELEQAVVFGSNFGR. .. ... ... ... ..
EGIENAMERISQLRMTAVKP . . FAVNFKPSNEE IDKL . . .. .. ... .. .. .........
NAINVMKAAFRDSRDILFTENNVTILSALNQESTEKLHALADE . . . .. .. ... ......
EAVPS IESRLNALRMKVLPG. . FRVNFKPSARQLEDAFTLGMEFAR. . . ... ... .. ..

ligands that coordinate the catalytic iron atoms are highlighted with *.
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In almost all the FDPs structures was identified the presence of a solvent bridge
coordinating both irons, with the exception of M. marburgensis FDP in the reduced
and oxidized states (PDB 20HI and 20HH, respectively); in this last one, only in chain
E was observed this bridge. Also, in reduced E. coli FDP (PDB 5LLD), this solvent
bridge is absent. Moreover, in M. thermoacetica FDP, it was detected a solvent bridge
based on Madssbauer spectroscopy, which was corroborated by theoretical
calculations (Silaghi-Dumitrescu et al., 2003; Weitz et al., 2017). Nevertheless, it has
not been possible to establish the exact chemical nature of this bridge, as being
hydroxyl, aquo or oxo, since the resolution of the 3D structures (1.80-3.00 A) is not
high enough to determine its protonation state. However, it was possible to assign this
solvent bridge as a p-hydroxo specie, due to the oxygen sp2 configuration, hydrogen
bonded with the free carboxylic oxygen of the ligand D83, as recently proposed for the
crystallographic structure of the nitric oxide reductase from E. coli FDP (Romao et al.,
2016b).

Figure 1.11- Structure of the diiron active site in flavodiiron proteins. A) Zoomed view of E. coli
FDP (PDB 4D02) diiron center, with iron atoms represented as black spheres labelled as Fep
and Feq. Bonds of iron ligands are represented as full lines. Metal ligands and FMN are shown
as sticks with carbon atoms in grey, nitrogen in blue, oxygen in red and phosphorous in orange.
The p-solvent moiety which is bridging the two iron atoms is shown as a red sphere. B)
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Representation of the active sites superposition from the available FDPs structures: E. coli in
yellow (PDB 4D02), D. gigas in orange (PDB 1E5D), M. thermoacetica in pink (PDB 1YCF), M.
marburgensis in green (PDB 20HH) and G. intestinalis in blue (PDB 2Q9U). In D. gigas ROO, a
water molecule (not shown), replaces the H84 coordination. Panel B) has the same orientation
as A).

The overall diiron center geometry is conserved in different oxidation states among the
FDPs structurally characterized. However, as referred on Section 1.4.1, the M.
marburgensis FDP is an exception, since its diiron center varies significantly in
different oxidation states.

Three different FDPs were crystallized in both redox states so far, namely M.
thermoacetica, M. marburgensis and E. coli FDPs (Table 1.3). The M .thermoacetica
and M. marburgensis FDPs, show distances between the irons of 3.4 A to 3.3 A and
3.6 A to 3.7 Ain the oxidized and reduced states, respectively (Table 1.6).

In E. coli FDP, the distance between the two iron atoms in the oxidized form is 3.5 A
while in the reduced one is 3.2 A. While in other non-haem diiron proteins with
histidine and carboxylate ligands, such as ruberythrin and ribonucleotide reductase
(Jin et al., 2002; Voegtli et al., 2003) there is an increase of Fe-Fe distance up to 0.7 A

upon reduction, in FDPs this trend is not verified.
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Table 1.6- Iron-ligand and iron-iron interatomic distances (A) for FDPs structures (E. coli FDP numbering). Individual distances are shown for two

molecules or averaged distances with the corresponding distances interval within brackets. Interatomic distances (A) may be compared with

Cambridge Structural Database distances for Fe coordination to carboxylic oxygen [2.01(5), range 1.90-2.09 A] and imidazole nitrogen atoms
[2.08(9), range 1.95-2.22 A] (Harding, 1999).

PDB Resolution

Organism code &) Fe, —Feq Fe,~H79"®  Fe,—E81°%" Fe,~H147"% Fe,-D166°®>  Fe,~puOH Fe,—X*
D. gigas Oxidized 1E5D 2.50 3.4,3.4 21,21 2.0,2.0 21,21 1.9,1.9 23,23 27,31
Oxidized 1VME 1.80 3.4,3.6 23,23 2.2,2.0 2.3,2.4 22,23 1.9,1.9 32,32
T. maritima Oxidized 4DIK 1.75 33,33 24,24 22,21 23,23 2.1,2.2 1.8,1.8 26,26
Oxidized 4DIL 2.00 33,32 25,26 23,22 2.3,2.4 22,23 1.8,1.8 23,26
Oxidized 1YCF 3.00 3.4(3.3-35) 25(24-27) 23(1.9-27) 22(21-23) 21(2.0-22) 2.0(20-20) 3.1(2.9-3.3)
thermg"écetica Reduced 1YCG 2.80 3.3(3.3-34) 2.0(1.9-20) 21(2.0-21) 1.9(1.9-1.9) 20(2.0-2.1) 1.9(1.9-1.9) 3.2(3.0-3.3)
NO-reacted  1YCH 2.80 3.4(3.2-3.6) 2.3(2.2-24) 21(1.8-2.3) 24(2325) 22(21-23) 20(20-2.0) 3.4(3.2-35)
M. Oxidized 20HH 1.70 36(3.53.7) 22(21-23) 21(1.9-2.2) 23(1.927) 22(2.1-2.3) 1.8 3.3(2.7-3.8)
marburgensis Reduced 20HI 2.30 37(3.4-40) 2.7(2232) 28(2.0-4.6) 28(2035) 23(2.1-2.5) - 3.6,3.2
G. intestinalis Oxidized 2Qou 1.90 35,36 23,23 21,21 22,21 21,21 21,19 23,22
Oxidized 4D02 1.75 35 2.2 2.1 2.1 21 2.0 2.3
E. coli Reduced 5LLD 2.65 3.2 25 25 2.0 2.2 - 3.4
Oxidized =g ;0 1.90 35 2.2 2.2 2.2 2.1 1.9 2.7

[Fe-Cys,]

| 191deyD



474

Organism EO%Be Res‘()}&‘)‘tion Few D83°2  Fey— H84" Fe;—D166°'  FesH227"®  Fe,—pOH Feq—X
D. gigas Oxidized  1E5D 2.50 2.3,2.3 2.4,2.6" 2.1,2.1 2.0, 2.0 1.8 1.8 2.6,2.6
Oxidized ~ 1VME 1.80 21,21 21,21 21,21 22,21 2.0,1.9 2.2,2.2
T. maritima Oxidized 4DIK 1.75 22,22 2.3,2.4° 22,22 2.4,2.4 18,18 23,23
Oxidized 4DIL 2.00 2.3,2.3 2.4, 2.4° 2.3,2.2 2.4,2.4 1.8 1.8 21,25
Oxidized ~ 1YCF 3.00 22(21-22) 22(2123) 212022 212021 202020 28(243.2)
therm(’;"écetica Reduced  1YCG 2.80 21(21-21) 1.9(1.9-1.9) 21(2121) 19(1.9-1.9) 1.9(1.9-1.9) 3.9 (3.7-4.1)
NO-reacted  1YCH 2.80 21(20-23) 22(21-24) 23(2224) 21(2.022) 20(2.020) 32(3.13.2)
v Oxidized ~ 20HH 1.70 2.6(2.329) 1.9(1.820) 20(1821) 21(2.0-21) 2.2 2.8(1.9-3.3)
marburgensis  Reduced  20HI 2.30 28(24-32) 21(2022) 22(2124) 23(2.1-2.6) - 25,2.8
G.intestinalis ~ Oxidized ~ 2Q9U 1.90 21,21 22,21 20,21 21,22 19,20 2.1,2.0
Oxidized ~ 4D02 175 23 2.1 2.1 2.2 2.1 1.9
E. coli Reduced  5LLD 2.65 2.3 2.0 2.2 2.3 - 2.6
[C;Zi_‘g‘;f] 5LMC 1.90 2.3 2.1 2.1 2.2 2.0 2.1
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# Distance to the closest atom of the exogenous ligand (X), e.g. phosphate anion (see text). b Coordinating

water distance for substituting H84 (E. coli FDP numbering). ¢ Coordinating distance for substituting H84

ligand (E. coli FDP numbering).

Each iron is coordinated by five ligands, thus there is a sixth available position (above
the Fe-O(H)-Fe plane) for binding the substrate. FDPs structures show different
molecules within this position, namely, oxygen, water, sulfate, nitrate and phosphate.
These molecules are equidistant to both iron atoms or located closer to the Feq, and
are located in an active site pocket that is delimited by the metal ligands. In some
FDPs, this pocket is crossed by a long tunnel that reaches the protein external surface

(see Section 1.6).

1.4.4 Flavodoxin-like domain

The FDPs core presents at the C-terminal a flavodoxin-like domain (~ 150 residues),
with a afa fold similar to short-chain flavodoxins, where the inner [B-sheet is
surrounded by two sets of a-helices (Fig. 1.12 A and B) (Romao et al., 2016a).

Both the flavodoxin-like domain in FDPs and the flavodoxin-like proteins, have a non-
covalently bound FMN cofactor that assures the electron transfer. The overall fold
between these flavodoxin domains presents Ca r.m.s.d.’s values within 1.9-2.3 A for
3.5 A Ca distances cutoff (sequences identities of 16-26 %) (Table 1.7). One of the
major differences between them, is related with the reduction potential of the FMN
cofactor, that is higher for FDPs relatively to flavodoxin-like proteins. The reduction
potential of the flavin cofactors of several FDPs range from 0 to -117 mV for the
FMNo/FMNgq and -130 to -220 mV for FMNs,/FMNeq (Table 1.2), while in canonical
flavodoxins the redox potential of this cofactor range from +121 to -244 mV for the
FMNo/FMNgq and -370 to -522 mV for FMNo/FMN,eq (Hoover et al., 1999; Paulsen et
al., 1990). This difference could be related with a higher predominance of basic
residues vs acidic residues surrounding the FMN isoalloxazine ring in FDPs (Frazao et
al., 2000).
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Figure 1.12- Structural comparison of the flavodoxin-like domains. A) Topology diagram of the
monomers with the afa flavodoxin-like fold for the D. gigas flavodoxin (PDB 4HEQ, in purple),
R. norvegicus nitric oxide synthase (PDB 1TLL, in green) and for E .coli FDP (PDB 4D02, in
light brown). Circles and triangles represent a-helices and B-chains, respectively. B) Cartoon
representation of the monomers color coded as in A). FMN is shown as sticks with carbon
atoms in grey, nitrogen in blue, oxygen in red and phosphorous in orange.
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Table 1.7- Comparison of FDPs C-terminal domain with flavodoxins. The Ca r.m.s.d.’s (&) are presented above the diagonal (grey region). FDP
codes: E. coli FDP (PDB 4D02), T. maritima FDP (PDB 1VME), M. thermoacetica FDP (PDB 1YCF), M. marburgensis FDP (PDB 20HH), D.
gigas ROO (PDB 1E5D), G. intestinalis FDP (PDB 2Q9U). Flavodoxins codes: R. norvegicus nitric oxide synthase (PDB 1TLL) and D. gigas
flavodoxin (PDB 4HEQ). Sequence identities percentages (%) are shown in the rows below the diagonal.

R. norvegicus

E. coli T. maritima M. thermoacetica M. marburgensis  D. gigas G. intestinalis nitric oxide ﬂg\./g(ijgo?:n
synthase

E. coli -- 2.22 1.31 0.99 1.32 1.43 214 1.95
T. maritima 134 - 2.19 2.22 2.00 2.26 2.23 2.25
M. thermoacetica 38.6 19.7 - 1.14 111 1.06 2.02 2.06
M. marburgensis 34.6 27.6 39.4 -- 1.22 1.28 2.12 2.03
D. gigas 32.3 22.0 44.1 29.9 -- 1.25 1.96 1.86
G. intestinalis 26.8 21.3 33.1 32.3 30.7 - 2.28 2.15
R. norvegicus nitric oxide synthase 22.1 24.4 23.8 24.0 25.7 24.4 - 2.40
D. gigas flavodoxin 23.6 18.1 22.8 21.3 17.3 15.7 24.6 -
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1.4.4.1 FMN cofactor

The FMN cofactor is localized in the edge of the flavodoxin-like domain, at the
monomer interface, covered by the “head-to-tail” dimer, and thus is not solvent
exposed (Fig. 1.13 A). The FMN conformation allows an efficient electron transfer with
the diiron center, through the methyl group C8M of the isoalloxazine ring that is at a
van der Waals distance from the metal ligand E81°% (E. coli FDP numbering) of the
monomer mate (Fig. 1.14).

The side chains of W148 and W348 residues are nearby the FMN isoalloxazine ring
while W375 is vicinal to the FMN phosphate group (Fig. 1.14). The W148 residue is
conserved among FDPs, with exception of Synechocystis Flv1 that instead contains a
tyrosine residue (Fig. 1.10). Although W348 and W375 residues are not conserved
among all the FDPs, they are conserved in all flavorubredoxins sequences (Romao et
al., 2016b). As referred in Section 1.3.3, the W348 residue has been proposed to
modulate the visible spectral features of FDPs through interaction with the flavin
isoalloxazine ring (Saraiva et al., 2004; Vicente et al., 2007a). The M. marburgensis
FDP lacks W348 and W375 (E. coli FDP numbering) that are replaced by a glycine
and a tyrosine residue, respectively (Fig. 1.10). The presence of a glycine instead of a
tryptophan residue could facilitate the access of coenzyme F4o to the FMN site,
binding at an equivalent position to W348, allowing the cofactor to receive electrons
directly from this redox partner (Seedorf et al., 2007). This tryptophan residue is
exclusively replaced by a glycine in FDPs from methanogens (Vicente et al., 2008a).
The binding site of FMN includes interactions between residues and its isoalloxazine
ring, ribitol and phosphate groups (Fig. 1.13 A). Several FMN interactions with
different amino acid residues are summarized in Table 1.8. Three regions contribute to
the formation of the FMN binding pocket, namely T260-T265 that interact with the
phosphate group- Region |, T314 and S345 residues that interact with the ribitol
group- Region 1l and N316-N317 and G347-G350 residues that stabilize the

isoalloxazine ring- Region lIl.
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Figure 1.13- Representation of FMN moiety in flavodiiron proteins. A) Zoomed view of the
FMN site from E. coli FDP (PDB code 4D02). The interactions between residues and the FMN
are labeled with dash lines (black). Residues and FMN are shown as sticks with carbon atoms
in grey, nitrogen in blue, oxygen in red and phosphorous in orange. Metal ligands are shown as
grey sticks. Iron atoms are represented as black spheres. B) Electrostatic surface shows the
charge distribution of the FMN-binding site with the displayed potentials ranging from -5.0 (red)
to 5.0 (blue) kTe™.

The interaction occurring with N316 in the Region lll, induced a different effect on the
nature of the flavin semiquinone, between FDPs and short-chain flavodoxins. In FDPs,
the main chain amino group of the N316 residue (E. coli FDP numbering) is hydrogen
bonded with the FMN isoalloxazine N5 atom, preventing the FMN protonation and
stabilizing the red anionic radical (Vicente and Teixeira, 2005). In short-chain
flavodoxins, the FMN N5 atom is accessible for protonation which stabilizes the
neutral blue semiquinone. Both types of semiquinones have different absorption

bands in the UV-visible spectrum. The red anionic radical (FDPs), absorbs at 380 nm
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with a sharp peak at 400 nm and a broader peak at 490 nm, while the neutral blue
semiquinone (short-chain flavodoxins), has maxima absorption bands at 400 nm, 500
nm and between 580 and 620 nm (Choong and Massey, 1980; Muller et al., 1972).
The T. maritima FDP (PDB 1VME) and flavodoxin-like domain from Anabaena sp.

Chapter |

PCC 7120 (PDB 3FNI) are the only FDPs structures that lack the FMN cofactor.

Figure 1.14- Diiron catalytic center of E. coli FDP within the “head-to-tail” dimer. The interface
of this “head-to tail” dimer is represented as cartoon, in which the B-lactamase-like domain
from one subunit is colored as orange and the flavodoxin-like domain of the opposing subunit
as light brown. Iron atoms and p-OH™ are represented as black and red spheres, respectively.
Metal ligands and FMN are represented as sticks with carbon, nitrogen, oxygen, and
phosphorus atoms in white, blue, red, and orange, respectively. The tryptophan residues,
W148, W348 and W375, are highlighted with carbon atoms in orange and light brown colors,
accordingly to the subunit color.
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& Table 1.8- Interactions between FMN and the surrounding residues.

E. coli FDP D. gigas ROO M. thermoacetica FDP M. marburgensis FDP G. intestinalis FDP
FMN — Residue . 0nce A Residue  piance A Residue . ance A Residue  pance A Residue  pyiance A
atom atom atom atom atom atom
T260°¢* 2.7 S261°¢ 2.7(2.7-2.7) T261°¢'  2.7(2.7-2.8) T265°¢' 2.7(2.7-2.8) S265°°¢ 2.7 (2.7-2.8)
01P T265" 2.7 T266"  25(25-26) T266"  2.8(28-29) T270"  27(2.7-28)  T270"  2.9(2.9-2.9)
T265°¢1 2.6 T266°°T 26 (2.6-2.7) T266°°' 26(25-2.7) T270°%' 26(2.6-2.7) T270°¢' 2.7 (2.7-2.7)
$262°¢ 2.6 - - - - - - - -
s262" 2.8 - - - - - - - -
o3P N N N
N263 3.0 H264 3.0 (3.0-3.1) - . - . G268 3.1(3.1-3.2)
N264N 2.9 s265"  25(25-26)  S265" 3.0(3.0-3.1)  S269"  2.8(2.7-29) T269"  2.9(2.9-2.9)
mM261" 2.6 M262"  2.8(2.8-2.8) M262  2.6(2.6-27) M266"  2.7(2.7-2.7) M266" 2.6 (2.6-2.7)
02P - - w263" 2.7 (2.6-2.8) w263"  28(2.7-29) H267"  2.7(2.7-28)  Y267"  27(2.6-2.8)
$313°¢ 2.8 - - - - - - - -
ox N264""2 2.8 - - - - - - - -
S345°¢ 2.7 S344°¢  2.8(2.6-3.0) - - S351°¢ 2.6 (2.6-2.7) - -
02 T314° 3.0 T313° 3.0(3.0-3.0) T313° 27(26-28) T317° 26(25-27) T317° 2.8(2.8-2.9)
N5 N316" 3.0 N315" 3.0 (3.0-3.0) N315" 3.1(3.0-3.2) y319" 2.8 (2.8-2.9) -
04 N317" 2.8 N316" 2.8 (2.8-2.8) N316" 2.9 (2.8-3.0) D320" 2.8 (2.8-2.9) N320" 2.8 (2.8-2.9)
N1 G347 3.1 G346" 3.0 (3.0-3.0) - - G353" 3.0 (3.0-3.0) G351" 3.1(3.1-3.2)
- - G346" 3.0 (3.0-3.0) - - G353" 3.1(3.0-3.2) G351" 3.1(3.1-3.2)
o2 w34g" 2.7 w347t 2.6 (2.5-2.7) w347" 3.0 (2.9-3.1) G354" 2.7 (2.6-2.8) w3s2" 2.9 (2.9-2.9)
S349" 3.2 S348" 2.7 (2.7-2.8) G348" 3.0 (3.0-3.0) - - s353" 2.8 (2.8-2.8)
G350" 2.8 - - G349" 2.9 (2.9-3.0) G356" 2.8(2.8-2.8) - -
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1.5 Substrate selectivity

Despite the several physiological and structural studies on FDPs, it remains to be
elucidated the structural determinants that affects the substrate selectivity, in this
family of proteins.

No structural differences are observed in the first coordination sphere of their diiron
centers, since the metal ligands (H79-x-E81-x-D83-H84-xg,-H147-X15-D166-Xg-H227,
E. coli FDP numbering) present in FDPs, with different substrate selectivities are
almost strictly conserved. As mentioned in Section 1.4.3.1, H84 is not related with
substrate selectivity, since site-directed mutations made in this position in T. maritima
FDP, did not change its higher affinity for oxygen (Fang et al., 2012).

In order to unravel the key features that modulates the activity in FDPs, a comparison
between a structural model and crystal structures of FDPs with different substrate
affinities was performed. For this analysis, it was used the model of the O,-selective
FDP from Entamoeba histolytica (EhFDP), the crystal structures of the G. intestinalis
and T. maritima O,-selective FDPs, the D. gigas and M. thermoacetica bifunctional
FDPs and the NO-reducing E. coli FDP (Fig. 1.15) (Goncalves et al., 2014). In the
diiron second coordination sphere, were observed differences at two positions, namely
a lysine and a tyrosine residues present in O,-selective FDPs that are replaced by an
aspartate and a serine residues in the NO-selective E. coli FDP, respectively (Fig.
1.10 and Table 1.9). The bifunctional D. gigas and M. thermoacetica FDPs have

different combinations of residues in these two positions (Fig. 1.15A).
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Table 1.9- Residues from the diiron second coordination sphere from FDPs with different
substrate selectivities.

Organism Aminoacids Reductase activity
E. histolytica FDP K53 Y271 Oz2R
G. intestinalis FDP K58 Y267 OzR
T. maritima FDP K58 Y264 OzR
M. thermoacetica FDP Y54 W263 O2R>NOR
D. gigas ROO K52 W263 O2,R>NOR

Therefore, to try to clarify the substrate selectivity in FDPs, were designed single and
double mutations of the O,-selective EhFDP, replacing the K53 and Y271 residues by
the equivalent D52 and S262 residues from the NO-selective E. coli FDP. These
EhFDP mutations, K53D, Y271S and K53D/Y271S, were then aimed to convert the
O,-selective ENFDP into a NO-selective FDP.

The reported kinetic and thermodynamic properties of single and double mutations of
EhFDP, Y271S and K53D/Y271S, resulted in an increased selectivity towards NO,
when compared with the wild-type protein. Remarkably, these two mutations appear to
be more reactive towards O,, although they are inactivated under multiple turnover
conditions. Therefore, the Y271 residue appears to be crucial in the reaction with
oxygen and contributes to stabilize the protein by preventing its inactivation in multiple
turnovers (Gongcalves et al., 2014).

For the first time, were presented evidences for the determination of the specificity for
substrates (O, vs NO) in E. histolytica, but the key molecular determinants that are
responsible for these results need to be better explored.

The same approach was performed for the NO-reducing E. coli FDP, but in this case
the single and double mutations, D52K, S262Y and D52K/S262Y, are an attempt to
convert this NO-selective FDP into a protein with substrate preference for O,. The

structural studies of these protein targets are the scope of this thesis, and the crystal
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structure determination and analyses of E. coli FDP single and double mutations
(D52K, S262Y and D52K/S262Y) are discussed in Chapters Il and .

Figure 1.15- Structural superimposition of the second coordination sphere of the diiron site from
FDPs with different substrate selectivities. A) O, /NO-selective FDPs, D. gigas FDP (PDB 1E5D,
orange) and M. thermoacetica FDP (PDB 1YCF, pink), and NO-selective E. coli FDP (PDB
4D02, yellow). B) Oz.selective G. intestinalis FDP (PDB 2Q9U, blue) and T. maritima FDP (PDB
1VME, purple), and NO-selective E. coli FDP (PDB 4DO02, yellow). The mutated residues and
FMN marked with * are from the opposing monomer. The metal ligands, FMN and iron atoms
are represented as light grey sticks and spheres, respectively.

1.6 Molecular tunnels

In order to understand the possible substrates routes present in these proteins,
molecular dynamics simulations in D. gigas ROO (O,/NO reductase), E. coli FDP (NO
reductase) and G. intestinalis FDP (O, reductase) were made, using O, and NO
molecules as substrates (Romao et al., 2016b; Victor et al., 2009).

These studies allowed the identification of two diffusion pathways between the
catalytic site and the protein external surface, which differed particularly in their
lengths and in their affinities to substrates, with the shorter pathway revealing lower
affinity to O, or NO molecules than the longer pathway. Although these FDPs have
different substrate selectivities, these studies showed a similar stability for both
substrates in the diiron site pocket as well as similar diffusion profiles for both O, and
NO molecules (Fig. 1.16). The solvent accessible surface (produced using a 1.4 A

rolling probe) of E. coli FDP structure, revealed a tunnel along these diffusion
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pathways (Romao et al., 2016b). The residues delimiting these two pathways in FDPs
are shown in Table 1.10 and 1.11.

Table 1.10- Amino acid residues that delimit the long pathway in FDPs.

Organism Long pathway Apolar atoms (%)

T142, R143, L145, H146, S150, L161,
) 1166, F167, Y193, 1197, V198, T205,

D. gigas ROO 77
A208, 1209, L212, V213, V217, A218,

P219, 1222, L332, T237, V240, Y243

T126, 1139, V141, T143, L146, S151,
M152, Y155, L162, A167, F168, Y194,
E. coli FDP Y195, 1198, L199, L205, V206, K209, 81
1210, 1213, L214, L218, P219, V220,
1223, S226, T236, V239, Y242

F57, L147, L163, F154, D167, A168,
F169, Y195, 1199, L200, 1207, T208,

M. thermoacetica FDP 83
K210, L211, D212, 1214, Q215, L219,

1221, 1240, E241, Y243, A244, P370

T147, L150, M156, L164, V169, Y197,
1198, V201, 1202, N207, Y208, 1209,

T. maritima FDP 75
G212, A213, L216, S217, L219, K220,

1221, L224, Q237, L240, Y243, V244

V148, L151, F158, L167, D171, G172,
F173, Y199, L204, M211, A214, L215,

G. intestinalis FDP 78
A218, S219, V221, E222, 1223, 1226,

M239, 1243, Y246, S250

L150, F157, L166, D170, Al71, F172,
N169, F198, L202, 1203, L206, L209,

M. marburgensis FDP V210, K213, F214, V217, K218, L222, 74
L223, 1226, 1229, P240, M241, 1244,
Y247

The tunnel crosses the active site pocket and includes the two paths in opposed
directions. The longer tunnel section measures ca. 20 A in length, and display cross-

sections within 2.9-13.0 A. The shorter tunnel section has ca. 10 A in length and
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cross-sections within 3.1-6.4 A (Fig. 1.16 and 1.17). The atoms lining the longer tunel
section are more apolar than those lining the shorter section (Table 1.10 and 1.11).
Additionnaly, for the above referred FDPs structures, the molecular dynamics
simulations revealed that the longer pathway was more populated with oxygen and
nitric oxide molecules than the shorter path. Therefore, the longer section was
suggested to be the substrates entrance, while the shorter section could be the

reaction products exit route (Romao et al., 2016b; Victor et al., 2009).

Long channel

Small channel

Figure 1.16- E. coli FDP molecular tunnels. Representation of FDP tetramer with transparent
molecular surface. The B-lactamase-like domain of one monomer of the “head-to-tail” dimer in
the front view, is colored as orange, while the flavodoxin-like domain is colored as light brown.
The B-lactamase-like domain and flavodoxin-like domain of the other monomer is colored as
dark red and the flavodoxin-like domain as brown. The other dimer is colored as grey, in the
back view. Iron and oxygen atoms are represented as black and red spheres, respectively. FMN
is shown as sticks with carbon in grey, nitrogen in blue, phosphorous in orange and oxygen in
red. The long and short pathways are shown as blue and brown surfaces, respectively.

Interestingly, two E. coli FDP structures, the reduced (PDB 5LLD) and the one with the
visible [Fe-Cys4] center (PDB 5LMC), showed a constriction in the longer tunnel

section, due to a slight displacement of their Y194 side chain tyrosine (Romao et al.,
2016b).
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Figure 1.17- E. coli FDP molecular tunnels. A) Tunnels defined by a rolling sphere of 1.4 A that
connects the protein external surface with the diiron catalytic site. Two sections are highlighted,
a long tunnel path, 20 A, (blue) and a short tunnel path, 10 A (dark red). The metal ligands and
amino acids lining the long and short paths, are represented as sticks with carbon atoms
colored in grey, blue and pink respectively. B) Tunnels representation as defined by MOLE
highlighting the long path (blue mesh) and a short path (pink mesh). Iron and oxygen atoms are
represented as black and red spheres, respectively. FMN is shown as sticks with carbon in
grey, nitrogen in blue, phosphorous in orange and oxygen in red.

Although the long and short pathways are also found in others FDPs, none of these

proteins has a tunnel crossing the active site pocket, like the one found in E. coli FDP.
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Table 1.11- Amino acid residues that delimit the short pathway in FDPs.

Organism Short pathway Apolar atoms (%)

Chapter |

D. gigas ROO D22, F23, H24, Y35, K52, D83, 58
W263*, M262*, H264

V19, F22, H23, Y35, D52, H53,
E. coli FDP K54, E82, H113, H171, H227, 62
S262*, M261*

) 121, Y23, F24, H25, G26, Y37,
M. thermoacetica FDP 55
Y54, D85, W263*, M262*

D22, 125, R26, F28, E29, Y40,

T. maritima FDP W57, K58, E87, D89, M263*, 68
Y264*, D292
) o V27, F30, H31, Y41, K58, E87,
G. intestinalis FDP 59

D89, H176, M266*, Y267*

) H26, L202, M266* Y319*%,
M. marburgensis FDP 65
Y323*, P324*, Y332, L336

Overall, these analyses suggest that these tunnel sections probably do not have a role
in the substrate preference of FDPs. Therefore, the structural molecular determinants

that affect the substrate specificity in FDP family remain to be understood.

1.7 E. coli flavodiiron protein

Over the last years, the E. coli FDP has been extensively studied (Baptista et al.,
2012; Gardner et al., 2002; Gomes et al., 2002b; Gomes et al., 2000; Justino et al.,
2005; Romao et al., 2016b; Vicente et al., 2008c; Vicente et al., 2007b; Vicente and
Teixeira, 2005; Wasserfallen et al., 1998). Its first characterization (Table 1.1) allowed
to identify its oligomerization state as a tetramer (54 kDa) with ~1 FMN and 2 Fe by
monomer (Wasserfallen et al., 1998). As mentioned in Section 1.3.1, E. coli FDP
contains a Rd domain at the C-terminal of the flavodiiron core, with a CxXC-X59-CxxC
motif with an [Fe-Cysys] center, being therefore named as flavorubredoxin
(Wasserfallen et al., 1998). Therefore, the number of irons per monomer was later

corrected to three (Gomes et al., 2002b).
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The gene coding for E. coli FDP (norV) and its redox partner, NADH:rubredoxin
oxidoreductase (norW), form a single dicistronic transcriptional unit (da Costa et al.,
2003). The norV promoter is activated by NO and reactive nitrogen intermediates in
aerobic and anaerobic conditions (Gardner et al., 2002; Hutchings et al., 2002). The E.
coli genome encodes other proteins besides FDPs that provide protection against

reactive oxygen and nitrogen species (Table 1.12).

Table 1.12- Enzymes involved in protection of E. coli against oxidative and nitrosative stress.

System Protection Cofactor Reference

(Chen et al., 1998; Smillie et al., 1992;

Alkyl hydroperoxide reductase  ROS Cys-Cys
Y .y P (Cys-Cys) Storz et al., 1989)
subunit C (ahpC)
. ) (Takeda and Avila, 1986; Touati,
Superoxide dismutase (sodA) ROS Mn
1983)
Superoxide dismutase (sodB) ROS Fe (Carlioz et al., 1988; Fee, 1991)
Superoxide dismutase (sodC) ROS Cu, Zn (Imlay and Imlay, 1996)
) . (Friedrich et al., 1986; Rioux and
Glutathione peroxidase (btuE) ROS GSH
Kadner, 1989)
(Schellhorn, 1995; von Ossowski et
Catalase (katE) ROS Haem d
al., 1991)
. (Loewen et al., 1985; Triggs-Raine et
Catalase peroxidase (katG) ROS Haem b
al., 1988)
Hybrid-cluster protein (hcp) NO FeS clusters  (Wang et al., 2016)
(Darwin et al., 1993; Hussain et al.,
Cytochrome c (nrf) RNS Haem c
1994)
(Borisov et al., 2015; Cotter et al.,
Haem b and )
Cytochrome bd-I (cydAB) ROS/RNS q 1997; Giuffre et al., 2014; Green et al.,
1984)
Haem b and
Cytochrome bd-Il (appBC) ROS/RNS d (Dassa et al., 1991)
. FMN and (Justino et al., 2005; Mukhopadhyay et
Flavorubredoxin (norVW) NO
Fe-Fe al., 2004)
. FAD and (Membrillo-Hernandez et al., 1999;
Flavohaemoglobin (hmp) RNS
haem b Vasudevan et al., 1991)
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The role of E. coli FDP in NO detoxification was proposed based in vivo (Gardner et
al., 2002) and in vitro kinetic studies (Gomes et al., 2002b) revealing that this protein
can reduce NO to nontoxic N,O under anaerobic conditions, being therefore crucial for
the cell survival under nitrosative stress conditions. Transcriptional studies also
showed that norV is one of the most upregulated E. coli genes in cell growth in the
presence of NO, under aerobic and anaerobic conditions (Gardner et al., 2002;
Justino et al., 2005; Mukhopadhyay et al., 2004).

Based on the redox potentials determined for E. coli FDP and NADH:rubredoxin
oxidoreductase, the electrons are donated to FDP from NADH (primary electron
donor) by a FAD-binding protein of the NADH:rubredoxin oxidoreductase family (Fig.
1.18) (Gomes et al.,, 2000; Vicente et al., 2007b; Vicente and Teixeira, 2005).
Afterwards, the electrons flow to the [Fe-Cys,] cluster in the C-terminal rubredoxin
domain of FDP, being then transferred to the FMN cofactor that finally reduces the
diiron center, where the substrate reduction occurs.

E. coli FDP is an example of a FDP selective for NO, although it displays a very low
O,-reductase activity (Gardner et al., 2002; Gomes et al., 2002b). Thus, the E. coli
FDP is considered a crucial NO-detoxifying protein in this organism, additionally to the
flavohaemoglobin as referred in Section 1.2 and in Table 1.12. Moreover, the E. coli
FDP was the first FDP with an exclusive preference for NO, to be structurally
characterized (Romao et al., 2016b). Due to the high flexibility of the extra functional
domain, Rd, as confirmed by SAXS studies (Petoukhov et al., 2008), it was not
possible to assign electron density to this full domain in the E. coli FDP crystal
structure. Nevertheless, the presence for this domain in the crystal structure was
confirmed by observing a density map assigned only to its tetrahedral mononuclear

[Fe-Cys,] center.
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Figure 1.18- Schematic representation of electron transfer from NADH to NO, performed by
Escherichia coli NADH:rubredoxin oxidoreductase-like and flavorubredoxin.

1.8 Synechocystis sp. PCC 6803 flavodiiron proteins

The first appearance of oxygenic photosynthesis started around 3.5 billion years ago
when cyanobacteria were able to capture and convert light into energy. Therefore, the
CO, reduction into carbohydrates, which are then used to store energy is only
possible due to electrons released from water oxidation (Blankenship, 2010; Buick,
2008; Hohmann-Marriott and Blankenship, 2011). In this process, the simultaneous
oxygen release by cyanobacteria and accumulation, in the Earth atmosphere, allowed
to create aerobic conditions for development and sustainability of aerobic metabolism.
Additionally, many cyanobacteria are nitrogen-fixing microorganisms capable of
transforming atmospheric nitrogen into fixed nitrogen (ammonia, nitrates, nitrites)
contributing significantly to the nitrogen cycle (Bothe et al., 2010; Zehr, 2011).
Cyanobacteria are one of the largest and versatile group of prokaryotes with high
biological importance, since are the only prokaryotic organisms able to perform
oxygenic photosynthesis. This mechanism in cyanobacteria resembles the same of
oxygenic eukaryotes (algae, mosses and higher plants). Similar to all photosynthetic
eukaryotic organisms, cyanobacteria also uses photosystem | (PSI) and photosystem
Il (PSII) to extract electrons from water and the resulting light-driven electron
transport, allow NADP” reduction to NADPH and phosphorylation of ADP to ATP for
energy conservation (Fig. 1.19).

The oxygenic photosynthesis takes place in the thylakoid membranes of
cyanobacteria that are within the cytoplasm, while in algae and plants are located in
chloroplasts (Gantt, 2011; Stanier and Cohen-Bazire, 1977; Vothknecht and Westhoff,
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2001). The PSIl uses light energy to induce water splitting through the manganese-
containing oxygen-evolving complex (OEC) with formation of one oxygen molecule.
The resulting four electrons will reduce the mobile plastoquinone pool (PQ). Electrons
from the reduced PQ (PQH,) are then transferred to the cytochrome bgf complex,
which reduce the mobile electron carrier plastocyanin (PC) or a cytochrome cg in some
cyanobacteria (Nugent, 1996; Rochaix, 2011). These soluble electron carriers will
reduce the oxidized PSI reaction center. Direct photon absorption in PSI allows an
electron transfer between the electron donor plastocyanin or cytochrome cg located in
the lumen and the acceptor mobile electron carrier, ferredoxin (Fd), located in the
cytoplasm. Finally, reduction of NADP" to NADPH is performed by a ferredoxin-
NADP" oxidoreductase (FNR) (Fig. 1.19). This protein contains a FAD cofactor, which
accepts electrons from Fd (Aliverti et al., 2008; Medina, 2009).

NADP*+ H* NADPH

/
H,0
FIVL/FIv3 Cne )
O,
/ H*
ADP* + P, ATP

hv

% FIV2/FIva

Cytoplasm

i
A&Jli

Lumen

PSII

o> e

Figure 1.19- Simplified scheme of the photosynthetic process in the thylakoid membrane (TM)
of cyanobacteria. Black and grey arrows represent electron and proton transfer process,
respectively. Photosystem | (PSI), photosystem Il (PSll), oxygen-evolving complex, OEC
(Mn4CaOs), oxidized plastoquinone (PQ), reduced plastoquinone (PQH>), plastocyanin (PC),
ferredoxin (Fd), ferredoxin-NADP" oxidoreductase (FNR), Cytcs — cytochrome ce. The photon
energy absorbed by PSIl and PSI, is represented by hv. Adapted from (Allahverdiyeva et al.,
2015b). Flavodiiron proteins are represented as Flvl, Fiv2, Flv3 and Flv4.
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The protons released by PSII due to water splitting as well as the protons formed by
the cytochrome bgf complex, are released into the lumen. This light-induced proton
flow, generates a proton gradient across the thylakoid membrane that is used by ATP
synthase for ATP synthesis (Fig. 1.19).

Under particular environmental conditions, the oxygenic photosynthesis can induce
negative consequences of photodamage, due to the energetic unbalance that occurs
when absorbed light exceeds the photosynthesis capacity. Consequently, this leads to
an over reduction of the photosynthetic electron transfer chain (Allahverdiyeva et al.,
2015a). The excess of electrons can be delivered to O,, resulting in the production of
ROS that can damage the photosynthetic apparatus and affect cell viability. In order to
prevent an over reduction of the photosynthetic redox centers, it becomes extremely
important a diversified range of photoprotection mechanisms that dissipate the excess
of electrons in a safe way.

Cyanobacteria and some oxygenic photosynthetic Eukarya, such as algae, mosses,
lycophytes and some gymnosperms (Allahverdiyeva et al., 2015a; Chaux et al., 2017;
Dang et al., 2014; Gerotto et al., 2016; Helman et al., 2003; Jokel et al., 2015; Peltier
et al., 2010; Yamamoto et al., 2016; Zhang et al., 2009) have genes encoding FDPs in
their genomes. Therefore, cyanobacteria have enzymatic mechanisms to perform the
light-induced reduction of O, avoiding the production of ROS (Table 1.13).

The genome of the cyanobacterium Synechocystis sp. PCC 6803, contains four genes
encoding FDPs: sll1521 (flvl), sll0219 (flv2), sll0550 (flv3), and sll0217 (flv4) (Helman
et al.,, 2003). As mentioned in Section 1.3.2, all FDPs found in cyanobacteria and
oxygenic phototrophic organisms belong to Class C. These proteins have an extra C-
terminal NAD(P)H:flavin oxidoreductase domain (Allahverdiyeva et al., 2015a; Romao
et al., 2016a; Saraiva et al., 2004).

The Synechocystis FIv3 is an NAD(P)H:oxygen oxidoreductase capable of reducing
0O, to H,O (Helman et al., 2003; Vicente et al., 2002). Further, in vivo studies proposed
that both Synechocystis Flvl and Flv3 proteins are responsible for the O,
photoreduction, where the source of electrons for O, reduction is PSI (Helman et al.,
2005; Helman et al.,, 2003). FIv2 and Flv4 are proposed to be important for the
protection of PSIl centers against photoinhibition (Bersanini et al., 2014; Eisenhut et
al., 2012; Hakkila et al., 2013; Zhang et al., 2009) (Fig. 1.19).
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The FDPs role against nitrosative stress in Synechocystis, is still poorly addressed.
The only fact reported is that flvl gene is induced in cells exposed to nitrosative stress

(Goncalves et al., 2011a).

Table 1.13- Enzymes involved in protection of Synechocystis against oxidative and nitrosative
stress.

System Protection  Cofactor Reference
Superoxide dismutase (sodB) ROS Fe (Nefedova et al., 2003)
Glutathione peroxidase (gpx) ROS GSH (Gaber et al., 2001)

(Regelsberger et al., 1999; Tichy

Catalase peroxidase (katG) ROS Haem b
and Vermaas, 1999)

NO reductase- cytochrome b subunit

NO Haem b (Busch et al., 2002)

(norB)

FMN and (Gongalves et al., 2011a;
Fivl (fivl) ROS/RNS

Fe-Fe Helman et al., 2003)

FMN and
Fiv2 (flv2), FIv3 (flv3), FIv4 (flv4) ROS Fo-F (Helman et al., 2003)

e-Fe

The FIv3 is the only FDP from Synechocystis characterized in vitro (Vicente et al.,
2002; Wasserfallen et al., 1998). Beyond the flavodiiron core, analysis of its sequence
established that there is an extra NAD(P)H:flavin oxidoreductase domain. This module
receives electrons directly fom NADH abolishing then the need of an external redox
partners. Flv3 revealed the presence of two iron ions and two flavins per molecule,
where the extra domain appears to bind FMN and FAD with equivalent affinities.

As mentioned in Section 1.4.3.1 , FDPs of oxygenic photosynthetic organisms contain
a high number of different combinations of putative metal ligands (Goncgalves et al.,
2011a). While FIv3 and FIv4 contain canonical iron ligand residues, Flvl and Flv2
have non-canonical putative ligands at the diiron center, as better explained in the
Discussion section. Moreover, for the first time, the crystal structure of a flavodiiron

core of a Class C FDP, FIvl-AFIR, was determined as reported in Chapter IV.
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2.1 Summary

Flavodiiron proteins (FDPs) safely reduce oxygen (O,) and/or nitric oxide (NO),
contributing to the organism’s protection against reactive oxygen and nitrogen
species. Although some FDPs show comparable affinities to both substrates, others
have a marked preference for either O, or NO. The Escherichia coli FDP presents a
high selectivity towards NO. Its crystal structure was recently determined, showing
that the C-terminal rubredoxin-like domain (Rd) is delocalised. In order to address
FDP substrate selectivity, an E. coli FDP-ARd S262Y mutation, was produced in a
construct that it lacks the C-terminal domain (ARd). Mesh scans of the cryo-cooled
crystals were vital for the success of diffraction data acquisition. As its space group,
12, differed from that of native E. coli FDP crystals, the structure was obtained by
molecular replacement and refined at 1.90 A resolution.

UV-visible microspectrophotometric measurements at 100K of the FDP-ARd S262Y
crystals, allowed us to observe a decrease of the typical absorption bands of the flavin
cofactor after the data collection. Additionally, one observes absence of electron
density in some ligands side chains of the active site and also in some neighbouring
residues, which led to alteration of inter-atomic distances and increase in <a.d.p.>’'s
values, when compared with the native E. coli FDP structure. These data suggest that
the presence of the Y262 residue induced an increase of the protein sensitivity to X-

ray radiation.

2.2 Introduction

The FDPs, firstly denoted as A-type flavoproteins (Wasserfallen et al., 1998) are
widespread in Bacteria, Archaea and Eukarya (Allahverdiyeva et al., 2015a;
Andersson et al., 2003; Chaux et al., 2017; Gerotto et al., 2016; Peltier et al., 2010;
Saraiva et al., 2004; Seedorf et al., 2007; Shimakawa et al., 2017; Vicente et al.,
2008b; Vicente et al., 2009; Yamamoto et al., 2016). These proteins are involved in
the protection of organisms against oxidative and/or nitrosative stress by converting
oxygen into water and nitric oxide into nontoxic nitrous oxide (Gardner et al., 2002;
Saraiva et al., 2004).

FDPs are important for organisms that need to safely reduce the NO produced for
example, by the host defence system, namely by nitric oxide synthase (iNOS) in
macrophages (Fang, 1997; Figueiredo et al., 2013).
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FDPs have been also described as being critical for the survival of cyanobacteria, as
well as higher plants, protecting the photosystems under several conditions, such as
fluctuating light intensity (reviewed in (Allahverdiyeva et al., 2015a)).

Several FDPs crystal structures were already determined, namely from the bacteria
Desulfovibrio gigas (Frazao et al., 2000), Thermotoga maritima (PDB entry 1VME,
2004), Moorella thermoacetica (Silaghi-Dumitrescu et al., 2005a) and Escherichia coli
(Romao et al.,, 2016b), from the methanogenic archaeon Methanothermobacter
marburgensis (Seedorf et al., 2007) and from an eukaryotic protozoan, Giardia
intestinalis (Di Matteo et al., 2008). Some of these FDPs are described as exclusively
O, reducers (T. maritima, M. marburgensis and G. intestinalis), or exclusively NO
reducers (E. coli) while others reduce both oxygen and nitric oxide (D. gigas and M.
thermoacetica) although with different efficiency.

The enzymes mentioned above (except E. coli) belonging to Class A FDPs, are
composed of two consecutive structural core domains: a N-terminal B-lactamase-like
domain harbouring two iron atoms at the catalytic site, where the substrates reduction
occurs, and a C-terminal flavodoxin-like domain containing a non-covalently bound
flavin mononucleotide (FMN) cofactor that shuttles electrons to the diiron center
(Romao et al.,, 2016a; Vicente et al., 2008a). The B-lactamase-like domain is
composed of a affa sandwich fold, differing however from metallo-B3-lactamases by
including two additional B-sheets that cover the diiron center, hindering the access to
large substrates. The flavodoxin-like domain shows a afa fold, characteristic of short-
chain flavodoxins. The FMN cofactor is at a long distance from the diiron center (~ 40
A), which hampers an efficient electron transfer. Interestingly, FDPs form “head-to-tail”
dimers as a minimal functional unit, that bring the two cofactors close together (~ 6 A
distance), thus ensuring an efficient electron flow between the two centers.

The most recently determined FDP structure (Romao et al., 2016b), E. coli
flavorubredoxin , was both the first example of an FDP with clear preference for nitric
oxide as substrate, and the first Class B FDP family member, which includes a third
domain at the C-terminal, an rubredoxin-like domain (Rd) (Gardner et al., 2002;
Gomes et al., 2002b; Gomes et al., 2000; Vicente et al., 2008c; Vicente et al., 2007b;
Vicente and Teixeira, 2005; Wasserfallen et al., 1998). However, both previous SAXS
studies and the recent crystal structure showed that the additional third domain at the

C-terminal is disordered, which was attributed to the 23 amino acids residues long
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linker that connects the flavodoxin-like domain with the Rd one (Petoukhov et al.,
2008; Romao et al., 2016b).

The substrate reduction in this family of proteins occurs in the B-lactamase-like
domain, at a diiron site coordinated by conserved ligands, where the iron proximal to
FMN cofactor, Fe,, is coordinated by H79"**, E81°%* and H147" atoms, and the iron
distal from FMN, Fegq, is coordinated by D83°%? H84“®? and H227"%* atoms (E. coli
FDP numbering). Additionally, D166 bridges both Fe, and Fey through D166°°% and
D166°°" atoms, respectively. Furthermore, the majority of available FDP structures
also present a p-hydroxo bridge coordinating both irons (Romao et al., 2016a).
However, the key structural determinants defining FDPs substrates specificity still
remain to be clarified. A structural comparison of FDPs with different substrate
affinities was performed, such as, the O,-selective FDP from Entamoeba histolytica
(whose structure was modelled on the basis of the very close homologue O,-selective
G. intestinalis) and the NO-reducing E. coli FDP (Gongalves et al., 2014). In their
diiron second coordination sphere were observed differences at two positions. In E.
histolytica FDP (O,-selective), one of the positions contains a lysine residue (K53) and
the other one a tyrosine (Y271), that are replaced by an aspartate (D52) and a serine
(S262) residues in E. coli FDP (NO-selective), respectively. The kinetic properties of
E. histolytica Y271S and K53D/Y271S mutants, showed an increased sensitivity to O,,
since they became inactive after successive turnovers, while showing a higher affinity
towards NO, when compared with the wild-type protein (Gongalves et al., 2014).
Therefore, for the first time there were experimental data suggesting that residue Y271
was a determinant in the specificity for the substrate. In this context and in order to
probe the effect of such a tyrosine residue in the nitric oxide reductase E. coli FDP,
the S262Y mutation was designed. In order to compare with E. histolytica FDP, that is
composed only by the flavodiiron core, the mutant was produced omitting the third Rd
domain and its linker, and was named E. coli FDP-ARd S262Y. Here it is reported its

expression, crystallization, structure determination and analysis at 1.90 A resolution.
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2.3 Materials and Methods

Protein expression and purification

The genes coding for the E. coli FDP-ARd and FDP-ARd S262Y mutants (from
residue 1 up to 412) were generated at GenScript. Direct sequencing was used to
confirm the inserted mutation. Afterwards, E. coli BL21(DE3) Gold cells were
transformed with the plasmid and plated at 37 °C into LB plates containing kanamycin
(30 pg/ml). These cells were used to inoculate a pre-inoculum grown in LB at 37°C,
overnight. A 2L growth (in 2L flasks) in minimal medium (M9) supplemented with 100
UM FeS0,.7H,0 at 37 °C and 140 rpm was inoculated with 5% of the pre-inoculum.
The growth was induced at an optical density (600 nm) of 0.4 with 100 uM isopropyl-p-
D-thiogalactopyranoside (IPTG) at 30 °C. After 7 h of induction, cells were harvested
by centrifugation at 10,000g for 10 minutes at 4 °C. Cells were then ressuspended in
20 mM Tris-HCI pH 7.5, disrupted in a French press at 1000 p.s.i. and ultracentrifuged
at 100,000g, 4 °C for 1 h. The soluble fraction was dialysed at 4 °C overnight against
20 mM Tris-HCI pH 7.5 with 2.5% (v/v) glycerol.

Purification of both proteins, E. coli FDP-ARd and FDP-ARd S262Y, was performed in
two consecutive steps, using an AKTAprime system (GE Healthcare) at 4 °C, as
previously described (Vicente and Teixeira, 2005). The soluble fraction was firstly
loaded on an anionic Q-Sepharose Fast Flow column equilibrated with 20 mM Tris-
HCI pH 7.5, 5% (v/v) glycerol and eluted using a linear gradient from 0 to 1 M NaCl.
Fractions containing the flavin UV-visible fingerprint (peak at 375 nm and 455 nm)
(Fig. 2.1A), and a low Abs (280 nm)/Abs (455 nm) ratio, were eluted at ca 250 mM
NaCl and were pooled together. The second purification step consisted on a size
exclusion chromatography on a Superdex-200 column equilibrated with 20 mM Tris-
HCI pH 7.5, 250 mM NaCl and 5% (v/v) glycerol. Protein purity was confirmed by
SDS-PAGE (Fig. 2.1B) and the fractions were pooled and concentrated up to 15
mg/mL.

Crystallization and cryoprotection

Crystallization conditions were screened with a nanodrop crystallization robot
(Cartesian, Genomic Solutions) using the sitting drop vapour diffusion method with
round-bottom Greiner 96-well CrystalQuick™ plates (Greiner Bio-One). The Structure
Screen | and Il (Molecular Dimensions) at 20 °C led to crystals formation within two
days in condition A9 consisting of 0.1 M sodium citrate pH 5.6, 20% (w/v) PEG 4000
72



| Structure of Escherichia coli flavodiiron protein S262Y mutation

and 20% (v/v) 2-propanol, in a drop of 0.1 pl protein solution (15 mg/mL) plus 0.2 pl
reservoir solution. Following this crystallization hit, microliter scale optimization
proceeded using the hanging drop vapour-diffusion method in XRL 24-well
crystallization plates (Molecular Dimensions). In these scale-up experiments different
ranges of conditions were tested, namely PEG 4000 (15-28%) and 2-propanol (15-
25%) concentrations and also the pH of sodium citrate (4.5-8.0). After 2-3 days,
orange thin plate crystals reached 0.1-0.2 mm maximal length dimensions in 0.1 M
sodium citrate pH 5.6, 20-23% (w/v) PEG 4000 and 23-25% (v/v) 2-propanol, when
using 1 L of protein (15 mg/mL) and 2 pL of reservoir solution (Fig. 2.1C).

E. coli FDP-ARd S262Y crystals were cryo-protected using the reservoir solution
supplemented with 10% (v/v) glycerol prior to flash-cooling in liquid nitrogen. E. coli
FDP-ARJ crystals were prepared and cryo-protected as previously described (Romao
et al., 2016b).

Data collection and processing

Diffraction was measured at 100 K in the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). Crystals appeared as stacks of thin plates and did not
produce useful diffraction data, because, although spots were visible, they could not
be indexed. Introduction of mesh scans at beamline ID29 (Svensson et al., 2015)
allowed us to improve data collection by centring the beam on their best diffraction
spots, by screening them with a 20 ym diameter X-ray beam section over an 18 ym
spaced grid. X-rays images were taken at each grid position and their diffraction
strengths evaluated, combining an analysis of Bragg peaks with their intensity
distribution as a function of resolution. The best diffracting position of the crystal was
then aligned with the X-ray beam, the loop rotated by 90° degrees and new set of
diffraction images collected to find the crystal best diffraction spot. Diffraction images
were obtained in a PILATUS 6M detector, using 1.0000 A wavelength radiation, with a
crystal-to-detector distance of 372 mm, and 0.15° oscillations widths in a total of 120°
rotation during 29.60 s. Diffraction spots were indexed, integrated, scaled and the final
amplitudes calculated using XDS (Kabsch, 2010). POINTLESS (Evans, 2011)
suggested re-indexing the data in space group number 5 from the initial setting C2 into
12, in order to obtain the beta angle closer to 90°, as recommended by the IUCr
convention (Mighell, 2002), which was accomplished with XPREP (Bruker).
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UV-visible absorption spectra of the crystals were measured offline before and after X-
ray irradiation at 100 K using a microspectrophotometer setup (QE65 Pro from Ocean
Optics, 10 micron slits, HC-1 grating) with 1.68 nm of optical resolution at ID29S Cryo-
Bench beamline in order to monitor changes in the oxidation state of the protein
crystals after the data collection (Royant et al., 2007).

Data collection details and processing statistics are listed in Table 2.1.

Structure determination and refinement

Estimation of the unit cell contents was obtained with the Matthews Probability
Calculator which estimated two molecules in the asymmetric unit (Kantardjieff and
Rupp, 2003; Matthews, 1968). The phase problem was solved by molecular
replacement with PHASER (McCoy et al., 2007a) within the PHENIX suite (Adams et
al., 2010b), and using the coordinates of the native E. coli FDP structure (PDB 4D02)
(Romao et al., 2016b) as the search model. For cross validation purposes, 2% of
reflections in thin-resolution shells were excluded from refinement. The TLSMD server
(http://skuld.bmsc.washington.edu/~tlsmd) (Painter and Merritt, 2006) was used to
define polypeptide chain regions for translation, libration and screw refinement of
anisotropic atomic displacement parameters (<a.d.p.>). lterative refinement cycles
were produced with PHENIX.REFINE (Adams et al., 2010a) followed by sigmaa
Fourier maps examination and model optimization with COOT (Emsley et al., 2010).
Standard stereochemical dictionary (Engh and Huber, 1991) was used in refinement
except for iron ligations that were refined without target restraints. Water solvent
molecules were initially located automatically in difference Fourier maps at peaks with
hydrogen bonding distances within 2.45-3.40 A. Some atoms were modelled with
partial occupancies, eventually in discretely alternating occupancies, when hinted by
the difference Fourier maps and neighbouring <a.d.p> values.

Refinement and model edition iterations were performed until Ryok and Ryee Values
converge, before calculation of the final R0 USing all available diffraction data.

The quality of the model was checked with MOLPROBITY (Chen et al., 2010). Models
structural superpositions were performed with MODELLER (Webb and Sali, 2014). All
figures were prepared with PyMOL (DelLano, 2002). For sake of simplicity, structural
comparisons of the mutation structure involve only its chain A, which showed lower

<a.d.p.>. The refinement statistics are presented in Table 2.1.
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Calculation of absorbed X-ray doses
X-ray absorbed doses by E. coli FDP-ARd and FDP-ARd S262Y crystals were
determined with RADDOSE-3D (Zeldin et al., 2013) using the diffraction-weighted

dose metric (DWD). The input parameters used for each crystal are reported in Table
2.4.
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Table 2.1- Crystallographic parameters, diffraction data and refinement statistics of E. coli FDP-

ARd S262Y mutant. Values in parentheses correspond to the highest resolution shell.

Data collection statistics
Beamline

Detector

Wavelength (A)

Space Group

Unit cell parameters (A)
Resolution (A)

No. of observations

Unique reflections
Completeness (%)

Multiplicity

Mosaicity (°)

CC 12 (%)*

Reym (%)°

Rmeas (%)°

Rpim (%)’

unmerged data <//o(l)>

merged data <l/o(l)>

Wilson B factor (A%

No. of molecules in asymmetric unit
Vu (A*Da™)

Estimated crystal solvent content (%)
Refnement statistics

Riactor (%0)°

Ruork (%)'

Reee (%)’

r.m.s.d. for bond lengths (A)
r.m.s.d. for bond angles (°)
Average chain B-factor (A?)
Number of residues

Number of solvent waters
Ramachandran plot

Residues in favored regions (%)
Residues in allowed regions (%)

Residues in disallowed regions (%)

ESRF ID29
PILATUS 6M

1.0000

12
a=89.4,b=64.4,c=147.3, B =91.09°
75.83-1.90 (2.00-1.90)
129422 (18166)
57099 (8802)

96.8 (88.5)

2.3 (2.1)

0.6

99.4 (52.4)

10.9 (58.8)

11.7 (70.3)

7.5 (49.5)

3.7

5.2 (1.3)

21

2

2.28

45.9

19.9
20.7
23.5
0.018
0.560
25
400
783

96.5
3.5

& CC 12 = Percentage of correlation between intensities from random half-datasets (Karplus and

Diederichs, 2012).
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b Rsym = Znw & |li(hkl) - <I(hkl)>|/ Zna Zi |; (hkI), where li(hkl) is the observed intensity and <I(hkl)>
is the average intensity of multiple observations from symmetry-related reflections (Arndt et al.,
1968).

® Rmeas = Zni [N/(N(hKD) -1)]2 & [li(hkl) - <I(hKl) >)/Ema =i 1 (hKI), where N(hkl) is the data
multiplicity, Ii(hkl) is the observed intensity and <I(hkl)> is the average intensity of multiple
observations from symmetry-related reflections. It is an indicator of the agreement between
symmetry related observations (Diederichs and Karplus, 1997).

4 Rpim = Zna [L(N(hKD) -1)]Y2 5 |li(hKl) - <I(hKl) >)/Sna S 1 (hkl), where N(hKI) is the data
multiplicity, Ii(hkl) is the observed intensity and <I(hkl)> is the average intensity of multiple
observations from symmetry-related reflections. It is an indicator of the precision of the final
merged and averaged data set (Weiss, 2001).

® Reactor =  |Fobs — Feac|/ & Fobs, Where Fops and Feac are the amplitudes of the observed and the
model calculated structure factors, respectively. It is a measure of the agreement between the
experimental X-ray diffraction data and the crystallographic model.

" Ruo refers to the actual working data set used in refinement, while Rsee refers to a cross

validation set that is not directly used in refinement and is therefore free from refinement bias.

2.4 Results and Discussion

Crystal structure of the FDP-ARd S262Y and its comparison with native FDP

In order to address the role of a tyrosine residue in the second coordination sphere of
the active site of FDPs, a FDP-ARd S262Y mutation was designed omitting the C-
terminal Rd domain and its linker. Crystallization experiments led to orange coloured
crystals, distinctive of the presence of oxidized FMN (Fig. 2.1C). Crystals appeared as
stacked thin plates that were very difficult to separate individually. However, the mesh
scan system available at the synchrotron beamline 1D29, allowed selection of good
diffraction crystals and the accurate localization of their most favourable diffraction
regions (Fig. 2.1D) (Svensson et al., 2015). The best crystal, centred at its optimal
position, diffracted up to 1.90 A resolution. The mesh scan analysis of the crystal was
crucial to yield this high resolution diffraction data (see Table 2.1 for diffraction data

and refinement statistics).
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Figure 2.1- Spectral, purity and crystal features of E. coli FDP-ARd S262Y A) UV-vis
absorption spectrum. The spectral region characteristic of the flavin cofactor is amplified six
times, showing the typical peaks at 375 and 455 nm. B) SDS—-PAGE. Lane 1, low-molecular
mass markers (kDa). Lane 2, protein eluted from Superdex-200 column. C) Crystals grew as
orange thin-plates, with dimensions 0.20, 0.10 and 0.05 mm, in 0.1 M sodium citrate pH 5.6,
23% (w/v) PEG 4000 and 20% (v/v) 2-propanol. D) Crystal mesh scan. The crystal holding loop
(left) is shown superposed with the grid of positions for diffraction scan. The crystal heat map
(right) shows the grid positions colour coded (black to yellow) with the rank of diffraction
strengths. The heat map reveals the size and shape of the actual diffracting crystal, and
highlights the best diffraction region (yellow colour).

The mutated protein, FDP-ARd S262Y, crystallized in a space-group different from the
native FDP, and thus the structure was determined by molecular replacement.
Although the crystal asymmetric unit included two independent monomers, the
characteristic FDPs “head-to-tail” homodimer was not formed. However, this dimeric
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arrangement, as well as the homotetrameric one, became evident when applying the
crystal symmetry (Fig. 2.2), similar to the native FDP (Romao et al., 2016b).

monomer dimer tetramer

Chapter Il

Figure 2.2- Overall structure of E. coli FDP-ARd S262Y mutant. Cartoon representation of the
monomer rainbow-colored, composed of two structural domains, metallo B-lactamase-like
domain (blue to green) and flavodoxin-like domain (yellow to red). Cartoon representation of the
“head-to-tail” dimer and transparent solvent accessible surface for one monomer. Cartoon
representation and transparent solvent accessible surface of the homotetramer where the front
“head-to-tail” dimer is rainbow-colored and the symmetry related homodimer is grey colored.
Iron atoms are represented as black spheres and FMN is shown as sticks with carbon atoms in
grey, nitrogen in blue, oxygen in red and phosphorous atoms in orange.

The structure was refined t0 Ryon/Riee 0.207/0.235 and a final Ryacor 0.199, when
using all available diffraction data. Both monomers show electron density in the main-
chain for 2-401 residues. Additionally, each monomer shows one FMN cofactor, two
iron atoms linked by a u-hydroxo (OH) bridge in the active site, and a dioxygen
molecule occupying the active site pocket.

The two monomers in the asymmetric unit show between them root-mean-square
distances (r.m.s.d.s) of 0.12 A. A structural superposition with the native FDP led to
0.40 A r.m.s.d.s (Fig. 2.3A) for their residues main-chain atoms, while the comparison
with the available FDPs gives r.m.s.d.s within 1.39-2.15 A. Figure 2.3A shows main
and side chains r.m.s.d.s between E. coli FDP and FDP-ARd S262Y.
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Figure 2.3- Structure comparison between native FDP and FDP-ARd S262Y proteins. A) Plot of
main chains (blue colour) and side chains (red colour) r.m.s.d.s between native and mutant
structures. B) Plots of real space electron density correlation coefficients (red colour) and
<a.d.p.>'s (blue colour) for the residues side chains of native FDP structure. C) Plots of real
space electron density correlation coefficients (red colour) and <a.d.p.>’s (blue colour) for the
residues side chains of the FDP-ARd S262Y structure.
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As expected, solvent exposed hydrophilic side chains display low local electron
density correlation coefficients and high <a.d.p.> s (Fig. 2.3B, C). However, this
comparison also pin points a set of internal residues, E81-G86, belonging to the diiron
site and to its vicinity, that show significantly lower side chain electron density and
higher <a.d.p.> values in the FDP-ARd S262Y structure relative to the native FDP
(Figs. 2.3B, C, 2.4 and Table 2.2). Noticeably, residues E81, D83 and H84 are iron
ligands, while E82, A85 and G86 are in the neighborhood of the diiron active site.
Additionally, the iron atoms <a.d.p.> values of the FDP-ARd S262Y structure are
significantly higher (~43 A?) comparatively with the E. coli FDP structure (~28 A?).

Table 2.2- <a.d.p.> values (Az) of residues main chain (MC) and side chain (SC) from E. coli
FDP-ARd S262Y.

Residue MC (A, B) SC (A, B)
E81 42.5, 40.7 47.0, 48.5
E82 53.5, 49.9 59.7, 54.4
D83 58.3, 56.5 60.0, 58.2
H84 59.4,62.4 61.8, 57.3
A85 55.7, 65.8 54.4,62.5
G386 51.5, 56.7 -

Interestingly, the FDP-ARd S262Y refinement of the p-hydroxo bridge indicated a sub-
stoichiometric occupancy (~0.6) and an increased hydrogen bond distance to D83 free
carboxylic oxygen (Table 2.3), in contrast to the native FDP structure. Although, the
distance between the two iron atoms is similar in both structures, some of the iron
ligands in FDP-ARd S262Y structure, show markedly longer coordination distances
reaching non-coordination distances, namely between Fe, and H79"%* or H147"%,
and between Feq and D166°° (Table 2.3).

81

Chapter Il



Chapter 11

Table 2.3- FDP active site inter-atomic distances (A) may be compared with Cambridge
Structural Database distances for Fe coordination to carboxylic oxygen [2.01(5), range 1.90-
2.09 A] and imidazole nitrogen atoms [2.08(9), range 1.95-2.22 A] as extracted from (Harding,
1999).

E. coli FDP E. coli FDP-ARd S$262Y

Fe, —Feq 35 3.6,3.6
Fe,~H79"% 2.2 29,27
Fe,~E81°% 2.1 1.9,1.9
Fe,—H147"% 21 2.8,2.6
Fe,~D166° 2.1 22,21
Fe,—uOH 2.0 21,21
Fe,~0," 3.1,3.1
Fe,~0O"™* 2.3

Fe,— D83°% 2.3 23,23
Fes— H84"® 2.1 22,22
Fe—D166°" 2.1 27,25
Fe—H227"% 2.2 22,22
Feq—uOH 2.1 17,17
Fe—0% 25,27
Fe,~0"* 1.9

pOH-D83°™! 2.6 3.3,3.2
PDB entry 4D02

Another noteworthy difference between the two structures concerns the electron
density blob found in the vicinity of Feq. In the native FDP structure, this was assigned
as a phosphate, in accordance to its size and contact distances (Fig. 2.4 a2, a3),
whereas the smaller density blob found in an equivalent region in FDP-ARd S262Y,
hinted for a dioxygen molecule (Fig. 2.4 b2, b3). Its refinement led to reasonable
<a.d.p.>’s values and contact distances, similar to those found in the chemically
reduced FDP crystal (Romao et al., 2016b), as well as in aerobically produced D.
gigas or M. thermoacetica FDP structures (Frazao et al., 2000; Silaghi-Dumitrescu et
al., 2005a).
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Figure 2.4- Representation of structures and electron density of native FDP and FDP-ARd
S262Y. A) Native FDP structure and B) FDP-ARd S262Y mutant structure in the same
orientation. (al and bl) Cartoon representation of the main-chain structures with thickness
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proportional to <a.d.p.> values, colour coded from yellow (15 /—\2) to red (60 Az). (a2 and b2)
Zoomed view of the active site accordingly the same colour coded for <a.d.p.> values as in al
and bl. (a3 and b3) Grey mesh represents 2m|F,|-D|F¢| maps at 10 contour, and green/red
mesh represents m|F,|-D|F¢| maps at +30/-30 contour, respectively, in the active site region.
Iron atoms and p-hydroxo bridge are represented as black and red spheres, respectively.
Residues are shown as sticks with nitrogen in blue and oxygen in red. Carbon is coloured in
grey for active site ligands or in blue for other residues. FMN is shown as sticks with carbon
atoms in blue, nitrogen in blue, oxygen in red and phosphorous atoms in orange.

Radiation damage

As mentioned above, the FDP-ARd S262Y structure shows poorly defined electron
density in some of its iron ligands and neighbouring residues side chains (Fig. 2.4 b2,
b3). Difference Fourier maps showed negative densities in the metal ligand D83“? and
near Y262°", the latter being the residue from the diiron center’s second coordination
sphere which belongs to the symmetry related monomer (Fig. 2.4 b3).

We hypothesize that these altered densities in the active site and its neighborhood
might have resulted from X-ray radiation damaging effects. In fact, X-rays water
photolysis is known to produce extremely reactive free-radical species in
macromolecular protein crystals (Southworth-Davies and Garman, 2007). Therefore,
even at cryogenic temperatures, radiation damage can occur due to the high beam
intensity available at synchrotron beamlines (Burmeister, 2000; Garman, 2003).

The calculated absorbed X-ray doses for both native FDP and FDP-ARd S262Y
crystals, 1.30 and 1.07 MGy, respectively, did not vary significantly for the two protein
structures (Table 2.4). Additionally, the calculated doses are significantly below the
experimental accepted dose limit of 30 MGy in macromolecular crystallography (Owen
et al., 2006), although there are reports of damaged proteins with doses of 1.0-1.5
MGy (Adam et al., 2004; Corbett et al., 2007).
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Table 2.4- Calculated X-rays diffraction-weighted absorbed doses (Zeldin et al., 2013).

E. coli FDP E. coli FDP-ARd S262Y E. coli FDP-ARd

Dimensions (um) 100, 100, 100 200, 100, 50 100, 100, 100
Gaussian beam type with full 30, 50 30, 50 30, 50
width and half maximum (um)

Beam flux (photons/s) 7.4x10" 6.3x10" 7.3x10%
Energy (keV) 12.6 12.4 12.6
Exposure time (s) 41.8 29.6 88.8
Dose (MGy) 1.30 1.07 27.26

Moreover, to exclude the possibility that the observed electron density anomalies have
derived from fortuitous protein mishandling, a new batch of the FDP-ARd S262Y
protein was produced, purified and crystallized. Crystals were obtained under the
same conditions, diffraction data sets were collected and the corresponding structures
refined with similar resolutions, 1.90-2.20 A (data not shown). All crystals structures
showed similarly altered electron density by the active site and neighbouring residues.
Additionally, it was relevant to rule out the role of the labile Rd domain in these
structural anomalies, since this domain was absent in the FDP-ARd S262Y crystals.
Therefore, we produced and crystallized a truncated form of FDP that lacked the
rubredoxin domain and its linker, FDP-ARd. The resulting crystal was isomorphous
with those of native FDP and diffracted up to 1.82 A resolution (data not shown). The
crystal was severely irradiated, up to a calculated absorbed dose of 27.26 MGy,
during diffraction data collection. However, its final electron density was comparable to
that of native FDP, in particular at the active site region. This indicated that the labile
Rd domain was not the responsible for the quenching of free radicals in FDP. These
results, suggest that the Y262 residue has an important role on the sensitivity of the

mutated protein to X-rays radiation, even at low absorbed doses.

Photo-reduction

The visible spectra of FDP-ARd S262Y crystals was measured before and after
exposure to X-rays (von Stetten et al., 2015). A total of five crystals were tested and in
all of them a similar result was obtained. Before data collection it is present the typical

FMN absorption band with two maxima at 375 and 455 nm, identical to the spectrum
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of pure protein (Fig. 2.1, 2.5). However, after collecting a 180° dataset (corresponding
to a dose that ranged from 0.56 MGy to 1.49 MGy, depending on the crystal), a
decrease in the typical FMN absorption band at 455 nm was observed as well as a
slight shift of the band at 375 nm (Fig. 2.5A). Subtracting the crystal spectrum before
being exposed to the X-rays to the one that was irradiated, the obtained spectrum is

similar to a typical FDP semiquinone spectrum (Fig. 2.5B).
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Figure 2.5- Visible spectra of the protein crystals from E. coli FDP-ARd S262Y. A) Visible
spectra before (black full line) and after (black dash line) X-ray diffraction data set collection
(dose 1.22 MGy). B) Subtraction of the visible spectra (black full line) presented in panel A
compared with a spectrum of a FDP seminiquinone state (grey full line). A 30% contribution of
the before X-ray exposure spectrum was subtracted to the spectrum obtained after X-ray
exposure presented in panel A. C) Visible spectra before (black full line), after X-ray diffraction
data set collection (black dash line, dose 1.49 MGy) and after a high-dose of X-ray exposure
(grey dash line, dose 2.92 MGy). D) Subtraction of the visible spectra (black full and dash lines)
presented in panel C compared with a spectrum of a FDP seminiquinone state (grey full line). A
30% contribution of the before spectrum was subtracted to both spectra obtained after X-ray
exposure. E) Visible spectra before (black full line), after X-ray diffraction data set collection
(black dash line, dose 0.65 MGy) and in a crystal region that was not exposed to X-rays (grey
dash line).

The only difference is the broad band around 650 nm, that is not observed in the
semiquinone spectrum and which origin is presently unknown. It is interesting to
observe that, a further data collection in the same position in the crystal, with more
180° (corresponding to further dose of 2.92 MGy), shows that this broad band is no
longer present in the subtracted spectrum (Fig. 2.5C, D). This indicates that exposure
of crystals to the X-ray beam generated the semiquinone state in the protein, (Fig.

2.5B, D). The observed change affected only the region that was irradiated by X-rays
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(Fig. 2.5E). In the native FDP, the reduction potentials of the FMN are -40 and -130mV
and the ones for the diiron are -20 and -90mV (Vicente and Teixeira, 2005). This
suggests that under those conditions the diiron site may be partially reduced, probably

in the mixed-valence state.

Aromatic residues chains

Tyrosine and tryptophan side chains have been considered key players in the
protection of oxidoreductases from radicals damage. They promote the transfer of
oxidizing equivalents from the redox active site to the exterior of the protein, where
they can be scavenged by cellular reductants (Gray and Winkler, 2015; Winkler and
Gray, 2015). The native E. coli FDP structure present two chains of tyrosine and
tryptophan side chains, which were proposed to function as exit routes, namely via
Y249 and W348 residues, located at the protein surface (Romao et al., 2016b).

The E. coli FDP-ARd S262Y crystal structure show that the C® of Y262 residue is in a
similar structural position as the corresponding residue in the G. intestinalis FDP.
However, its side chain is closer to the FMN (Y262°"... FMN®®™ - 3.3 A) in FDP-ARd
$262Y when compared with G. intestinalis FDP (Y267°"... FMN®®" - 5.1 A) (Fig. 2.6).

Figure 2.6- Structural superposition of E. coli FDP-ARd S262Y and G. intestinalis FDP. The
diiron center is from E. coli FDP-ARd S262Y structure. The residue Y262 from E. coli FDP-ARd
S262Y is represented in dark green and Y267 from G. intestinalis FDP is represented in light
green.

In the case of the present FDP-ARd S262Y crystal structure, the Y262 side chain is

not only located at the surface but also near the active site, at 4.8 and 5.4 A from Fe,

88



| Structure of Escherichia coli flavodiiron protein S262Y mutation

and Feq, respectively. Additionally, it may also indirectly communicate with Fe, via
W148, at 5.2 A distance (Fig. 2.7A). The structural damage observed at the FDP-ARd

S262Y active site still remains intriguing, since with the mutation an additional putative
exit route was created.
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Figure 2.7- Distribution of tyrosine and tryptophan residues, from available FDPs structures (G. intestinalis,
PBD entry 2Q9U, T. maritima, 1VME, M. marburgensis, 20HH, M. thermoacetica, 1YCF and D. gigas,
1E5D), with the shortest edge-to-edge distance (dash line), between aromatic residues from the active site

to the solvent accessible surface. E. coli FDP-ARd S262Y protein structure in panel A, FDPs with only O,
reductase activity in panels B-D, and FDPs with both O, and NO reductase activities in panels E and F. The
tyrosine/tryptophan chains are represented as sticks with carbons colored in grey, nitrogen in blue and
oxygen in red. The residues that contact with the external surface of the protein are highlighted with a
yellow line. The iron atoms and p-hydroxo bridge are represented as black and red spheres, respectively.
FMN is shown as sticks with carbon atoms in grey, nitrogen in blue, oxygen in red and phosphorous atoms

in orange.
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A comparison between the FDP-ARd S262Y and available FDPs structures shows
that only W148 (E. coli FDP numbering) is conserved in these chains, with Y194 and
W348 residues being replaced by a phenylalanine and a glycine residues,
respectively, only in M. marburgensis FDP.

The subset of O,-selective G. intestinalis and T. maritima FDPs structures, present
four oxidizing equivalent exit routes, although only two are conserved, namely Y262
and W348 (E. coli FDP numbering) (Fig. 2.7B, C). The O,-selective M. marburgensis
FDP shows only two exit routes (Fig. 2.7D), although, none of these are conserved in
the others O,-selective FDPs.

Interestingly, in the FDP-ARd S262Y structure, the distance between Y262 and W148
is shorter than in the oxygen selective FDPs from G. intestinalis and T. maritima (4.1
versus 5.1 and 5.3 A, respectively). Relatively to the bi-functional FDPs, three possible
Tyr/Trp chains connect the diiron site with the protein surface, although only one is
conserved, W348 (Fig. 2.7 E, F). Noteworthy, the oxygen reducing FDPs (except M.

marburgensis FDP) show a higher number of putative escaping routes.

2.5 Conclusions

Flavodiiron proteins are responsible for the direct reduction of oxygen and/or nitric
oxide to water and nitrous oxide, respectively. Although FDPs have been
biochemically studied since 1993, the structural determinants affecting its substrate
(NO or O,) selectivity, still remain to be determined. Studies on an FDP with oxygen
preference (EhFDP) highlighted the importance of a tyrosine residue in the second
coordination sphere of the diiron site, as being relevant for its substrate selectivity
(Gongalves et al., 2014).

Here, it is reported a 1.90 A resolution crystal structure from E.coli FDP, with the Rd
domain omitted and including the S262Y mutation, FDP-ARd S262Y. As crystals
formed piled plates, diffraction data were only obtained upon a mesh scan of the
crystals. Although the overall fold of the FDP-ARd S262Y structure compares well with
that of native FDP, it revealed some structural anomalies in the diiron active site
region. They included longer iron coordination distances, negative Fourier difference
densities in some metal ligands and lack of electron density at the side chains of some
metal ligands. In order to try to rationalize the observed structural inconsistencies,

absorbed X-ray doses were determined for the native E. coli FDP as well as for its
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structure depleted of the Rd domain, and also for the FDP-ARd S262Y structure.
Noticeably, the S262Y mutation induced significant crystals X-rays radiation sensitivity
in spite of the low calculated absorbed dose. Putative oxidizing equivalents exit routes
were mapped for available FDPs structures, but further studies are still necessary in

order to fully understand FDPs radicals scavenging mechanisms.
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3.1 Summary

Escherichia coli flavorubredoxin catalyzes the two-electron reduction of NO to
nontoxic N,O protecting the organism from reactive nitrogen species. Recently, based
on kinetic studies, it was explored the possible role for K53 and Y271 residues in
modulation of substrate selectivity in Entamoeba histolytica FDP (O, reductase).
Therefore, to understand the structural effects of these residues, located in the diiron
second coordination sphere, crystal structures of E. coli FDP-ARd mutants were
determined, namely the single mutants D52K and S262Y, as well as the double
mutant D52K/S262Y, in both oxidized and reduced states.

Like in other FDPs, the minimal functional unit of E. coli FDP-ARd mutants is
composed of a “head-to-tail” dimer bringing the diiron site close to the FMN cofactor
from the opposing monomer. The two irons are coordinated by conserved residues,
namely, a bridging aspartate, four histidines, one aspartate and one glutamate.
However, some structural differences were observed in the diiron site of FDP-ARd
S262Y in the reduced state, similarly to the oxidized state (Chapter Il), probably due to
a high sensitivity of this mutant to radiation damage.

For the first time, molecular tunnels were identified in this family of proteins, using
krypton pressurization experiments. Both side chains of residues in positions 52 and
262 from E. coli FDP-ARd mutants are in the vicinity of the shorter pathway, however

their function in substrate selectivity still needs to be further investigated.

3.2 Introduction

Flavodiiron proteins (FDPs) are widespread in the three-life domains, however they
have been identified mostly in anaerobic organisms (Andersson et al., 2003; Di Matteo
et al.,, 2008; Goncalves et al., 2011a; Loftus et al., 2005; Peltier et al., 2010; Sarti et
al., 2004; Smutna et al., 2009; Vicente et al., 2002; Vicente et al., 2008b; Vicente et
al., 2012; Wasserfallen et al., 1998; Zhang et al., 2009). These proteins play an
important role in the protection mechanisms against oxidative and/or nitrosative stress
since they have the ability to reduce oxygen to water and/or nitric oxide to non-toxic
nitrous oxide (Gardner et al., 2002; Kurtz, 2007; Romao et al., 2016a; Saraiva et al.,
2004). A classification into eight classes has been proposed for this family of proteins

based on the different structural domains that composed each protein (Folgosa et al.,
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2018a; Saraiva et al., 2004). Besides the different classes, the flavodiiron core is
shared to all FDPs, and is divided into an N-terminal metallo-B-lactamase-like domain
and a C-terminal flavodoxin-like domain (Frazao et al., 2000; Vicente et al., 2008a).
The first domain contains the catalytic site, a non-heme Fe-Fe center, in which the
reduction of substrates occurs, while the second domain harbors a non-covalently
bound FMN cofactor, which is responsible for donating electrons to the diiron site. The
FDPs minimal arrangement (“head-to-tail” dimer) allows a short distance (~6 A)
between the diiron center of each monomer and the FMN moiety of the opposing
monomer, thus permitting an efficient electron transfer. Moreover, two possible
quaternary conformations have been identified both in solution and in crystal
structures, namely homodimers or homotetramers (dimer of dimers).

The FDPs catalytic site contains iron atoms coordinated by conserved residues
among different organisms, namely four histidines, two aspartates and one glutamate.
A solvent bridge coordinating the two irons was assigned as a y-hydroxo (u-OH") in E.
coli FDP structure (PDB 4D02) (Romao et al., 2016b). Most of the structural
characterized FDPs show higher affinity for oxygen (Di Matteo et al., 2008; Frazao et
al.,, 2000; Seedorf et al., 2007; Silaghi-Dumitrescu et al., 2005a), being the
flavorubredoxin from E. coli (EcFDP) the only exclusive for nitric oxide (Romao et al.,
2016b). With the high conservation of the diiron first coordination sphere among
FDPs, it remains to clarify the structural determinants for the different substrate
specificities, oxygen versus nitric oxide. A comparison among model and crystal
structures from FDPs with different substrate selectivities was performed. The O,-
selective FDP from Entamoeba histolytica (EhFDP) that has homology with the O,-
selective Giardia intestinalis FDP (PDB 2Q9U), was compared with the NO-reducing
EcFDP (PDB 4D02) (Fig. 3.1). Differences were observed at two positions within the
diiron second coordination sphere: K53 and Y271 in EhFDP are replaced by D52 and
S262 in ECFDP, respectively.
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Figure 3.1- Structural comparison of residues from the second coordination sphere of the
diiron center of E. coli FDP (NO reductase) (PDB 4D02) in purple, with G. intestinalis FDP (O
reductase) (PDB 2Q9U) in orange. The Fe atoms are shown as black spheres and the p-
hydroxo bridge as red sphere. The amino acid residues and FMN are shown with carbon,
oxygen, nitrogen and phosphorous atoms as grey, red, blue and orange sticks, respectively.

S262 W 267

In order to try to convert the EhFDP oxygen reductase into a nitric oxide reductase,
single mutants K53D, Y271S and double mutant K53D/Y271S were constructed. The
kinetic properties of mutants Y271S and K53D/Y271S, showed an increased affinity
towards NO, and a higher sensitivity to O, since they became inactive after multiple
turnovers conditions, relatively to the wild-type protein (Gongalves et al.,, 2014).
Therefore, these evidences at molecular detail suggests a possible role for Y271
residue (EhFDP numbering) in modulation of substrate specificity (O, vs NO) in FDPs.
On the other hand, in order to convert the NO reductase E. coli FDP into an O,
reductase, its FDP-ARd D52K, S262Y and D52K/S262Y mutants, were produced,
crystallized and their crystal structures determination pursued. Hereby, we report the
3D structures of these mutants, in order to try to elucidate the molecular mechanism
behind FDPs substrate specificity.
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3.3 Material and methods

Protein expression, purification and crystallization

E. coli FDP belongs to Class B but the FDP mutants are composed only by the
flavodiiron core, i.e., the C-terminal rubredoxin domain was deleted (FDP-ARJ) in
order to be comparable with the Class A E. histolytica FDP.

E. coli FDP-ARd mutants were generated by site-directed mutagenesis (Genscript,
USA) and direct sequencing was used to ensure that the mutations were correctly
inserted in the nucleotide sequence. The expression and purification conditions for all
protein mutants are the same as previously described (Chapter II).

The crystallization experiment was performed as reported in Chapter Il. Briefly, the
crystals from the E. coli FDP-ARd mutants were obtained at 20 °C after 2-3 days with
the hanging-drop vapor diffusion method upon mixing 1 yL of protein (15 mg/mL) with
2 uL of reservoir solution containing 0.1 M sodium citrate pH 5.6, 20-23% w/v PEG
4000 and 23-25% v/v 2-propanol. Crystals were cryoprotected with the reservoir
solution supplemented with 10% glycerol prior to flash-cooling in liquid nitrogen.

In order to obtain the crystal structures in the reduced state, an excess of sodium
dithionite powder was added into a drop with cryoprotected crystals. A change in the
color of the crystal from orange to colorless allows us to confirm that the protein was
chemically reduced, and it was immediately flash cryo-cooled in liquid nitrogen.
Crystals in the as-isolated state were considered to be oxidized, and labeled as oxi,

while those that were chemically reduced, were labeled as red.

Crystal high pressurization with krypton

Krypton pressurization of E. coli FDP-ARd D52K crystals was performed in order to
localize protein hydrophobic tunnels. Crystals were harvested with a specific
pluggable sample support and transferred into a recently developed high-pressure
cooling system at ESRF (van der Linden et al., 2014). After 5 min of pressurization
under krypton gas at 100 bar, the krypton-containing crystals were directly flash
cooled, depressurized and transferred into cryocaps under liquid nitrogen for data
collection. The crystal pressurized with krypton from E. coli FDP-ARd D52K was

labelled as Kr.
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X-ray diffraction, crystal structure determination and refinement

Diffraction data of E. coli FDP-ARd mutants were measured at 100 K at synchrotron
beamlines (Table 3.1). As previously described (Chapter Il), mesh scan analysis was
essential to obtain good quality diffracting data of E. coli FDP-ARd mutants since
although spots were visible they could not be properly indexed, probably due to the
multiple stacked crystals as thin plates.

Diffraction spots were indexed, integrated, scaled and the final amplitudes calculated
using XDS (Kabsch, 2010). XPREP (Bruker) was used to re-index the data in space
group number 5 from the initial C2 setting into 12, in order to obtain the beta angle
closer to 90°, as recommended by the IUCr convention (Mighell, 2002). Data collection
details and processing statistics are listed in Table 3.1.

The distribution of the Matthews coefficient (Kantardjieff and Rupp, 2003; Matthews,
1968) indicated a high probability of two E. coli FDP-ARd molecules in the asymmetric
unit. As all the present E. coli FDP-ARd mutants were isomorphous with the S262Y
crystal (Chapter 1), in each mutant, the two monomers in the asymmetric unit were
refined with PHENIX.REFINE (Adams et al., 2010a; Afonine et al., 2012; Terwilliger et
al., 2008) using an initial rigid-body refinement followed by refinement of atomic
positions, isotropic atomic displacement parameters (a.d.p.s) and domains of
translation, libration and screw refinement of anisotropic a.d.p.s (TLS), which had
been previously defined with the TLSMD server
(http://skuld.bmsc.washington.edu/~tlsmd) (Painter and Merritt, 2006). Cycles of
iterative models inspection and edition against o, electron density maps with COOT
(Emsley and Cowtan, 2004) were alternated with model refinement. Although
refinement included standard stereochemistry libraries (Engh and Huber, 1991) the
inter-atomic distances involving iron centers were refined without target restraints.
Approximately 2% of reflections, in bins of thin-resolution shells, were randomly
chosen for Ryee monitoring. Solvent water molecules were automatically assigned from
o, difference maps peaks neighboring hydrogen bonding acceptors/donors within
2.45-3.40 A distances. Other solvent molecules were identified through comparison of
their shapes against electron density blobs, as well as by comparing their refined
a.d.p.s with those of neighboring atoms.

Refinement and model edition iterations were performed until Ryok and Ryee Values

converge, before calculation of the final R0 Using all available diffraction data.
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In the last refinement cycle containing all experimental data, the weighting factors for
stereochemical and atomic displacement parameters were manually set in order to
obtain bonds and angles root-mean-square distances (r.m.s.d) similar to the ones in
the previous cycle, when Ry Was used to set the refinement strategy.

The stereochemistry of the refined structures was analyzed with MOLPROBITY (Chen
et al,, 2010). Refinement statistics are presented in Table 3.1. The analysis of
molecular tunnels was performed with MOLE 2.0 (Sehnal et al., 2013) and PyMOL
(DeLano, 2002; Schrodinger, 2010). Figures of structural models were prepared with
PyMOL (DelLano, 2002; Schrodinger, 2010).
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Table 3.1- Crystallographic parameters, diffraction data and refinement statistics of E. coli FDP-ARd mutants.

D52K i D52Keq S262Y eq D52K/S262Y o D52K/S262Y g D52K g,
Data collection statistics
Beamline ESRF PETRA I ESRF ESRF ESRF ESRF
ID-29 P14 ID-29 ID-23.2 ID-23.2 ID-23.1
Wavelength (A) 0.9762 0.9763 0.9762 0.8726 0.8726 0.9724
Space group 12 12 12 12 12 12

Unit cell parameters (A)

Resolution (A)

Number of observations
Unique reflections
Completeness (%)

Multiplicity

Mosaicity (°)

CCip2 (%)*

Reym (%)°

Rmeas (0/0)c

Rpim (%)

<l/o(l)>

Wilson B-factor (A?%)

Vu (A° Da™)

Estimated solvent content (%)
Refinement statistics

Rlactor (%)e

Rwork (%)f

Rfree (%)f

rmsd for bond lengths (A)
rmsd for bond angles (°)
Average chain B-factor (Az)
Number of residues

Number of solvent waters
Ramachandran plot

Residues in favored regions (%)
Residues in allowed regions (%)

Residues in disallowed regions
(%)

a=89.1,b=641,
c=146.7, B = 91.16°
76.81-1.98 (2.07-1.98)
193300 (29494)
56529 (8571)

95.9 (90.5)

3.4 (3.4)

0.2

98.7 (67.0)

13.8 (53.5)

18.3 (96.7)

8.8 (33.6)

5.8 (1.7)

24

2.28

45.9

20.5
21.4
24.0
0.010
0.580
27,29
401
518

96.2
3.8

0

a=88.9,b=6409,
c=146.7, = 91.53°
75.18-1.95 (2.05-1.95)
137447 (20721)
60345 (8881)

98.2 (89.3)

2.3(2.3)

0.2

96.9 (69.2)

12.5 (53.6)

17.1 (70.5)

8.3 (35.7)

5.5 (1.4)

19

2.30

465

18.7
20.1
24.0
0.009
0.650
20, 23
400
725

97.8
2.2

0

a=89.2,b=642,
c=146.6, B = 91.04°
76.80-1.90 (2.00-1.90)
221835 (35709)
65086 (10367)

98.7 (97.9)

3.4 (3.4)

0.2

99.1 (63.8)

12.9 (48.6)

16.1 (68.8)

8.2 (30.5)

6.9 (1.9)

19

2.28

46.1

18.5
19.6
22.4
0.013
0.695
21,23
400
791

96.4
3.6

a=89.1,b=64.9,
c=147.3, B = 91.60°
75.39-2.54 (2.64-2.54)
114331 (16785)
27589 (4039)
97.8(89.3)

4.1 (4.1)

0.4

97.9 (52.8)

20.0 (67.3)

26.3 (129.1)
11.1(37.2)

5.2 (1.2)

35

2.31

46.8

20.7
22.0
23.7
0.012
0.405
35, 36
400
122

96.7
3.3

a=89.6,b=647,
c=147.9, B=91.42°
77.44-2.20 (2.29-2.20)
217362 (32264)
42726 (6547)

98.7 (94.1)

5.1 (4.9)

0.2

98.4 (58.5)

19.5 (67.5)

25.0 (119.2)

9.5 (32.6)

6.3 (1.3)

24

2.33

472

19.2
20.9
26.2
0.008
0.561
27,29
400
365

97.5
2.5

a=89.1,b=641,
c=146.7, = 91.16°
52.33-2.20 (2.30-2.20)
107641 (17131)
41495 (6564)

96.2 (94.5)

2.6 (2.6)

0.3

98.7 (74.5)

12.9 (43.5)

18.0 (72.6)

9.3 (30.5)

5.7 (1.8)

22

2.28

45.9

23.7
25.4
29.5
0.013
0.572
26, 28
400
381

97.9
21

0

TOT
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& CC 1 = Percentage of correlation between intensities from random half-datasets (Karplus and
Diederichs, 2012).

b Rsym = Zn Zi |li(hKl) - <I(hkl)>|/ Zna Zi I; (K1), where li(hkl) is the observed intensity and <I(hkl)>
is the average intensity of multiple observations from symmetry-related reflections (Arndt et al.,
1968).

® Rmeas = Zn [N/(N(hKD) -1)]"2 & |li(hkl) - <I(hKI) >|/Ema =i 1 (hKl), where N(hKl) is the data
multiplicity, li(hkl) is the observed intensity and <I(hkl)> is the average intensity of multiple
observations from symmetry-related reflections. It is an indicator of the agreement between
symmetry related observations (Diederichs and Karplus, 1997).

d Rpim. = Zna [1/(N(hKI) D] 55 (hKl) - <I(hKl) >)/Swa = 1 (hkl), where N(hkl) is the data
multiplicity, li(hkl) is the observed intensity and <I(hkl)> is the average intensity of multiple
observations from symmetry-related reflections. It is an indicator of the precision of the final
merged and averaged data set (Weiss, 2001).

® Reactor = Z |Fobs — Fealcl/ = Fobs, Where Fops and Feac are the amplitudes of the observed and the
model calculated structure factors, respectively. It is a measure of the agreement between the
experimental X-ray diffraction data and the crystallographic model.

" Ruo refers to the actual working data set used in refinement, while Ryee refers to a cross
validation set that is not directly used in refinement and is therefore free from refinement bias.

Calculation of absorbed X-ray doses
RADDOSE-3D (Zeldin et al., 2013) was used in order to calculate the absorbed X-ray
dose by crystals using the parameter diffraction-weighted dose (DWD). The input

parameters used for each crystal are reported in Table 3.2.

Table 3.2- Calculated X-rays diffraction-weighted absorbed doses for cuboid-shaped crystals
(Zeldin et al., 2013).

D52K oy D52Keq  S262Yeq D52K/S262Yq  D52K/S262Y eq

Gaussian beam type

with ful width and hatf 1% 10,10 20,20 10,10 10,10
maximum (um)

Beam flux (photons/s) ~ 1.4x10"  1.3x10"  1.7x10™ 1.1x10" 1.2x10"
Energy (keV) 142 127 127 142 14.2
Exposure time (s) 125.3 129.6 24.0 118.9 136.5
Dose (MGy) 7.50 6.20 0.81 6.87 9.25
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3.4 Results

Structure determination and quality

Based on previous studies, it was proposed that residues located in the diiron 2"
coordination sphere would be involved in substrates selection (Gongalves et al., 2014)
(Table 3.3). Therefore, the following site-directed mutants were produced, E. coli FDP-
ARd D52K, S262Y and double mutant D52K/S262Y. All mutant proteins were
submitted to crystallization experiments in the as-isolated state (oxidized state), and in

the chemically reduced state.

Table 3.3- Residues from the diiron second coordination sphere, that have been proposed to
be involved in the substrate selectivity of FDPs.

Protein (organism) Aminoacids Reductase Activity
FDP (E. histolytica) K53 Y271 0O.R
FDP (G. intestinalis) K58 Y267 O2R
FDP (T. maritima) K58 Y264 O.R
FDP (M. thermoacetica) Y54 W263 O2R > NOR
FDP (D. gigas) K52 W263 O2R > NOR
FDP (E. coli) D52 S262 NOR

The E. coli FDP-ARd mutants crystal structures were refined at resolutions ranging
from 1.9 to 2.5 A, as presented in Table 3.1. The side chains of the mutated residues
were truncated to alanine, and the refined electron density confirmed the success of
the respective mutation. Each mutant polypeptide chain could be traced in the electron
density within residues ranges 1-401 for FDP-ARd D52K., and 2-401 for the
remaining mutants. The electron density enabled the localization of two Fe atoms in
the crystallographic structures. The p-hydroxo bridge was refined with full occupancy,
except for the FDP-ARd S262Y,,q and FDP-ARd S262Y,,; (Chapter II), which was
refined with occupancies within 0.42-0.53. Most of the residues are within the most
favored region of the Ramachandran plot (Table 3.1).

Final models include one FMN cofactor, two iron atoms, one p-hydroxo bridge and

one dioxygen molecule. An isopropanol molecule (IPA) was found in chain B of E. coli
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FDP-ARd D52K,4. The krypton pressurization experiment led to the presence of three
krypton atoms in each chain of E. coli FDP-ARd D52Ky, mutant.

Overall structure of E. coli FDP-ARd mutants

The overall fold of the several E. coli FDP-ARd mutants in different oxidation states
did not show significant differences. Although the asymmetric units of the crystals
include two independent monomers, the characteristic FDPs “head-to-tail” dimer is not
visible in the asymmetric unit. Nevertheless, the FDP dimer become apparent if one
applies the two-fold rotation crystal symmetry, which produces for each monomer the
corresponding “head-to-tail” opposing partner (Fig. 3.2A). The final set of four chains
corresponds to a dimer of dimers with pseudo 222 point group symmetry (Fig. 3.2B),

similar to the native FDP.

Figure 3.2- Overall structure of E. coli FDP-ARd D52K. A- Cartoon representation of the “head-
to-tail” dimer and transparent solvent accessible surface of one of the monomers, with one
chain represented as dark red and the other as cyan. B- Cartoon representation and
transparent solvent accessible surface of the tetramer, where the chains are colored as dark
red, cyan, green and orange. C- Cartoon representation of the monomer composed of two
structural domains, a N-terminal metallo-f-lactamase-like domain (cyan) and a C-terminal
flavodoxin-like domain (blue). Iron atoms are represented as black spheres and FMN is shown
with carbon, oxygen, nitrogen and phosphorous atoms as grey, red, blue and orange sticks.

All E. coli FDP-ARd mutants are homotetramers in solution, as being observed by size

exclusion chromatography (Fig. 3.3).
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Figure 3.3- Gel filtration chromatogram showing the tetramer peak from the E. coli FDP D52K
mutant eluted from a Superdex 200 10/300 GL column.

Superimposition of the independent molecules from E. coli FDP-ARd mutants showed
low r.m.s.d.s between Ca atoms (0.11-0.23 A). Their superposition with others FDPs
structures (G. intestinalis, T. maritima, M. marburgensis, M. thermoacetica and D.
gigas) showed similar three-dimensional arrangements with overall Car.m.s.d.’s
within 1.38-1.93 A. Smallest r.m.s.d.’s values were obtained, as expected, among the
E. coli FDP structures.

Each monomer of the E. coli FDP-ARd mutants (Fig. 3.2C) as in others FDPs,
contains two structural domains: a metallo-pB-lactamase-like domain, located on the N-
terminal region (residues 1-246) and a flavodoxin-like domain in the C-terminal region
(residues 247-401). The p-lactamase-like domain shows the affa topology
characteristic of metallo-B-lactamase-like folds, and contains a diiron site, where the
reduction of O, or NO occurs. The flavodoxin-like domain has the aBa topology of
short chain flavodoxins, and contains a non-covalently bound flavin mononucleotide
(FMN), which acts as electron donor to the diiron site. Similarly to E. coli FDP, the
binuclear site in E. coli FDP-ARd mutants, is covered by a two stranded 3-sheet that

blocks the access to larger substrates (such as 3-lactams).

Structural features in the diiron site

The metal ligands in the E. coli FDP-ARd mutants are composed by four imidazole
nitrogens and three oxygens from carboxylate residues. For the E. coli FDP-ARd
mutants, Fe, (Fe proximal to FMN), is coordinated by E81°%, D166°°%, H147"%
H79"% and Fey (Fe distal to FMN) is coordinated by D83°%, D166°"*, H84"** and
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H227"%? (Fig. 3.4A). This coordination is similar to the diiron coordination previously
described for the E. coli FDP as well as others FDPs (Fig. 3.4B).
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L
N AN 2> 5062
V> Y262 Y f
£ L =2 Y
> ) - K52 B “h
" @€\ ) -l el
- | W 4 4 )| ¢
1 V. Es1  rD83 S ¥ 2)
S & °of Y Vo - NN . -4
& )7 % '/ Hs4 \ NV a v N
Sl L )7 Hro b | L ¥y o b 9
A =S o N7 @ s
@ W s 49 € T A
€y e ' 2 7 SN
SN /8 L \=
d = Y% ~
H147 D1  H227
C £ ~nli EDP D52K N E. COIl FDP DY2K/S5262Y
- S262Y .o G. intestinalis FDP
> ¢ D52K/S262Y >
V™ | Vo ! |
D e 8 > )\ )
\ (@) /5 N «\ e
/= & ® «/= & ¢
1l A | v .
e & ] o & " j
oy W =, 0o 2 K Y
TR v Y 2 &R ] . W4
v e Y ® N - - = Y Ioa
s . Ty PN S
€7 . =X €F o X
VD N Val =
¢ K ¢ K

Figure 3.4- Diiron catalytic site of FDPs. A- Representation of the K52 and Y262 residues from
the diiron second coordination sphere of E. coli FDP-ARd D52K/S262Y. Cartoon
representation of the monomers, colored in dark red and in cyan. B- Representation of the D52
and S262 residues from the diiron second coordination sphere of E. coli FDP (PDB 4D02).
Cartoon representation of the monomers, colored in dark red and in cyan. C- Superposition of
the diiron second coordination sphere from E. coli FDP-ARd D52K (purple), S262Y (blue) and
D52K/S262Y (green). D- Superposition of the diiron second coordination sphere from E. coli
FDP-ARd D52K/S262Y (green) with G. intestinalis FDP (PDB 2Q9U) (orange). Iron atoms are
represented as black spheres. The amino acid residues and FMN are shown as sticks with
carbon atoms in grey, nitrogen in blue, oxygen in red and phosphorous atoms in orange. The
u-hydroxo bridge is shown as red sphere.

106



| Structure of mutants from Escherichia coli Flavodiiron-type
! nitric oxide reductase

The inter-atomic distances that iron atoms stabilishes with metal ligands and other

species are listed in Table 3.4.

Table 3.4- Distances (A) between iron atoms and to metal ligands and neighboring oxygen
molecule. Individual distances are given for the two chains.

Distance (A) D52Koq  D52Kreg  S262Yoxi  S262Yreq DssziZGZY D52Kr/e §262Y D52Ky
Fe,—H79"* 24,25 24,24 27,29 24,25 25,25 2.4,2.4 2.4,2.4
Fe,—E81°%* 20,20 21,21 1919 17,18 20,20 1.9,2.0 1.9,1.9
Fe~H147"¥2 22,23 22,23 26,28 24,25 2.4,2.4 24,23 2.3,2.4
Fe,—D166°°> 21,21 20,21 21,22 21,21 21,22 2.0,2.2 21,22

Fep—uOH 18,19 19,21 21,21 22,24 2.0,2.0 2.0,2.2 1.9,2.0 %

&

Fe,—O; 2.8,3.0 3.0,@ 31,32 3.2,33 3.0,3.1 2.9,3.2 3.2,® o
Feq— D832 24,25 24,24 23,23 24,24 25,26 2.3,2.4 24,25
Feq— HB84NE 20,21 20,21 2222 21,21 21,22 2.0,2.1 21,21
Fes—D166°°*  2.3,23 22,23 25727 23,24 23,23 2.4,2.4 24,25
FeeH227"** 22,22 21,22 22,22 22,23 22,21 21,22 22,21
Fes—WOH 19,19 20,22 17,17 18,18 1.7,1.8 2.0,2.1 1.9,2.0
FeqO: 3.0,3.0 2.7,@ 25,27 26,29 28,29 2.4,2.4 3.2,®
Fep, —Feq 33,34 37,37 36,36 36,37 3.4,3.4 3.6,3.6 3.4,3.4

@ D52K,eq chain B shows a IPA instead of Oy ® D52Ky, chain B shows a water molecule
instead of O,.

As mentioned above, two residues of the diiron site second coordination sphere, D52
and S262, were mutated into lysine and tyrosine, respectively (Fig. 3.4C). However,
while D52 is located at ~8 A from Feq in the same monomer, the closest S262 residue

is at ~10 A from Fe, and belongs to the “head-to-tail” opposing monomer. The K52

107



Chapter 11l

and Y262 residues are in the same structural position as K58 and Y267, respectively
from G. intestinalis (Fig. 3.4D).

Although keeping the wild type fold, both redox states from E. coli FDP-ARd S262Y
crystals show electron density alterations at the diiron center and in its second
coordination sphere. Thus, they present a lower electron density in residues E81-G86,
which led to significantly higher a.d.p. values when compared with the neighbouring
residues (Fig. 3.5A). Some of these residues, E81, D83 and H84, are diiron ligands,
while the others, E82, A85 and G86 are located at the diiron site neighbourhood.
Moreover, one observes negative m|Fo|-DFc| electron density in D83 and near Y262,
in contrast to the native and all other mutant structures (Fig. 3.5B and C).

Additionally, FDP-ARd S262Y ., mutant shows three (H79, H147 and D166) out of the
seven iron ligands with significantly longer coordination distances, within 2.5-2.9 A
(Table 3.4). These longer inter-atomic distances, high a.d.p.s and low electron density
maps were attributed to plausible radiation damage (Chapter Il). Similar
crystallographic inconsistences were also observed in the reduced FDP-ARd S262Y

crystal structure, although with slightly lower significance.
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Figure 3.5- E. coli FDP-ARd mutants active site. A, B and C left panel- Structure
representation of the diiron site and mutated residues of E. coli FDP-ARd S262Y 4, D52Kox and
D52K/S262Y i, respectively, with map electron density 2m|Fo|-D|Fc]| in blue and m|Fo|-D|Fc| in
red. Iron ligands and FMN are shown as sticks with carbon atoms in grey, nitrogen in blue,
oxygen in red and phosphorous atoms in orange. A, B and C right panel — The amino acid
residues, iron atoms, solvent bridge and FMN are colored ramping from yellow to red for
<a.d.p.>s ranging from 15 A% to 60 A%
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In order to understand the nature of these structural changes, we estimated the
absorbed dose in the several datasets. Diffraction-weighted dose (DWD) values were
calculated for all crystals datasets (Table 3.2), and were clearly below the usually
accepted crystallographic experimental dose limit, 30 MGy (Owen et al., 2006).
Although, both D52K and D52K/S262Y crystals contain a higher absorbed dose
relative to both redox states of S262Y crystals, their active site and surrounding
neighborhood did not show any relevant structural changes, which suggests that the
observed crystallographic anomalies may be related with the replacement of a serine
by a tyrosine residue in position 262.

The FDP-ADP S262Y and D52K/S262Y mutants allows the introduction of a third
aromatic residue (Y262) in contact with the protein exterior surface relative to the
native E. coli FDP (Fig. 3.6). An inspection of the accessible surface area of Y262
residue in the FDP-ARd S262Y mutants revealed a lower value comparing with the
double mutant, 9 and 25 A?, respectively. This appears to be due to a glutamate side
chain (E82), located between residues at positions 52 and 262, that show different
conformations in both mutants. Since, in the double mutant, the E82 side chain is
more far from the Y262 side chain than in S262Y mutant, the solvent exposed area of
this tyrosine is higher.
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Y249

Y262 >

Figure 3.6- Superposition of tyrosine and tryptophan chains, from E. coli FDP-ARd S262Y and
D52K/S262Y, with the shortest edge-to-edge distance (dash line) between aromatic residues
from the active site to the protein solvent accessible surface. The residues in position 52, 82
and 262 are represented as sticks with carbons colored in green and blue for D52K/S262Y and
S262Y mutants, respectively. One of the monomers is colored as cyan and the other opposing
one as dark red. The tyrosine/tryptophan residues and FMN are represented as sticks colored in
grey. The iron atoms and p-hydroxo bridge are represented as grey spheres.

FMN binding site

As in other FDPs, the FMN cofactor in E. coli FDP-ARd mutants is located between
the two monomers of the “head-to-tail” homodimer. The phosphorylated part of FMN
neighbours the residues at position 262, while the tricyclic isoalloxazine ring is close to
the diiron center, at van der Waals distances from the iron ligand E81. However, the
FMN cofactor in both redox states of S262Y mutants structures, show a slightly longer
distance to E81, when compared with the native and other mutants structures, 3.7-3.9
A versus 3.4-3.5 A, respectively.
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Molecular tunnels

The molecular surface of E. coli FDP and its mutants, defined with a 1.4 A rolling
probe, shows one tunnel that crosses the active site pocket (Fig. 3.7). The tunnel
contains the active site, where dioxygen molecules were observed in all mutant
structures in oxidized and reduced forms. The active site divides the tunnel in two
sections: i) a longer ~23 A pathway, with diameter ~3.4-12 A that is lined mainly by
apolar atoms, and ii) a shorter ~9 A pathway, with ~2.8-5.7 A diameter that is lined
with a lower fraction of apolar atoms (Fig. 3.7A). The two pathways run in opposite
directions, with the longer pathway reaching the external protein surface, while the
shorter pathway reaches the solvent at the hollow interior of the tetramer. In both E.
coli FDP-ARd S262Y and D52K/S262Y mutants, the Y262 residue constricts an
otherwise 7 A wide side-gallery that connects the short pathway with the external

surface of the protein (Fig. 3.7B).
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Figure 3.7- E. coli FDP-ARd D52K and S262Y molecular tunnels. A- E. coli FDP-ARd D52K
tetramer transparent solvent accessible surface, colored as in Fig. 3.2, with both tunnel
sections. The long pathway (LP), connects the external surface of the protein with the diiron
catalytic site. Krypton atoms (Kr1-3) localized in LP, are shown as blue spheres and with
electron density shown in grey. The short pathway (SP), is in the opposite direction of the long
tunnel section, connecting the diiron site with the tetramer interior. The K52 and S262 residues
are located near the SP and are shown with carbon atoms in cyan and dark red, respectively.
Residues lining the SP and LP are represented by sticks with carbon atoms in grey, oxygen in
red and nitrogen in blue. B- Long and short pathway from E. coli FDP-ARd D52K and S262Y,
The residues at position 52 (cyan) and 262 (dark red) are located near the SP. The LP and SP
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are shown as a blue and grey mesh, respectively.

In order to confirm the localization of the observed tunnel structures, D52K mutant
crystals were pressurized with krypton gas prior to diffraction data collection. Noble
gases like krypton or xenon have been used in the investigation of hydrophobic
tunnels due to their hydrophobicity and high atomic numbers (Gabdulkhakov et al.,
2009; Murray and Barber, 2007; Murray et al., 2008; Schiltz et al., 2003).

The similar dimensions of krypton atoms, with O, or NO minimal dimensions, makes
this a convenient gas to locate possible O, and NO tunnels. In order to facilitate the
diffusion of krypton gas through the crystal protein, 100 bar was used to pressurize
D52K crystals, which were rapidly cryo-cooled with liquid nitrogen at 100 K (D52K;).
The corresponding crystal structure showed three initial putative solvent waters that
were not visible in the D52K structure. These displayed significantly lower a.d.p.s
comparing with neighbouring atoms, 3-14 A? vs 27-46 A?, respectively, and were
therefore assigned as krypton atoms (Fig. 3.7A). As the refined Kr atoms showed too
high a.d.p. values, refinement cycles were tested by reducing successively their
occupancies, until their a.d.p.s reached values similar to their neighboring atoms. Final
Kr atoms occupancies ranged within 0.4-0.6. Atom Krl is located near the active site,
Kr2 sits near the intermediate area of the tunnel, and Kr3 is close to the molecular

outer surface.

Active site pocket

In addition to the canonical diiron metal ligands, the E. coli FDP active site pocket is
surrounded by residues F22, H23, Y27, H171 ,Y194, 1198 (Romao et al., 2016b)
(Fig. 3.8). The E. coli FDP structures in the oxidized and reduced states differ in the
presence of a phosphate or a dioxygen molecule at the sixth coordination position,
respectively, while all mutant structures show a dioxygen molecule in both redox

states, with exception of chain B from D52K 4, which presents an IPA molecule.
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Figure 3.8- Representation of the waters chain in E. coli FDP-ARd S262Y. The residues
surrounding the active site pocket are shown as sticks with carbon atoms in orange. The
residues shown as sticks with carbon atoms colored in blue and yellow, represents two
different waters chains. The neighbouring water molecules involved in these pathways are
shown as spheres colored with the same color as the mentioned residues. The water
molecules represented as red spheres represents the chain of waters from the the diiron site
until the bifurcation of pathways. The D52 (green) and Y262 (dark red) residues, are located
near the SP. The metal ligands and FMN are shown as sticks with carbon atoms in grey,
nitrogen in blue, oxygen in red and phosphorous atoms in orange. Iron atoms are represented
as black spheres. The p-hydroxo bridge is shown as a red sphere.

The higher resolution of S262Y g Crystal mutants allowed to identify in the active
site pocket two to three water molecules, of which two of them are conserved. A chain
of water molecules was observed between the active site and the protein outer
surface, involving hydrogen bonds with residues H23, N296, E329 and N197, where it
bifurcates either towards the tetramer interior, involving D294 residue, or towards to
the outer surface with T300 residue (Fig. 3.8). These waters chains are also visible in
the 1.75 A resolution native structure and in D52K crystal mutants but not in the
double mutant structures.
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Conservation of histidines motif

A Blast search of flavorubredoxins (Class B FDPs), followed by their sequences
alignment with the program ClustalX (Thompson et al., 1997) revealed the presence of
four conserved histidines, H113-H114-H115-H116 (E. coli numbering), of which H113
is also conserved in M. thermoacetica, D. gigas and M. marburgensis, H115 is
conserved in D. gigas and H116 is conserved in M. thermoacetica. A function for
these four histidines has not yet been addressed. In E. coli FDP-ARd mutants, the
H113 residue is located close to the short pathway, while H116 is near to the

molecular surface (Fig. 3.9).

Figure 3.9- Representation of the four histidines from E. coli FDP-ARd S262Y mutant.
Representation of the diiron site, D52, Y262 and H113-H116 (cyan) residues. The cartoon
representation of one of the monomers is colored in dark red and the other as cyan. The long
pathway (LP) and short pathway (SP) are shown as a blue and grey mesh, respectively.

3.5 Discussion

In order to try to unravel the molecular determinants that affects the E. coli FDP
substrate selectivity, single and double mutants were produced aiming to convert this
NO reductase into an O, reductase. The mutations rational was based on previous

kinetic studies from the O, reductase E. histolytica, which had revealed that the Y271
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residue from the diiron second coordination sphere had an important role in increasing
the substrate preference towards nitric oxide, together with a higher sensitivity for
oxygen, when compared with the wild-type protein (Gongalves et al., 2014). Thus,
crystal structures of truncated E. coli FDP-ARd single and double mutants, D52K,
S262Y and D52K/S262Y (Fig. 3.4C), were determined. The residues K52 and Y262
in FDP-ARd double mutant, are in the same structural position when compared with
the corresponding residues, K58 and Y267, of the O, reductase G. intestinalis FDP
(Fig. 3.4D). All E. coli FDP-ARd mutants structures showed a homotetrameric
arrangement, in agreement with the experimental results of size-exclusion
chromatography. This is in agreement with the finding that, all known FDPs in vitro
conditions were found forming homodimers or homotetramers (Di Matteo et al., 2008;
Vicente et al., 2002; Wasserfallen et al., 1998).

The overall structure of the different FDP-ARd mutants is conserved when compared
with the wild-type protein. Nevertheless some structural differences were observed in
the FDP-ARd S262Y mutant. The most striking differences between S262Y oireq and
all other structures were found in the diiron coordination region, which showed
significant decreases of electron density at some residues side chains. The region
within the residues E81-G86, which includes iron ligands, is highly labile and shows
negative Fourier difference densities below 40 contour level at ligand D83 and near
Y262 (Fig. 3.5A). In all E. coli FDP-ARd mutants, ligands H79, H147 and D166
showed iron-coordination distances longer than those measured in the native
structure, and in S262Y,,; these distances reached the highest values. Interestingly, a
calculation of crystals diffraction-weighted dose (DWD) indicated that the S262Y oyired
crystals had lower absorbed doses than the remaining mutant crystals (Table 3.2),
thus suggesting that the observed structural anomalies might have resulted from a
higher sensitivity of S262Y ireq t0 X-ray radiation. Radiation damage effects at low
absorbed doses (~0.3-2 MGy) have been previously reported (Corbett et al., 2007;
Holton, 2007; Olieric et al., 2007). Therefore, it seems that the single S262Y mutation
has an effect on the sensitivity of the crystal to X-ray radiation, while when combined
with the K52 residue (D52K/S262Y), this effect is attenuated.

As referred in Chapter Il, the tyrosine/tryptophan chains are known to play a key role
in protection of oxidoreductases against radicals damage, since they act as escape
routes to the external protein surface (Gray and Winkler, 2015; Winkler and Gray,
2015). The E. coli FDP-ARd S262Y and D52K/S262Y mutants present a third
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aromatic residue relative to native FDP that connects the diiron site with the external
surface of the protein. However, the S262Y mutant shows a higher X-ray sensitivity
when compared with the double mutant. This could be due to a less exposed
accessible surface area of Y262 residue in the single mutant, which appears to result
from the E82 residue, nearby the Y262 residue, that adopts different conformations in
both mutants. The E82 residue is located between the two mutated residues present
in the second coordination sphere, namely at position 52 and 262. In the S262Y
mutant, E82 is closer to the Y262 residue, while in the D52K/S262Y mutant this
residue becomes further apart from Y262, probably due to the presence of K52
residue. This results in a more solvent exposed tyrosine (Y262) side chain in the
double mutant, which may facilitate the escape of harmful radicals.

Analysis of the wild-type protein structure in oxidized state revealed similar chains of
waters between the active site and the protein outer surface (Romao et al., 2016b), as
present in D52K and S262Y mutants, in both redox states. In others FDPs with known
structure, it was not possible to detect equivalent water chains, even in the M.
marburgensis FDP structure at 1.70 A resolution.

Flavorubredoxins contain a conserved histidine-rich motif composed of four histidines
(H113-H114-H115-H116, E. coli FDP numbering) (Fig. 3.9). Different functions have
been attributed to histidine-rich regions in other proteins, e.g. in [NiFe] hydrogenase it
was proposed to be involved in an route of protons transfer between the active center
and the protein surface (Szori-Doroghazi et al., 2012). Also, the histidine-rich motif in
the cactus OpsDHN1 dehydrin was proposed as a targeting element for its nuclear
localization (Hernandez-Sanchez et al., 2015). However, the function of these four
histidines in E. coli FDP has not been addressed.

The long pathway localized between the active site and the outer protein surface
showed three krypton atoms upon pressurization with this gas, thus supporting
previous molecular dynamic simulations that suggested this pathway to conduct the
substrates to the active site (Romao et al., 2016b; Victor et al., 2009). Additionally,
these studies revealed that the long pathway of D. gigas (O,/NO reductase), E. coli
(NO reductase) and G. intestinalis (O, reductase) FDPs, had similar diffusion
properties and amounts of both diatomic molecules, although the set of proteins
included distinct substrates selectivities (Romao et al., 2016b), which suggested that
the long pathway is not involved in the selection of substrates. Additionally, a short

pathway was proposed to link the active site to the tetramer interior void volume,
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which showed less apolar characteristics and lower affinity to O, or NO molecules
(Romao et al., 2016b; Victor et al., 2009). This path was proposed as a possible exit
route for the reaction products. In E. coli FDP, the residues at positions 52 and 262
are in the vicinity of this short pathway. The Y262 residue, both in single and double
mutant forms, constricts a side-gallery that connects this path with the external surface
of the protein (Fig. 3.7B). Therefore, additional kinetic studies will elucidate about the
possible role of this residue in E. coli FDP since in E. histolytica FDP, it was showed
that apparently, this tyrosine residue has an influence in the modulation of the

substrate reductase activity.

3.6 Conclusions

FDPs are a family of proteins that affords protection in Bacteria, Archaea and some
Eukarya organisms, by avoiding formation of reactive oxygen and nitrogen species.
Until today, the molecular determinants that affect substrate selectivity in these
proteins are still unknown. However, mutations studies on the O,-selective E.
histolytica FDP, indicated that the Y271S mutation in the diiron second coordination
sphere could have an important role in its higher preference to nitric oxide, relatively to
the wild-type protein (Gongalves et al., 2014).

In the present work, we have described several crystallographic structures of E. coli
FDP-ARd mutants, both in as-isolated and in chemically reduced states. While the
native E. coli FDP and its mutants show a similar overall fold, the S262Y mutant in
particular presents significant structural differences in the diiron site region and its
neighborhood. One observes a high labilization of some metal ligands side chains,
longer coordination distances relative to the native E. coli FDP and negative Fourier
difference densities in some metal ligands and neighbouring residues. These
structural differences are particularly puzzling as the E. coli FDP-ARd S262Y mutation
has a lower absorbed dose than either native, D52K or D52K/S262Y mutants, which
suggests that the presence of K52 residue is relevant for the solvent exposed surface
of Y262 and its possible role as a radicals escape route.

Krypton pressurization experiments corroborated the localization of a long pathway,
previously studied by molecular dynamic simulations in other FDPs (Victor et al.,

2009), which links the catalytic site with the external protein surface. The residues
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lining this path are mainly hydrophobic, and it was suggested to function as a
substrates entry, although the dynamic simulations studies did not related it with
substrate selectivity. In the opposite side of the long pathway, a shorter and less
apolar section was assigned as a probable pathway for reaction products. The
mutated residue Y262 constricts a side-gallery that connects the short pathway with
the external surface of the protein. Therefore, additional kinetic studies are required to
unravel the influence of these diiron second coordination sphere mutations in the

substrate selectivity of this family of proteins.
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I Structural analysis of FIv1-AFIR protein from Synechocystis

4.1 Summary

Flavodiiron proteins (FDPs) play key roles in biological response mechanisms against
oxygen and/or nitric oxide; in particular they are present in oxygenic phototrophs
(including cyanobacteria and gymnosperms). Two conserved domains define the core
of this family of proteins: a N-terminal metallo-B-lactamase-like domain followed by a
C-terminal flavodoxin-like one, containing the catalytic diiron center and a FMN
cofactor, respectively. Members of the FDP family may present extra modules in the
C-terminus, and were classified into several classes according to their distribution and
composition. The cyanobacterium Synechocystis sp. PCC 6803 contains four Class C
FDPs (Flvl-4) that include at the C-terminus an additional NAD(P)H:flavin
oxidoreductase (FIR) domain. Two of them (FIv3 and FIv4) have the canonical diiron
ligands (Class C, Type 1), while the other two (FIvl and FIv2) present different
residues in that region (Class C, Type 2). Most phototrophs, either Bacterial or
Eukaryal, contain at least two FDP genes, each encoding for one of those two types.
Crystals of the FIvl two core domains (FIlv1-AFIR), without the C-terminal
NAD(P)H:flavin oxidoreductase extension, were obtained and the structure was
determined. Its pseudo diiron site contains non-canonical basic and neutral residues,
and showed anion moieties, instead. The presented structure revealed for the first

time the structure of the two-domain core of a Class C-Type 2 FDP.

4.2 Introduction

FDPs are a family of enzymes widespread in Bacteria, Archaea and Eukarya. These
proteins provide response mechanisms to protect organisms against oxidative and
nitrosative stress, reducing oxygen to water and/or nitric oxide to the non-toxic
compound nitrous oxide. Some enzymes are specific for only one of the substrates,
whereas others have the ability to reduce both substrates (Di Matteo et al., 2008;
Gomes et al., 2002b; Hillmann et al., 2009; Kawasaki et al., 2004; Rodrigues et al.,
2006; Silaghi-Dumitrescu et al., 2005a; Smutna et al., 2009; Vicente et al., 2012).

FDPs” amino acids sequences were analysed extensively, leading to a classification
according to their structural domains composition, and until now eight classes (A-H)
were identified (Folgosa et al., 2018a; Romao et al., 2016a). All known FDP classes

have in common the flavodiiron core (the two only domains in Class A enzymes),
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which consists of a metallo-B-lactamase-like domain at the N-terminal harbouring a
diiron catalytic center, linked to a flavodoxin-like domain at the C-terminal containing a
non-covalently bound flavin mononucleotide (FMN). The two redox centers within the
same monomer are too far away (~ 40 A) to allow an efficient electron transfer
between them. Therefore, the minimal functional unit of the FDPs that were
structurally characterized until now, consists of a homodimer with a “head-to-tail”
arrangement, that brings close together (~ 6 A) the diiron center of one monomer and
the FMN cofactor of the opposing neighbouring monomer (Frazao et al., 2000; Vicente
et al., 2007a).

Class C FDPs have an extra C-terminal domain predicted to be similar to
NAD(P)H:flavin oxidoreductases (FIR); this extra domain is able to receive electrons
directly from NAD(P)H that will be transferred to the catalytic core (Vicente et al.,
2002). Class C FDPs form a distinct phylogenetic cluster that includes only oxygenic
photosynthetic organisms, such as cyanobacteria, green algae, lower plants (mosses
and lycophytes) and higher plants (gymnosperms) (Allahverdiyeva et al., 2015b;
Gerotto et al., 2016; Gongalves et al., 2011b; llik et al., 2017; Peltier et al., 2010;
Shimakawa et al., 2017; Zhang et al., 2009); thus far, FDPs appear to be absent in
angiosperms. Moreover, Class C enzymes are the most diverse proteins of the FDP’s
family, since many of them show notorious differences on the putative amino acids
that are known to bind the iron ions in canonical FDPs; fifteen distinct sets of putative
ligands were proposed (Gongalves et al., 2011b). Class C-Type 1 FDPs have the
canonical iron binding residues: H79-x-E81-x-D83-H84-xg,-H147-X15-D166-Xg0-H227
(E. coli FDP numbering, (Romao et al., 2016b)). Types 2-15 lack most of the canonical
diiron coordination ligands, having Type 2 enzymes the second most common
arrangement within Class C enzymes. In Type 2 enzymes, the following neutral and
basic amino acids were proposed as putative ligands, on the basis of amino acid
sequence analysis: H108-x-N110-x-N112-R113-Xg4-H178-X15-K197-X56-H254
(Synechocystis Fivl numbering) (Gongalves et al., 2011b).

So far, in all cyanobacteria and photosynthetic eukaryotic organisms analysed, at least
two FDP genes are present: one coding for a canonical Class C-Type 1 FDP, and a
second encoding for one of the non-canonical Types identified (Gongalves et al.,
2011b). The cyanobacterium Synechocystis sp. PCC6803 contains four genes
encoding FDPs, two Class C-Type 2, sll1521 (Flvl) and sll0219 (FIv2), and two Class
C-Type 1, sll0550 (Flv3), and sll0217 (Fiv4) (Helman et al., 2003). Flvl and Flv3 were
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I Structural analysis of FIv1-AFIR protein from Synechocystis

shown to protect the photosystem | from reactive oxygen species (ROS) under
fluctuating light conditions through a Mehler-like reaction (Allahverdiyeva et al., 2013;
Helman et al., 2003). On the other hand, Flv2 and Flv4 were proposed to protect
photosystem |l against photo inhibition (Bersanini et al., 2014; Zhang et al., 2009;
Zhang et al., 2012). Quite importantly, recently, expression of the moss Physcomitrella
patens FDPs in the model plant Arabidopsis thaliana (Yamamoto et al., 2016) or in
rice species (Oryza sativa) (Wada et al.,, 2018), which are both angiosperms and
therefore lack FDPs, increased the protection of photosystem Il under fluctuating light
conditions. Also, expression of cyanobacterial FDPs in chloroplasts from tobacco
plants (Nicotiana tabacum) had the same effect in photosynthesis (Gomez et al.,
2018). Furthermore, FDP deletion strains of the green algae Chlamydomonas
reinhardtii and of the moss Physcomitrella patens showed increased damage of
photosystem | and reduced growth under fluctuating light (Chaux et al., 2017; Gerotto
et al., 2016). Therefore, Class C FDPs appear as key players in photosynthetic
organisms, functioning as electron sinks (safety valves) and avoiding the formation of
ROS. The induction of Flvl-4 gene expression upon 12 h of exposure to S-
nitrosoglutathione demonstrated that Synechocystis FDPs also have a role associated
with nitrosative stress defences (Goncalves et al., 201l1a). So far, Flv3 from
Synechocystis is the only Class C FDP that has been biochemically studied. The
protein presents oxygen reductase activity in vitro, and two oligomeric forms,
homotetramer or homodimer, were identified in solution (Mustila et al., 2016; Vicente
et al., 2002).

Most of the FDPs whose crystallographic structures are deposited in the Protein Data
Bank (PDB) belong to Class A, thus being composed of the flavodiiron core only.
Additionally, the crystal structure of a Class B FDP from E. coli, that has an extra
rubredoxin domain was also determined (Romao et al., 2016b). For Class C FDPs
only two partial structures from enzymes of the cyanobacterium Anabaena sp.
PCC7120 are available, each including only one of the two flavodiiron core structural
domains: the metallo-B-lactamase-like domain from Anabaena FDP-Type 3 (All0177,
PDB 4FEK), that was crystallized without metal ions, and the flavodoxin-like domain
from Anabaena FDP -Type 1 (All3895, PDB 3FNI), obtained without the FMN cofactor.
To fully understand the function of Class C FDPs in photosynthetic organisms, it is
essential to have their three dimensional structures. Here, we took a first step towards

this goal, by determining for the first time a Class C-Type 2 FDP crystal structure,
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namely that of the cyanobacterium Synechocystis sp. PCC6803 Flv1 truncated from
its NAD(P)H:flavin oxidoreductase-like domain (FIv1-AFIR), therefore containing only
the flavodiiron core. This specific enzyme was chosen since Flvl is a member of the
most common Class C FDPs that lack the canonical diiron amino acid ligands.

4.3 Materials and methods

Protein expression and purification

Synechocystis sp. PCC6803 Flvl was expressed with only the FDP core, designated
as FIvV1-AFIR, since the trials for the expression of the full length protein done under
multiple conditions led systematically to accumulation of the protein in inclusion
bodies. Additionally, the first 25 residues that constitute a putative signal peptide, were
also not included in the recombinant protein. Therefore, the Synechocystis gene
encoding FIV1-AFIR (residues 26-431) was cloned into pET24a+ (Novagen) to
generate the recombinant plasmid pFlvl_core. Escherichia coli BL21-Gold (DE3) cells
(Stratagene) transformed with pFlvl_core were grown in minimal medium (M9)
supplemented with 30 pg/mL kanamycin and enriched with 100 pM FeS0,.7H,0, at
28°C and 140 rpm. When cells reached an optical density at 600 nm of 0.4, 100 uyM of
isopropyl-B-D-thiogalactopyranoside (IPTG) was added. After 7 h of induction, cells
were harvested by centrifugation at 10,000g for 10 minutes, at 4 °C. The harvested
cells were then resuspended in 20 mM Tris-HCI pH 7.5 and disrupted in a French
press at 1000 psi. After ultracentrifugation at 100,000g for 1 h, at 4 °C, the soluble
fraction was collected and dialysed overnight at 4 °C against 20 mM Tris-HCI pH 7.5
and 2.5 % of glycerol.

FIv1-AFIR was purified in two steps using an AKTA prime system (GE Healthcare), at
4 °C. The soluble fraction was loaded onto an anionic Q-Sepharose Fast Flow column
(XK 26/40; GE Healthcare), equilibrated with 20 mM Tris-HCI pH 7.5 with 5% glycerol
(buffer A). A salt gradient was applied up to 1 M NaCl in buffer A. The fraction
containing FIv1-AFIR was eluted with 350 mM NacCl and concentrated by ultra filtration
(Centricon, Vivaspin, 30 kDa cutoff). The UV-Visible spectrum of this fraction revealed
the typical flavin fingerprint, with absorption bands at 375 nm and 446.5 nm. Finally,
this fraction was loaded onto a Superdex 200 column (XK 26/60 GE Healthcare)
previously equilibrated with buffer A with 150 mM NaCl and 5% glycerol. Fractions

containing FIv1-AFIR, were analyzed and those judged to be pure on the basis of
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SDS-PAGE were used for the further studies. The N-terminal of the pure protein was
sequenced, confirming that the correct protein had been expressed and purified. The
pure protein mainly eluted as a monomer, and a minor dimeric form was also
detected. Nevertheless, none of the purified proteins showed the flavin UV-visible
fingerprint, indicating that the protein was deflavinated in both oligomeric states. The
protein concentration and total iron content were determined using the bicinchoninic
acid protein assay (Pierce) (Walker, 1994) and the 2, 4, 6-tripyridyl-S-triazine method
(Fischer and Price, 1964), respectively. The flavin was quantified using the acid
extraction protocol (Susin et al., 1993). The final protein sample was concentrated up
to 15 mg/mL, and lacked both iron and flavin. The incorporation of both cofactors was
attempted by incubating anaerobically the protein with iron (ammonium iron(ll) sulfate)
and FMN, in a 5 molar excess, from 15 to 60 min at 37°C. To remove the excess iron
and FMN, the solution was loaded into a Superdex-200 column equilibrated with 20
mM Tris-HCI pH 7.5, 150 mM NaCl and 5% glycerol. However, despite several

attempts, the incorporation of both cofactors remained unsuccessful.

Differential scanning fluorimetry assay

Differential scanning fluorimetry (DSF), also known as thermofluor (Ericsson et al.,
2006; Niesen et al., 2007), was used to determine the FIv1-AFIR thermal stability. The
thermal shift assay was performed as previously described (Santos et al., 2012), using
a buffer screening with 100 mM of concentration, in the pH range 3-10, three NaCl
concentrations (0, 150 and 500 mM), and 150 mM KCI. The control buffer condition
was 100 mM Tris-HCI pH 7.5, 150 mM NacCl, which was the buffer used for the protein
purification. The buffer condition 100 mM MOPS pH 7 and 500 mM NacCl, induced the
highest melting temperature (shift from 54°C to 58°C). Afterwards, a buffer exchange
was performed using the Superdex 200 column (XK 26/60 GE Healthcare) with the
optimized buffer 50 mM MOPS pH 7, 500 mM NaCl and 5% glycerol. The purified
protein has properties similar to those described above, in which the majority of the
FIv1-AFIR in solution was a monomer, with only a minor fraction of the dimer. Dimer
and monomer fractions were collected separately, concentrated up to 15 mg/ml and

used for crystallization trials.
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Crystallization, cofactors crystals soaking and cryoprotection

Nanolitre-scale crystallization screens were performed at 20°C with commercial kit
Structure Screen 1 and 2 (Molecular Dimensions). Drops were dispensed by a
Cartesian Crystallization Robot Dispensing System (Genomics Solutions) on round-
bottom Greiner 96-well CrystalQuick™ plates (Greiner Bio-One). Since no crystals
were obtained when using the purified protein solution, the protein in the DSF
optimized buffer, 50 mM MOPS pH 7 and 500 mM NaCl plus 5% glycerol, was used
instead. For the screening of the best conditions, 0.1 pl of protein (15 mg/mL) was
mixed with 0.1 pl of precipitant solution and equilibrated by vapor diffusion against 40
ul of the reservoir solution. Crystals appeared within three days in 0.2 M ammonium
acetate, 0.1 M tri-sodium citrate pH 5.6 and 30% (w/v) PEG 4000. Optimization trials
proceeded at microliter-scale using hanging drops in vapor diffusion with 500 uL
reservoir solution, using XRL 24-well crystallization plates (Molecular Dimensions).
Several parameters were optimized, such as temperature, precipitant concentration
and protein:reservoir proportion. The best FIv1-AFIR crystals were obtained by mixing
1 pl of protein (15 mg/ml in 50 mM MOPS pH 7 and 500 mM NaCl plus 5% glycerol)
with 1 yl of 0.2 M ammonium acetate, 0.1 M tri-sodium citrate pH 5.6, and 23-25%
(w/v) PEG 4000, at 20°C. Incorporation of metal and FMN was also attempted by
soaking crystals with a solution of iron (ammonium iron(ll) sulfate), FMN, and iron and
FMN, and zinc sulfate using different times of incubation. But as it happened for the
solution experiments, the crystal’s soaking was also ineffective.

Finally, crystals were cryo-protected using the reservoir solution supplemented with

25% glycerol, and flash-cooled in liquid nitrogen.

Data collection and processing

All X-ray diffraction measurements were performed under a nitrogen stream at 100 K.
A first in-house data set (named FIV1-AFIR,nouse) Was collected using Cu K-alpha
radiation with 1.5418 A wavelength in a Bruker AXS Proteum Pt135 CCD detector
system coupled to a Microstar-1 rotating-anode X-ray generator with Montel mirrors.
Images were processed with SAINT and scaled with SADABS, as part of the Bruker
AXS Proteum software suite. The quality of the diffraction data was analyzed with
XPREP (Bruker AXS).

Diffraction data at higher resolution were measured in ID30B (McCarthy et al., 2018)
and ID30A-3 (Theveneau et al.,, 2013) beamlines at the European Synchrotron
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Radiation Facility (ESRF, Grenoble, France) for crystals of FIvl-AFIR and FIv1-AFIR
soaked with iron sulfate (named FIv1-AFIRs.akeq), respectively. Diffraction images of
FIV1-AFIR were obtained with a PILATUS detector, radiation wavelength 0.9762 A,
crystal-to-detector distance 292 mm and oscillations width 0.10°, in a total of 140°
rotation during 28 s. The diffraction data of FIv1-AFIRg.eq Were obtained with an
EIGER detector, radiation wavelength 0.9762 A, crystal-to-detector distance 127 mm
and oscillations width 0.10° in a total of 230° rotation during 23 s. Diffraction spots
were indexed, integrated and scaled, and the final amplitudes calculated using XDS
(Kabsch, 2010). Data collection details and processing statistics are listed in Table
4.1.

Structure determination, refinement and analysis

An estimation of the unit cell contents indicated one molecule in the asymmetric unit
(Kantardjieff and Rupp, 2003; Matthews, 1968). Molecular replacement (MR) trials of
FIV1-AFIR house With PHASER (Mccoy et al., 2007b) within the PHENIX suite (Adams
et al., 2010a) using canonical FDP dimers or monomers as target structures, were
systematically unsuccessful. However, the MR solution was readily obtained when the
B-lactamase and flavodoxin-like domains were searched separately. Anabaena sp.
PCC7120 (PDB 4FEK) B-lactamase-like domain, with 45% amino acid sequence
identity with Synechocystis Flvl, and Moorella thermoacetica FDP (PDB 1YCF)
flavodoxin-like domain, with 18% amino acid identity with Synechocystis Flv1, led to
the initial MR with TFZ (lactamase-like domain) =12.5 and TFZ (flavodoxin-like
domain) =12.4. The FIv1-AFIR;,house SEqUENCe Was edited into the MR model followed
by iterative refinement with PHENIX.REFINE (Adams et al., 2010a; Afonine et al.,
2012; Terwilliger et al., 2008) and manual correction and completion of the model,
upon examination of 2m|Fo|-D|Fc| and m|Fol|-D|Fc| electron density maps with COOT
(Emsley and Cowtan, 2004). When the two higher resolution data sets, Flv1-AFIR and
FIV1-AFIRscaked; beCame available the in-house model was submitted to preliminary
rigid-body refinement cycles followed by iterative refinement and manual model edition
with each data set. Refinement included atomic positions, isotropic atomic
displacement parameters (a.d.p.s) as well as polypeptide chain regions of translation,
libration and screw refinement of anisotropic a.d.p.s, which were defined with the
TLSMD server (http://skuld.bmsc.washington.edu/~tlsmd) (Painter and Merritt, 2006).
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Standard stereochemistry libraries was used for peptides (Engh and Huber, 1991). A
random set of 1.5% of the reflections were excluded from the calculations to monitor
the refinement strategy. Water solvent molecules were assigned automatically from
m|Fol|-D|Fc| difference maps peaks neighboring hydrogen bonding acceptors or
donors within 2.45-3.40 A distances, but only kept if their a.d.p.s refined to values
lower than 60 A®. Other solvent anions from the protein or crystallization solutions
were assigned based also on reasonable fit of their shapes to electron density blobs,
polar interaction distances and a comparative analysis of their a.d.p.s with the
neighbouring atoms. Refinement and model edition iterations proceeded until
convergence of Rpee and Ryok, When a final cycle of refinement was produced
including all available data to define the final models and their R0 IN the last
refinement cycle containing all experimental data, the weighting factors for
stereochemical and atomic displacement parameters were manually set in order to
obtain bonds and angles root-mean-square distances (r.m.s.d.) similar to those of the
previous cycle, when Rsee Was used to set the refinement strategy. The final structures
stereochemistry was analyzed with MOLPROBITY (Chen et al., 2010). The refinement
statistics are presented in Table 4.1.

Three dimensional superposition of poly-peptide chains was performed with
MODELLER (Webb and Sali, 2014). The domains movements were determined by the
DynDom program (Hayward and Berendsen, 1998; Hayward et al.,, 1997). The
analysis of molecular tunnels was performed with MOLE 2.0 (Sehnal et al., 2013) and
PyMOL (DeLano, 2002; Schrodinger, 2010). Figures of structural models were
prepared with COOT (Emsley et al., 2010) and PyMOL (DeLano, 2002; Schrodinger,
2010).

Structure factors and associated structure coordinates of Synechocystis FIv1-AFIR
and FIv1-AFIRgakeq Were deposited in the Protein Data Bank (www.rcsb.org) (Berman
et al., 2000) with PDB codes 6HOC and 6HOD, respectively.
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refinement statistics of

Synechocystis FIv1-AFIR and FIv1-AFIRscaked. Values in parentheses correspond to the highest

resolution shell.

Flv1-AFIR FIv1-AFIRsoaked

Data collection statistics

Beamline ID30B ID30A-3

Wavelength (&) 0.9762 0.9762

Space group Cc2 Cc2

Unit cell parameters (A) a=769 b=878,¢c=707, a=768b=86.9 c=721,
B =100.94° B =102.07°

Resolution (A)

Number of observations
Unique reflections
Completeness (%)

Multiplicity

Mosaicity (°)

CCy; (%)°

Reym (%)°

Rimeas (%)°

Rpim (%)d

<l/o(l)>

Wilson B-factor (A%

Vu (A% Da™)

Estimated solvent content (%)
Refinement statistics

Riactor (%6)°

Ruork (%)’

Riree (%)’

r.m.s.d. for bond lengths (A)
r.m.s.d. for bond angles (°)
Chain <a.d.p.> (A?)

Number of residues

Number of solvent waters
Number of solvent ions
Residues in favored, allowed and
disallowed regions of the
Ramachandran plot (%)

PDB code

57.23-1.59 (1.70-1.59)
155331 (24205)
58593 (9444)
95.9 (96.1)

2.6 (2.6)

0.14

99.9 (65.2)

3.1 (40.6)

3.9 (67.5)

2.2 (30.2)

15.1 (1.7)

26

2.60

52.8

14.8
15.3
19.8
0.006
0.923
34
405
344
1,1,-

98.8,1.2,0

6HOC

56.84-1.60 (1.70-1.60)
125072 (19354)
58008 (9234)
94.7 (93.7)

2.2 (2.1)

0.15

99.7 (56.7)

4.1 (54.0)

5.5 (75.5)

3.2 (42.6)

13.4 (1.4)

29

2.52

51.2

Chapter IV

15.9
16.5
20.6
0.011
1.296
39
402
200
1,-2

98.0,2.0,0

6HOD
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& CCy, = Correlation coefficient between intensities from random half-datasets (Karplus and
Diederichs, 2012).

b Rsym = Zn Zi |li(hKl) - <I(hkl)>|/ Zna Zi I; (hkI), where li(hkl) is the observed intensity and <I(hkl)>
is the average intensity of multiple observations from symmetry-related reflections (Arndt et al.,
1968).

® Rmeas = Znia [N/(N(hKD) -1)]"2 i [li(hkl) - <I(hKI) >|/Ema =i 1 (hKl), where N(hKl) is the data
multiplicity, li(hkl) is the observed intensity and <I(hkl)> is the average intensity of multiple
observations from symmetry-related reflections. It is an indicator of the agreement between
symmetry related observations (Diederichs and Karplus, 1997).

4 Rpim = Zha [L/(N(hKD) -1)] £ [li(hkl) - <I(hkl) >[/Sha =i 1 (hKl), where N(hkl) is the data
multiplicity, li(hkl) is the observed intensity and <I(hkl)> is the average intensity of multiple
observations from symmetry-related reflections. It is an indicator of the precision of the final
merged and averaged data set (Weiss, 2001).

® Reactor = Z |Fobs — Fealcl/ = Fobs, Where Fops and Feac are the amplitudes of the observed and the
model calculated structure factors, respectively. It is a measure of the agreement between the
experimental X-ray diffraction data and the crystallographic model.

"Ruork refers to the actual working data set used in refinement, while Riee refers to a cross
validation set that is not directly used in refinement and is therefore free from refinement bias.

4.4 Results

Structure determination and quality

Due to the insolubility of the full length Synechocystis Flvl, a truncated protein that
only contained the FDP core, i.e., the B-lactamase and flavodoxin-like domains, was
produced. Additionally, the first 25 residues that are predicted to constitute a signal
peptide sequence protein were also excluded. Therefore, the recombinant Fiv1-AFIR
contained residues 26-431, and in the purified state exhibited two oligomeric forms,
namely a major monomeric and a minor dimeric forms.

Initial crystallization trials using the two different protein forms were unsuccessful.
However, when using the Flvl-AFIR monomeric form optimized by the DSF assay,
colourless polyhedric crystals were obtained within 2-3 days that reached 120, 50 and
30 pum dimensions. An initial diffraction dataset was collected in-house at 2.5 A

resolution (FIV1-AFIR;house) @nd the structure determined by molecular replacement.
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In order to attempt the incorporation of the cofactors, crystals were soaked in the
reservoir solution containing FMN, iron or both.

Crystal's diffraction data, from native (FIVv1-AFIR) and soaked crystals (Flvl-
AFIRs0aked), Were collected with synchrotron radiation. Here, we present the highest
resolution diffraction structures, from native and soaked crystals (with iron sulfate
solution), FIv1-AFIR and FIv1-AFIRs.akeq respectively. These structures were obtained
at 1.59 A and 1.60 A resolutions and refined to final Riwors Of 0.148 and 0.1509,
respectively (Table 4.1).

The native structure showed lower averaged atomic displacement parameters
(<a.d.p.>'s) when compared with the soaked protein crystal, which correlates with their
overall B values from the Wilson plot (Table 4.1). Both structures contained only one
molecule in the asymmetric unit. The structures were traced in 1.0 o contour levels
electron density maps for residues 26 through 431 for the FIvl-AFIR, and residues 26
through 428 for the FIvV1-AFIRs.eq- Structural solvent analysis led to assignment of
mother liquor water molecules and chloride, citrate, and sulfate anions (Table 4.1). No
metals (Fe or Zn) or FMN cofactors were ever detected in any of the analysed
crystals, in concordance with the chemical and spectroscopic data of the purified
protein in solution. FIv1-AFIR was expected to contain FMN, due to the overall
similarity of the flavin domain of FIv1-AFIR with those from canonical FDPs, namely
with FIv3 from Synechocystis (Vicente et al., 2002; Wasserfallen et al., 1998).
However, Thermotoga maritima FDP was isolated in an almost fully deflavinated form
and crystalized without the FMN cofactor (PDB 1VME) (Hayashi et al., 2010).

Flv1-AFIR overall structure

The superposition of the two crystal structures, FIv1-AFIR and FIv1-AFIRspakeq, l€d to
C-alpha atoms r.m.s.d.s of 0.35 A. Their B-lactamase and flavodoxin-like domains
showed high structural similarity with the ones in the available FDP’s structures, with
the B-lactamase-like domain within 1.2-1.9 A r.m.s.d.s and the flavodoxin-like domain
within 1.3-2.4 A r.m.s.d.s (Table 4.2).
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Table 4.2- Representation of r.m.s.d.’s Ca superposition (A) of the B-lactamase-like and
flavodoxin-like domains of FDPs with Synechocystis FIv1-AFIR and FIv1-AFIRseaked-

Class B-lactamase- flavodoxin- PDB
like domain like domain
D. gigas A 1.7 14 1E5D
G. intestinalis A 1.7 1.3 2Q9U
M. marburgensis A 1.9 14 20HH
T. maritima A 1.8 24 1VME
M. thermoacetica A 1.6 14 1YCF
E. coli B 1.7 15 4D02
Anabaena C-Type 3 1.2 - 4FEK
Anabaena C-Type 1 - 1.9 3FNI

The FIv1-AFIR metallo-B-lactamase-like domain (residues 26-278) shows the
predicted appa sandwich fold, where the first B-sheet is composed of seven strands,
an anti-parallel segment with strands (1.3, followed by a parallel segment with strands
B4.B7, and the second B-sheet composed of five strands, an anti-parallel segment with
strands Bg1: followed by a parallel segment with strands 11812 (Fig. 4.1A and B).
The two B-sheets are surrounded by eight a-helices, a;-as close to the first B-sheet

and ag-ag near the second B-sheet.
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Figure 4.1- Synechocystis native Flv1-AFIR monomer. A. Cartoon representation of the two
structural domains: [-lactamase-like domain (orange) and flavodoxin-like domain (light
orange). A small a-helix (a1) is colored in light blue. B. Topology diagram of the monomer, with
circles and triangles representing a-helices and B-chains, respectively. The secondary
structure of B-lactamase and flavodoxin-like domains are colored as in A.
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All FDP structures from Classes A and B present a two stranded B-sheet covering the
active site (Romao et al., 2016b). However, FIv1-AFIR, shows at that position a type
310-helix, a;, instead similarly to Class C Anabaena FDP (PDB 4FEK) (Fig. 4.1A and
B). The two core domains are linked by a 3 residues segment, as observed in other
FDPs (Fig. 4.2).

The FIV1-AFIR B-lactamase-like domain differs from the other available structures in

its longer helix ag, with 18 residues instead of the 10-13 residues present in Classes A
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and B FDPs (Fig. 4.2). Additionally, the B-lactamase-like domains of Synechocystis
FIv1-AFIR and Anabaena FDP (PDB 4FEK), which belong to the non-canonical Class
C-Types 2 and 3, respectively, are more similar between themselves (1.2 A r.m.s.d.)
than FIV1-AFIR is with Classes A and B FDPs (1.6-1.9 A r.m.s.d.s).
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Figure 4.2- Amino acid sequence alignment of flavodiiron proteins core domains. Alignment
based on 3D structural superpositions of Synechocystis Flvl-AFIR and available FDPs
structures (identified by organism name and PDB codes). Flv1-AFIR secondary structure is
shown above the alignment, with a-helices and B-chains denominated according to Figure 1.
Amino acid residues that coordinate the diiron site are highlighted with green background.
Amino acid residues interacting with the FMN region are highlighted with yellow boxes. Strictly
conserved amino acids are represented with black background, whereas the more conserved
residues among the selected sequences are highlighted in grey background.

The flavodoxin-like domain (residues 279-431 for FIlvl-AFIR and 279-428 for Flv1-
AFIRgpakeq) Shows the typical afa topology of short chain flavodoxins, with an inner (3-
sheet composed of six parallel strands, B13-B1s, surrounded by five helices, ag-a;3 (Fig.
4.1A and B). In contrast with the B-lactamase-like domain, the Flv1-AFIR flavodoxin-
like domain has higher structural similarity with Classes A and B FDPs (with exception
of T. maritima FDP) than with that of Class C-Type 1 Anabaena FDP (PDB 3FNI,
which also lacks the FMN cofactor) (Table 4.2).

In FIv1-AFIR, the spatial arrangement of the core domains differs remarkably from
those of all available FDP structures. If one superimposes (Fig. 4.3B) the -lactamase-
like domains of Synechocystis FIv1-AFIR (Fig. 4.1A), and, e.g., E. coli FDP (Fig. 4.3A)
(Romao et al., 2016b), their flavodoxin domains diverge visibly from each other, with a
relative dislocation of about 15 A translation and 97 degrees rotation between the two

flavodoxin domains.
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Figure 4.3- Structural comparison between the minimal functional units of Synechocystis Flv1-
AFIR and E. coli FDP. A. Cartoon representation of E. coli FDP “head-to-tail” dimeric
configuration. One of the monomers is also represented with a transparent grey surface. B.
Cartoon representation of the structural superposition of Flv1-AFIR and E. coli FDP monomers,
in the same orientation as in A. The B-lactamase and flavodoxin-like domains from Flv1-AFIR
are colored as in Figure 1, while those from E. coli FDP are coloured as dark red and yellow,
respectively. The red axis and rotation direction represent the movement of 15 A translation and
97° rotation that displaced FIv1-AFIR flavodoxin domain from its superposition with E. coli FDP
homologous domain. C. Zoomed view of FIv1-AFIR ag helix region. Iron ions are represented as
black spheres and FMN is represented as spheres with carbon, nitrogen, oxygen and
phosphorous atoms in yellow, blue, red and orange, respectively.

FIv1-AFIR structure is unique among FDP structures in both its domains arrangement
and oligomeric state. Although one cannot discard a dependence of the domains
arrangement from the oligomeric state, the observed domains dislocation might be
related with the longer helix agin Synechocystis FIv1-AFIR, when compared with other
FDPs, which is located just before the short inter-domains linker, where FIv1-AFIR
appears to “bend” over itself. The “bent” conformation in FIv1-AFIR is not due to the
absence of the FMN cofactor, as the deflavinated T. maritima FDP (PDB 1VME) has

the same conformation as the fully FMN loaded FDPs. Although the B-lactamase-like
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domain structure from Anabaena FDP (PDB 4FEK) (a structure missing the iron ions)
also shows a long helix equivalent to FIv1-AFIR helix ag, the lack of a crystallographic
structure of its flavodoxin-like domain prevents to know whether it also adopts a “bent”

conformation or retains the typical FDPs conformation.

Pseudo catalytic region

The overexpressed Flvl-AFIR was isolated without iron ions, and reconstitution
experiments either in solution or upon soaking of the crystals with iron were
unsuccessful in leading to iron incorporation. This could be a result of the lack of
suitable iron ligands. Nevertheless, at present we also cannot exclude that the amino
acids present in the pseudo diiron site may act as iron ligands. In fact, there are
already several examples in the literature of some of those amino acids as ligands to
iron ions (see Discussion Section and (Berkovitch et al., 2004; Clarke et al., 2008;
Pozzi et al., 2015)). Moreover, and as an example in the field of FDPs, it was shown
that it is possible to substitute one ligand of the diiron site, H90 in the T. maritima FDP,
by an asparagine or an alanine without significant effects on the O, reductase
activities; the asparagine is bound to the metal through the side chain amide carbonyl,
while the alanine substitution leads to a water bound species (Fang et al., 2012).
Furthermore, the recent studies by Mustila et al (Mustila et al., 2016) revealed that
Flvl alone also improves photosynthesis and CO, uptake, being involved in
alternative electron transfer pathways, which strongly argues in favour of a protein that
in its native state contains redox cofactors.

The pseudo iron binding motif in Flvl was proposed to be H108-x-N110-x-N112-R113-
Xe4-R178-X15-K197-X56-H254 based on the alignment of its amino acid sequence with
those of the canonical FDPs (Goncalves et al., 2011b) (Fig. 4.2). This contrasts with
the iron binding motif in Type 1 FDPs, e.g. E. coli FDP shows H79-x-E81-x-D83-H84-
Xe2-H147-X15-D166-xg0-H227 (Fig. 4.2). Globally, the Type 1 acidic glutamate and
aspartates ligands are replaced in Flvl by neutral asparagines and a basic lysine, and
some histidines are replaced by basic arginines. Therefore, one observes a global
substitution of three acidic metal ligands from Type 1 FDPs active site by three basic
residues in the pseudo active site region of Type 2 Flvl, which suggests a significant
alteration of its electrostatics relative to Type 1 FDPs. A 3D inspection of the predicted
iron binding motif in FIvl-AFIR allowed concluding that its non-canonical residues

occur in a cavity similar to that harbouring the diiron site in the canonical FDPs (Fig.
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4.4A, B and C). Moreover, this analysis also pin pointed K51 and Y179 side chains as
possible ligands, where the Y179 tyrosyl ring assumes a position similar to that of E.
coli FDP H147 imidazole ring (Fig. 4.4C).

A

Figure 4.4- Synechocystis FIvl-AFIR pseudo diiron site. A. Cartoon representation of the
pseudo catalytic region, with non-canonical residues and citrate anion highlighted as sticks, with
carbon atoms coloured in orange and green, respectively. B. Zoomed stereo view of the four
polypeptide segments (I, Il, Il and 1V). The residues K51 and Y179 are represented as sticks
with carbon in grey. C. Stereo view of the structural superposition of the four polypeptide
segments from FIv1-AFIR (orange) and E. coli FDP (light green). The residues K51 and Y179
are represented as sticks with carbon in grey. The FIv1-AFIR non-canonical residues and E. coli
FDP metal ligands are represented as sticks with carbon in orange and light green, respectively.
Nitrogen and oxygen atoms are colored in blue and red, respectively. D. Stereo view of the
structural superposition of the four polypeptide segments from FIv1-AFIR (orange) and from
FDPs (G. intestinalis, PDB 2Q9U, D. gigas, PDB 1E5D, M. thermoacetica, PDB 1YCF, M.
marburgensis, PDB 20HH, T. maritima, PDB 1VME and E. coli, PDB 4D02) represented in light
green cartoon. E. Stereo view of the structural superposition of the four polypeptide segments
from FIv1-AFIR colored as orange cartoon and from -lactamase-like structures (Pseudomonas
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sp. WBC-3, PDB 1P9E, H. sapiens, PDB 1QH5, S. maltophilia, PDB 1SML, S. pneumoniae
PDB 1WRA, T. maritima, PDB 1WW1, P. putida, PDB 1XTO, B. thuringiensis, PDB 2A7M, P.
aeruginosa, PDB 2CFU, H. sapiens, PDB 2I7T, P. aeruginosa, PDB 2Q0J, E. coli, PDB 2WYM,
T. thermophiles, PDB 3IEK, H. sapiens, PDB 4CHL, S. venezuelae, PDB 4JO0, H. sapiens,
PDB 4QN9 and E. coli, PDB 4D02) colored as light green cartoon.

A 3D superposition of the structures of FDPs™ active sites (Di Matteo et al., 2008;
Frazao et al., 2000; Romao et al., 2016b; Seedorf et al., 2007; Silaghi-Dumitrescu et
al., 2005a) (Fig. 4.4D) drew attention to the four conserved peptide segments that
include the canonical diiron binding motif, which C-alpha atoms positions overlaid
within 1.3-2.2 A r.m.s.d.s. In E. coli FDP these correspond to peptide segments H79-
L88 (I), T143-S151 (II), S164-Q170 (lll) and A224-V229 (IV). When the four
corresponding FIv1-AFIR peptide segments were also included in the superposition,
the segments IIl and IV overlaid nicely with their FDPs homologous, in contrast with
the segments | and Il that clearly diverged in space (Fig. 4.4D). Furthermore, a
superposition of these peptide segments of the FIv1-AFIR pseudo diiron site with all
available B-lactamase-like structures confirmed that segments | and Il of the
Synechocystis protein stand out of the ensemble showing their unique arrangement
(Fig. 4.4E) (Cameron et al., 1999; Garau et al., 2005; Garces et al., 2010; Hagelueken
et al., 2006; Ishii et al., 2005; Liu et al., 2005; Magotti et al., 2015; Makris et al., 2013;
Mandel et al., 2006; Pettinati et al., 2015; Romao et al., 2016b; Ullah et al., 1998; Yu
et al., 2009).

FIV1-AFIR crystals were soaked with iron, FMN, iron and FMN or zinc solutions, but
none of the respective structures showed any metal or FMN cofactors. Nevertheless,
while a sulfate anion was found at the pseudo diiron site of the crystals soaked with
iron sulfate (FIv1-AFIRs.akeq), @ll other FIv1-AFIR crystals contained a citrate anion at
that site, probably from the crystallization solution (Fig. 4.4B). The presence of anions
at the FIv1-AFIR pseudo diiron site prompted us to compare the distribution of basic
and acidic residues in its vicinity. Within 10 A distance, canonical FDPs show a
difference between the number of basic and acidic residues of -7 to -4, while Flv1-
AFIR presents an equal number of bases and acids (Fig. 4.5A and B). Noteworthy, in
FIv1-AFIR most of the bases are within 5 A of the pseudo diiron site, while most of the
acids are at longer distances, which certainly contributed for the observed anions at

the pseudo diiron site.
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A B

Figure 4.5- Acidic and basic residues of Synechocystis FIv1-AFIR and E. coli FDP in the
pseudo diiron site neighbourhood. A. Pseudo catalytic site in FIv1-AFIR, in which the non-
canonical residues and citrate anion are represented as sticks with carbon in orange and green,
respectively. The acidic and basic residues within 10 A of the pseudo diiron site are represented
as sticks with carbon in grey. B. Diiron site in E. coli FDP showing the canonical metal ligands
represented as sticks with carbon in dark red. In both panels italic labels correspond to residues
that show the same structural position in both organisms. Iron ions are represented as black
spheres. FMN is represented as sticks with carbon, nitrogen, oxygen and phosphorous atoms in
yellow, blue, red and orange, respectively.

FIv1-AFIR and FIv1-AFIRseakeq Structures only differ in loop 288-292, which links B3 to
g in the flavodoxin-like domain (Fig. 4.2 and 4.6).

>
o}
o=
(o8
]
<
)

Figure 4.6- Structural differences between Synechocystis FIv1-AFIR and FIv1-AFIRsoaked
monomers. A. Monomer cartoon representation of Flv1-AFIR with B-lactamase- and flavodoxin-
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like domains in orange and yellow, respectively, and FIv1-AFIRscaked With B-lactamase- and
flavodoxin-like domains in dark and light blues, respectively. B. Zoomed view of loop 288-292 in
FIv1-AFIR and FIv1-AFIRseaked flavodoxin-like domains. Superposed FMN from E. coli FDP is
represented as grey sticks. The non-canonical residues and citrate anion are represented as
sticks with carbon atoms in orange and green, respectively. Sulfate anion is represented as
sticks with the sulfur atom in yellow. Nitrogen and oxygen atoms are coloured in blue and red,
respectively.

FIV1-AFIRsoakeq Shows the FDPs usual loop conformation around the putative FMN
position, with residues 289-292 interacting with a mother liquor sulfate anion replacing
the otherwise FMN phosphate group in flavin-loaded FDPs (Fig. 4.6A and B). This
interaction bears similarities with the chloride anion found in deflavinated T. maritima
FDP structure (PDB 1VME). In contrast, the FIv1-AFIR loop neighbours the pseudo
diiron center and displays a conformation only found in deflavinated Anabaena FDP
flavodoxin-like domain (PDB 3FNI).

A docking of E. coli FDP FMN cofactor into the corresponding cavities of Flv1-AFIR
and FIv1-AFIRg.aked, Showed steric clashes between protein residues and the putative
FMN cofactor. Bigger clashes occurred on T294 (0.63 A) and S376 (0.81 A), and
minor clashes on P340 (0.47 A) and W375 (0.42 A). In the presence of FMN such
clashes might vanish through small configurational changes. A comparable analysis in
native deflavinated T. maritima FDP (PDB 1VME) showed even larger steric clashes,
namely with W152 (1.50 A), V267 (1.22 A), Y318 (1.18 A), G350 (0.99 A) and W351
(1.35 A).

Molecular tunnels

The molecular surface of FIv1-AFIR, as defined using a 1.4 A rolling probe, allowed
identifying a tunnel lined by atoms with a slightly hydrophobic preponderance (57% of
apolar atoms). The tunnel crosses the monomer through a major fraction of the -
lactamase domain and a small part of the flavodoxin-like domain, including the pseudo
diiron site. This is accessible from two opposite tunnel apertures, at 24 and 26 A
distances (Fig. 4.7A), with undifferentiated hydrophobic versus hydrophilic properties,
e.g. the crystal structure shows seven and nine water molecules in the shorter and

longer tunnel sections, respectively (Fig. 4.7B).
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E. coli FDP

A FIv1-AFIR/FIV1-AFIR, g D

90°

FIv1-aFIR

soaked

Figure 4.7- Synechocystis FIV1-AFIR and FIv1-AFIRscakes mMolecular tunnels. A. Cartoon
representation of FIv1-AFIR and FIv1-AFIRscaked mONomers superposition, with their molecular
tunnels, as defined by MOLE (Sehnal et al., 2013) connecting the external protein surface to the
pseudo diiron site cavity. These tunnels can be divided in two sections, one with 24 A length
represented in pink or red mesh for FIv1-AFIR or Flv1-AFIRscaked, respectively, and the other
section extending up to 26 A or 10 A lengths, and represented in blue or green mesh, for Flvi-
AFIR or FIv1-AFIRseaked, respectively. B. Zoomed view of Flv1-AFIR monomer tunnel, with its
lining residues represented as sticks, with carbon atoms in orange or light orange, for residues
belonging to the B-lactamase-like or the flavodoxin-like domains, respectively. The citrate anion
is represented as sticks with carbon atoms in green. C. Zoomed view of FIv1-AFIRscaked
monomer tunnel, with its lining residues represented as sticks with carbon atoms in blue. The
sulfate anion is represented as sticks with carbon atoms in yellow. D. Cartoon representation of
E. coli FDP dimer’s tunnel. View (top) of the B-lactamase-like domain oriented similarly to panel
A, and a zoomed view upon 90°rotation (bottom). The tunnel in E. coli FDP dimer can also be
divided into a longer and a shorter sections, represented in pink and orange mesh, respectively.
The residues lining the tunnel within the B-lactamase-like domain are represented as sticks with
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carbon atoms in pink, and those in the “head-to-tail” flavodoxin-like domain of the opposing
monomer in grey. FMN is represented as sticks with carbon, nitrogen, oxygen and phosphorous
atoms in yellow, blue, red and orange, respectively.

The FIV1-AFIRs.akeq Structure shows a different positioning of loop 288-292, which by
widening the FIv1-AFIR longer tunnel section shortens to approximately 10 A (Fig.
4.7A and C). The FIv1-AFIR tunnel does not relate with that described for E. coli FDP,
which involves a B-lactamase-like domain of one monomer and the “head-to-tail”
flavodoxin-like domain of the opposing monomer, and presents a tunnel with two
distinct sections: a longer and more hydrophobic section and a shorter and less
hydrophobic one, which are separated by the active site cavity (Fig. 4.7D) (Romao et
al., 2016b).

4.5 Discussion

The present work describes for the first time, the crystal structure of the flavodiiron
core from a Class C FDP, FIvl-AFIR from Synechocystis sp. PCC6803, which lacks
the canonical ligands of the pseudo diiron site metal ions.

Until now, all known FDP structures presented a “head-to-tail” dimerization as minimal
functional unit essential for an efficient electron transfer between the diiron center and
FMN (from the opposing monomer) (Fig. 4.3A). In solution, FDPs oligomerize as
dimers or as dimers of dimers (Romao et al., 2016a; Romao et al., 2016b; Vicente et
al.,, 2012). Surprisingly, FIv1-AFIR in solution shows predominantly the monomeric
state, although in vivo, in wild type Synechocystis, it appears to exist as a homodimer
or as a heterodimer together with Flv3 (Allahverdiyeva et al., 2011; Helman et al.,
2003; Mustila et al., 2016). Also, when overexpressed in a Aflv3 background, Flvl
forms a homodimer in vivo (Mustila et al., 2016).

As previously mentioned, Flvl belongs to Class C FDPs, and thus it has an extra C-
terminal domain, which is similar to NAD(P)H:flavin oxidoreductases (FIR). This
domain is most probably the entry point for electrons directly from NAD(P)H that will
be transferred to the catalytic core (Vicente et al., 2002). At present, it cannot be
excluded that the FIR missing domain, would contribute to the stabilization of the
homodimer. Nevertheless, the absence of the homodimer is probably not due to the
lack of the flavin cofactor, since the deflavinated T. maritima FDP also exists as a

homodimer (PDB 1VME). The crystal structure shows a single monomer in the
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asymmetric unit (Fig. 4.1A), and the crystal packing did not hint for any particular
oligomerization as well.

The unique “bent” conformation of the FIv1-AFIR flavodoxin-like domain appears to
result from the longer helix ag, relative to canonical FDPs (Fig. 4.3B and C). In fact, if
the diiron site and the FMN were present in FIv1-AFIR, they would be located ~16 A
apart, thus impairing electron transfer. Nevertheless, we cannot exclude the presence
of an induced conformational flexibility that would bring the two redox centers closer
and thus allowing the electron transfer between them.

In contrast to the strictly conserved 3D arrangement of all available metallated B-
lactamase-like crystal structures of the FDPs diiron binding motif, FIv1-AFIR shows
only two (Il and 1V) of the four conserved 3D segments, and the other two (I and I1)
are unique within this protein’s super-family (Fig. 4.4D and E). Similarly, these four
polypeptide segments in Synechocystis FIlv1-AFIR are identical to those of Class C-
Type 3 Anabaena FDP (PDB 4FEK).

The canonical diiron binding sites of Classes A and B FDPs (Di Matteo et al., 2008;
Frazao et al., 2000; Romao et al., 2016b; Silaghi-Dumitrescu et al., 2005a) are
replaced in Class C- Type 2 Synechocystis FIvl by a segment of neutral and basic
residues, H108-x-N110-x-N112-R113-Xgs-R178-X15-K197-x56-H254. Although Flv1-
AFIR crystal soakings were tested with iron and zinc, no metal incorporation was
detected. Instead, citrate and sulfate anions were observed at the pseudo diiron site of
Fiv1-AFIR and FIv1-AFIRscaked, respectively (Fig. 4.4B). This might have resulted from
the substitution of the canonical acidic metal ligands by basic and neutral amino acids,
such as arginine, lysine and asparagine (Fig. 4.4C). Moreover, the neighbourhood of
the FIV1-AFIR pseudo diiron site shows a prevalence of basic residues relative to
acidic ones, in contrast to what has been found in FDP structures, which may impair
metal coordination (Fig. 4.5A). However, as already mentioned, at the Protein Data
Bank one finds proteins with neutral and basic metal ligands, although in rather small
percentages (0.14-0.64%), including as ligands, for example, the main chain carbonyl
group of the peptide bonds, or the side chains of glutamine and arginine residues
(Berkovitch et al., 2004; Clarke et al., 2008; Fang et al., 2012; Lindqvist et al., 1999;
Pozzi et al., 2015; Rajavel et al., 2009; Romero et al., 1993; Strater et al., 2005; Xiao
et al., 1998).

The PDB includes a B-lactamase-like domain structure from a Class C-Type 3
Anabaena FDP (PDB 4FEK), which shows high structural similarity with FIv1-AFIR
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(1.2 A r.m.s.d.). The two structures have almost identical non-canonical residues in
the pseudo diiron site, with exception of N110 that is replaced by a serine residue in
Anabaena FDP. The structure of this last enzyme also has a metal depleted site, and
contains a phosphate anion; it should be noted that a serine can also act as a metal
ligand, through its hydroxyl group (e.g., (Xiao et al., 1998)).

Unlike the majority of known FDP structures, FIv1-AFIR is deflavinated, similarly to
Class C-Type 1 Anabaena flavodoxin-like domain (PDB 3FNI), and to T. maritima FDP
(PDB 1VME). The overlay of the FMN cofactor from E. coli FDP with Synechocystis
FIv1-AFIR and FIv1-AFIRs.eq putative FMN binding region, suggests that a few
interatomic clashes should arise upon docking of a FMN moiety. The present data
does not allow predicting whether these clashes impair FMN binding, or whether the
structural relaxation of the cavity allows successful FMN docking. A comparable
situation occurred in T. maritima FDP, where although the protein in solution was
successfully reconstituted with FMN (Hayashi et al., 2010), its crystal structure was
obtained for the as-purified flavin lacking enzyme.

The major structural difference between FIv1-AFIR and FIv1-AFIRsakeq Was found in a
new loop conformation of FIv1-AFIR, in residues 288-292 of the flavodoxin-like
domain. This contrasts with the usual FDPs loop conformation also present in Flv1-
AFIRsoaked- Interestingly, this last structure shows an additional sulfate anion at the
presumed phosphate group position of the missing FMN (Fig. 4.6B).

The existence in FDPs dimers of diffusion pathways, for substrates or reaction
products, was previously identified by molecular dynamics simulations and structure
analyses (Romao et al., 2016b; Victor et al., 2009). A long hydrophobic pathway was
suggested as the main entry for substrates (O, and/or NO), and a small less
hydrophobic pathway was assigned as a possible exit route for the reaction products
(H,O and/or N,O) (Romao et al., 2016b). Although in FIlv1-AFIR monomer a tunnel
including the pseudo diiron site is also detected, it is not comparable with those of
other FDPs, because it involves a single monomer and it does not differentiate
sections of higher or lower hydrophobic character (Fig. 4.7B and C).

The presence of a functional iron center in Synechocystis Flvl remains to be
demonstrated, and work is under progress towards this goal. Remarkably, both Flvl
and Flv3 are required for photoreduction of O, in the Mehler-like reaction that protects
PSI under fluctuating light conditions (Allahverdiyeva et al., 2013; Helman et al.,

2003). Moreover, the expression of Flv3 is strongly down-regulated in Aflvl mutants
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(Allahverdiyeva et al., 2011), whereas Flvl expression is abolished in Aflv3 mutants
(Mustila et al., 2016). Since FIvl does not harbour the canonical metal ligands, it was
proposed that FIvl and FIv3 could form a functional heterodimer, taking profit of the
canonical ligands present in Flv3 (Allahverdiyeva et al., 2011; Mustila et al., 2016).
However, it was shown that Flvl by itself is involved in alternative electron transfer
pathways, as it improves photosynthesis and CO, uptake (Mustila et al., 2016). This
strongly suggests that Flv1l contains redox cofactors, in its native state, and that so far
the conditions for the incorporation of the iron ions and FMN in the recombinant

protein could not be established.

4.6 Conclusions

FDPs are enzymes widespread in Bacteria, Archaea and Eukarya (anaerobic protozoa
and oxygenic phototrophs). These proteins are responsible for the reduction of oxygen
and/or nitric oxide into non-toxic compounds (H,O and/or N,O). Flv1 is one of the four
FDPs encoded by the cyanobacterium Synechocystis sp. PCC6803 and it is classified
in Class C- Type 2. This is the second most representative type of Class C FDPs
containing non-canonical residues at the pseudo diiron catalytic site. Here, it is
reported for the first time the crystal structure of a Class C-Type 2 FDP truncated to its
flavodiiron core in the native form (FIv1-AFIR) and also after crystal soaking with iron
sulfate (FIV1-AFIRgoakeq)- In contrast to FDPs minimal functional “head-to-tail” dimers,
FIv1-AFIR reveals a monomeric form with a “bent” conformation. Additionally, it shows
a unique 3D arrangement of the pseudo diiron site, which only retains about half of the
conserved 3D arrangement. Instead of the canonical acidic and neutral metal ligands,
it contains basic and neutral residues, together with a predominance of further basic
residues in their close neighbourhood, which promoted the substitution of metal ions
by anionic species. These structural differences relative to typical FDPs structures are
expected to be relevant for their function, and the present data constitute the basis for
further studies aiming to clarify the structure/function relationship of these elusive

enzymes.
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! General discussion and concluding remarks

FDPs, previously named as A-type flavoproteins, form a large family of enzymes
widespread in three life Domains (Bacteria, Archaea and Eukarya), with a key function
in oxygen and/or nitric oxide detoxification.
The present work was focused on studies of the flavodiiron core belonging to FDPs
from two different classes: a Class B E. coli FDP-ARd and a Class C Synechocystis
FIv1-AFIR. Moreover, these proteins have different substrate selectivities, being the E.
coli FDP an NO reductase while the Synechocystis Flvl is proposed to be an O,
reductase involved in the protection of PSI.
The results obtained in this work led to a structural comparison between the different
proteins studied, in which specific topics were addressed that impact on the general
knowledge of flavodiiron proteins. The purpose of this chapter is to do an overview of
the most relevant results obtained in this thesis related with these two FDPs, the
canonical E. coli FDP-ARd and the non-canonical Synechocystis sp. PCC 6803 Flv1-
AFIR.

5.1 Distinct three dimensional arrangements of the flavodiiron
core

The determination of the first FDP crystallographic structure in 2000, D. gigas ROO
(PDB 1E5D), was an important landmark in the elucidation of structural features in this
family of proteins (Frazao et al., 2000). Until today, a total of 23 FDPs crystal
structures from different organisms in different oxidation states, including some with
point mutations, were determined (Table 1.3 and Chapters II, lll and IV). These
proteins are composed of a metallo-B-lactamase-like domain, containing the diiron
center where the substrates reduction occurs, and a flavodoxin-like domain harbouring
the non-covalently bound FMN cofactor. The two domains constitute the flavodiiron
core, which is the fingerprint of this family of enzymes.

In each monomer, the diiron and FMN cofactors are located ca. 40 A apart, hindering
electron transfer between each other. FDPs structure revealed a minimal functional
unit composed of a dimeric “head-to-tail” arrangement. This feature allows the diiron
site of one monomer to be in close contact (~6 A) with the FMN cofactor of the
opposing monomer, ensuring an efficient electron transfer between the two redox
centers.
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In this work, FDPs from two different organisms were structurally studied, namely the
Class B E. coli FDP truncated at the C-terminal Rd domain (FDP-ARd) and the Class
C Synechocystis sp. PCC 6803 Flv1, that lacks the NAD(P)H:flavin oxidoreductase-
like domain (FIv1-AFIR). E. coli FDP-ARd D52K, S262Y, D52K/S262Y mutants and
Synechocystis FIv1-AFIR and FIv1-AFIRgaked, Were crystallized and their crystal
structures determined and analyzed (Chapters I, 1ll and IV). The E. coli FDP-ARd
mutants crystal structures include two monomers in the a.u. However, they did not
form the typical FDP “head-to-tail” dimer (Chapter Il and 1ll), which was produced by
the crystal symmetry, instead (Fig. 5.1A). The crystal symmetry also reproduces the
tetrameric arrangement (dimer of dimers) as observed in size-exclusion
chromatography, with pseudo 222 point group symmetry.

Synechocystis FIV1-AFIR is so far the only known structure of a Class C-Type 2 FDP.
It contains both B-lactamase and flavodoxin-like domains, but the minimal “head-to-
tail” structural arrangement is not observed (Chapter 1V). Its crystal structure shows a
single monomer in the a.u., as present in solution (Fig. 5.1B). For the first time, a
distinct structural arrangement within this family of proteins was revealed. Still, it can
not be discarded that the here truncated FIR domain could be involved in the full

length molecule oligomerization (Chapter V).
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Figure 5.1- Overall structure of FDPs. A) Top view: E. coli FDP-ARd D52K crystal packing
highlighting the two molecules (green and blue) in the asymmetric unit. Bottom view: cartoon
representation of the E. coli FDP-ARd D52K dimeric “head-to-tail” configuration. One monomer
is colored in green and the opposing one in pink. The metallo-B-lactamase and flavodoxin-like
domains are shown with darker and lighter colors, respectively. Iron atoms are represented as
black spheres. The FMN is shown as spheres with carbon in green or pink, nitrogen in blue,
oxygen in red and phosphorous in orange. B) Top view: Synechocystis sp. PCC 6803 Flv1-AFIR
crystal packing highlighting one molecule (blue) in the asymmetric unit. Bottom view: cartoon
representation of the Synechocystis sp. PCC 6803 Flv1-AFIR monomeric configuration colored
in blue. The metallo-B-lactamase and flavodoxin-like domains are shown with darker and lighter
colors, respectively.

An analysis of the oligomerization of FDP-ARd mutants and others FDPs with PISA
(Krissinel and Henrick, 2007) showed that the “head-to-tail” dimerization occurs with
occlusion of approximately 12 % of the solvent accessible area (Fig. 5.2). All the

residues involved in FDPs dimerization are listed in Table 5.1.

Figure 5.2- Dimerization interface of E. coli FDP. Several residues involved in the dimerization
of E. coli FDP are labeled, establishing hydrogen bonds and salt bridges (black dash line)
between each monomer. Iron atoms are represented as black spheres. The FMN is shown as
spheres with carbon in green or pink, nitrogen in blue, oxygen in red and phosphorous in
orange.

In order to find the conserved interactions involved in FDPs dimerization, an
alignment based on 3D structural superposition was performed (Fig. 5.3A). These
interactions are mainly located at the diiron-FMN interface, and involve three mainly
conserved regions, S1, S2 and S3. Region S1 includes residues D21 to Y27 (E. coli

FDP numbering), in the B-lactamase-like domain, which are covering the diiron site
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(Fig. 5.3 A, B). Region S2 contains residues E81 to H84. This region contains the
metal ligands E81, D83 and H84, conserved among all FDPs with exception of those
from Class C, Types 2-17 (see section 5.2). Region S3 comprises Y258-N263
residues in the flavodoxin-like domain (Fig. 5.3 A, B). These residues are in the vicinity

of the FMN phosphate group.
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Figure 5.3- Regions involved in the dimerization interface. A) Amino acid sequence alignment
based on 3D structural superposition of E. coli FDP and available FDPs structures, identified by
PDB codes, namely, E. coli (4D02), G. intestinalis (2Q9U), D. gigas (1E5D), M. marburgensis
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(20HH), M. thermoacetica (1YCF), T. maritima (1VME), Anabaena sp. PCC 7120 metallo-3-
lactamase-like domain (4FEK) and Synechocystis sp. PCC 6803 FIv1-AFIR (Flv1). The green
asterisk below the alignment represent the diiron ligands conserved in Classes A and B
FDPs.The orange and yellow bar (containing the secondary structure of E. coli FDP) above the
alignment, represents the metallo-B-lactamase and flavodoxin-like domains, respectively. B)
Cartoon representation of the E. coli FDP “head-to-tail” dimer, where each monomer is colored
in green or pink. The FMN is shown as spheres with carbon in green or pink, nitrogen in blue,
oxygen in red and phosphorous in orange The right panel is a zoomed view of S1, S2 and S3
regions. C) Cartoon representation of the Synechocystis Flvl-AFIR monomer colored in blue.
The right panel is a zoomed view of S1, S2 and S3 regions.

In all FDPs presenting as minimal functional unit the “head-to-tail” dimer, the S1 and
S2 regions are in the B-lactamase-like domain while S3 belongs to the flavodoxin-like
domain of the opposing monomer (Fig. 5.3 B). The dimerization interface reveals that
S3 region interacts with either S1 or S2 (except in M. marburgensis FDP that interacts
with both S1 and S2). In E. coli and M. thermoacetica FDPs, the S3 region is
interacting with S1 (Table 5.1 and Fig. 5.3 B), while in D. gigas, T. maritima and G.
intestinalis FDPs, the same region is interacting with S2. Since region S3 is localized
in the opposing monomer to that of S1 and S2 regions, these interactions mainly
contribute for the “head-to-tail” dimer formation.

A superposition of Synechocystis FIv1-AFIR B-lactamase-like domain with available
FDPs structure shows a relative 15 A translation and 97 degrees rotation of the
neighboring flavodoxin-like domain when compared with the other FDP structures
(Fig. 4.3). This re-arrangement promotes interactions between S2 and S1 and S2 and
S3 within the same monomer (Fig. 5.3 C). Therefore, the three regions involved in

FDPs dimerization are still present in Synechocystis FIlv1-AFIR.
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Table 5.1- FDPs residue contacts in the “head-to-tail” dimer interface.

E. coli D. gigas M. marburgensis M. thermoacetica G. intestinalis
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5.2 Canonical and non-canonical FDPs

The diiron center present in FDPs is the active site where NO and/or O, reduction
occurs. The proximal iron (Fep) is coordinated by residues H79, H147, and E81 (E. coli
FDP numbering), while the distal iron (Fey) is coordinated by H84, H227, and D83,
with D166 acting as a bridging ligand between both irons (Fig. 5.4 A). Additionally, a -
hydroxo bridge coordinates both irons atoms as observed for all the E. coli FDP-ARd
mutants crystal structures. These canonical ligands (Type 1) are almost strictly
conserved in this protein family. Exceptions are observed in Class C FDPs, in some
cyanobacteria and oxygenic photosynthetic eukaryotes. These organisms, beyond
Type 1 FDPs, also encode other FDPs copies within the same genome, with 16
different combinations of non canonical ligands (Types 2-17) (Table 5.2). For instance,
the cyanobacterium Synechocystis sp. PCC 6803, encodes four FDPs, the non
canonical Class C Type 2 Flvl and FIv2, and the canonical Class C Type 1 Flv3 and
Fiv4 (Section 1.8).

The identification of the distinct arrangements of Types 1-17 was achieved using a
BLAST search only for the flavodiiron core, which allowed to gather approximately 500
putative sequences of Class C FDPs. This analysis revealed that approximately 50%
of Class C FDPs sequences contain canonical iron ligands (Type 1) (H92-x-E94-x-
D96-H97-Xg;-H159-x,5-D178-X57-H236, Synechocystis Flv3 numbering) (Table 5.2).
These sequences comprise Flv3 and Flv4 from Synechocystis sp. PCC 6803. The
remaining 50% of Class C FDPs sequences show a high number of possible ligand
combinations, namely aliphatic, neutral or basic residues (Table 5.2). The second
most predominant combination (~42%) is Type 2 (H108-x-N110-x-N112-R113-Xg4-
H178-x15-K197-xs6-H254, Synechocystis Flvl numbering). These sequences contain
Flvl and FIv2 from Synechocystis sp. PCC 6803. Moreover, analyses of almost all
cyanobacteria and oxygenic photosynthetic eukaryotes genomes, revealed the
presence of at least two genes encoding distinct FDPs within the same organism, one
canonical Class C Type 1 and a second non canonical encoding for one of the
multiple types of residues combinations (Goncalves et al., 2011b). So far, the Types 9-
12 and 16-17 are limited to only oxygenic photosynthetic eukaryotes, while the other

types, are found in oxygenic photosynthetic eukaryotes and in cyanobacteria.

162



I General discussion and concluding remarks

Table 5.2- Class C canonical FDPs diiron ligands (Type 1) and corresponding amino acids
substitutions in Class C non-canonical FDPs (Types 2-17). Additionally, is represented the
distribution of Class C FDPs (%). Organisms containing the different types of putative ligands:
1- Synechocystis sp. PCC 6803 FIv3 (BAA10483.1), 2- Synechocystis sp. PCC 6803 Flvl
(BAA18468.1), 3- Hassallia byssoidea VB512170 (KIF36639.1), 4- Prochlorococcus marinus
(WP_075486811.1), 5- Prochlorococcus marinus (WP_011819375.1), 6- Planktothricoides sp.
SR001 (WP_054469106.1), 7- Prochlorococcus marinus str. P0902-H212 (AJW30545.1), 8-
Synechococcus sp. RCC307 (WP_011936799.1), 9- Chlorella variabilis (EFN57640.1), 10-
Coccomyxa subellipsoidea C-169 (EIE18907.1), 11- Micromonas pusilla CCMP1545
(XP_003057013.1), 12- Ostreococcus lucimarinus CCE9901 (XP_001416100), 13- Scytonema
hofmannii (WP_017742742.1), 14- Cylindrospermum sp. NIES-4074 (BAZ30624.1), 15-
Cyanobium sp. NIES-981 (WP_087068256.1), 16- Chlamydomonas reinhardtii
(XP_001692916.1), 17- Ostreococcus tauri (XP_003075211.2).

Type (%) Putative ligands

1 50.0 H92 X E94 X D96 H97 Xs1 H159 X18 D178 Xs7 H236
2 418 H108 X NllO X N112 R113 Xo4 R178 X1s K197 Xs6 H254
3 4.0 H87 X S89 X NQl R92 X6 R155 X1 K174 Xs6 H231
4 1.0 H96 X N98 X Q100 |101 X72 R174 X18 K193 Xs6 H250
5 05 H96 X N98 X KlOO llOl X72 Rl74 X18 K193 Xs6 H250
6 05 H88 X N90 X N92 R93 Xe2 K156 X18 K175 Xs57 H233
7 0.2 H105 X N107 X NlOQ KllO X79 RlQO X18 K209 Xs6 H266
8 02 N89 X N91 X D93 R94 X73 R168 X1s R187 Xs6 Y244
9 0.2 RQQ X -I-lOl X E103 R104 X73 Rl78 X18 N197 X100 H298
10 02 H131 X -|—133 X K135 R136 X74 R211 X1s K23O X111 H342
11 0.2 H147 X S149 X K151 R152 Xg3 R236 X1 K255 X122 H378
12 0.2 H70 M S72 X R74 R75 Xea RlGO X1 K179 X7 H237
13 0.2 H87 X N89 X NQl R92 X6 H155 X1 K174 Xs6 H231
14 0.2 HY x N¥ X T R% xeo R™ xis KM xe6 H®
15 0.2 V106 X NlOS X NllO Rlll X77 R189 X18 K208 Xs6 H265
16 0.2 P x L® X H® L% xe6 R%® xigs KM x5y H®®
17 02 V143 X P145 X R147 L148 Xa3 R232 X18 K251 Xag H351

Until today, only three crystal structures of cyanobacterial Class C FDPs were
determined (Table 1.3). The first structures to be reported were from two truncated
domains, the Anabaena sp. PCC 7120 metallo-B-lactamase-like domain (PDB 4FEK)
that belongs to Class C Type 3 and the Anabaena sp. PCC7120 flavodoxin-like
domain (PDB 3FNI) from Class C Type 1. Under the scope of this thesis, for the first

time it is reported the flavodiiron core crystal structure of a Class C Type 2 FDP (Flv1-
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AFIR) from Synechocystis sp. PCC 6803 (Chapter IV and Fig. 5.4 B). FIv1-AFIR
revealed a new structural arrangement of the FDP core in the monomeric form with a
“bent” conformation, in contrast to the typical minimal functional “head-to-tail” dimer.
Additionally, the 3D arrangement of the pseudo diiron site in FIv1-AFIR is also
significantly different from canonical FDPs. Therefore, while all previous FDPs and
metallated [-lactamase-like crystal structures showed a strictly conserved 3D
arrangement of the metal binding motif, the FIv1-AFIR only retained two of the four
conserved 3D segments. The pseudo catalytic site in FIlv1-AFIR did not reveal the
presence of any metal in spite of several crystal soaking or co-crystallization attempts
with iron- or zinc-containing solutions (Fig. 5.4 B). Instead, a sulfate anion was found
at the pseudo diiron site of FIv1-AFIRgakeq, While FIV1-AFIR showed a citrate anion.
FIv1-AFIR was also found deflavinated, in spite of various FMN crystal soakings or co-
crystallization attempts. FIv1-AFIR putative metal ligands are neutral or basic (H108-x-
N110-x-N112-R113-Xg4-H178-X15-K197-Xs56-H254, Synechocystis Flvl numbering) and
incorporation of anions in the pseudo diiron site could be due to a prevalence of basic
residues in its neighborhood (Fig. 5.4 B). Interestingly, the crystal structure of
Anabaena sp. PCC 7120 B-lactamase-like domain (PDB 4FEK) belonging to Class C
Type 3, also revealed a demetallated pseudo diiron site harboring a phosphate anion
in the same region (Fig. 5.4 C). The Class C Types 2 and 3 FDPs differ only in the
second residue of the pseudo iron binding motif: in Type 2 is an asparagine while in

Type 3 is a serine residue (Table 5.2).
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Figure 5.4- Catalytic cavity in FDPs from different classes. A) Cartoon representation of the E.
coli FDP “head-to-tail” dimer (PDB 4D02). One monomer is colored in green and the opposing
one in pink. The metallo-B-lactamase and flavodoxin-like domains are shown with darker and
lighter colors, respectively. At the bottom it is shown a zoomed view of the metal catalytic
center. B) Cartoon representation of the Synechocystis sp. PCC 6803 Flv1-AFIR monomer
colored in blue. The metallo-B-lactamase and flavodoxin-like domains are shown with darker
and lighter colors, respectively. At the bottom it is shown a zoomed view of the pseudo metal
catalytic center. C) Cartoon representation of the Anabaena sp. PCC 7120 metallo-B-
lactamase-like domain colored in yellow (PDB 4FEK). At the bottom it is shown a zoomed view
of the pseudo metal catalytic center. Iron atoms are represented as black spheres. The FMN is
shown as sticks with carbon in green or pink, nitrogen in blue, oxygen in red and phosphorous
in orange. The residues are shown as sticks with carbon colored accordingly the monomer
colour, nitrogen in blue and oxygen in red. Below the panel A is shown the canonical iron
binding motif (Type 1), while below panel B and C is shown the corresponding amino acids
residues substitutions for non canonical Class C FDPs, Type 2 and 3, respectively.

The high number of different combinations of putative ligands in oxygenic phototrophic
organisms is intriguing. Nevertheless, although several attempts of metals
incorporation in Flv1-AFIR pseudo catalytic site were not successful, there are reports
of basic or neutral residues coordinating metals (Berkovitch et al., 2004; Fang et al.,
2012; Owens et al., 2016; Sundheim et al., 2006) (Fig. 5.5). Moreover, as previously
reported (Mustila et al., 2016), Flvl by itself is involved in alternative electron transfer

pathways, as it improves photosynthesis and CO, uptake suggesting that this protein
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in its native state contains redox cofactors (Chapter V).

M (1.91%)_ _Y (1.75%) F (0.03%)
0,
K(°'3T/°)\ P (0.36%)

H (32.28%) L (0.11%)
LV (0.08%)

\.\ A (0.11%)
R (0.14%)

N (0.64%)

S (0.39%)

E (16.58%) _T(0.17%)

C (35.52%) G (0.44%)
Q (0.61%)

Figure 5.5- Schematic representation of metal ligands from proteins structures deposited in the
PDB.

5.3 The family of flavodiiron proteins and their substrate

selectivity

The genes encoding FDPs were originally believed to be restricted to prokaryotes but
they were subsequently identified in the genomes of some anaerobic protozoa (Loftus
et al., 2005; Sarti et al., 2004). Moreover, flavodiiron protein genes were also identified
in the genomes of oxygenic photosynthetic prokaryotes and eukaryotes (Chaux et al.,
2017; Gerotto et al., 2016; Helman et al., 2003; Shimakawa et al., 2017; Wasserfallen
et al., 1998).

The molecular determinants that affect substrate selectivity were addressed in the
oxygen-selective E. histolytica FDP, where K53 and Y271 residues were replaced by
the corresponding residues in the nitric oxide-selective E. coli FDP, D52 and S262,
respectively (Gongalves et al., 2014). Thus, this was an attempt to try to convert a O,
reductase into a NO reductase (Section 1.5). The reported results showed the
relevance of Y271 residue, in modulating FDP substrate selectivity. In order to unravel
at atomic level possible roles for the residues at these positions, sequences of
biochemically and kinetically characterized FDPs were aligned against a FDPs 3D

sequence profile, obtained upon superposition of all available FDP structures (Table
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1.9, Fig. 5.6). The O, reductases are present in eukaryotic pathogenic G. intestinalis,
E. histolytica and T. vaginalis organisms, and in prokaryotic T. denticola, C.
acetobutylicum and T. maritima organisms. These FDPs show in the diiron second
coordination sphere, conserved K and Y residues at the first and second positions,
respectively (Di Matteo et al., 2008; Folgosa et al., 2018b; Frederick et al., 2015;
Hayashi et al., 2010; Hillmann et al., 2009; Smutna et al., 2009; Vicente et al., 2012).
Although there are no kinetic studies on the R. capsulatus FDP, the presence of K71
and Y284 residues at the referred positions, suggests that it might also be selective for
oxygen. Additionally, the Class F FDP from C. difficile 630 presents both oxygen and
hydrogen peroxide reductase activities, and includes K55 and H267 residues
(Folgosa et al., 2018b).

The FDPs from Desulfovibrio species, D. gigas and D. vulgaris, show bifunctional
activity and have K and W residues at the two positions (Rodrigues et al., 2006;
Silaghi-Dumitrescu et al., 2005b). M. thermoacetica FDP also has bifunctional activity
with Y54 and W263 residues at the two positions (Silaghi-Dumitrescu et al., 2003).
With the same type of bifunctional activity there is C. acetobutylicum FDP, with H52
and Y265 residues at homologous positions.

The methanogenic archaeal FDPs from M. marburgensis and M. arboriphilus, have
been shown to reduce only oxygen, and contain Y and H residues in both positions
(Seedorf et al., 2004; Seedorf et al., 2007).
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O, reductases Methanogenic O;reductases O,/NOreductases

T. vaginalis KesY267 M. arboriphilus YssHz71 D. vulgaris Ks2Wae3
G .intestinalis KsgY 267 M. marburgensis YssHzs7  D. gigas Ks,Wog3
T. maritima KsgY 264 M. thermautotrophicus® YssHzs; M. thermoacetica Ys54Woe3
T. denticola Ks3Y273 C. acetobutylicum FDP,; Hs,Y 265
E. histolytica Ks3Y271 Cyanobacteria O;reductases

C. acetobutylicum FDP;  Ks;Yas0 — Synechocystis Flvi! Gg1Y201 NO reductases

R. capsulatus® K71Y28s  Synechocystis Flv2! GroY2e7 E. coli Ds2S262
C. difficile? KssHos;  Synechocystis Flv3 HezYo73

Synechocystis Flv4! HzoYa77

Figure 5.6- Analysis of characterized flavodiiron proteins. Amino acid sequences of FDPs were
obtained from NCBI (http://www.ncbi.nim.nih.gov/). M. thermoacetica (Q9FDN7.1), M.
marburgensis  (AAB88013.1), M. thermautotrophicus (AAB53659.1), R. capsulatus
(BAA02789.2), M. arboriphilus (ACA13278.1), D. vulgaris (AAS97655.1), G. intestinalis
(AAM94641.1), T. maritima (NP_228564.1), D. gigas (Q9F0J6.1), E. histolytica (XP_656946.1),
C. acetobutylicum (FDP1; Q97K92.1, FDP2; Q97GC0.1), T. vaginalis (EAY22576.1), T.
denticola (NP_971686.1), E. coli (NP_417190.1), Synechocystis sp. PCC 6803 (Flvi;
BAA18468.1, FIv2; BAA16728.1, FIv3; BAA10483.1; Flv4; BAA16730.1). - FDPs with no
activities reported. 2 FDP with peroxidase activity.

It is reported that Synechocystis Flv2 and Flv4 function in photoprotection of
photosystem Il (Zhang et al., 2009; Zhang et al., 2012), while Flvl and Flv3 provide
protection for photosystem | under fluctuating growth light (Allahverdiyeva et al., 2011,
Helman et al., 2003). Additionally, Flv3 is the only protein from Synechocystis sp. PCC
6803 characterized in vitro with oxygen reductase activity (Vicente et al., 2002). The
non canonical Flvl and Flv2 and canonical Flv3 and Flv4 have G and Y or Hand Y
residues at the corresponding homologous positions, respectively.

Overall, it appears that FDPs with only oxygen selectivity contain K and Y residues at
the two positions. Moreover, methanogenic oxygen reductases have Y and H
residues, and cyanobacteria oxygen reductases have H/G and Y residues. The
bifunctional FDPs show at the referred positions, K/Y/H and W/Y residues. Therefore,
the common denominator of FDPs showing oxygen reductase activity is the presence
of a tyrosine or a tryptophan residue located at one or both positions. Thus, the NO-
selective E. coli FDP is unique, since it has neither tyrosine nor tryptophan residues at
the mentioned positions.

An analysis of tyrosines and tryptophans chains bridging the diiron site with the protein
external surface (Fig. 2.7 and 5.7) showed that, FDPs selective only for oxygen have
four radicals exit routes, the bifunctional enzymes have three routes while the

exclusive NO-selective E. coli FDP only has two exit routes.
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E. coli

v FIRd
n /."“’245 Figure 5.7- .Distribution of tyrgsine and tryptophan residues,
muz from E. coli FDP (4D02) with the shortest edge-to-edge
\'?///" distance (dash line) between residues, from the active site to
{‘("{“95 the protein solvent accessible surface. The
Y194§ tyrosine/tryptophan chains are represented as sticks with
T/? carbons colored in grey, nitrogen in blue and oxygen in red.
W The residues that contact with the external surface of the
..'..._.. [ e 2 protein are highlighted with a yellow line. The iron atoms and
‘7'\71&7;\. M-hydroxo bridge are represented as black and red spheres,
¥ L respectively. FMN is shown as sticks with carbon atoms in
=\ green, nitrogen in blue, oxygen in red and phosphorous in

¢ orange.

Based on the previous E. histolytica FDP studies, and in order to understand the role
of D52 and S262 residues from E. coli FDP in substrate selectivity, single mutants
D52K, S262Y and double mutant D52K/S262Y were designed, in an attempt to
convert a NO reductase into an O, reductase. The S262Y mutant structure differs from
the wild-type or the other two mutants structures in the diiron catalytic site (Chapters Il
and IlIl), in particular it shows longer iron coordination distances, negative Fourier
difference densities and lack of electron density at side chains of some metal ligands.
These structural differences were attributed to a higher sensitivity of S262Y crystal to
X-ray radiation. Noteworthy, in these experiments the S262Y mutant crystal had a
lower absorbed dose than the other crystals. Its higher X-ray sensitivity may be related
to a lower solvent exposed area from Y262 residue, when compared with the double
mutant, since it decreases the efficiency for harmful radicals escape. On the other
hand, the K52 residue present in the double mutant, induced a conformation change
of E82 residue in the neighborhood of Y262, allowing a higher exposed accessible
surface area of this aromatic residue.

The analysis of the tyrosine and tryptophan chains in the E. coli FDP-ARd mutants,
shows two exit routes in the E. coli FDP-ARd D52K as it does in the native protein,
while the S262Y and D52K/S262Y mutants display three escape routes, suggesting

that these mutants may have more affinity towards oxygen.
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Overall, we suggest that an aromatic residue, such as tyrosine and tryptophan,
located in the diiron second coordination sphere and a higher number of escape

routes may facilitate the selectivity towards oxygen.

5.4 Concluding remarks

The present thesis focuses on the crystal structures analyses of two truncated FDPs
from E. coli and Synechocystis sp. PCC 6803, belonging to Classes B and C,
respectively. Thus, it is reported the crystal structure of the flavodiiron core (metallo-3-
lactamase and flavodoxin-like domains) of E. coli FDP-ARd single and double mutants
(D52K, S262Y, D52K/S262Y), as well as the corresponding domains in Synechocystis
Flvl-AFIR.

E. coli FDP-ARd mutants include the minimal “head-to-tail” dimeric conformation (like
in native E. coli FDP), which is maintained mainly by three conserved regions involved
in the dimerization interface. These interactions are established between residues
from the B-lactamase-like domain and the flavodoxin-like domain from the opposing
monomer. Synechocystis Flvl lacking the NAD(P)H:flavin oxidoreductase domain
(FIv1-AFIR), retains only a monomeric form, but interestingly, the three regions
present in the “head-to-tail” dimer from other FDPs are also conserved in FIv1-AFIR,
although they are within the same monomer. Therefore, we report for the first time in
this family of proteins, a minimal FDP monomeric structure, but it remains to be
elucidate whether the presence of NAD(P)H:flavin oxidoreductase domain would
affect the oligomeric state of the full length Flv1.

Additionally, FDP-ARd mutants and FIv1-AFIR structures reveal differences in the
catalytic center regarding metal ligands, as previously proposed upon amino acid
sequence comparisons. Thus, while E. coli FDP-ARd mutants contain the FDPs
canonical diiron ligands (Type 1), Synechocystis sp. PCC 6803 FIv1-AFIR shows a
non-canonical combination of putative metal ligands (Type 2). However, a functional
diiron site in FIv1-AFIR remains to be determined since several attempts of metal
soaking were not successful. Instead, anionic species were located in the
demetallated cavity, which could have resulted from its predominantly basic

neighbourhood. Although some in vivo studies point out for a functional protein with
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intact redox cofactors, the role of all these structural differences in Flv1-AFIR catalytic
activity are indeed intriguing.

The substrate selectivity among FDPs is one of the main issues in this area, since no
significant differences were observed in the diiron first coordination sphere from FDPs
exhibiting distinct substrate activities. However, some reported studies in Entamoeba
histolytica FDP point out for a modulation of the substrate selectivity by residues
surrounding the diiron first coordination sphere. In this work, we tried to unravel the
molecular determinants that affect the substrate preference. Therefore, a structural
analysis of single and double mutants from E. coli FDP-ARd, was performed in an
attempt to convert this NOR into a O,R. E. coli FDP-ARd S262Y crystals showed
higher sensitivity to X-ray radiation, despite the calculated low absorbed dose, and
structural inconsistencies were observed in this mutant diiron site region, thus
contrasting with FDP native and others mutants (D52K and D52K/S262Y) structures.
Since the oxygen selective FDPs contain in the diiron site second coordination sphere
at least one tyrosine or a tryptophan residue, this may suggest that FDP-ARd S262Y
and D52K/S262Y may have more affinity to oxygen than the native protein.

Overall, the present work allowed the comparison of the flavodiiron core from Classes
B and C FDPs structures. Apart from the radiation damage effects observed only in
FDP-ARd S262Y diiron site and its lower Y262 accessible surface area, no further
structural differences were detected. Therefore, the structural determinants
modulating substrate selectivity still need to be clarified and thus further kinetic and
structural studies are required to elucidate this intriguing question.

Directed evolution would be a promising strategy to address the substrate selectivity in

FDPs, in order to convert an NO- towards O, —selective, or the other way around.
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